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Role of Cleaning-in-Place in the Purification of
mAb Supernatants Using Continuous Cation

Exchange Chromatography

Thomas Müller-Späth,1 Lars Aumann,1,2 and Massimo Morbidelli1

1ETH Zurich, Institute for Chemical and Bioengineering, Department of
Chemistry and Applied Biosciences, Zurich, Switzerland

2ChromaCon AG, Zurich, Switzerland

Abstract: Monoclonal antibodies (mAbs) are among the most important thera-
peutic proteins for the treatment of cancer. They also find wide application in
the field of diagnostics. The market for mAbs was US$ 5.4 billion in 2002 and
is expected to triple by 2010 (1). MAbs are mainly produced in cell culture and
purified by chromatography. Apart from the mAb, the downstream processing
is confronted with a multitude of impurities from the upstream process. Some
of these impurities bind strongly to the chromatographic stationary phase and
can only be removed by separate cleaning solutions. Depending on the type of
media used, e.g. affinity or ion exchange, differing cleaning regimes may have
to be applied. In addition, sanitization is required to prevent microbial contam-
ination. Both steps are closely tied to the mAb production step and need to be
repeated in regular intervals.

In this work, the impact of irreversible impurity adsorption on the separation
performance is investigated experimentally; first for a batch column and then for
a continuous chromatographic process. At first, the retention time of a model
substance is established as a suitable measure to describe the degree of irreversible
adsorption. The impact of the presence and the absence of cleaning-in-place (CIP)
on the retention time of the model substance is demonstrated.

Since the issue of column cleaning is particularly important if processes are
operated in continuous mode, in the second part of this work the introduction
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of a CIP step in the continuous multicolumn countercurrent solvent gradient
purification (MCSGP) process is investigated. The process purifies a mAb from
a cell culture supernatant that also contains irreversibly adsorbing impurities—
or impurities that desorb in a later cycle of the process as a contamination. Fol-
lowing the same approach as for the batch experiments, the MCSGP process is
operated in the presence and the absence of CIP in order to track prospective
changes of the process performance caused by changes in the product retention
time. Instead of the model substance, a cell culture supernatant, providing a real
case impurity profile in an industrial application is used for the process. Although
an impact of the product retention time change on the process yield is not
observed it is shown that CIP is required for a stable long-term operation in terms
of purity and system pressure drop. With the introduction of a CIP step the
process was successfully operated for 9000 min (6 days) without interruption.

Keywords: Cation exchange chromatography, CIP, cleaning-in-place, mAb
purification, MCSGP, monoclonal antibody, multicolumn countercurrent
solvent gradient purification, SMB

INTRODUCTION

Irreversible Adsorption, Column Cleaning, and Sanitization

In the production of biopharmaceuticals, cell culture is widely used. In
addition to the product, the clarified cell culture supernatant contains a
large number of impurities, such as Host Cell Proteins (HCP), DNA,
and media components. Some impurities are product-similar in their
adsorption behavior on chromatographic materials, others have totally
different adsorptive properties but interfere with the adsorption of the
product on the stationary phase, e.g. by competition, accumulation, or
deposition on surfaces (fouling). Some impurities are adsorbing very
strongly, so that they are not removed from the stationary phase by
any combination of the weak and the strong buffer used in gradient chro-
matography. In the following, these impurities are referred to as ‘‘irrever-
sibly’’ adsorbing components. Non-specific interactions between the
impurities and the stationary phase matrix may be responsible for the
exceptionally strong binding. The adsorption is not limited to the station-
ary phase; also the frits or filters of the column may experience irre-
versible adsorption, precipitate formation, and fouling. An additional
step using a suitable cleaning solution is required for the removal of
irreversibly adsorbing impurities and for cleaning of the frits or filters.

In ion-exchange chromatography, sodium hydroxide solution is an
accepted and very effective cleaning agent. At concentrations of 1 M, it
is able to hydrolyze peptide bonds (2). In addition, sodium hydroxide
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is also very effective for sanitization of the equipment, i.e. for reduction
of microbial load even at low concentrations (3,4). A long residence time
is required for sanitization. Depending on the bacterial strain different
concentrations and contact times are required (4).

