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Protein transport behavior was compared for the traditional SP Sepharose Fast Flow and the dextran-
modified SP Sepharose XL and Capto S resins. Examination of the dynamic binding capacities (DBCs)
revealed a fundamental difference in the balance between transport and equilibrium capacity limita-
tions when comparing the two resin classes, as reflected by differences in the locations of the maximum
DBCs as a function of salt. In order to quantitatively compare transport behavior, confocal microscopy
and batch uptake experiments were used to obtain estimates of intraparticle protein diffusivities. For the
traditional particle, such diffusivity estimates could be used to predict column breakthrough behavior
accurately. However, for the dextran-modified media, neither the pore- nor the homogeneous-diffusion
model was adequate, as experimental dynamic binding capacities were consistently lower than predicted.
In examining the shapes of breakthrough curves, it was apparent that the model predictions failed to
capture two features observed for the dextran-modified media, but never seen for the traditional resin.
Comparison of estimated effective pore diffusivities from confocal microscopy and batch uptake exper-
iments revealed a discrepancy that led to the hypothesis that protein uptake in the dextran-modified
resins could occur with a shrinking-core-like sharp uptake front, but with incomplete saturation. The
reason for the incomplete saturation is speculated to be that protein initially fills the dextran layer with
inefficient packing, but can rearrange over time to accommodate more protein. A conceptual model was
developed to account for the partial shrinking-core uptake to test whether the physical intuition led to
predictions consistent with experimental behavior. The model could correctly reproduce the two unique
features of the breakthrough curves and, in sample applications, parameters found from the fit of one
breakthrough curve could be used to adequately match breakthrough at a different flow rate or batch
uptake behavior.
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1. Introduction

Polymer-modified ion-exchange media are appealing for pro-
tein purification because of their high equilibrium and dynamic
binding capacities. In previous work [1] we provided a brief review
of the development and characterization of such media along
with retention and equilibrium adsorption results for dextran-
modified media. Column breakthrough behavior is an important
factor in choosing a resin and reflects an interplay between pro-
tein adsorption and transport. Thus, the present work is aimed
at complementing the insight into adsorption properties from the
previous study with additional information about protein uptake.
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Several previous studies have examined protein uptake behav-
ior in polymer-modified media of various chemistries [2-8],
including dextran-modified agarose resins [9-23]. Among these
studies, quantitative information about uptake has been extracted
both from bulk batch uptake experiments [19,20,23,24] and micro-
scopic methods such as confocal laser scanning microscopy [11-15]
or optical microscopy accounting for refractive index differences
between protein-rich and protein-free regions [19,20,25,26]. Such
studies have typically found rapid uptake in polymer-modified
resins compared to that in traditional particles, with uptake of
large proteins at low ionic strength being a notable exception
[16]. A number of the studies on dextran-modified agarose have
examined column breakthrough behavior with differing degrees of
detail. Some report a few breakthrough curves or dynamic capac-
ities [12,14,17,23] or report a small amount of detail for a large
number of resins [9,10]. Others examine the effects of salt and
pH on dynamic capacities more thoroughly [15,16], even including
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such ranges for multiple resins [22]. These studies have shown that
maximum values of the DBC as a function of salt commonly exist
because of slow intraparticle transport at low salt concentrations
[15,16,22].

Relatively little information [18] has been presented on how
well column behavior can be predicted from smaller-scale stud-
ies on polymer-modified resins. Intraparticle uptake of protein into
chromatography media is often characterized by two limiting mod-
els: pore diffusion and homogeneous diffusion. In pore diffusion,
only non-adsorbed protein is assumed to be free to diffuse, lead-
ing to the formation of a fairly sharp adsorption front. In the limit
of a rectangular isotherm, shrinking-core behavior is encountered
where the sharp front divides a protein-saturated outer shell and
a protein-free inner core that shrinks with time. In homogeneous
diffusion, even adsorbed protein is considered to be able to dif-
fuse and a more diffuse intraparticle protein concentration profile
is encountered.

In order to predict column breakthrough behavior, it is impor-
tant to have an estimate of an appropriate diffusivity and it is
helpful to also have some indication of the character of the intra-
particle uptake. A macroscopic method, such as batch uptake,
can generally be used to extract a diffusivity, but often cannot
discriminate between pore- and homogeneous-diffusion behavior
[24,27,28]. A microscopic method, such as confocal microscopy,
can be used to distinguish between a radial distribution of pro-
tein within a particle that is sharp, consistent with pore-diffusion
behavior under high-affinity binding conditions, or diffuse, consis-
tent with homogeneous-diffusion behavior. However, estimating
a diffusivity from confocal data is most straightforward when the
uptake is consistent with pore diffusion [29] since there is no need
to extract a protein concentration profile from intensity data cor-
rected for light attenuation and dye reabsorption effects [30-33].

As in our previous work [1], the focus is on agarose-based
media, employing the traditional SP Sepharose FF and the dextran-
modified resins SP Sepharose XL and Capto S. Again, the role of
protein size is examined, using the same model proteins to allow
quantitative comparisons of equilibrium and dynamic capacities.
The direct comparison of these capacities across a range of salt con-
ditions is useful in understanding whether equilibrium or transport
effects limit dynamic capacities. An additional important aspect of
this work is in examining how well column breakthrough behavior
can be predicted from smaller-scale studies and potential limita-
tions of the traditional breakthrough models.

2. Materials and methods
2.1. Buffers, proteins, and resins

All buffers and protein solutions were prepared as described
previously [1]. All experiments on lysozyme and lactoferrin were
performed using pH 7 phosphate-buffered solutions while those
on the mAb were performed in pH 5 acetate-buffered solutions.
In preparing buffers at the desired ionic strengths, apparent pK,
values adjusted for solution conditions were used in place of ther-
modynamic pKj; values [34].

