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a b s t r a c t

Large conductivity fluctuations were observed during a high pH wash step in a weak cation exchange chro-
matography process. These conductivity transitions resulted in a conductivity drop during pH increase
and a conductivity rise during pH decrease. In some cases, the absolute conductivity change was greater
than 6 mS/cm which was sufficient to affect target protein retention on the column. Further investigation
revealed that wash buffer concentration, resin ligand density, and resin ligand pK have a profound effect
eywords:
eak cation exchange chromatography

M Ceramic HyperD
M Sepharose Fast Flow
onductivity transitions

on the magnitude of the conductivity transitions and the shape of corresponding pH traces. A poten-
tiometric electrode selective for sodium ions was used to measure effluent counterion concentrations
from two preparative resins during high pH washes, and the number of exchangeable counterions was
compared to predictions made using ion exchange equilibrium theory. Results from this analysis show
that conductivity transitions can be effectively mitigated without compromising process performance

ff be
H shift
ounterions

by optimizing the trade-o

. Introduction

Weak cation exchange resins have been widely employed for
he chromatographic capture and polishing of both naturally occur-
ing and recombinant proteins [1–9]. These resins are typically
unctionalized with carboxylic acid (COOH) groups that are depro-
onated at intermediate and high pH. These functional groups are
ften referred to as carboxymethyl, or “CM”, groups when the acid
oiety is attached to the resin base matrix through a linker con-

aining a methylene group adjacent to the carboxylic acid group.
his is in contrast to so-called strong cation exchange resins which
enerally carry sulfonate (SO3

−), or “S”, functional groups that are
rotonated only at very low pH. The classification of CM and S resins
s “weak” and “strong”, respectively, follows from the fact that S
roups are deprotonated over a wider pH range than CM groups.
rotein retention on strong cation exchange resins is usually greater
han on weak cation exchangers with identical base matrices [10].
owever, there have been instances where the opposite trend was
bserved [11,12]. Further, some researchers have demonstrated
hat hydrophobic interactions play a significant role in retention on

ation exchange, and that the hydrophobic contribution to reten-
ion on equivalent weak and strong cation exchange resins can be
ery different at high salt concentration [13,14]. In some separation
rocesses, a CM resin may provide better selectivity because the dif-

∗ Corresponding author. Tel.: +1 650 467 4087; fax: +1 650 225 4049.
E-mail address: fogle.jace@gene.com (J. Fogle).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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tween wash buffer concentration and wash phase duration.
© 2009 Elsevier B.V. All rights reserved.

ference in retention of the target protein and contaminant proteins
is maximized. If the CM resin employed also provides high ligand
density, then the sorbent may provide enhanced binding capacity
and salt-tolerance along with favorable selectivity. One of the CM
resins employed in this study, CM Ceramic HyperD, was evaluated
with these considerations in mind.

However, it has been reported that the use of weak cation
exchange resins can be complicated by the fact that transient
changes in pH may accompany sudden shifts in salt concentra-
tion such as those that are used to elute target proteins [15–18].
For instance, an unwanted, temporary pH decrease was observed
during a high salt protein elution step even though both the high
and low salt mobile phases were buffered at the same pH. This pH
transition was attributed to the exchange of protons for positively
charged buffer counterions on the resin during the salt increase
[16]. Since bind-and-elute cation exchange chromatography steps
are routinely operated near the pK of carboxylic acid groups, these
issues are anticipated to be more pronounced when working with
weak cation exchange resins.

Here, we observed that significant conductivity transitions may
result from step changes in pH on weak cation exchange resins. This
occurred during development of a high pH wash intended for selec-
tive removal of host cell proteins prior to elution of a recombinant

monoclonal antibody. The initial increase in pH was accompa-
nied by an unexpected, temporary decrease in conductivity, and
the subsequent decrease in pH was accompanied by a temporary
increase in conductivity. This occurred even when the counterion
(sodium) concentrations of the low pH and high pH wash buffers

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:fogle.jace@gene.com
dx.doi.org/10.1016/j.chroma.2009.11.099
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ere matched. Blank runs in the absence of protein confirmed that
his effect was indeed related to the behavior of the resin and was
ot the result of protein elution at elevated pH. Further, this effect
as not limited only to a particular resin.