The cleaning effect in cation exchange chromatography through
sodium hydroxide is largely due to the generation of negative charges
on bound protein. This leads to the induction of strong repulsive forces
between the negatively charged ligands and the impurities upon contact
with NaOH. Consequently, the residence time of sodium hydroxide
solution in the system is usually of minor importance, for cleaning. For
industrial processes, regulatory agencies require cleaning and sanitization
of all equipment in contact with the biopharmaceutical product in regular
intervals. Cleaning and sanitization have become an integral part of good
manufacturing practice (GMP) (5). On the other hand, harsh cleaning
conditions can lead to changes of stationary phase ligand and matrix
properties. For stationary phase manufacturers it is therefore important
to provide resins with high chemical stability of matrices, linkers and
ligands. Polymer based materials with simple ligands, such as ion
exchange resins, have proven to fulfill these conditions while protein-
based affinity materials are in general more susceptive against harsh
chemical environments (4,6) resulting in the leakage of the proteinaceous
ligand as well as in long term reduced capacity. The established affinity
materials used in industry for the capture of mAbs from clarified cell
culture supernatant (‘‘cCCS’’) feature Protein A ligands that are incompa-
tible with sodium hydroxide solutions>0.1 M for cleaning and cannot be
sanitized with NaOH. For these materials other more expensive agents
such as concentrated guanidine hydrochloride solution have to be used
(7,8,9) for cleaning. Recently, stationary phases with modified alkaline-
resistant forms of Protein A have become available, however, at a higher
cost than the earlier materials (10). Still, also the modified Protein A mate-
rial may experience a loss of dynamic binding capacity under sanitization
conditions represented by a prolonged exposure to NaOH solutions (10).

Independently of irreversible adsorption, it is worth noting that the
dynamic capacity of the target compound is highly dependent on the
feedstock. It has been shown that through competition with cell culture
broth components, the dynamic binding capacity of a mAb on an ion-
exchange resin was two orders of magnitude lower than the capacity
for the pure component (11).

In this work, experiments showing the effect of irreversible adsorp-
tion on the performance of batch and continuous chromatographic
processes are reported. Irreversible adsorption is a well known effect in
chromatographic applications and also the effectiveness of impurity
removal through CIP was shown in earlier work with respect to the
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dynamic binding capacity (12,13). However, the effect on the retention
behavior has not been described yet. In this work, at first retention time
measurements were carried out for pulse injections of a model substance
in order to track potential changes of the adsorption characteristics for
different impurity loads on a cation-exchange column. The irreversibility
was visualized using a colored model impurity and transparent columns.
The retention time proved to be a suitable indicator for the degree of irre-
versible adsorption. Retention time measurements have the advantage of
fast experimental realization and low material consumption.

A change of the product retention time is expected to have major
impact on the performance not only of batch column processes but also
of multicolumn continuous processes. The second part of this work deals
with the effect of irreversible adsorption on the performance of the
MCSGP process in the presence and absence of CIP. Rather than using
a model impurity and a trivial purification problem, the experiments are
carried out using a clarified cell culture supernatant (cCCS) with a high
impurity concentration. Some of the impurities are also expected to bind
irreversibly and to have adverse effects on the product retention time and
the process performance with increasing accumulation. It is worth noting
that, for continuous processes that also incorporate continuous loading,
a high product retention factor is more important than a high dynamic
capacity: For a Langmuir-type adsorption behavior, which is frequently
observed for biomolecules, a low dynamic capacity can be compensated
for to a certain extent by changing the operating parameters of the
process (switch time) while a low retention factor usually entails a lower
product purity. We assume that a cation exchange stationary phase A
delivers larger retention factors than material B as a function of the ionic
strength (salt concentration) and at a given pH and as a function of the
pH at constant ionic strength. This entails that material A can deliver the
same retention factor for an antibody but with a pH closer to the pI of
the mAb than stationary phase B. Consequently, material A is expected
to deliver material of a higher purity when identical buffer and elution
conditions (ionic strength) are used. A prerequisite is that the mass
transfer properties of the materials are comparable.

MCSGP for Biomolecule Separation

Representing a combination of batch and continuous chromatography,
MCSGP (14,15) offers the flexibility of the batch process with respect to
gradient design and fractionation. It maintains the efficient stationary phase
utilization and therefore the high performance of continuous countercurrent
processes such as simulated moving bed (SMB) chromatography (14).

4 T. Müller-Späth, et al.
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For SMB, CIP was proven to work for the separation of nucleosides and
plasmid DNA (16,17). However, designed for two-fraction separations
and a single-step gradient, SMB is only of limited use for the purification
of biomolecules from a mixture of impurities with similar adsorptive proper-
ties. Most SMB applications are in the field of chiral small molecule separa-
tions and use feed mixtures with a low impurity load. In addition, mobile
phases containing organic solvents are frequently used. Both factors render
CIP unnecessary.