Cy5 fluorescent dye, purchased in prepacked vials (GE Health-
care, PA25001: Cy5 mono-reactive dye pack), was used in confocal
microscopy studies. To label the proteins, a solution with roughly
20 mg/mL protein in 10 mM phosphate, pH 7 buffer or 10 mM
acetate, pH 5 buffer was added to a vial of unreacted dye, which
was then slowly rotated for 30 min. The protein-dye conjugate
was recovered by visually collecting the first peak to elute from
a30cm x 1.0cm i.d. column gravity packed with Sephadex G-25
size-exclusion particles equilibrated in the desired buffer. The ini-
tial labeling resulted in an average of less than 0.3 dye molecules

per protein molecule, suggesting that few protein molecules would
have more than one label. Prior to use, labeled protein solutions
were diluted with unlabeled protein to achieve a molar dye to pro-
tein ratio of 1:20 or less. The addition of a Cy5 dye molecule to a
protein molecule results in a change in the protein net charge of —2,
so the labeled protein isoforms should be somewhat less strongly
retained than the native protein on cation exchange resins, as seems
to be confirmed in experimental and theoretical studies of the effect
[28,35-37].

The traditional resin SP Sepharose Fast Flow and the dextran-
modified resins SP Sepharose XL and Capto S, all strong cation
exchangers, were obtained from GE Healthcare. Since only the indi-
cated SP or S versions of these resins were used in this work, they
are referred to simply as FF, XL, and Capto, respectively. Pertinent
properties of the resins were described previously [1].

2.2. Column breakthrough

Column breakthrough experiments were performed for each
protein-resin pair on an AKTA Explorer 100 workstation (GE
Healthcare). One low and one high superficial linear velocity (120
and 590 cm/h, respectively) were used to examine the effect of flow
rate. For each combination of protein, resin, and flow rate, several
ionic strengths were investigated with the particular aim of captur-
ing a maximum DBC as function of total ionic strength (TIS), should
one exist.

All column breakthrough experiments were performed using
prepacked 2.5cm x 0.7 cm i.d. HiTrap columns (GE Healthcare).
Columns were first equilibrated with several column volumes of the
desired buffer and then loaded via the sample pump on the AKTA
with a solution of 2.004 0.05 mg/mL protein in the same buffer.
Loading continued until the protein concentration at the column
outlet reached at least 60% of the feed concentration, as moni-
tored by absorbance at 280 nm (A280). Protein was eluted using
buffered solutions with 1 or 2 M NaCl. Mass balances for select runs
confirmed that protein recovery was near 100%.

To determine DBC values accurately, one must subtract the
system dead volume from experimental breakthrough curves. To
determine this volume, a breakthrough curve was generated for
the system with no column in place. On a plot of the ratio of the
outlet and inlet protein concentrations (fractional breakthrough) as
a function of volume fed, the system dead volume is the total area
above the curve (and below unity), yielding an estimate of 1.1 mL.
Experimental DBC values were determined by integrating the total
area above breakthrough curves up to a cutoff of 10% breakthrough
and subtracting the contribution due to the system dead volume.

2.3. Confocal microscopy imaging

Confocal laser scanning microscopy was used to monitor the
transport of labeled protein in individual chromatography parti-
cles. The particles were packed in a flow cell designed for use with
the confocal microscope, as has been described previously [29]. A
multi-port valve (Omnifit, part 1126) was used to select between
the equilibration buffer, protein solution, and elution buffer, with
solvent flow being controlled by an LKB Bromma positive displace-
ment pump. The feed protein concentration was 2.00 & 0.05 mg/mL
and, as in previous work [38], the flow rate of 1 mL/min was high
enough to keep the particles stationary and to ensure that there
was minimal depletion of protein in the flow cell volume of roughly
5 L. A Zeiss 510 laser scanning microscope (Carl Zeiss, Germany)
equipped with a40x C-Apochromat (NA 1.2) water-immersion lens
(Carl Zeiss) was used to visualize uptake.

The confocal microscopy experiments were used to gauge
whether intraparticle uptake was qualitatively consistent with
either pore- or homogeneous-diffusion behavior. No attempt was



4700 B.D. Bowes, A.M. Lenhoff /. Chromatogr. A 1218 (2011) 4698-4708

made to extract diffusivities from data qualitatively consistent with
homogeneous-diffusion behavior, but when the behavior appeared
consistent with pore diffusion, an effective pore diffusivity was
extracted based on the shrinking-core solution. Specifically, the
diffusivity was determined by tracking n, which is the ratio of the
radial position of the sharp front, R, and the particle radius, Rp.
When depletion of protein from the bulk and external mass trans-
fer resistance are negligible, the shrinking-core solution is given by
(39]

Decr

t=h -1 (1)
RPZCImax

where D, is the effective pore diffusivity, cr is the concentration
of protein in the feed solution, qmgx is the adsorbed phase con-
centration in equilibrium with ¢ (taken as the plateau of the
assumed rectangular isotherm), t is the time since uptake began,
=0 —1)/2,and I, =(n* — 1)/3 [39].

2.4. Batch uptake

Batch uptake was performed in a manner similar to that used in
numerous previous studies [4,5,27,29,32]. Briefly, 100 and 200 p.L
capillary tubes (Wiretrol I, Drummond Scientific) were used to add
a known amount of particles to a protein solution in a 100 mL baf-
fled beaker. An impeller was used to suspend the particles and mix
the solution. The sample pump on the AKTA was used to withdraw
the solution through a filter and pass it through the UV detector to
monitor absorbance at 280 nm, returning the solution via aninlet at
the base of the beaker. Batch uptake was only used to complement
select confocal microscopy data.