It has been shown that conductivity transitions can result from
tep increases in pH on a strong S-type cation exchange resin that
lso contains weak acid CM groups [19]. This result was consis-
ent with a local equilibrium model that predicted a decrease in
ounterion concentration at the outlet of the column. However, this
nalysis did not include a direct comparison of experimental and
heoretical counterion profiles.

In this study, we investigated the effects of resin properties
uch as ligand density and pK and process conditions such as
ash buffer concentration on the magnitude of conductivity transi-

ions during high pH washes. We used a potentiometric electrode
elective for sodium ions in an effort to measure effluent coun-
erion concentrations directly and determine the total number
f exchangeable counterions during high pH washes. As antici-
ated, high ligand density led to more exchange of counterions and
onductivity transitions of greater magnitude. Thus, the practical
enefits provided by high ligand density may require adoption of
trategies to mitigate conductivity transitions. An understanding
f these relationships and their effect on conductivity transitions
ould potentially save process developers a great deal of time on
mpirical optimization experiments.

An additional objective of this work was to determine whether
he observed conductivity transitions could be mitigated or elimi-
ated by using a pH gradient in place of the step change. In this case,
e tested the efficacy of a relatively short gradient that would be

menable to implementation in a large-scale purification process.

.1. Ion exchange equilibrium theory

The number of counterions changing phase upon a pH shift
NNa+ ) can be calculated from the difference in the concentration of
eprotonated CM groups in the adsorbed phase (qNa+ ) at high pH
nd low pH:

Na+ =
(

qhigh pH
Na+ − qlow pH

Na+

)
· V (1)

ere the adsorbed phase concentrations are in units of moles per
iter of packed bed and V is the bed volume. In this case, NNa+ is
xpressed in moles. The number of counterions desorbing from the
esin upon pH decrease should be equal to the number of counte-
ions adsorbing to the resin upon a pH increase for the equal but
pposite change in pH.

qNa+ is related to the dissociation constant of the CM group (K),
he total concentration of CM ligands on the resin (qR), the solution
hase concentration of sodium ions (CNa+ ), and the solution phase
oncentration of H+ ions (CH+) [17,20]:

= qNa+ 2CH+

(qR − qNa+ ) CNa+
(2)

hich can be re-arranged to:

Na+ 2CH+ + qNa+ KCNa+ − KqRCNa+ = 0 (3)

pplication of the quadratic formula yields:

Na+ = 1
2

[
−KCNa+ +

√
(KCNa+ )2 + 4KCNa+ CH+ qR

CH+

]
(4)
or a chromatography column at equilibrium, CH+ and CNa+ are cal-
ulated directly from the pH and counterion concentration of the
obile phase buffer. Thus, K and qR are the only constants needed

o perform a balance on counterions from one steady-state set of
uffer conditions to another.
. A 1217 (2010) 660–666 661

K and qR can be estimated by fitting a theoretical resin titration
curve based on Eq. (4) to an experimental resin titration curve. In
this process, an experimental value of qNa+ is calculated from a mass
balance on sodium ions in the resin slurry being titrated:

qNa+ = mNa+ − CNa+ (Vo + (mNa+ /N)) + C init
Na+ Vo

V
(5)

Here, mNa+ is the moles of NaOH titrant added to the resin slurry,
N is the normality of the titrant, Vo is the initial volume of resin
slurry, and C init

Na+ is the initial concentration of sodium chloride in
the resin slurry. The value of CNa+ is calculated from the solution
phase electroneutrality condition:

CNa+ + CH+ = CCl− + COH− (6)

Eq. (6) can be re-arranged to solve explicitly for CNa+ :

CNa+ = CCl− + KW

10−pH
− 10−pH (7)

where KW is the dissociation constant of water and CCl− is equal
to C init

Na+ after adjusting for volume change due to titrant addition.
Best-fit values of K and qR can then be regressed through sum of
least-squares analysis. In this study, the difference in theoretical
(Eq. (4)) and experimental (Eq. (5)) values of qNa+ across the entire
titration curve was minimized.