MCSGP has proven to be a suitable process for the purification of
peptides and proteins where its main advantages, the countercurrent
movement of stationary and mobile phase, the continuous production
of three fractions and solvent gradient chromatography are best
exploited. MCSGP has so far been successfully applied for the purifica-
tion of the polypeptide calcitonin using reversed phase chromatography
(15) and the separation of monoclonal antibody lysine variants using a
cation exchange material (18). Also the capture of a monoclonal anti-
body (mAb) from clarified cell culture supernatant (cCCS) using a
three-column MCSGP process has been outlined (14). In the former
two separation problems in the product was to be purified from a mix-
ture of very similar components. In the case of the peptide this meant
the separation of similar peptides generated by chemical synthesis while
for the antibody variants, the molecules differed in only two amino
acids. In those cases the product was the main component and present
in substantial amounts in the feedstock. Thus the problems treated so
far were rather comparable to polishing steps in the downstream puri-
fication scheme, requiring no CIP. The capture and purification of a
strongly diluted target compound from crude material produced by cell
culture techniques poses a new challenge for the MCSGP process. So
far, the proof-of-principle for the capture of a mAb from cCCS has
been given for the start-up of the MCSGP process without CIP and
the achievement of a steady-state with 95% yield (14) but the stable
long-term operation with CIP has not been described, which is made
up for in this work.

One of the main advantages of MCSGP lies in the fact that it uses
linear solvent gradients which are very beneficial in the separation of
biomolecules: As mentioned earlier, considering the large number of
impurities, the probability is very high that some of the impurities show
a retention behavior very similar to that of the desired product on the
given stationary phase. It is therefore difficult to separate these com-
ponents with satisfactory purity using step gradient elutions. Isocratic
elutions are better suited to separate these components but the run time
needs to be increased leading to a low productivity and a high dilution
of the product which makes this technique rather unattractive for large

CIP for Continuous Chromatography 5

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
0
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



scale production. Solvent gradient chromatography represents the
intermediate state between the two extremes of step gradient elution
(gradient slope is infinite) and isocratic elution (gradient slope is zero).
With solvent gradient technology it is possible to decrease the run time
by decreasing the product retention time, while maintaining a high purity.
It is important for gradient optimization that the design of the process is
backed up by a suitable mathematical model.

The Separation Problem for MCSGP

The feedstock for the MCSGP process investigated in this study was a
cCCS containing mAb in low concentration. Main contaminants in the
feed were HCP and DNA. An analysis of a fractionated batch gradient
elution on the ion exchange material used in this study showed that
HCP and DNA, representing mixtures of impurities themselves, eluted
over the whole gradient length with a tendency to early elution (HCP)
and late elution (DNA). Thus, with respect to the mAb, HCP and
DNA represent both weakly and strongly adsorbing impurities.

The mAb purification target was the capture with a yield of>90%
and a reduction of the HCP content of at least 2 orders of magnitude
(logs), which represent the minimum values expected for a mAb-capture
process in industrial applications. A significant reduction of the DNA-
level was also desired.

In order to improve the understanding of the MCSGP process
performance, some perfomance parameters are defined at this point:

The process yield Y generally refers to the product outlet and is
defined as follows (equation 1):

Y ¼ _mm3

_mmFeed
ð1Þ

In this equation, ṁ3 and ṁFeed denote the mass flow of mAb exiting
the process through the product outlet and entering the system through
the feed inlet, respectively.

The measure for the product purity P is given by equation 2,

P ¼ cimp

cmAb
ð2Þ

Where cimp and cmAb stand for the product outlet concentrations of
impurity and mAb, respectively. In this study, the impurities assessed
where DNA and HCP.
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MATERIALS AND METHODS

Stationary and Mobile Phases

As stationary phase for batch and continuous experiments, the polymer-
based strong cation exchange resin Fractogel EMD HiCap SE (Merck
Darmstadt, Germany) was used. This material has been shown to be compa-
tible with 1 M sodium hydroxide as cleaning and sanitization agent by mea-
suring the dynamic binding capacity of a mAb over more than 100 cycles (19).

For batch column and MCSGP experiments, five 2 mL Tricorn 0.5
i.D.� 10 cm columns (GE Healthcare, Uppsala, Sweden) with transpar-
ent walls were flow-packed at 800 cm=h.

Four Tricorn columns were used in the MCSGP process. The process
was set up with suitably combined commercial equipment (ÄKTA
series, GE Healthcare), namely 8-way multiposition valves and pH,
conductivity, and UV detectors (pH=C 900 and UV-900) as described
in (15). The UV-signal was calibrated with a Gammanorm standard
(Octapharma, Germany).

For all batch column experiments, Acetate buffers, 20 mM, pH 5.0
were used. The elution buffer contained 2 M NaCl (buffer B), while the
binding buffer (buffer A) contained no NaCl. The ionic strength of the
strong buffer was chosen high in order to improve desorption through
washes with this buffer.

For all preparative MCSGP runs, acetate buffers, 20 mM, pH 5.0
were used with the elution buffer (buffer C) containing 1 M NaCl while
the binding buffer (buffer A) contained no NaCl and was identical to
the one used in batch experiments. All buffers were filtered and degassed.