Batch uptake experiments are notoriously poor at helping to dis-
criminate between pore- and homogeneous-diffusion behavior, as
both models tend to give good fits to batch uptake curves [24,27,28].
As such, a diffusivity can be estimated for either model to apply to
prediction of breakthrough. For pore-diffusion behavior, if exter-
nal mass transfer resistance is included, an estimate of the power
input is needed to estimate the mass transfer coefficient. Using the
correlation of Sano and Usui [40], a power input of 0.014 m?2/s3 was
estimated, comparable to the value of 0.045m2/s3 found for the
setup used by Weaver and Carta [4], though the exact value used
has little influence on the final diffusivity estimate. Employing the
correlation of Armenante and Kirwan [41], a value for the external
mass transfer coefficient of ky=1.4 x 10> m/s was determined.

Inclusion of external mass transfer resistance in Eq. (1) gives

DeCF ( 1 )
——t=(1-= )b -hL (2)
RDZQmax Bi

where Bi=k¢Rp/De is the Biot number. Since protein depletion from
the bulk is not negligible for batch uptake, the expressions for Iy and
I, become more complicated (see [28,39], for example, for details)
and are not reproduced here. Eq. (2) is not easily rearranged to
fit the adsorbed concentration, g, as a function of time, so I, was
fitted using the nonlinear least-squares regression routine NLINFIT
in Matlab.

For a homogeneous-diffusion fit, external mass transfer resis-
tance is commonly ignored. Here, it is useful to work in terms of
the fractional uptake, F(t) = q/qmax, where the overline represents
aconcentration averaged over the particle volume. A useful approx-
imation to the more rigorous infinite series solution was employed
[5,42,43]:

1/2

F(t) = [1—exp (7® [-7+0.9607 - 2.927%] )] (3)

where 7=Djpt/Rp? and Dy, is the diffusivity for the homogeneous-
diffusion model. In this case, a non-linear least squares fit was

applied directly to the fractional uptake to extract an estimated
diffusivity.

3. Results and discussion
3.1. Comparison of equilibrium and dynamic binding capacities

In the limit of an infinitely steep breakthrough curve, the DBC of
a column will be equal to its equilibrium capacity. However, both
intra- and extraparticle transport limitations give rise to break-
through curves with finite slopes, meaning that the equilibrium
capacity simply sets an upper bound on the DBC. Therefore, com-
parisons of equilibrium and dynamic capacities can provide insight
into whether transport or equilibrium effects are limiting the
DBC.

The most direct way to determine the equilibrium capac-
ity of a column is to load protein onto the column until
the fractional breakthrough reaches unity and then find the
total area above the breakthrough curve. However, the pro-
tein requirements for such experiments can be prohibitive, so
in this work, there were only two cases where the equilib-
rium capacity was estimated directly from column experiments:
lactoferrin on FF at 400 mM TIS and the mAb on FF at 150 mM
TIS.

For other cases, the equilibrium capacities were estimated
from adsorption isotherms. These estimates used significantly
less protein, but may be less accurate since they require knowl-
edge of the column void fraction, €; an additional source of
uncertainty is that the isotherm and column breakthrough exper-
iments were performed with different resin lots. To estimate
the equilibrium capacities, Langmuir isotherm fits were used to
estimate the adsorbed phase protein concentrations in equilib-
rium with the column loading concentration of 2mg/mL and
these adsorbed concentrations were converted to a mass per
column volume basis. Estimates of € were based on the reten-
tion time of blue dextran injections, which yielded values of
0.31, 0.24, and 0.36 for the respective FF, XL, and Capto HiTrap
columns.

The equilibrium and dynamic capacities determined in this
work are shown in Fig. 1, where the data for lysozyme on FF have
been adapted from those of Dziennik et al. [29,44]. The scale is
the same in all cases to facilitate direct comparison between all
protein-resin pairs.

One important feature of these plots is that, for all cases except
for lysozyme on the two dextran-modified resins, there exists a
maximum DBC as a function of TIS. In the descending portion of
the DBC curves, the DBCs come close to matching the equilib-
rium capacities, especially for the highest salt conditions at the
lower flow rate, indicating that intraparticle transport is rapid and
that the DBCs are controlled mainly by the equilibrium capaci-
ties. At low salt, though, the DBCs can be significantly lower than
the equilibrium capacities, indicating that intraparticle transport
is limiting the DBC. Extraparticle transport limitations should be
present throughout the range of salt conditions and do not have
as important an effect as intraparticle limitations. Since the equi-
librium capacities decrease with increasing salt for all cases, the
regions of increasing DBCs must mean that the improvements
in intraparticle transport with increased salt more than offset
the concomitant losses in equilibrium capacity. To account for
the transport improvements in the ascending region, it has been
suggested that bound proteins could electrostatically hinder the
uptake of additional protein and that this hindrance would dissi-
pate with increasing salt [16,32,45]. This effect would be expected
to be most pronounced when the TIS is low and the protein occupies
a significant fraction of the pore cross section. However, two other
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Fig. 1. Comparison of equilibrium column capacities (—) with dynamic binding capacities at 120 cm/h (- - -) and 590 cm/h (----). The inset for lactoferrin on FF shows the

full range of data for that protein-resin pairing. All equilibrium capacities were estimated from adsorption isotherms with the exception of the capacities for lactoferrin
on FF at 400 mM TIS and the mAb on FF at 150 mM TIS, which were determined directly from column loading experiments. A small discrepancy in the isotherm-estimated
equilibrium capacity and the column-determined dynamic capacity is evident for the mAb on Capto at 100 mM TIS and is assumed to be due to use of different resin lots.

effects could account for the ascending portion of the DBC curves,
even in the absence of electrostatic exclusion. First, if there exists
parallel pore and surface [46] (or dextran-phase) diffusion, the
increase in the latter with increased salt can give rise to significantly
enhanced intraparticle transport [38]. Second, it is clear, especially
from the lysozyme-FF data, that flow rate plays an important role
[32,38] in determining the breadth or even the existence of the
ascending region. This is because intraparticle transport resistance
becomes relatively more important at higher flow rates, magnify-
ing any differences in uptake rates at different salt concentrations.
Thus, at sufficiently low flow rates the DBC should be primarily con-
trolled by the equilibrium capacity rather than intraparticle uptake
rates, decreasing monotonically with increasing salt. At higher flow
rates the maximum DBC would shift downward and to a higher TIS
where intraparticle uptake is faster, but the equilibrium capacity is
lower.