2. Materials and methods

2.1. Resins and columns

Experiments were performed on CM Ceramic HyperD, S Ceramic
HyperD (Pall Corporation, East Hills, NY) and CM Sepharose FF
(GE Healthcare, Piscataway, NJ) cation exchange resins. For col-
umn chromatography experiments, the resins were packed into
0.66 cm i.d. × 20 cm Omnifit columns (Bio-Chem Valve, Inc., Cam-
bridge, England).

2.2. Dynamic binding capacity measurements

The resin dynamic binding capacities at 1% breakthrough
(DBC1%) were measured using a full-length monoclonal antibody.
In this case, the resins were evaluated for direct antibody capture
from harvested cell culture fluid. Measurements were made using
an AKTA Explorer 100 FPLC (GE Healthcare, Piscataway, NJ). For
purposes of this study, 1% breakthrough was defined as the column
load density (grams of antibody loaded per liter of packed bed) at
which antibody concentration in the column effluent was equal to
one percent of the antibody concentration in the load.

Flow rates were selected based on manufacturer recommenda-
tions and known pressure limitations at manufacturing scale. CM
Ceramic HyperD was loaded at a linear velocity of 600 cm/h, and
CM Sepharose FF was loaded at 200 cm/h.

Full-length monoclonal antibodies were expressed in Chinese
hamster ovary (CHO) cells in 250 or 400 L bioreactors at Genentech
(South San Francisco, CA). Cell culture fluid was harvested using
depth filtration and sterile filtration. Harvested cell culture fluid
(HCCF) was adjusted to pH 5.5 by adding 1.0 M acetic acid. HCCF
conductivity was adjusted to 6 mS/cm by adding purified water.
Conditioned HCCF was sterile filtered prior to column loading.

Column effluent was collected in 15 mL fractions, and the con-
centration of antibody in the fractions was quantified with an HPLC
assay using a POROS Protein A (2.1 mm × 30 mm) affinity column

(cat. No. 1-5024-12) from Applied Biosystems (Foster City, CA).
The column was run at 2.0 mL/min at ambient temperature for a
duration of 6 min. The column was equilibrated with phosphate-
buffered saline (PBS) at pH 7.2. Samples were injected without
dilution and antibody was eluted with PBS adjusted to pH 2.0 (with
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Table 1
pH shift buffer components (in mM).

MOPS buffers 50 mM 100 mM 200 mM 300 mM

Na+ MOPS (mM) 33 66 132 198
MOPS acid (mM) 17 34 68 102
NaCl (mM) 40 25 0 0
Measured conductivity (mS/cm) 6.30 6.54 7.48 10.47
Measured pH 7.33 7.37 7.42 7.46

MES buffers 50 mM 100 mM 200 mM 300 mM

Na+ MES (mM) 10 19 39 58
MES acid (mM) 40 81 161 242
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NaCl (mM) 50 50 40 33
Measured conductivity (mS/cm) 6.00 6.50 6.31 6.40
Measured pH 5.43 5.46 5.46 5.48

N HCl). Absorbance was monitored at 280 nm and the elution peak
as integrated. The concentration of antibody was then calculated
sing a standard curve generated with purified antibody.

.3. Column chromatography—high pH washes and conductivity
ransitions

.3.1. Step changes in pH in the presence of antibody
The CM Ceramic HyperD column was initially equilibrated with

ve column volumes (CV) of a low pH buffer (300 mM MES, 20 mM
aCl, pH 5.5). Antibody (adjusted to approximately pH 5.5 and
mS/cm as described in Section 2.2) was then loaded on the column

o a density of 70 mg of antibody per milliliter of column bed vol-
me. The column was washed with eight CV of the low pH buffer
ollowed by eight CV of a high pH buffer (100 mM MOPS, 10 mM
aCl, pH 7.0). The column was re-equilibrated with eight CV of the

ow pH buffer. Finally, antibody was eluted with a step increase in
alt concentration to 500 mM acetate, pH 5.5. The flow rate during
olumn equilibration and load was 600 cm/h, while the flow rate
uring the washes was 200 cm/h.