For CIP, sodium hydroxide solution was used (0.1 M in the case of
myoglobin and 0.4 M in the case of the cCCS). The stationary phase
manufacturer recommends cleaning with 0.1 to 0.5 M NaOH. The
removal of myoglobin was tested at NaOH concentration of 0.1 M,
0.25 M, and 0.5 M. It was found that 0.1 M NaOH was most efficient
in removing myoglobin from the stationary phase. For the continuous
mAb purification process, it was decided to clean the columns with a
NaOH solution close to the highest possible concentration recommended
by the manufacturer. It was expected that cleaning with this concentra-
tion was most effective for the removal of irreversibly bound impurities.

Feedstock

The feedstock to test irreversible adsorption and CIP in batch mode was
a myoglobin solution of 1 g=L in 20 mM Acetate-Buffer (buffer A), pH 5,
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which gives a clear brown solution. The feedstock for the MCSGP
experiments was a clarified chinese hamster ovary (CHO) cell culture
supernatant obtained from Excellgene (Lausanne, Switzerland) in the
frame of the AIMS project (20). The mAb concentration was c¼0.08 g=
L. The mAb exhibited a broad pI range starting at pH 7.5 and reaching
beyond pH 9.3, as determined using a Phast System (GE Healthcare,
Uppsala, Sweden). A main variant could not be distinguished clearly
but the maximum of the intensity of the distribution was around pH
8.5. The pH of the supernatant was 7.3 and the conductivity was
19 mS=cm. This represents non-adsorbing conditions for the mAb on
the selected stationary phase. A 2-fold dilution of the feedstock with
water was done prior to loading in order to shift to binding conditions.
The pH of the diluted supernatant was 7.3 and the conductivity was
10 mS=cm. The supernatant contained 220000 ng HCP=mg mAb and
3200 ng DNA=mg mAb. In order to prevent microbial growth in the
supernatant, sodium azide was added with a concentration of 0.5 g=L.
For all experiments described in this work, material from the same
fermentation batch was used.

Analytics

The process purity with respect to DNA and HCP was not accessible by
chromatographic methods since the concentration was either close to or
below the detection limit of the UV detectors of the HPLC equipment
and, in the former case, the resolution did not allow for the identification
of single impurities. This was partially due to the low concentration of
HCP and DNA present in the feedstock, but also due to the fact that
these impurities actually represent multi-component mixtures themselves.
The situation does not change when these impurities are concentrated
by ultrafiltration and subsequently run over an analytical column. The
purity with respect to HCP was measured with a CHO cell line specific
enzyme linked immuno sorbent assay (HCP-ELISA Kit #015, Cygnus
Technologies, Southport, NC, USA). The DNA concentration was
determined with a fluorescence assay (Quant–iT DNA Assay Kit, High
Sensitivity, Invitrogen, Carlsbad, CT, USA).

The quantification of the mAb was done using a Poros A20
analytical Protein A column (Applied Biosystems, Foster City, CA,
USA). The binding buffer was 20 mM Phosphate, 0.1 M NaCl, pH 7.0;
the elution buffer was 0.1 M Citric Acid adjusted to pH 3.5 with NaOH.

The MCSGP product outlet was sampled for offline analyses. The
product outlet and the CIP outlet were equipped with UV-detectors,
pH and conductivity probes (ÄKTA UV-900 and pH=C-900, GE
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Healthcare, Uppsala, Sweden) for online measurement. Column quality
assessment was done through analytical injections and retention time
measurements of purified mAb and lysozyme under adsorbing and
non-adsorbing isocratic conditions. The presence of charged isoforms
of the mAb complicated the determination of the retention time under
adsorbing conditions, since some of the mAb isoforms eluted while others
were fully retained. Consequently, the column could not be properly
characterized using the mAb and the results presented here focus on lyso-
zyme as model substance. It is worth mentioning that, under gradient elu-
tion conditions, despite the presence of isoforms, the mAb elutes as a
single albeit broader peak.

Single Column Experiments

The purpose of the single column experiments was to show the existence
and impact of irreversible adsorption and CIP, respectively, on the
product retention for the given buffer=resin system. Myoglobin was used
as irreversibly adsorbing model impurity and lysozyme as product. The
strategy was to repeat lysozyme retention time measurements for
increasing loads of myoglobin and after a final CIP step. Afterwards
the Henry coefficient was to be calculated from the retention time data
and to be qualified as measure for column quality as a function of the
impurity load. All single column experiments were carried out on an Agi-
lent HP1100 series (Agilent, Santa Clara, CA, USA) at 25�C.

A Tricorn column (GE Healthcare, Uppsala, Sweden) with Fractogel
HiCap as stationary phase was loaded with 1 g=L myoglobin solution for
50 min at 1 mL=min. Afterwards, the column was alternatingly washed
with 100% buffer A and 100% B, for 6 min respectively at 1 mL=min
(3 column volumes respectively) in an attempt to remove the myoglobin.
The washing was repeated twice. Afterwards the column performance
was checked through retention time measurements with lysozyme in
buffer A (1 g=L) using analytical injections under isocratic non-adsorbing
and adsorbing conditions at 80% B, 60% B, 40% B, 30% B, 25% B, 20%
B, and 18% B. The measurements were duplicated.

