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Advances in Separation & Purification: Purifying Monoclonal Antibodies Challenges of IgMs

Purification of IgM 
Monoclonal Antibodies

Manufacturing challenges surround the use of IgM monoclonal 
antibodies, but these can be overcome with current technology.

PETE GAGNON, FRANK HENSEL, RICHARD RICHIERI

tamers with a molecular weight of about 960 KDa, and
cyclic hexamers with a molecular weight of about 1.15
MDa.5 IgMs are more heavily glycosylated than are IgGs,
with a range of 8–12% carbohydrate. The extinction coef-
ficient for polyclonal IgM is 1.18, but as with IgG, that val-
ue can vary from one monoclonal IgM to another.6

The primary challenge to purification process develop-
ment is that IgMs tend to be soluble in a narrower range of
conditions than IgGs, and they are more susceptible than
IgGs to denaturation.7–9 Turbidity is the usual consequence
of exposure to unsuitable conditions. Light turbidity is often

ABSTRACT
The affinity capture paradigm that dominates industrial IgG
purification has proven unsuitable for IgMs because, in most
cases, they are affected adversely by harsh elution conditions.
The large size of IgMs is also a challenge because it limits the
operating conditions and performance of traditional porous-
particle-based chromatography media. This article describes
how these challenges can be overcome with available tech-
nology to develop effective manufacturing procedures for IgM
monoclonal antibodies.

R
ecent reports that IgM monoclonal antibodies
offer promising anticancer activity have creat-
ed a strong interest in their therapeutic poten-
tial.1–4 IgMs occur naturally in a variety of
forms, represented dominantly by cyclic pen-
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reversible on restoration of more mod-
erate conditions, but heavy or persist-
ent turbidity may precede aggregate
formation or precipitation. The
extreme pH values used to elute
immunoaffinity and mixed-mode
affinity columns sometimes appear
tolerable at laboratory scale, but these
frequently cause recovery problems at
process scale.7,10–11 Protein-based
affinity ligands such as mannan-bind-
ing protein and C1q can be eluted
under more moderate conditions, but
they are susceptible to proteolysis and
cannot withstand sanitization by sodi-
um hydroxide.12–14

Low conductivity tends to com-
pound the sensitivity of IgMs to pH.
Conditions routinely used for ion
exchange purification of IgG, such as
pH 8.5 or 4.5, may result in precipita-
tion. IgMs are generally tolerant of
high salt concentrations but are sensi-
tive to denaturation on exposure to
strongly hydrophobic surfaces.
Hydrophobic interaction chromatog-
raphy (HIC) media commonly used
for purification of IgG often denature
IgMs.7 Size exclusion chromatogra-
phy (SEC) is gentle and provides good
fractionation, but it is undesirable for
manufacturing applications because
of its low productivity.

The large size of IgMs poses anoth-
er challenge. Large size is associated
with slow diffusion constants, and
slow diffusion constants limit both
capacity and resolution on traditional
porous-particle-based chromatography
media. Table 1 lists diffusion constants

for several antibody classes and frag-
ments. The diffusion constant for IgM
is approximately twice as slow as for
IgG; this means that the flow rate
would have to be twice as slow to
achieve similar capacity and separa-
tion performance, assuming that
equivalent surface area was accessible.
But equivalent surface area is not
accessible; pore diameters for a given
gel type span a characteristic distribu-
tion of values, and the larger the pro-
tein, the lower the proportion of pores
accessible to it. This compounds the
capacity limitation already imposed
by the slow diffusion constant. 

These limitations have collective-
ly engendered the misconception
that IgMs are difficult to purify.
Indeed, their chemical sensitivities
must be accommodated, but IgMs
manifest a range of chemical charac-
teristics that enable development of
effective orthogonal purification pro-
cedures under conditions that avoid
unnecessary stress.15 Most IgM mon-
oclonals are highly charged and
retained strongly enough by ion
exchangers to support high binding
capacities at moderate pH values.7,15

Hydroxyapatite binds IgM strongly at
physiological pH and conductivi-
ty.7,15–18 HIC on weakly hydrophobic
ligands provides good retention with-
out risk of denaturation.7 Screening
may reveal aggregate separation on
any of these methods.