NaCl was added to the wash buffers to maintain the conduc-
ivity above 4 mS/cm. The manufacturer of CM Ceramic HyperD
ecommends maintaining the conductivity of all buffers at or above
pproximately 4 mS/cm. This recommendation is related to the
orphology of the sorbent bead, a composite in which a ligand-

earing hydrogel is polymerized within the macropores of a rigid
eramic bead. Due to the high ligand density on the hydrogel, use of
obile phase having conductivity less than approximately 4 mS/cm

an lead to swelling of the hydrogel, particularly that which is
ear the surface of the bead. While this swelling is expected to be
eversible, buffer conditions were chosen in an effort to optimize
he pressure-flow characteristics of the resin in this work.

.3.2. Variation of wash buffer conductivities (in the absence of
ntibody)

Initial experiments were performed on CM Ceramic HyperD and
M Sepharose FF. The columns were equilibrated with five CV of a

ow pH buffer (300 mM MES, 33 mM NaCl, pH 5.5). The column was
hen washed with a high pH buffer (100 mM MOPS, 25 mM NaCl, pH
.5) until the pH stabilized at the higher value. Finally, the column
as re-equilibrated by switching back to the low pH buffer until pH

nd conductivity traces were stable. Note that the counterion con-
entrations (Na+) of the low pH buffer and the high pH buffer were
quivalent in this case. This was accomplished by adjusting the NaCl
oncentration in each buffer such that the sum of the NaCl concen-

ration and the buffer concentration in the sodium form were equal
n the two buffers. The total counterion concentration in the buffers

as 91 mM (see Table 1). Both columns were run at 200 cm/h.
Additional experiments were performed with CM Ceramic

yperD at varying buffer concentrations. The column was equili-
r. A 1217 (2010) 660–666

brated with five CV of a low pH buffer (50 mM, 100 mM, 200 mM, or
300 mM MES, pH 5.5). The column was then washed with a high pH
buffer (50 mM, 100 mM, 200 mM, or 300 mM MOPS, pH 7.5) until
the effluent pH reached 7.1. At that point, the high pH wash was
continued for an additional three CV to stabilize pH before switch-
ing back to the low pH buffer. When the effluent pH dropped below
5.8, the run was allowed to continue for an additional four CV to
completely re-equilibrate the column. The flow rate was constant
at 200 cm/h for all four runs. Table 1 summarizes the components
of each buffer along with the measured conductivity and pH.

2.3.3. pH gradient in the presence of antibody
The CM Ceramic HyperD column was initially equilibrated with

five CV of a low pH buffer (300 mM MES, 20 mM NaCl, pH 5.5). Anti-
body (adjusted to approximately pH 5.5 and 6 mS/cm as described
in Section 2.2) was then loaded on the column to a density of 70 mg
of antibody per milliliter of column bed volume. The column was
then washed with eight CV of the low pH buffer followed by eight CV
of a high pH buffer (100 mM MOPS, 10 mM NaCl, pH 7.0). When the
high pH wash was complete, a 10 CV linear gradient was run from
0 to 100% with respect to low pH buffer concentration. Following
the pH gradient, the column was washed with an additional two CV
of the low pH buffer to ensure complete re-equilibration. Finally,
antibody was eluted with a step increase in salt concentration to
500 mM acetate, pH 5.5. The flow rate during column equilibration
and load was 600 cm/h, while the flow rate during the washes and
the gradient was 200 cm/h.

2.4. Resin titration curves

Resins were first packed into 0.66 cm i.d. × 20 cm Omnifit
columns in order to accurately determine the resin volume (in mL
of packed bed) for determination of K and qR. The columns were
equilibrated with 150 mM NaCl adjusted to pH 2.5 with 6N HCl
(low pH buffer) so that all functional groups on the resins would
be protonated at the beginning of the titration experiment. The
columns were then unpacked by removing the bottom adaptor and
forcing the resin out of the column under flow provided by an AKTA
Explorer 100 FPLC. The resin slurries were titrated with a standard
solution of 1N NaOH solution from pH 2.5 to 6.5.