Subsequently, the column was re-equilibrated with buffer A and
additionally 50 mL of myoglobin solution was loaded and the perfor-
mance tested after washing as described above. In an independent experi-
ment using the column and the flow rate described above the dynamic
binding capacity (1%) for myoglobin on Fractogel HiCap was deter-
mined to be 116 mg myoglobin=mL column.

After the final wash, the column was reverse-flushed with 0.1 M NaOH
at a flow rate of 0.2 mL=min for 30 min, which corresponds to 3 column

CIP for Continuous Chromatography 9
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volumes. The column was then re-equilibrated with buffer A and the same
analysis as before carried out. Summarizing, the lysozyme retention times
were measured with a preload of 0, 25 and 50 mg myoglobin=mL column
and after cleaning and a prospective complete removal of the myoglobin.
The corresponding Henry coefficients were calculated.

Design and Setup of the MCSGP Process

In order to facilitate the understanding of how a CIP-step is realized in
the MCSGP process, the basic concept of the process is described here.

A flowchart of the MCSGP process is shown in Fig. 1 including the
different tasks (1–8) of the various columns in the process along with the
adjustable operating parameters. These are 8 flow rates Q1�Q4, Q-Feed,
Q6, QCIP, Qequil, 8 concentrations c1–c4, cFeed, c6, cCIP, cequi and the switch
times tCC and tBL. The operating parameters were derived from a linear
batch gradient elution. The design procedure of MCSGP to determine
the parameters has been described elsewhere in detail for 6- and 3-column
systems (15,21). The operating parameters are given in Table 1. As a
hybrid process between continuous and batch chromatography, the pro-
cess comprises of internal recycling states where the columns of the system

Figure 1. Schematic of an MCSGP process with CIP section including all
operating parameters and separation tasks. The latter ones are indicated by the
numbers in the columns (see text). The tasks of the interconnected state CCL
are shown in the first row; the tasks of the batch state BL are shown in the second
row. The pumps, delivering Q1–Q4 and Q6 are able to provide linear gradients,
thus the concentrations c1–c4 and c6 are variable over the switch time.

10 T. Müller-Späth, et al.
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are interconnected and production states where the columns are operated
in batch mode (15).

The three fraction separation and the capability of running solvent
gradients in each section of the MCSGP process are made possible
through the switching between these states. A separation cycle consists
of six different tasks, where three tasks are attributed to the intercon-
nected state (2,4,6) and three to the batch state (1,3,5) (Fig. 1). The batch
state tasks are: (1) Elution of the strongly adsorbing impurities S, (3)
elution of the product P, (5) loading and elution of the weakly adsorbing
impurities W. The interconnected state tasks are: (2) Internal recycling of
a portion of the product contaminated with strongly adsorbing impurity,
(4) internal recycling of the portion of the product contaminated with
weakly adsorbing impurity and (6) re-equilibration of the system. The
columns of the system execute these tasks in sequence whereby (1) is
followed by (6). The process can use one or multiple columns per section.
In this work, the minimal configuration of the continuous process using
one column per section was used. While in a 6-column setup, all tasks are
performed simultaneously, in a 3-column process, the interconnected
state and the batch state tasks are performed sequentially (21). Therefore,

Table 1. Operating parameters for the long duration MCSGP
experiment: Percentages given with respect to buffer C. Suffixes:
� ¼ reverse flow, a¼ diluted supernatant feed solution, b¼ 0.4
M NaOH

tCC [min] 20
tBL [min] 3
Q2 [mL=min] 0.15
Q1 [mL=min] 1
Q4 [mL=min] 0.85
Q3 [mL=min] 0.3
Q6 [mL=min] 0.0
QFeed [mL=min] 1.25
Q8 (CIP) [mL=min] 0.2�

Q7 (equil) [mL=min] 0.3�

Grad 2 [%] 40.0–43.1
Grad 1 [%] 70.0
Grad 4 [%] 0.2–39.5
Grad 3 [%] 40.0
Grad 6 [%] 0.0
Grad 5 [%] 100.0a

Grad 8 [%] 100.0b

Grad 7 [%] 70
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the switch time for the batch state (tBL) and the interconnected state (tCC)
can be chosen to be different in the 3–column process while in a
6-column setup the switch times are identical (t� ¼ tCC¼ tBL), forced by
the process design. The MCSGP process offers a large flexibility since
further tasks can be easily added to the process. In this study, two further
sections were added, namely (7) re-equilibration from Cleaning-in-Place
(CIP) and (8) CIP. This corresponds to the addition of one (two) columns
to the 3-(6-) column process. Clearly, it is most convenient to place the
CIP step after section 1, where the column has been stripped with the
strong buffer. The process used in this study, shown in Fig. 1, features
4 columns that perform the tasks of CCL (2,4,6,8) and BL (1,3,5,7) in
sequence.