In addition, the emerging genera-
tion of industrial ion exchangers
includes solid phase supports that do
not rely on diffusion. Both mem-
branes and monoliths exploit convec-
tion for mass transport, and both have
been applied effectively to IgM purifi-
cation.15,19–21 Convection is inde-
pendent of molecular size and flow
rate, so dynamic binding capacity and
resolution are unaffected by either
parameter.22,23 Convective supports
thereby offer a solution to the produc-
tivity bottleneck that afflicts tradition-
al chromatography media. This solu-

tion has already had a positive impact
with industrial purification of IgG,
where anion exchange membranes are
increasingly exploited for flow-
through removal of host cell protein,
DNA, endotoxin, and virus.24,25

Membranes support less effective
peak separation in bind–elute appli-
cations because of dispersion in
membrane housings and between
membrane layers. This dispersion
produces a high degree of peak
spreading, which erodes resolution
and dilutes the eluted proteins.
Monoliths lack these dispersion
zones, and they further lack the void
volume that truncates separation effi-
ciency on porous particle media.
These efficiencies result in sharper
elution peaks, with the practical ben-
efits of higher resolution and higher
eluted product concentration. Capac-
ities for large molecules are very high:
dynamic binding capacity for endo-
toxin is more than 10 times higher
on monoliths than on porous particle
anion exchangers, and DNA capacity
is nearly 50 times higher.26 These fea-
tures all favor highly effective purifi-
cation of IgM.

Materials and Methods
IgM cell culture supernatants (CCS)
were filtered to 0.22 µm and stored at 4
°C. Buffer components were obtained
from Sigma-Aldrich (St. Louis, MO).
Buffers were made with water for injec-
tion (WFI) and filtered to 0.22 µm
before use. Ceramic hydroxyapatite
(CHT) Type II, 40 µm, was obtained
from Bio-Rad Laboratories (Hercules,
CA) and packed by Atoll GmbH (Wein-
garten, Germany) into 1 mL (5 x 50
mm) and 10 mL (11.3 x 100 mm)
MediaScout columns. Monolithic con-
vection interaction media (CIM) QA
(quaternary amino) anion exchangers
and CIM SO3 cation exchangers were
obtained from BIA Separations GmbH
(Klagenfurt, Austria). For initial screen-
ing and method development, 0.34
mL monolithic disks were used; 8 mL

Advances in Separation & Purification: Purifying Monoclonal Antibodies Challenges of IgMs

Table 1. Diffusion constants for anti-
body classes and fragments

Protein Mass Kdiff cm2/sec

Light chain 23 kD 9.1 x 10-7

Fab 50 kD 7.4 x 10-7

IgG 150 kD 4.9 x 10-7

IgA 335 kD 3.7 x 10-7

IgM 960 kD 2.6 x 10-7

(Data from Gagnon.7) 
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radial flow monoliths were used for
process modeling. One mL RESOURCE
ETH (ether) and PHE (phenyl) columns
for HIC were obtained from GE
Healthcare (Piscataway, NJ). 

An experimental large-pore poly-
propylene glycol (PPG) HIC resin from
the Tosoh Resin Innovation Program
(TRIP) was provided by Tosoh Bio-
science (Montgomeryville, PA). It was
packed in a 1 mL (5 x 50 mm) column.
Screening buffers and conditions for
hydroxyapatite are described in Table
2, for anion exchange and cation
exchange in Table 3, and for HIC in
Table 4. Dynamic binding capacity was

determined as
described in
Gagnon.7 IgM break-
through was detect-
ed with the mono-
lith-based anion
exchange assay
described in Gagnon,
Richieri, Zaidi, et al.27

All chromatography
experiments were
performed on an
ÄKTAexplorer 100
from GE Healthcare.
Polyacrylamide gel
e l e c t r o p h o r e s i s
(PAGE) was per-
formed on Bio-Rad Criterion gels
(10–20% gradient).