Theoretical resin titration curves were fit to the experimental
data as described in Section 1.1.

2.5. Offline measurement of pH and Na+ concentration

The CM Ceramic HyperD and CM Sepharose FF columns were
initially equilibrated with five CV of a low pH buffer (300 mM MES,
33 mM NaCl, pH 5.5). The column was then washed with a high
pH buffer (100 mM MOPS, 25 mM NaCl, pH 7.5) until the pH stabi-
lized at the higher value. Finally, the column was re-equilibrated
by switching back to the low pH buffer until pH and conductivity
traces were stable. For each resin, the column effluent was col-
lected in fractions equal to 0.5 CV. The flow rate during all washes
was 200 cm/h.

The pH and Na+ concentration of each fraction was measured
with a BioProfile 400 analyzer (Nova Biomedical Corporation,
Waltham, MA). The BioProfile 400 analyzer contains a potentiomet-
ric electrode that is selective for Na+ ions and accurate in the range
of 40–220 mM (manufacturer estimate). The BioProfile analyzer
was calibrated at a sodium ion concentration of 140 mM imme-
diately prior to use.
3. Results and discussion

CM Ceramic HyperD provided significantly higher dynamic
binding capacity than S Ceramic HyperD or CM Sepharose FF for the
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Table 2
Dynamic binding capacities of weak cation exchange resins used for capture of a monoclonal antibody from cell culture fluid.

Resin DBC at 1% breakthrougha Manufacturer ionic capacity range [21,23] Linear flow rate

CM Ceramic HyperD 89 g/L >250 meq/L 600 cm/h
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the use of low concentration wash buffers that would result in
broader, shallower conductivity transitions that might be less likely
to result in protein desorption and the use of high concentration
wash buffers that would facilitate shorter wash phases and lower
S Ceramic HyperD 27 g/L
CM Sepharose FF 48 g/L

a Note: The units of DBC are grams per liter of packed bed.

onoclonal antibody of interest in this study (Table 2). Presumably,
his is due to the resin’s high ligand density and fast mass transfer
ates characteristic of homogeneous diffusion through pores filled
ith functionalized hydrogel [21,22]. Moreover, the incompress-

ble ceramic base matrix unique to CM Ceramic HyperD facilitated
uch faster flow rates than the agarose-based CM Sepharose

F. These properties offer potentially valuable opportunities for
mprovement in both facility fit and cycle time during process scale-
p.

However, approximately 37% of the antibody desorbed and
luted from the CM Ceramic HyperD column during the high pH
ash prior to the elution phase. Surprisingly, this did not occur
uring the initial pH increase to 7.0; rather, the yield loss was
bserved as the pH was decreased to 5.5 at the end of the high pH
ash phase. Upon closer inspection of the lab scale chromatograms,

t became apparent that the undesired antibody desorption coin-
ided with a transient increase in conductivity to almost 10 mS/cm
Fig. 1). While step changes in salt concentration are known to
ause transient pH fluctuations in weak ion exchangers (and in fact
his was observed here during the elution phase of the run), it was
nclear whether a conductivity transition of this magnitude could
e caused solely by counterion exchange on the resin.

To better understand the nature of the conductivity fluctuations
bserved during the high pH wash, experiments were performed on
wo resins in the absence of protein (Fig. 2). Very large conductiv-
ty transitions were observed during both the stepwise increase in
H and the stepwise decrease in pH on CM Ceramic HyperD, con-
istent with the behavior of the resin when loaded with protein.
onductivity transitions were also observed on the alternate resin,
M Sepharose FF, although the absolute changes in conductivity
uring the high pH wash were much smaller. In both cases, the
ransient changes in conductivity occurred despite the fact that the
ounterion concentrations in the low pH and the high pH buffer

ere matched (see Section 2.3.2). While the magnitudes of the

onductivity transitions on CM Sepharose FF were fairly consis-
ent with those reported by Pabst et al. [19], the magnitudes of the
onductivity transitions on CM Ceramic HyperD were much larger.