Another important feature of the plots in Fig. 1 is the location of
the maximum DBC when the three resins are compared for a given
protein. For all three proteins, but most obviously for lactoferrin,
the maximum DBC occurs at significantly lower TIS values for the
two-dextran modified resins than for FF. It has been suggested that
the salt concentration at which the maximum DBC occurs can be
correlated to the net protein charge, independent of whether FF or
XLis used [16], but the results in this work suggest that such a find-
ing is not generally the case. Rather, the difference in the location
of the maximum DBC as a function of TIS for the traditional and
dextran-modified resins seems to reflect a fundamental difference
in the balance between transport and adsorption. The finding of
this fundamental difference motivates further investigation, espe-

cially with respect to equilibrium effects at high salt and transport
effects at low salt.

3.2. Prediction of column breakthrough

3.2.1. Diffusivity estimates from confocal microscopy

In order to predict column breakthrough behavior, estimates
for intraparticle diffusivities are needed. In this work, the primary
method used to obtain diffusivities was through use of confocal
microscopy data. As discussed previously, diffusivities are most
easily obtained in cases where a sharp adsorption front, qualita-
tively consistent with shrinking-core behavior, is encountered. The
combinations of protein, resin, and TIS that gave rise to such behav-
ior are shown in Table 1 along with the corresponding estimates
of the effective pore diffusivities. For lactoferrin on Capto and the
mAb on XL at 50 mM TIS, estimates for the effective pore diffusiv-
ities approach the respective free solution diffusivities of 96 [47]
and 47 x 10~12 m2/s [48], indicating fast uptake. Another interest-
ing trend is that the diffusivities for lactoferrin on XL are roughly
constant between 50 and 200 mM TIS. Constant diffusivities as a
function of salt are consistent with shrinking-core behavior. Sharp
uptake profiles, qualitatively consistent with shrinking-core behav-
ior, were required to fit the diffusivities from confocal microscopy
images in the first place, so in the 50-200 mM TIS range, both the
confocal images and the confocal-derived diffusivities seem consis-
tent with shrinking-core behavior. The diffusivity is much lower at
20 mM TIS than in the 50-200 mM range, perhaps indicating that
protein—protein repulsion significantly slows uptake only at this
low-salt condition.
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Fig. 2. Confocal microscopy images (x-z scans) of Cy5-labeled protein uptake. Top row: 20 mM TIS lysozyme uptake into (a) Capto and (b) XL at pH 7. Middle row: 20 mM TIS
lactoferrin uptake into (c) Capto and (d) XL at pH 7. Bottom row: 50 mM mAb uptake into (e) FF and (f) XL at pH 5. Particle sizes are indicated by the scale bar in each panel
and uptake times in minutes are indicated for each image. Gain settings vary between images, so intensities are not appropriate indicators of adsorbed concentrations, even

in relative terms.

Fig. 2 shows three of the important comparative observations
from the confocal microscopy imaging. In the top row, it is apparent
that lysozyme uptake on Capto is slower than on XL (Fig. 2a and b,
respectively). In both cases, the uptake profile is diffuse. Shrinking-
core behavior has been found in confocal experiments previously
for lysozyme on FF at pH 7 [29,32], but was not encountered on the
dextran-modified media in this work, even at an ionic strength as
low as 2 mM (confocal experiments for lysozyme on FF were not
repeated in this work). The finding of qualitatively different uptake
patterns between the two resin classes is interesting given that the
isocratic retention behavior is similar for the three resins examined
here [1] and that previous work for several traditional resins sug-
gested that the qualitative uptake pattern could be correlated with
the isocratic retention factor [38]. Thus, that correlation does not
seem appropriate for polymer-modified resins, giving additional
support to the assertion that there is a fundamental difference in the
balance between transport and adsorption in the two resin classes.
Previous work has shown that more diffuse uptake profiles were
typically encountered for the descending portions of curves show-
ing DBCs as a function of salt [16]. Since DBCs in this work decrease
across the entire salt range for lysozyme on XL and Capto (Fig. 1), it
is not surprising that shrinking-core behavior was not encountered
for these protein-resin pairs.

The lack of shrinking-core behavior on the dextran-modified
resins is in contrast to optical microscopy observations for
lysozyme uptake on a custom XL-like particle referred to as SP-T40.
At similar conditions (pH 6.5 and roughly 23 mM TIS compared to
pH 7 and 20 mM TIS used in this work), a rapidly moving sharp front

Table 1
Effective pore diffusivities estimated for conditions where confocal microscopy
experiments revealed a sharp uptake front.

Resin Protein TIS (mM) Diffusivity (x10-12 m?/s)
FF LF 20 0.72
100 23
MAb 50 1.8
XL LF 20 3.7
50 21
100 22
200 17
MAb 20 3.9
50 48
Capto LF 20 26
50 74
MAb 20 33

was observed for uptake on this resin [20]. It may simply be that the
SP-T40 is different enough from the commercial SP XL resin to make
direct comparisons inappropriate [24]. However, since estimates
of effective pore diffusivities on SP-T40 were commonly several
times the free solution diffusivities [20,24], perhaps indicative of
the presence of homogeneous or dextran-phase diffusion [24] that
would not be expected to yield a sharp uptake front, it could be
informative to see whether differences in observed uptake patterns
would be seen between the optical microscopy technique used for
the SP-T40 studies and confocal microscopy images for the same
conditions.