Results and Discussion
Initial Screening 
A few milligrams of highly enriched
product are a valuable asset in early
method development because they
allow product and contaminant
behavior to be evaluated visually from
chromatograms. This evaluation per-
mits initial screening and process
optimization to be done without sec-
ondary testing, and it accelerates
development. Enriched product is
easily obtained by Protein A affinity
chromatography for human IgG
monoclonals. Hydroxyapatite pro-

vides a useful alter-
native for IgM. Fig-
ure 1 illustrates
screening results for
an IgM on hydrox-
yapatite. The IgM
peak is clearly iden-
tifiable, and the
majority of contam-
inants flow through
the column during
sample application.
Elution between 200
and 300 mM phos-
phate is the norm.7

Collecting the
IgM peak from an

initial hydroxyapatite screening run
typically provides antibody of 65–80%
purity. This purity is sufficient to pro-
ceed with initial screening of anion
and cation exchange, but only a few
more experiments are required to pro-
duce a reference sample that better
reflects antibody purity under process

Advances in Separation & Purification: Purifying Monoclonal Antibodies Challenges of IgMs

Table 2. Initial screening conditions 
for hydroxyapatite

Ceramic hydroxyapatite (CHT) Type II, 40 µm

Column: 1 mL (5 x 50 mm) 0.67 mL/min 
(200 cm/hr)

Buffer A: 10 mM sodium phosphate, pH 7.0

Buffer B: 500 mM sodium phosphate, pH 7.0

Buffer C: 1.0 M NaOH

Buffer D: 0.1 M NaOH or 20% ethanol, 5 mM
sodium phosphate, pH 7.0

Equilibrate column with buffer A.

Inject 1–5 mL filtered CCS or 100 µL purified
reference.

Wash 5 Cv with buffer A.

Elute with a 20 Cv linear gradient to buffer B. 

Clean with 100% buffer B.

Sanitize with buffer C.

Store in buffer D.

Figure 1. Hydroxyapatite screening profiles at different
monitor settings. Conditions as in Table 2 
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Figure 2. Comparison of screening and optimized profiles
on hydroxyapatite. Conditions as in Table 2
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Table 3. Initial screening conditions 
for ion exchange

Anion exchange monolith: convection interaction
media (CIM) QA (quaternary amino), 0.34 mL, 
4 mL/min

Cation exchange monolith: CIM SO3, 0.34 mL, 
4 mL/min

Buffer A1: 20 mM MES, pH 6.0

Buffer B1: 20 mM MES, 1.0 M NaCl, pH 6.0

Buffer A2: 20 mM Hepes, pH 7.0

Buffer B2: 20 mM Hepes, 1.0 M NaCl, pH 7.0

Buffer A3: 20 mM Tris, pH 8.0

Buffer B3: 20 mM Tris, 1.0 M NaCl, pH 8.0

Buffer C: 1.0 M NaOH

Buffer D: 0.01 M NaOH or 20% ethanol

Equilibrate column with buffer A.

Inject 50–100 µL ceramic hydroxyapatite
(CHT)–purified reference or filtered cell culture
supernatants (CCS).

Wash 1 minute or less with buffer A.

Elute with a 36 Cv (3 min) linear gradient to 
50% B; hold 1 minute.

Clean with 12 Cv (1 min) linear gradient to 
100% B, or step.

Sanitize with buffer C.

Store in buffer D.
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conditions, which is typically approxi-
mately 90%. Figure 2 compares the ini-
tial screening profile with the profile
from an optimized gradient. Condi-
tions were set so that most contami-
nants were either eliminated in the
pre-elution wash, or were left on the
column after the antibody had eluted.
The 1-mL column was subsequently
loaded with 50 mL of CCS containing
approximately 12.5 mg of IgM, then
eluted with the optimized gradient.
IgM from this run was used to evaluate
other methods. 

Figure 3 illustrates screening results
for an IgM on cation exchange at pH
7.0. The profile is reminiscent of
hydroxyapatite in the sense that the
IgM binds much more strongly than is
usual for IgG antibodies, and the
majority of host cell proteins fail to
bind. Figure 4 compares retention
characteristics at pH 6.0, 7.0, and 8.0.
Binding is weaker at pH 8.0, but purifi-
cation is improved remarkably. These
results suggest a process strategy where
the IgM can be bound at pH 6.0 to
maximize capacity, then washed and
eluted at pH 8.0 to maximize contami-
nant removal. 