ig. 1. Screening experiment with mAb on CM Ceramic HyperD. The blue trace is UV
bsorbance at 280 nm, the brown trace is conductivity, and the red trace is pH. (For
nterpretation of the references to color in this figure legend, the reader is referred
o the web version of the article.)
≥150 meq/L 600 cm/h
90–130 meq/L 200 cm/h

It was also noticed that a pronounced shoulder was present
on the leading edge of the pH profile for CM Ceramic HyperD,
and a smaller shoulder was present on the trailing edge of the
profile. When the concentration of the wash buffers was varied
(see Fig. 3), these shouldering effects became more pronounced at
lower buffer concentrations and less pronounced at higher buffer
concentrations. At the highest buffer concentration (300 mM MES
and 300 mM MOPS), the leading edge shoulder is barely visible
against the main peak, and the trailing edge shoulder in not seen.
The shouldering effect is likely due to counterion exchange on
the resin, since desorption of H+ ions would temporarily buffer
the mobile phase against a pH increase (and vice-versa) during
the high pH wash. This effect would be expected to diminish at
high buffer concentrations, and in fact this is the case. Moreover,
this effect was not observed with CM Sepharose FF which has
substantially lower ligand density. Unfortunately, the conductiv-
ity transitions on CM Ceramic HyperD become more pronounced
with larger overall changes in conductivity when more concen-
trated buffers are used. In this case there is a clear trade-off between
Fig. 2. pH shift experiments with online (AKTA Explorer) conductivity monitoring.
Solid lines are pH traces and dashed lines are conductivity traces. The first hash mark
along the x-axis indicates the transition from low pH buffer (pH 5.5) to the high pH
buffer (pH 7.5). The second hash mark along the x-axis indicates the transition from
high pH buffer back to low pH buffer. (A) CM Ceramic HyperD, (B) CM Sepharose FF.
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Fig. 3. pH shift experiments on CM Ceramic HyperD using 50 mM MES and MOPS
(red traces), 100 mM MES and MOPS (green traces), 200 mM MES and MOPS (dark
b
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Fig. 5. pH shift experiments with offline (BioProfile 400) ion concentration mea-
surement. The transition between the low pH buffer (pH 5.5) and the high pH buffer
occurred at 0 CV. The hash mark along the x-axis indicates the transition from high
lue traces), and 300 mM MES and MOPS (light blue traces). The hash marks on each
race indicate the transition from high pH MOPS buffer (pH 7.5) to low pH MES buffer
pH 5.5). (A) Conductivity, (B) pH. (For interpretation of the references to color in
his figure legend, the reader is referred to the web version of the article.)

uffer volumes but cause conductivity transitions of greater mag-
itude.

This problem was overcome by implementing a pH gradient in
lace of the stepwise decrease in pH at the end of the high pH wash
Fig. 4). Using the same buffers, a relatively short gradient (10 col-
mn volumes followed by two column volumes of re-equilibration

ith the low pH buffer) resulted in a much more gradual pH change

nd almost no transient increase in conductivity above that of the
ow pH buffer. No desorption of antibody was detected, and the
lution phase proceeded as expected. While the use of a gradient
ash introduces some additional complexities for implementation

ig. 4. Screening experiment with mAb on CM Ceramic HyperD using a pH gradient
n place of step decrease in pH. The blue trace is UV absorbance at 280 nm, the brown
race is conductivity, and the red trace is pH. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of the article.)
pH buffer back to low pH buffer. (�) Offline pH readings, (©) offline sodium ion
concentration measurements. (A) CM Ceramic HyperD, (B) CM Sepharose FF. Lines
between data points are for visual purposes only.

at larger scale, this approach allows for the use of a high capacity
weak cation exchanger with a high pH wash for additional host cell
protein removal. Further, the gradient slope could be tuned to opti-
mize the trade-off between wash phase duration and target protein
retention. Following such optimization, one could determine if the
time required for the gradient is offset by the time saved by loading
CM Ceramic HyperD at high linear velocity as illustrated in Table 2.