In the middle row of Fig. 2 showing lactoferrin uptake, it is seen
that uptake is now much faster on Capto than on XL (Fig. 2c and d,
respectively) and Table 1 shows that the same is true for the mAb.
This ordering for the larger proteins is opposite to that for lysozyme
uptake on these resins. The switch could be due to the higher static
capacity of XL for lysozyme in the descending portion of the DBC
curves or differences in the backbone agarose material in the resins.
Regardless of the cause of the switch, the behavior is consistent with
XL having the highest global DBC value for lysozyme, while Capto
has the highest values for lactoferrin and the mAb (Fig. 1).

Uptake was consistently faster on the dextran-modified media
than on FF and the bottom row of Fig. 2 shows the difference for
uptake of the mAb on FF and XL (Fig. 2e and f, respectively). Both
of these image sets, along with that for lactoferrin uptake on XL
(Fig.2d), show the much-debated overshoot ring at the uptake front
(see [38], for example, for discussion). In this work, it is assumed
that the overshoot is present due to displacement of the more
weakly binding labeled protein by the more abundant unlabeled
protein [28]. In this case, the sharp front indicates the dominance
of pore diffusion and the movement of the front position over time
should still allow for an estimate of the effective pore diffusivity.
In all cases where the position of the sharp front is used to esti-
mate the diffusivity, the estimate is expected to be an upper bound
on the diffusivity. The upper bound is expected since the front for
the more strongly bound native protein could lag behind the front
for the observable mixture of labeled protein isoforms of lower
net charge. However, previous comparisons of effective pore dif-
fusivities obtained from batch experiments using native lysozyme
and confocal experiments with Cy5-labeled lysozyme on FF found
minimal differences for estimates from the two techniques [29,32].
Thus, the effect of labeling on estimated diffusivities is unlikely to
be significant and seems to be relatively insensitive to the retention
differences between native lysozyme and the isoforms of Cy5-
labeled lysozyme that have been observed in work [37] where no
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comparisons of batch- and confocal-determined diffusivities were
made.

3.2.2. Comparison of experimental and predicted column
breakthrough results

The diffusivity estimates, along with column and isotherm infor-
mation, were used to make predictions of column breakthrough
using a general shrinking-core solution for column behavior
[49-51]. The model neglects axial dispersion, as is commonly
assumed for macromolecules [28]. External mass transfer lim-
itations were incorporated, with the mass transfer coefficient
estimated using the correlation of Carberry [52]:

2/3
kf _ 1.15D 4)

(2Rp/u) 01/

where D is the free-solution diffusivity of the protein, u is the inter-
stitial fluid linear velocity, and v is the kinematic viscosity, taken
to be 10~ m2/s.

Experimental results and predictions based on effective pore
diffusivities obtained for lactoferrin from confocal microscopy
experiments are shown in Fig. 3. With a system dead volume of
roughly the same magnitude as the column volume, some deviation
from an ideal step input of protein occurs experimentally, which
will affect early-time behavior in the column. However, no attempt
was made to account for this nonideality in the predictions, so it
is expected that the initial portion of the predicted breakthrough
curves will be sharper than would be observed experimentally.
For the traditional FF particle (Fig. 3a), the model predictions cap-
ture the experimental behavior quite well, which suggests that the
confocal-derived diffusivity estimates for lactoferrin are reasonable
and are not significantly affected by labeling. However, for both
XL and Capto (Fig. 3b and c, respectively), it is apparent that the
model predictions are not nearly as accurate as for FF, especially at
the lower ionic strengths. The disagreement at low ionic strength
seems to be due to experimental breakthrough curves that start
relatively steep, but then bend over much earlier than predicted,
suggesting a slow approach to equilibrium. The slow equilibration
could be indicative of a rearrangement process of adsorbed protein
within the dextran layer, as protein gradually transitions from an
initially inefficient packing to its maximum packing over time. The
influence of the initially inefficient packing would be expected to
be more severe when binding is tighter and adsorption is higher, i.e.
at lower ionic strengths, as both of these factors would be expected
to increase the steric barrier to additional adsorption within the
dextran layer, necessitating longer times to reach maximum pack-
ing efficiency. Such a process would presumably be more severe in
the three-dimensional dextran layer than on the two-dimensional
agarose surface of FF, explaining why predictions are poor for the
dextran-modified resins, but not for FF.

To further investigate the disagreement between experimen-
tal and predicted results for the dextran-modified media, a
batch uptake experiment was run for 50mM TIS lactoferrin
uptake on XL. Estimated diffusivities of De=5.4 x 10-12 m?/s and
D, =5.9x 10~ m2/s were obtained for the shrinking-core and
homogeneous-diffusion fits, respectively, and, not surprisingly
considering previous work [24,27,28], both models gave good fits
to the experimental data, as is evident in Fig. 4. This shrinking-
core diffusivity estimate is roughly 4-fold lower than that obtained
from confocal experiments, suggesting a problem with the applica-
bility of the model, in spite of the sharp front observed in confocal
imaging. Interestingly, such discrepancies were not observed for
multiple batch versus optical microscopy comparisons in a study
on custom-made XL-like particles [20]. However, given the much
more rapid uptake observed on such particles compared to that
on the commercial XL resin [24], conditions yielding significantly
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Fig. 3. Comparison of experimental (black) and predicted (gray) breakthrough
curves for 2 mg/mL lactoferrin loading on (a) FF, (b) XL, and (c) Capto at 120 cm/h.
Data are at total ionic strengths of 20 (—), 50 (- - =), and 100mM (- - - -).

tighter binding may have been necessary to observe discrepancies
for the custom particles, considering the trends in Fig. 3 for XL and
Capto.