Figure 5 illus-
trates screening
results for an IgM on
anion exchange at
pH 7.0. The upper
trace was produced
from hydroxyap-
atite-purified refer-
ence, the lower trace
from CCS. Again,
the IgM binds much
more strongly than
is typical for IgG
monoclonals, and
the degree of purifi-
cation appears to be
excellent; however, a
substantial propor-
tion of contami-
nants also bind.
Strong binding by
IgMs may support a
process strategy such
as that discussed
above for cation
exchange: Bind at
the pH that supports
the highest capacity,
and wash and elute
at the pH that sup-
ports the most effec-
tive contaminant
removal.

IgM typically
elutes from weakly hydrophobic
columns in a single well-defined
peak, as shown by the ETH profile in
Figure 6, but this antibody was
severely denatured by the more
strongly hydrophobic PHE column.
The small first peak was the only rem-
nant of native IgM. The later eluting
dominant peak and shoulders repre-
sent denatured forms. They were tur-
bid on elution and precipitated
overnight at 4 °C. Although weakly
hydrophobic columns avoid the
denaturation problem, they leave
another challenge in its place: The
IgM elutes at very high salt concen-
trations, which can be difficult to
accommodate in later process steps. 

HIC media with intermediate
hydrophobicity offer a practical solu-
tion. As shown in Figure 7, the IgM
elutes from the PPG column as a well-
defined  peak near the end of the gra-
dient. Conductivity of the eluted IgM
pool is sufficiently low to support
binding to an ion exchanger with
moderate dilution. Another benefit of
HIC on moderately hydrophobic sup-
ports is that the high salt required for
binding can dissociate ionic complex-
es that may exist between IgM and
contaminants of opposite charge.7

This fact can be important, because
the same positive charges that cause
IgM to bind strongly to cation
exchangers can just as easily bind

Table 4. Initial screening conditions for
hydrophobic interaction chromatography

Moderately hydrophobic media with wide pores
(>1,000 Å) if available; otherwise, moderately
hydrophobic media with an average pore size
distribution of 600–1,000 Å

Column: 1 mL (5 x 50 mm) 0.67 mL/min 
(200 cm/hr)

Buffer A: 10 mM sodium phosphate, 1.5 M
ammonium sulfate, pH 7.0

Buffer B: 10 mM sodium phosphate, pH 7.0

Buffer C: 1.0 M NaOH

Buffer D: 0.01 M NaOH or 20% ethanol

Equilibrate column with buffer A.

Inject 25–50 µL purified reference or filtered CCS;
use multiple injections if sample is dilute.

Wash 2–5 Cv with buffer A.

Elute with a 10–20 Cv linear gradient to buffer B. 

Clean with 100% buffer B.

Sanitize with buffer C.

Store in buffer D.

Figure 3. Cation exchange screening profile at pH 7.0 with
different monitor settings. Conditions as in Table 3
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Figure4. Cation exchange screening profiles at pH 6.0, 7.0,
and 8.0. Conditions as in Table 3
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Advances in Separation & Purification: Purifying Monoclonal Antibodies Challenges of IgMs

DNA fragments. This is highlighted by
the use of immobilized DNA for affin-
ity purification of IgM.28 As with
hydroxyapatite and cation exchange,
the majority of contaminants flow
through HIC columns on sample
application (Figure 7).7

Sample Application and Binding Capacity 
Loading sufficient IgM to obtain anti-
body for characterization is simple on
hydroxyapatite because it accommo-
dates filtered CCS with only minor
adjustments. If the CCS contains less
than 5 mM phosphate, then phos-
phate should be added to that concen-
tration to stabilize the hydroxyapatite
during large-volume sample applica-
tions. Titration may also be required to
bring the sample to operating pH.
Dynamic binding capacity (5% break-
through at 200 cm/hr with a 10 cm
bed height) was approximately 23
mg/mL for one IgM, and approximate-
ly 19 mg/mL for another. Dilution to
reduce conductivity increases binding
capacity for purified IgM. For CCS,
however, it may allow more contami-
nants to bind, and so it may potential-
ly reduce net product binding capacity.
Dilution also increases preparative
sample application time, which
already accounts for several hours at
200 cm/hr. IgM capacity increases at
slower flow rates, or with longer resi-

dence time at the
same flow rate on a
taller bed.