In the future, process developers might benefit from a fast, direct
method for measuring counterion concentrations in the effluents
of high capacity cation exchange columns. While offline calibra-
tion curves can be generated to relate conductivity and counterion
concentration, the correlation is typically not linear and it can be
difficult to account for the contributions from many different ions.
(In this example, MES and MOPS also contribute to conductiv-
ity to some extent and they can both be present during high pH
washes.) Here, a potentiometric electrode selective for sodium ions
was used to verify that the conductivity transitions resulted from
exchange of Na+ ions on and off the resin during pH shifts. For CM
Ceramic HyperD, the sodium ion concentration decreased from 70
to 26 mM during a pH increase to 7.5, and the sodium ion con-
centration increased from 70 to 146 mM during the pH decrease
back to 5.5 (Fig. 5A). For CM Sepharose, the sodium ion concen-
tration decreased from 70 to 48 mM during a pH increase to 7.5,
and sodium ion concentration increased from 70 to 88 mM during
the pH decrease back to 5.5 (Fig. 5B). For both resins, the shape

and location of the Na+ peaks is in excellent agreement with the
conductivity traces (Fig. 2A and B).

The areas of both the negative and positive sodium ion peaks
(Fig. 5A and B) were determined by numerical integration using
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Table 3
Measured and calculated numbers of sodium ions exchanging on resin (NNa+ ).

Resin Negative
peak
(mmol)

Positive
peak
(mmol)

Predicted (mmol)

CM Ceramic HyperD 0.60 0.61 0.99
CM Sepharose FF 0.05 0.05 0.10

Table 4
Resin properties.

S
t
t
s
n
m
S

C
C
m
m
l
C
t
l
e

F
s
C

Resin pK Ligand density (mmol/L packed bed)

CM Ceramic HyperD 5.0 378
CM Sepharose FF 4.7 115

impson’s rule (see Table 3). The areas of the negative and posi-
ive sodium ion peaks were in excellent agreement for both resins;
his is consistent with the idea that equal numbers of counterions
hould exchange for pH shifts that are equal but opposite in mag-
itude. Based on the experimental results, approximately 12-fold
ore sodium ions exchange on CM Ceramic HyperD than on CM

epharose for the pH shift from 5.5 to 7.5 with 100 mM MOPS.
Results of the resin titration analysis (Fig. 6) indicate that CM

eramic HyperD does have higher intrinsic buffering capacity than
M Sepharose FF. The ligand density (qR) of CM Ceramic HyperD is
ore than three times that of CM Sepharose FF (see Table 4). The
easured ligand densities are in very good agreement with pub-

ished manufacturer estimates of >250 and 90–130 meq/L for CM

eramic HyperD and CM Sepharose, respectively [21,23]. Based on
he measured pK values, a lower fraction of CM Ceramic HyperD
igands would be deprotonated relative to CM Sepharose FF at an
quivalent pH (see Table 4). This is also consistent with the observa-

ig. 6. Resin titration curves. Open symbols represent experimental data and the
olid line represents the model fit to the data using parameters in Table 4. (A) CM
eramic HyperD, (B) CM Sepharose FF.
Fig. 7. Correlation plot for BioProfile 400 sodium ion concentration measurements
in the presence of various anions. The dashed line represents ideal response of the
analyzer. (♦) MOPS, pH 7.5, (�) MES, pH 5.5, (�) acetate, pH 5.5, (×) sodium chloride.

tion that many more sodium ions exchange on CM Ceramic HyperD
than on CM Sepharose during the transition from pH 5.5 to 7.5
(see Table 3). Theoretical predictions based on these resin char-
acteristics and Eq. (4) suggest that approximately 10-fold more
counterions should exchange on CM Ceramic HyperD than CM
Sepharose FF for the pH shift from 5.5 to 7.5 with 100 mM MOPS
(see Table 3).