A challenge for the process design is posed by the fact that the
switching times of the separation cycle are much shorter than the time
period required for CIP and sanitization respectively. Consequently, a
section that has entered the CIP mode needs to stay in that mode for
longer than one switch. At the same time, the remaining sections need
to continue in performing the separation tasks (6)–(1). It is necessary that
the column entering the process from the CIP section is devoid of the
cleaning agent and equilibrated as the column from section 1 that would
regularly enter section 6.

A schematic of the separation and CIP tasks is given in Fig. 2. To
get used to the scheme the reader should first focus on the separation cycle
represented by a bold rectangular frame (columns 1, 2, 3). This sub-scheme
shows the regular separation cycle that would be repeated continuously if
the process would be run as a three-column system. The numbers indicate
the separation (1–6) or CIP task (7,8) that each chromatographic column is
performing at the time (cumulative) given in the sixth column and that cor-
respond to Fig. 1. The fifth column of the scheme shows the duration of the
corresponding state (interconnected state). The bold dotted frame repre-
sents a CIP subcycle. During this subcycle one column is sanitized (here
column 1 in Fig. 2). For the purpose of synchronization of CIP and separa-
tion it is necessary to add a synchronization step for the columns that are
not in CIP mode. However, during the synchronization, the separation
continues so there is no impact on the productivity, i.e. the mass of product
purified per time and stationary phase volume. The full scheme in Fig. 2
represents the complete CIP-cycle where every column is sanitized once.
The scheme can be modified in such a way that one column remains in
the CIP mode for even longer while the others perform the separation.

The separation process was designed based on a batch gradient
elution as described in (15) using the same column, buffers and starting
material as the MCSGP process. The chosen operating parameters are
given in Table 1.
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The CIP step consisted of backflushing of the column at a flow rate of
0.2 mL=min with sodium hydroxide solution for one interconnected and one
batch phase (1(tCCþ tBL)¼ 23 min), followed by a re-equilibration with 70%
buffer C at a flow rate of 0.3 mL=min for three interconnected and three
batch states in a row (3(tCCþ tBL)¼ 69 min). Thus the total time for one
CIP cycle was 92 min (4(tCCþ tBL)). The supply of 70% high-salt buffer C

Figure 2. Switching of the sections for a 4 column MCSGP process with CIP. The
minimal CIP cycle, where each chromatography column is cleaned once, is
shown. The bold dashed frame represents a CIP subcycle, i.e. the interval of
the cleaning of one chromatography column, here column 1. The CIP tasks are
highlighted dark grey. The bold solid frame represents a separation subcycle (light
grey). Separation tasks performed for the synchronization of the CIP and the
separation subcycle are indicated by a white background. The numbers in column
1–4 of the scheme stand for the task (see Figure 1) that each chromatography
column is performing starting at the time given in the last column of the
scheme. The fifth column of the scheme gives the duration of the respective state
(interconnected or batch state).
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was required in order to maintain the equivalence between the process with
and without CIP in terms of modifier concentrations of the sections that
perform the separation. This means that a column entering section 6 from
the CIP section needs to contain the salt concentration profile that the
column would have after the elution of strongly adsorbing impurities in
section 1 without CIP.

Operation of the MCSGP Process

In a first experiment, in order to demonstrate the effect of CIP as in the
batch experiment, a run was performed with the MCSGP unit that used
Acetate buffer A with 1 g=L myoglobin (pH 5.0) as feed solution. In a
second experiment, the process was run with the clarified cell culture
supernatant as feedstock. The aim of the experiment was to run the pro-
cess until the achievement of cyclic steady state (phase A), to continue the
process with the cleaning agent replaced by buffer C (i.e. CIP was essen-
tially switched off) and to run until reaching a new cyclic steady state
if necessary (phase B). The experiment was then to be continued after
turning CIP back on (phase C) until reaching the initial steady state,
i.e. the one corresponding to phase A. During the experiment, the column
configuration and all gradient conditions and flow rates were exactly the
same, except for the CIP step for which the NaOH solution was replaced
by buffer C during phase B. Thus, the conditions in phases A and C were
identical. Consequently, if irreversible adsorption would be present (that
could be prevented by CIP with NaOH) during phase B a decline of the
process performance in terms of yield and purity due to the absence of
CIP, would be expected. This prospective decline was to be recovered
in phase C due to re-activation of CIP and the performance was to reach
the values of phase A. Since the experimental run was expected to last
several days, a low load and thus a low productivity was selected in order
to save feed material.