Sample loading is
more complicated
for ion exchangers
because many IgMs
begin to develop tur-
bidity soon after
they are equilibrated
to the low conduc-
tivity conditions
required to support
high binding capaci-
ties. Turbidity may
be absent initially,
but it tends to form

progressively over time. This fact not
only risks product integrity, it also cre-
ates a source of process variation,
because sample composition varies
over the duration of the load. Turbidi-
ty can be measured conveniently on a
spectrophotometer at 600 nm. Solubil-
ity limitations generally disqualify
bulk offline sample equilibration of
IgMs for ion exchange. Sample appli-
cation by inline dilution provides an
alternative.7 Sample is titrated to tar-
get pH and loaded through one inlet
line. Diluent buffer
at target pH is loaded
through another.
Residence time of
the IgM at dilution,
defined as the
elapsed time from
the point of mixing
to column contact,
represents seconds or
fractions of a second,
depending on flow
rate and configura-
tion of the chro-
matography system.
The short duration is
generally insufficient
time for turbidity to
develop. An equally
important benefit is
that sample compo-
sition is uniform for

the duration of the load, no matter
how long that duration might be.7

Inline dilution factors vary accord-
ing to the salt concentration of the
sample, the charge characteristics of
the individual antibody, and the
desired binding capacity. A dilution
ratio of 1 part sample to 2 parts diluent
is a reasonable starting point with feed-
streams at roughly physiological con-
ductivity, although higher dilution is
likely to support higher binding capac-
ity. Samples with higher conductivities
may require still higher dilution fac-
tors. Any dilution invites criticism for
water or buffer consumption and
increased column loading time, but it
is important to consider that inline
dilution eliminates the need for diafil-
tration with its attendant equipment,
equilibration, and chase buffers; prepa-
ration, process, and maintenance time;
cleaning validation; and inevitable
product losses. Moreover, monoliths
support such high volumetric flow
rates that loading time ceases to be a
consideration. Capacities for hydrox-
yapatite-purified reference IgM on
monoliths ranged from 30 to 40
mg/mL for both anion and cation

Figure 5. Anion exchange screening profiles of CCS and
hydroxyapatite-purified reference. Conditions as in Table 3 
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Figure 6. HIC profiles on weak and strong hydrophobic media.
Blue profile: RESOURCE PHE (GE Healthcare). Green profile:
RESOURCE ETH, 1 mL, 2 mL/min (approximately 600 cm/hr).
Equilibrate with 1.5 M ammonium sulfate, 50 mM sodium phos-
phate, pH 7.0. Inject 20 μL (200 μg) hydroxyapatite-purified
mouse IgM. Wash 2.5 Cv with equilibration buffer. Elute with a
10 Cv linear gradient to 50 mM sodium phosphate, pH 7.0.The
colored areas represent native fully active IgM. 
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Advances in Separation & Purification: Purifying Monoclonal Antibodies Challenges of IgMs

exchangers at flow rates of 12 Cv.
Inline dilution is necessary for HIC

as well, because the concentration of
salt required to support good binding
capacity on moderately hydrophobic
columns is typically sufficient to pre-
cipitate the antibody.7,29 Development
of inline dilution conditions for HIC
on such ligands is discussed in depth
by Gagnon, Grund and Lindback.29

Aggregate Removal
SEC supports effective aggregate
removal for IgMs, but its low produc-
tivity is unattractive for manufacturing
operations.30,31 The primary handicap
is the sample volume, typically in the
range of 2–5% Cv. This limitation is
compounded by flow rates potentially
as low as 20 cm/hr.7 A theoretical ben-
efit of SEC is that it simultaneously
equilibrates the sample for the next
step, but this benefit is moot for most
IgMs because equilibrating a sample to
ion exchange conditions on an SEC
column is likely to result in formation
of turbidity and to jeopardize product
quality. It may result in the IgM precip-
itating on the column. This is the basis
of an IgM purification technique called
euglobulin partitioning chromatogra-
phy, in which the antibody is retained
by SEC media at conductivity values
too low to support solubility.7,32–34 Sol-
uble contaminants flow through on
sample application. The IgM is subse-
quently eluted by increasing the salt
concentration.

Many high-capacity alternatives are
available for aggregate removal.
Although it is impossible to predict
which will best serve a particular IgM,
it is likely that the screening conditions
suggested above will reveal one or
more methods that offer useful levels
of aggregate reduction. Hydroxyapatite
has frequently proven effective for
removal of aggregates and polymers
from IgG, IgA, and IgM monoclonal
antibodies.16–18,35–37 HIC and ion
exchange frequently provide worthy
aggregate fractionation of IgG aggre-

gates, and can be
reasonably expected
to do so with IgMs as
well. Figure 7 illus-
trates promising sep-
aration of IgM aggre-
gates on a PPG HIC
column. 