Comparisons of the experimental breakthrough curves for lacto-
ferrin at 50 mM TIS on XL with the various predictions are shown
in Fig. 5, where the solution of Yoshida et al. [53] has been applied
for the homogeneous diffusion case. Predictions based on the batch
uptake data do not seem to resolve the issue of matching experi-
mental data encountered with confocal microscopy data, though
the shrinking-core fit from batch uptake at least gives a reason-
able estimate of the DBC in this case. Since neither the batch-
nor confocal-derived shrinking-core diffusivities give good fits to
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Fig. 4. Comparison of experimental (—), fitted, and predicted batch uptake curves
for lactoferrin loading on XL at 50 mM TIS. Fitted curves for the pore- (- - -) and
homogeneous-diffusion (-- - -) models are shown along with the uptake curve for the
partial shrinking-core model predicted from parameters found from fitting break-
through curves (- - - -).

the breakthrough curves, the 4-fold difference in these estimated
diffusivities seems more likely to support the action of a slow rear-
rangement process of adsorbed protein (as already suggested by
the slow equilibration in the breakthrough curves) than to indicate
a problem with the confocal-derived diffusivities that is solely due
to fluorescent labeling effects. The rearrangement process would
cause the protein concentration to be less than its maximum value
at the sharp front observed in confocal images and correction
for the lower concentration would reduce the estimated diffusiv-
ity, bringing it closer to the value determined from batch uptake.
Such rearrangement could also cause problems in determining a
diffusivity using the previously mentioned [19,20,25,26] optical
microscopy technique as accurate determination of the true uptake
front position could be affected. For confocal images, correction for
the rearrangement is perhaps more straightforward, asis addressed
shortly.

Aside from the slow approach to equilibrium, a second fea-
ture observed in some experimental curves that is not captured
by either of the traditional models is a pronounced kink in the
early portion of the breakthrough curve. This behavior is visible,
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Fig. 5. Comparison of experimental (—) and predicted breakthrough curves for
2 mg/mL lactoferrin loading on XL at 120 cm/h and 50 mM TIS. Predictions are based
on effective pore-diffusion coefficients from confocal (- - -) and batch uptake (- --)
experiments and a homogeneous-diffusion coefficient from batch uptake (- - - -).
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Fig. 6. Normalized breakthrough curves for 2 mg/mL lysozyme loading on XL at
2 (black) and 100 mM (gray) TIS and superficial linear velocities of 120 (—) and
590cm/h (- - -).

for example, in the data for lysozyme on XL in Fig. 6, especially
at 120cm/h. At this linear velocity, the initial breakthrough is
gradual, but then increases sharply starting at roughly 85% of the
static capacity. Such a kink could occur when column channeling is
present, but symmetric acetone peaks seem to preclude that possi-
bility in this work. Furthermore, the kinked behavior was observed
only for the polymer-modified resins, not for FF, suggesting the
behavior is unique to the polymer-modified resins. The behavior
of the lysozyme-XL data is also interesting in that the curves at 2
and 100 mM TIS, plotted as a fraction of the static capacity loaded,
collapse onto each other. The overlap suggests that transport is rel-
atively similar at the two salt concentrations and could be useful
for prediction of breakthrough at other salt conditions. However,
this overlap of normalized curves only appeared for the small pro-
tein lysozyme on the dextran-modified media, so care would be
required to verify the applicability of such predictions. Presum-
ably, being in the descending portion of the DBC curves (Fig. 1)
is necessary but not sufficient for such overlap.

3.3. Model of uptake into dextran-modified media

An alternative model is sought to describe conditions where the
traditional shrinking-core and homogeneous-diffusion models can
accurately fit batch uptake results for the dextran-modified mate-
rials while failing to capture the correct column behavior. The key
effect that we hypothesize to be lacking from the traditional mod-
els is the slow rearrangement of protein within the dextran layer
that is assumed to be the cause of the observed slow approach
to high equilibrium capacities. For the case where a sharp uptake
front is observed in confocal microscopy, seemingly consistent
with shrinking-core behavior, but with a slow approach to equi-
librium that suggests true shrinking-core behavior does not exist,
the behavior is referred to here as partial shrinking-core behavior.
Schematically, the differences between true shrinking-core and the
proposed partial shrinking-core behaviors are illustrated in Fig. 7.
The protein uptake front is shown as being in the same position
for the two models at each of the three time points, but the protein
concentration and distribution are different. For the true shrinking-
core process, as the front progresses, the protein concentration is
at its maximum value at the position of the front and everywhere
behind it. In contrast, in the partial shrinking-core description,
the concentration at the front is only a fraction of the maximum
concentration due to inefficient packing, as the protein has essen-
tially reached a temporary jamming fraction. In this description,
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Shrinking core

Partial shrinking core

Fig. 7. Schematic representation of the differences in uptake progress over time for shrinking-core behavior (left side) and partial shrinking-core behavior (right side). In
each panel, the thick black line at the bottom represents the agarose backbone, the thinner curved black lines represent the dextran extenders, and the gray circles represent
protein molecules. At the progressive time points, t; — t3, the front positions are the same for the two types of behavior. No information about the vertical distribution of
protein within the dextran layer is meant to be implied for the partial shrinking-core behavior from the schematic representations.

the adsorbed concentration gradually fills in to the maximum value
behind the front, though, as protein rearranges to pack more effi-
ciently.

While steric effects on breakthrough curve shape have been
considered based on random sequential adsorption on flat sur-
faces [54], adaptation to adsorption within the three-dimensional
dextran layer would not be straightforward. Therefore, since
neither the physical phenomena involved nor a mathematical
description of the proposed rearrangement process is known, this
model is only a conceptual one to assess whether the hypoth-
esis yields predictions that are consistent with experimental
observations.

3.3.1. Partial shrinking-core model development

In the conceptual model, uptake is assumed to comprise
two processes. The first is shrinking-core uptake, but where the
adsorbed amount, gs¢, reaches a maximum value, qs¢max, that is
only a fraction of the total capacity, gmax. This process is used to
account for the observation that a sharp uptake front is observed
in confocal experiments, seemingly consistent with the shrinking-
core description, while acknowledging that the particles have not
necessarily fully equilibrated during the shrinking-core process. In
this process, the effective diffusivity, Desc, is taken as the appar-
ent diffusivity found from confocal experiments, De,gpp, scaled by
the fraction ¢sc,max/qmax to account for the incomplete saturation.
The second process accounts for the remaining adsorption, g, by
employing a linear driving force (LDF) with a maximum difference
qr.max = Qmax — Gscmax to account for the slow approach to equilib-
rium. This equilibration is assumed to be slow enough that the
transport resistance is negligible. The simple LDF considers only
an average particle concentration, so intraparticle concentration
profiles cannot be generated from this model to compare with the
schematic representation in Fig. 7.