The number of counterions predicted to exchange (NNa+ ) on CM
Ceramic HyperD and CM Sepharose FF is greater than the experi-
mental measurements by 62% and 100%, respectively (see Table 3).
The most likely explanation for this discrepancy is inaccuracy in
the experimental sodium ion concentration measurements. In each
chromatographic experiment, the sodium ion concentrations in
the high pH and low pH buffers were matched at 91 mM (see
Table 1); however, the baselines of the experimental sodium ion
concentration profiles were relatively flat at approximately 70 mM
(see Fig. 5A and B). While experimental errors of this magnitude
were not anticipated, additional testing with stock solutions of
MOPS, MES, sodium acetate, and sodium chloride indicated that
the accuracy of the BioProfile analyzer can be compromised by
high concentrations of certain anions (see Fig. 7). In the case of MES
and MOPS, the BioProfile analyzer significantly underestimated the
concentration of sodium ions in solution. The magnitude of this
error increased with the concentration of buffering species in solu-
tion. Somewhat smaller errors were observed for stock solutions
of sodium acetate. The response of the BioProfile analyzer with
respect to analyte concentration was much closer to ideal when
the only ions in solution were Na+ and Cl−. The best results were
obtained with NaCl at concentrations near that where the instru-
ment was calibrated (140 mM). These observations suggest that the
theoretical predictions may provide the most realistic estimates for
the numbers of counterions exchanging (NNa+ ) in this study.

4. Conclusions

High pH wash steps on weak cation exchange resins can
be accompanied by significant conductivity fluctuations under
commonplace operating conditions. The size of these conductiv-
ity transitions is directly related to the number of counterions
exchanging onto or off of the resin during the pH shift. Factors that
affect the number of counterions exchanging on the resin include
resin ligand density and pK. In particular, increased ligand den-

sity leads to conductivity transitions of greater magnitude. Thus,
the practical benefits associated with use of a high ligand density
resin may require adoption of strategies to mitigate conductivity
transitions.
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One strategy employed successfully in this study was the use of a
H gradient in place of a stepwise change in pH. While this approach
oes not change the number of counterions that must exchange on
he resin to shift the pH in the column, it results in broader, shal-
ower conductivity transitions that can have dramatic effects on
arget protein retention. Here, the pH gradient was implemented
ith common buffers and very little optimization work. Overall,

his approach could facilitate evaluation and optimization of chro-
atography on weak cation exchangers that provide high ligand

ensity and high binding capacity such as CM Ceramic HyperD.
A commercial potentiometric electrode sensitive for sodium

ons proved useful for following qualitative changes in the effluent
ounterion concentration during chromatography experiments.
his technique could be used to help validate chromatography
odels that seek to predict pH and counterion concentration as
function of time, resin properties, and column feed composition.
owever, the accuracy of the electrode used here would first have

o be improved before quantitative comparisons could be made
ith analytical models.

Ion exchange equilibrium theory was used to estimate the num-
er of counterions expected to exchange on two different CM
esins during a pH shift. The calculated results were consistent
ith the observation that many more counterions exchanged on
M Ceramic HyperD than on CM Sepharose FF for the pH shift of

nterest. As a practical matter, this approach could be used to guide
he development of processes that involve weak cation exchange
esins and pH shifts. For example, by selecting operating conditions
nd/or resins that minimize the number of exchanging counteri-
ns as predicted by Eq. (4), the process developer could reduce
he amount of buffer consumed during pH shifts and decrease the
ikelihood of significant conductivity transitions. Such an approach
hould be relevant to column equilibration steps (such as those
ollowing regeneration and sanitization using sodium hydroxide)
s well as high pH washes intended for impurity removal. More-

ver, the relatively complicated resin titration experiments used in
his study are likely not necessary if estimates for pK and qR are
vailable from the manufacturers of the resins of interest. Even a
ualitative understanding of the relationship between resin prop-
rties, counterion exchange, and pH and conductivity transitions
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should benefit the rational design of weak cation exchange chro-
matography processes.
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