If the native abil-
ities of the methods
in a process are not
sufficient to achieve
adequate aggregate
reduction, it may be
possible to enhance
them. Recent inves-
tigations have
demonstrated the
ability of 3.75–7.5% polyethylene
glycol (PEG) to promote effective IgG
aggregate removal on ion exchangers
and hydroxyapatite, even when no
separation is apparent in the absence
of PEG.38 Larger proteins are more
responsive than IgG to the effects of
PEG, suggesting that this treatment
should be even more effective for
IgMs.39 PEG is economical, is protein-
stabilizing, and is an approved inac-
tive ingredient in a large number of
parenteral formulations.40,41

Process Sequencing
The combination of good capacity,
excellent contaminant removal, min-
imal sample preparation, and consis-
tent applicability for most IgMs makes
hydroxyapatite a good default candi-
date for capture. Typically, the eluting
salt concentration is sufficiently low,
with dilution, to make ion exchange
practical as a second step. The high
salt tolerance of HIC makes it a good
candidate for a second step, but HIC is
poorly suited to capture because of the
large amounts of salt that are required.
This would be an impediment even if
the salt could be added directly to the
sample, but the usual need for inline
dilution multiplies salt requirements
to a prohibitive level. Assuming that a
concentration of 1.2 M ammonium

sulfate was required for binding, and
that this was achieved by inline dilu-
tion of 1 part sample with 4 parts 1.5
M ammonium sulfate, 0.99 kg ammo-
nium sulfate would be required for
every liter of CCS. Column loading
time would be an issue, since the dilu-
tion factor would quintuple sample
volume.

The strong binding of the IgM
shown in Figure 4 suggests the feasibil-
ity of cation exchange capture. Pub-
lished data, however, indicate that
cation exchange retention is highly
variable for IgMs, so it should not be
relied on as a default method.7 Under
the best of circumstances, mild reduc-
tion of pH and 3–5 fold dilution of the
CCS will probably be necessary to
obtain good binding capacity. Anoth-
er positive feature of cation exchange
capture is that it removes CCS con-
taminants that can affect hydroxyap-
atite, principally including metal ions
and chelators. Iron binds to and dis-
colors hydroxyapatite, but published
studies indicate that separation per-
formance is unaffected.42 Continuous
presence of at least 5 mM phosphate
and a minimum pH of 6.5 generally
stabilizes hydroxyapatite, but how
well it does so in the presence of chela-
tors in CCS remains to be evaluated.
One important restriction with cation

Figure 7. HIC screening profiles on PPG at different monitor
settings. Conditions as in Table 4. Red arrow indicates aggre-
gates. 
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Advances in Separation & Purification: Purifying Monoclonal Antibodies Challenges of IgMs

exchange as a capture method is that
it cannot use citrate buffers if hydrox-
yapatite is the next step: citrate is a cal-
cium chelator.

Most IgM monoclonals bind
strongly to anion exchangers. Anion
exchange capture is handicapped,
however, because contaminating pro-
teins consume a significant portion of
the binding capacity.7 Stronger bind-
ing contaminants are an even greater
liability for strong anion exchangers,
such as Q, quaternary amino (QA),
quaternary amino ethyl (QAE), and
trimethylaminoethyl (TMAE), because
they maintain sufficient positive
charge in 1.0 M NaOH to retain DNA
through multipoint binding of numer-
ous phosphoryl residues. Combina-
tions of 1–2 M NaCl with NaOH pro-
vide more effective cleaning than
NaOH alone, but only column treat-
ment with DNase has proven adequate
to achieve quantitative removal.43,44 If
capture by anion exchange is desired,
it is prudent to use a weak anion
exchanger, such as diethylaminoethyl
(DEAE). The liability of binding com-
petition by contaminating proteins is
still present, but DEAE loses its charge
in NaOH, thereby releasing DNA and
other strongly bound contaminants.