Several dimensionless variables and parameters are defined:

S q - q s C De scL
Vo = qsc v, = qr x_ % _ e,;c
qmax qmax CF Rp“u
. keRp krL z ut
B=pee 7w L TT

where g; represents an adsorbed amount averaged over the particle
volume, ¢, is the concentration in the extraparticle fluid, L is the
column length, u is the interstitial fluid linear velocity, k; is the
external mass transfer coefficient, k; is the rate constant for the
linear driving force, and zis the axial dimension of the column. Since
the LDF is supposed to account for filling in behind the intraparticle
shrinking-core front, we introduce a parameter, 1stqrt, thatindicates
how far the shrinking-core front must progress into the particle
before the LDF portion of uptake begins. That is, if we want the LDF
to begin when the shrinking-core front has progressed one quarter
of the radius into the particle, then 7t = 0.75. Alternatively, we
can dictate the start of the LDF uptake by using the fraction of the
shrinking-core portion of the capacity filled in using the relation

3 _ Qscstart _

Y.
1 — nstart” = estart (5)

qsc,max Ysc,max

If axial dispersion is neglected, the dimensionless balance equa-
tions are

X 8X+1—6qm_axﬂ_0 (6a)
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Fig. 8. Effects of parameters on predicted breakthrough curves from the partial shrinking-core model. Curves are for 2 mg/mL lactoferrin loading at 120 cm/h on the HiTrap
XL column. A hypothetical Langmuir isotherm with parameters g, =200 mg/mL and K=10> mL/mg, which is nearly rectangular, was employed along with an external
mass transfer coefficient of kr=1 x 105 m/s. Base values for the varied parameters were nstart = Gsc.max/qmax = 0.5, Desc =5 x 10~ m2/s, and k; =40 x 10~4 s, Effects of varied
parameters are shown, with arrows indicating the direction of increasing value, in (a) with D values of 1, 2, and 5 x 10~ m?/s; (b) with k. values of 1, 2, 4, 10, and
40 x 1074 s~1; (c) with gscmax/qmax Values of 0.01, 0.25, 0.50, 0.75, and 0.99; and (d) with 7 values of 0.01, 0.25, 0.50, 0.75, and 0.99. In each case, only one parameter is

varied with remaining parameters fixed at the base values.

_ _ Y,
Ysc < Ysc,start - 37‘; =0
/ (6)
_ - aY, S
Ysc > Yo start : 37‘; = St( Yr,iso -Yr)

where Y;is0 =Griso/qmax and qyjso is the adsorbed concentration in
equilibrium with the local liquid phase concentration, obtainable
from a Langmuir fit to isotherm data, for example. If scmax = Gmax,
the model, of course, collapses to the traditional shrinking-
core solution and an analytical solution is available [49-51]. For
Gsc,max < max, an analytical solution is not available, so the model
must be solved numerically. In this work, the forward-backward
finite difference method [55,56] was used and gave an accept-
able approximation to the analytical shrinking-core solution for
qsc,max = Gmax-

For batch uptake behavior, it is often simpler to work in dimen-
sional terms and the following balance equations apply:

deyp _ dgsc . dqr\ Vpart
dar —( dt W) Vig (72)
d‘_]sc _ 3De,sc Cp (7b)
dt RP2 [(1- ((_Zsc/‘]sc,max)rU3 — (1 - (1/Bi))]
_ _ daq
(sc < {sc,start * % =0
- (7¢c)
dqr

=kr (Qr,iso - Elr)

(sc = (sc,start -

dt
where Vpgrr and Vi are the hydrated particle and liquid volumes,
respectively. Solute accumulation in the pore fluid is considered to

be negligible in writing Eq. (7a). In this work, these equations were
solved using the ODE45 function in Matlab.

3.3.2. Model features

The effects on output behavior of some of the most important
parameters are shown in Fig. 8. Several aspects of the effects seen
are relevant to the experimental breakthrough data. For example,
Fig. 8a shows that the value of D, s primarily affects the steepness
of the initial portion of breakthrough, with little effect on the shape
of the latter portion of the curve. From Fig. 8b it is apparent that
low values of the parameter k; qualitatively capture the steep initial
breakthrough followed by a slow approach to equilibrium seen for
low-salt breakthrough on XL and Capto (Fig. 3) and the resulting
loss of DBC. Also, it can be seen that either a low value of qsc max/qmax
or a high value of 1t (Fig. 8c and d, respectively) gives rise to a
pronounced kink in the early portion of the breakthrough curves
such as that observed in Fig. 6. In fact, such a kink is observed for
most of the predicted curves. In the case where the kink leads to
a steeper slope, the kink reflects the time when the LDF portion
of uptake starts to occur at the column outlet. From Fig. 8b one
can see that, as the value of k, decreases, this type of kink dies
out and, when k; is low enough, a kink followed by a region of
decreased slope appears. This latter kink reflects a case where the
shrinking-core portion of uptake is complete and the remaining
capacity is being filled exclusively by the LDF. In practice, of course,
neither type of kink would be as sharp as predicted, for two obvious
reasons. First, in the model, the LDF is artificially either on or off, but
realistically, resistance to the remaining uptake behind the sharp
front would be expected to gradually phase in over time. Second,
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Fig. 9. Comparison of experimental column breakthrough curves (—) and curves predicted from the partial shrinking-core (- - -) and traditional shrinking-core (- - - -)

models. Data are for 2 mg/mL loading at 120 cm/h (black) and 590 cm/h (gray) for the indicated protein-resin pairs. All data are at 50 mM TIS, with the exception of the mAb
on Capto, which is at 20 mM TIS. Parameters used for the partial shrinking-core model are listed in each panel.

accounting for the distribution of resin particle sizes would help to
smooth the transition behavior. Nonetheless, the model does seem
to correctly exhibit the two distinctive features observed for some
breakthrough data on polymer-modified media: a slow approach
to equilibrium and a pronounced kink.