RESULTS AND DISCUSSION

Single Column Experiments

The loading of the cation exchange column with myoglobin solution led
to irreversible adsorption. The contamination of the column was clearly
visible as brown color and the color front progressed along the column
with increasing load. The color could not be removed through repeated
washes with 100% buffer A and B and the UV-detector (A280) did
not measure any myoglobin elution. However, when the column was
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flushed with the sodium hydroxide solution, the colorization of the col-
umn could be removed and the A280 signal confirmed the removal of
the myoglobin.

The reason for the irreversible adsorption of myoglobin is not
known; judging solely by the isoelectric point, myoglobin (pI 6.8 and
7.2) should be less strongly adsorbing than e.g. lysozyme (pI 9–11).

Lysozyme was chosen as a model product substance for retention
time measurements since it has a similar molecular weight as the model
impurity myoglobin (14.4 kDa vs. 17.0 kDa) and should therefore have
a similar accessibility of the stationary phase pores. Thus, strong effects
on retention behavior were expected.

In order to check the reproducibility of the retention time measure-
ments, duplicate runs were performed for all measurements and the
extent of experimental scatter was evaluated: In rows 1 and 2, Table 2
shows the results for a retention time measurement (tR0,1) and duplicate
run (tR0,2) before myoglobin was loaded for non-adsorbing (row 1,
80% B) and adsorbing conditions (row 2, 18% B) respectively. The results
shown here were the ones with the largest deviation among experiment
and repetition, showing the worst case (row 2 of Table 2). The retention
time values of 14.5 min and 14.8 min correspond to an absolute error of
18 s and a relative error of Erel¼ 2%. In general, the relative error for the
retention time measurement was below Erel¼ 2%. For the measurements
under non-adsorbing conditions (row 1), the error was below Erel¼ 1%.

Table 2. Results for retention time measurements of lysozyme at different
myoglobin loads. ‘‘Conc’’ stands for the concentration of the isocratic experi-
ment. tR0,1 indicates the first retention time measurement, tR,2 indicated the
repetition of this experiment. The average of tR0,1 and tR0,2 is expressed by tR0,avg.
tR50,avg stands for the average of measurement and repetition after a load of 50 mg
myoglobin=mL column. Now tR0,2 is compared to tR0,1. Eabs is the absolute error
between the measurements, Erel is the corresponding relative error with respect to
tR0,1. The measurement tR50,avg is compared to tR0,avg in the same way. Dabs

denotes the absolute difference, Drel the relative difference

Row Conc [%B] tR0, 1 [min] tR0, 2 [min] Eabs [s] Erel [%]

1 80 2.30 2.32 2 1
2 18 14.5 14.8 18 2

Row Conc [%B] tR0, avg [min] tR50, avg [min] Dabs [s] Drel [%]

3 80 2.31 2.42 6 4
4 18 14.7 10.9 225 26
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In rows 3 and 4 of Table 2, the average retention times of experiment
and duplicate run under non-adsorbing and adsorbing conditions are
shown for the unloaded column (tR0, avg) and the column loaded with
50 mg myoglobin=mL column (tR50, avg). Under adsorbing conditions,
the decrease of retention time of lysozyme for the unloaded and the
loaded column was from 14.7 min (tR0, avg) to 10.9 min (tR50, avg), row
4. This corresponds to a difference Drel of 26% which is one order of
magnitude larger than the relative experimental error Erel of measure-
ment and repetition. For non-adsorbing conditions, the corresponding
difference Drel was 4% or larger. In general, the difference in retention
time became larger for decreasing modifier concentrations. These results
indicate that the effect of myoglobin loading on lysozyme retention is
clearly superior to the experimental error.

Concentrations of 80% B and 60% B represent non-adsorbing
conditions for lysozyme. They were used to determine the lysozyme-
specific porosity of the column using the following equation:

eLys ¼
ðtR;na � tdeadÞ �Q

CV
ð3Þ

The retention time measurements under adsorbing conditions were used
to calculate the Henry coefficient as a function of the salt concentration,
according to the following equation:

H ¼ ðtR � tdeadÞ �Q
eLys � CV

� 1

� �
� 1

F
ð4Þ

For eLys (and F), the value determined under non-adsorbing conditions
was employed (i.e. equation 3). It is worth noting that the term in par-
entheses in equation 4 is identical to the retention factor ki

0, which is
often found in the literature. In Fig. 3, the Henry coefficients of
lysozyme are shown as a function of the salt concentration for increasing
myoglobin load. A clear decrease of lysozyme retention time was
observed for increasing myoglobin load, resulting in a lowering of the
Henry coefficients at a given salt concentration.

The Henry values were fitted with power functions (slope a and
exponent b). The values for these parameters are given in Table 3. The
obtained values confirm the previous observation that the relative
difference in retention time becomes larger as the modifier concentration
decreases.