Process Modeling 
After establishing a
preliminary process
order, loading condi-
tions, dynamic bind-
ing capacity, and
separation condi-
tions at each step, it
is useful to run the
integrated process to
provide a bench-
mark of overall
process performance
and economics. In-
depth optimization
of the individual
steps before running
the integrated
process is premature.
For example, one

might expend considerable resources
developing conditions to remove a
difficult contaminant with one partic-
ular method, only to learn that it is
removed effortlessly by another
method. A good working process
model highlights its own deficiencies,
helps provide an order of priority for
addressing them, and allows each to
be evaluated in a meaningful context. 

Figure 8 provides an example of
the sort of deficiency that benchmark
evaluation can reveal. In this case,
the wash and gradient conditions
had been determined with small

injections of CCS, and dynamic bind-
ing capacity had been estimated with
hydroxyapatite-purified reference
IgM. CCS loading volume was set at
80% of that capacity, with the expec-
tation that all of the IgM would bind
and elute solely in the gradient. No
antibody was lost during sample
application, but approximately 8% of
the IgM eluted prematurely in the pH
7.0 wash. This fact indicated that the
column was saturated, apparently
due to competition from binding
contaminants, and it suggested two
possible corrections: reduce the sam-
ple volume, or reduce the wash and
elution pH. Figure 9 illustrates prod-
uct purity at various process stages. 

Table 5 summarizes process metrics.
The impact of monoliths on through-
put is striking throughout the process
but is especially so at the capture step.
A 1,250 mL sample was loaded on an 8
mL monolith in 62.5 min. The same
load would have required 375 min on
a 10 mL conventional cation exchange
column (11.3 x 100 mm, 200 cm/hr).
This fact highlights but under-express-
es the ability of monoliths to relieve
the much-discussed bottleneck in
downstream processing. The ÄKTA
used in these experiments was config-
ured for a maximum flow rate of 20
mL/min, limiting the 8 mL monoliths
to a maximum flow rate of 2.5

Figure 8. Preparative capture profile on cation exchange.
Equilibrate column with 50 mM MES, pH 6.0. Load sample by
inline dilution, 1 part CCS, 4 parts equilibration buffer. Wash with
equilibration buffer. Wash with 10 mM sodium phosphate, pH
7.0. Elute with a 10 mM linear gradient to 250 mM sodium phos-
phate pH 7. Clean with 500 mM sodium phosphate (not shown).
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Table 5. IgM benchmark purification process summary

*Includes the IgM that eluted prematurely in the wash
Conditions as described in Figure 8

Cation exchange Anion exchange Hydroxyapatite

8 mL monolith 8 mL monolith 10 mL column

Sample volume, mL 250 25 2

Diluted volume, mL 1,250 250 250

Flow rate mL/min 20 20 3.34

Application time, min 62.5 12.5 75

Total buffer volume 1,950 950 650

Total step time, min 98 48 195

Recovery % 78 (86*) 84 88

Purity % ~90 ~95 ~99
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Cv/min. Separation conditions and
capacity determinations during early
development were conducted at 12
Cv/min. Had the ÄKTA been config-
ured to accommodate its maximum
flow rate, the cation exchange sample
loading time would have been 13 min.

After fundamental deficiencies in
the basic process have been addressed,
individual variables can be optimized.
For all methods, inline dilution fac-
tors are key determinants of overall
productivity. Higher dilution factors
support higher binding capacities,
which support the use of smaller
columns and elute more concentrated
product in a smaller volume. Lower
dilution factors consume less buffer
and less process time.

With hydroxyapatite, one should
consider evaluating binding and elu-
tion pH values as low as 6.5 and as
high as 8.0. As in the previous discus-
sion concerning ion exchangers, it
may be useful to bind at one pH to
maximize capacity, and to elute at
another to improve contaminant
removal. CHT Type II, 40 µm, is typi-
cally the best option for process
development and manufacturing. On
most industrial-scale columns, 20 µm
is too small for the frits, and 80 µm
provides less backpressure but has
lower capacity. CHT Type I (for all
particle diameters) has a substantially
lower range of pore diameters and
will likely support lower binding
capacity for IgMs.45 Selectivity is
slightly different, however, and could
be useful in a given situation. Ceram-
ic fluorapatite (CFT) has yet to be
characterized for IgM purification.