3.3.3. Model application

To test the direct application of the conceptual model to experi-
mental data, the model was applied to four sets of breakthrough
curves. Because the conceptual model has three independent
parameters not present in the traditional shrinking-core model,
direct fitting of the model to breakthrough curves is not an ade-
quate test of its success. However, in the absence of independent
methods for estimating the parameters, we combine approximate
parameter estimation with tests to assess the effectiveness of those
parameters at predicting behavior under different conditions. In
each case, the model curve was visually fit to the experimental
breakthrough curve for 2 mg/mL loading at 120 cm/h using the
two adjustable parameters qscmax and k;. Since 1/k, represents a
characteristic time scale for the slow approach to equilibrium, a
reasonable approximation of k; can be estimated a priori based on
an experimental breakthrough curve. For sy, as with ky, there
is some physical basis for its selection. For a large protein under
strong binding conditions, nstqrr Should approach unity and should
be coupled with a low k; value, indicating that a strong resistance
to additional uptake begins almost immediately after the shrink-
ing core front enters a particle at a given axial position. A smaller
value of 7stqrr combined with a higher k; value would be appropri-
ate for weaker binding or a smaller protein since adsorption in the
outer shell of a particle would have less of an effect on additional
uptake than for a large, tightly bound protein. Based on this ratio-
nale, a high value of 7t = 0.99 was chosen for the breakthrough
curves considered here. Evidence for lower values of nsqrr will be

presented elsewhere and may also exist in the data of Franke et al.
[57] for the polymer-modified resin Fractogel EMD SO3~. Remain-
ing inputs were available from isotherm and confocal microscopy
experiments, column geometry, and the correlation for the external
mass transfer coefficient.

Comparisons of the experimental and predicted breakthrough
curves for the four test sets are shown in Fig. 9. In each panel, the
experimental curves at 120 and 590 cm/h are shown along with
the curves predicted from the partial shrinking-core and traditional
shrinking-core models. In all cases, the visually fit partial shrinking-
core curve better matches the 120 cm/h data than the traditional
shrinking-core prediction. However, this only serves to show that
the model can correctly capture the shape of experimental data and
gives no indication of quantitative utility. For the fitted parameters
to be meaningful, they should also apply at the higher superficial
linear velocity of 590 cm/h, with only the value of the external mass
transfer coefficient changing. From Fig. 9, it is clear that the fits at
590 cm/h using the parameters from the 120 cm/h fit are not as
good as for the original 120 cm/h fits, but still remain better than
the traditional shrinking-core predictions. The 590 cm/h fit is least
good for the mAb on Capto. This may be because these data are at
the lowest ionic strength, where protein-protein repulsion would
presumably have the most pronounced effect on uptake. Thus, the
partial shrinking-core model may be best suited to moderate salt
conditions.

As an additional test, the parameters from breakthrough data
must give a predicted batch uptake curve that is consistent with
experimental behavior. Experimental data for lactoferrin uptake
on XL at 50mM TIS were used for such a comparison. Fig. 4
shows the experimental uptake curve, the fitted curves based on
the estimated diffusivities from Section 3.2.2, and the curve pre-
dicted from the partial shrinking-core model fit to the 120 cm/h
breakthrough data (upper left panel in Fig. 9). As was mentioned
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previously, the shrinking-core and homogeneous-diffusion fits, not
surprisingly, nicely match the experimental data, but the fit for the
partial shrinking-core prediction is also good, confirming consis-
tency across experiments for the single set of estimated parameters.
This consistency seems to make it unlikely that the success of the
original fit to the 120 cm/h breakthrough data is solely a conse-
quence of the extra parameters in the model, but rather seems to
confirm that the physical intuition used to develop the model is
reasonable.

4. Conclusions

This work has combined adsorption and transport information
to examine trends in column breakthrough behavior. In particu-
lar, comparison of the equilibrium and dynamic binding capacities
across a range of salt conditions proved useful for understand-
ing whether equilibrium or kinetic effects were limiting and could
provide guidance as to how improvements in column loading per-
formance might be realized. Such comparisons help to highlight
some of the fundamental differences in the adsorption-transport
interplay between the traditional and dextran-modified media.

Additionally, this work highlights some shortcomings in using
the traditional shrinking-core and homogeneous-diffusion mod-
els for the prediction of column breakthrough behavior on
dextran-modified media. Clearly, using diffusivities obtained from
microscopic and batch methods with these models led to some poor
predictions of column behavior, as the inclusion of the axial dimen-
sion in the column revealed discrepancies that were not apparent
in model fits to the small-scale data. Such discrepancies suggest
that diffusivities obtained in the absence of column experiments
may provide an incomplete and perhaps even misleading descrip-
tion of uptake. This work sought to address the limitations found
in the traditional models using physical intuition combined with
experimental evidence to develop a conceptual model. This par-
tial shrinking-core model seems to correctly capture some of the
distinctive features observed for breakthrough on the dextran-
modified media. However, work certainly remains to make the
model more mechanistic and predictive. In the current form of
the model, the traditional path of predicting column breakthrough
behavior from batch uptake data is not feasible. This limitation
exists because the traditional shrinking-core solution remains as
a suitable fit to batch uptake data, leaving no way to estimate the
fraction of uptake that should be apportioned to the shrinking-core
and LDF aspects of the model. Presumably, implementation of a
more mechanistic description of the slow approach to equilibrium
would help overcome this limitation to allow breakthrough predic-
tion from batch uptake or microscopically observed behavior rather
than from other breakthrough data.
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