For cation exchange, one should
consider evaluating more common
manufacturing buffers such as citrate
and phosphate. Using citrate or phos-
phate as eluting ions in place of NaCl
may also improve pH control during
the separation.46 Citrate and phos-
phate are generally considered inap-
propriate for anion exchangers, but
they may still be effective. Many IgMs

tolerate pH values above 8.0 or below
6.0, but these should be evaluated with
care. Weak anion exchange monoliths
(DEAE; EDA, or ethylenediamine) or
weak cation exchange monoliths may
be evaluated. Conventional ion
exchangers may also be considered.

For HIC on weakly hydrophobic
media, different binding salts can
give remarkably different selectivi-
ties.47 A good starting point for such
media is 1.2–1.5 M ammonium sul-
fate. Potassium phosphate supports
similar average binding strength at
the same concentrations. Also of pos-
sible interest is 1.0 M sodium sulfate
or sodium citrate. Sometimes 4.0 M
sodium chloride is used for IgG on
phenyl columns, but it generally does
not support adequate IgM binding on
moderately hydrophobic columns.
Different pH values occasionally pro-
duce worthwhile selectivities. 

Scale-up Issues
The low diffusion constant of IgM
imposes slow flow rates on porous
particle media such as hydroxyap-
atite, HIC, and conventional ion
exchangers. A practical maximum is
200 cm/hr; 100 cm/hr provides better
performance. Slow flow rates favor
scale-up on columns with shallow
bed heights, ideally no greater than
20 cm. Consistently good quality
packing at industrial scale can be
obtained with 15 cm, or even 10 cm
bed height, in columns that permit
packing by dynamic axial compres-
sion. Such columns are especially
effective for hydroxyapatite because
they can accommodate its high den-
sity and rapid settling rate. These
columns also overcome the primary
cause of performance loss by hydrox-
yapatite: particle damage coincident
with repacking. When repacking is
required, these columns resuspend
the hydroxyapatite by upward flow,
thereby avoiding the use of tools that
might damage the particles.

Experimental results from cycling

studies indicate that hydroxyapatite
can be used for at least 50 cycles with-
out detectable change in perform-
ance; however, these studies have
mostly been performed using purified
IgG as a model.48 As noted above,
CCS contains components that can
interact directly with hydroxyapatite
and may reduce its effective lifetime.
Hydroxyapatite has been shown to
withstand more than 15,000 hours of
exposure to 1.0 M NaOH.45

Scale-up with monoliths is simpler
because column packing is eliminat-
ed. If air is introduced into a mono-
lith, it can be displaced quickly and
efficiently, and without loss of col-
umn performance, by restoration of
buffer flow. Industrial monoliths are
available at 8, 80, 800, and 8,000 mL
volumes. For the antibodies in this
study, an 8 L monolith represents an
IgM capacity of approximately
250–300 g per cycle. Larger scale
requirements can be accommodated
by plumbing multiple units in paral-
lel, or by configuring multiple units
to create a simulated moving bed.
The current generation of preparative
monoliths is synthesized from poly-
methacrylate, which is the same
polymer found in many porous-parti-
cle ion exchangers and HIC media
used for industrial purification of
antibodies and other injectable prod-
ucts. Likewise, monoliths withstand

Figure 9. Reduced sodium dodecyl sul-
fate polyacrylamide gel electrophoresis
(SDS-PAGE) of purification stages 
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repeated exposure to sodium hydrox-
ide, and they can be expected to sup-
port reusability similar to other poly-
methacrylate media.

CONCLUSION
Industry experience is insufficient at
present to identify a standard platform
for IgM purification, but the tools
available to process developers provide
an abundance of effective options.
Either hydroxyapatite or cation
exchange may support effective cap-
ture, depending on the properties of a
particular IgM. The high capacity and
resolution of monolithic ion exchang-
ers at high volumetric flow rates—
despite the large size of IgM—make
them a compelling process option at
any point in a purification process. All
methods discussed in this study are
potential candidates for aggregate
removal, and their capabilities can be
enhanced, if necessary, by the pres-
ence of PEG. Together, these tools pro-
vide a level of purification, recovery,
and throughput that rival the best
commercial IgG purification proce-
dures. Far from being a liability, the
lack of an affinity step makes a posi-
tive contribution to overall process
economy.  BP
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