The difference in the retention time cannot be explained by a change of
the porosity alone: Taking the porosity from the column loaded with myo-
globin and calculating the theoretical peak retention time using the Henry
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coefficient of the unloaded column, the peak retention time should be
13.9 min against the measured value of 10.9 min. This corresponds to a dif-
ference of 28% and is significantly larger than the relative difference
Drel¼ 4% that was observed for non-adsorbing conditions (Table 2, row 3).

This means that, apart from the porosity that can be regarded as
a geometric parameter, the Henry-coefficient and consequently the
thermodynamics of the system change with increasing impurity load.
These results show that the Henry coefficient is a suitable parameter to
assess column quality under different impurity loads.

This change of the system properties over time due to irreversible
adsorption of impurities is undesired in process chromatography both

Table 3. Porosity and Henry function parameters from single
column batch experiments

Load [mg] e [-] a [107] b [-]

0 0.83 1.25 �4.47
50 0.80 1.53 �4.62
100 0.78 1.61 �4.70
After CIP 0.81 1.28 �4.51

Figure 3. Henry coefficients for lysozyme as determined by isocratic elutions of
analytical injections at different modifier concentrations and myoglobin loads.
Diamonds denote the values for the unloaded column, circles stand for a load
of 25 and triangles for a load of 50 mg myoglobin=mL column. The lines
represent calculations through the power functions fits reported in Table 3
(continuous and dashed lines).
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in batch and continuous mode. Obviously, shorter product retention
times under the same elution conditions entail worse separation and,
consequently, a lower purity. The underlying mechanisms are not well
understood and far from being modeled. To eliminate the effects of
‘‘irreversible’’ adsorption, CIP is required.

The effect of CIP in batch column mode is shown in Fig. 4, where the
fitted Henry coefficients as a function of the salt concentration at loads of
zero and 50 mg myoglobin=mL column as well as the values obtained after
CIP are shown. The curves of the unloaded column and the cleaned col-
umn nearly match, indicating that the original retention behavior could be
re-established to a great extent. Measurements under non-adsorbing con-
ditions demonstrated that the original porosity was also regained. Table 3
shows the values of the parameters a and b also for the cleaned column. A
good agreement with the values of the unloaded column is apparent.

MCSGP Experiment

The functioning of MCSGP in combination with CIP in terms of piping
and valve-switching was demonstrated in a mock run by visualizing the
removal of the brown myoglobin-derived color from the columns.

According to phases A, B, C described earlier, the MCSGP process
was started up using the mAb cCCS as feedstock and the operating

Figure 4. Henry coefficients for lysozyme as determined by isocratic elutions of
analytical injections at different modifier concentrations and myoglobin loads.
Diamonds denote the values for the unloaded column, triangles stand for a load
of 50 mg myoglobin=mL column and squares stand for the values obtained with
the NaOH-cleaned column. All data were fitted with power functions as in Fig. 3.
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parameters given in Table 1. The results are shown in terms of online and
offline analyses in Fig. 5 as a function of time. The black solid line repre-
sents the calibrated online A280 signal of the product outlet that is propor-
tional to the protein concentration. The triangles stand for the mAb
concentration determined by offline analyses. The ratio DNA=mAb is
represented by diamonds while the ratio HCP=mAb is represented by
squares.

During phase A, the MCSGP process including CIP was started up
and reached cyclic steady state, which was confirmed by a leveling of the
online A280 signal and offline mAb concentration measurements. In phase
A, the DNA concentration was measured with a large scatter giving values
between 1000 and 4000 ng DNA=mg mAb. The HCP content was around
1500 ng HCP=mg mAb at cyclic steady state. The system pressure drop was
constant at 1 bar.

As cyclic steady state was confirmed after 1500 min of operation,
the CIP was switched off by replacing the NaOH solution with buffer
C, marking the beginning of phase B. During the entire run, the A280,
the pH, and conductivity values of the CIP outlet were monitored. In
Fig. 6, these values are shown for the last two CIP-subcycles (bold dashed

Figure 5. MCSGP run with mAb cCCS as feedstock. As a function of time are
shown: The calibrated online UV-signal (black line), mAb concentration (empty
triangles), HCP concentration (empty squares) and DNA concentration (filled
diamonds) as determined by offline analyses. The run is separated into phases
A, B and C marked by the dashed vertical lines. In phases A and C, CIP is
employed while in phase B it is disengaged.
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frame in Fig. 2) of phase A and the first two CIP-subcycles of phase B. At
1385 min, the column entering the CIP step has just left section 1, so its
liquid volume contains 70% buffer C, corresponding to a conductivity of
60 mS=cm at pH 5. As NaOH breaks through the column, conductivity
and pH rise to 80 mS=cm and 13.5, respectively. During this rise, irrever-
sibly adsorbing components, visible as a peak in the A280 signal, are
eluted from the system. The pH stays above 12 for about 20 min. As
the CIP agent is removed from the system and the column is re-
equilibrated, the conductivity decreases rapidly and the pH follows more
slowly. With a safety time period of 10 min before the column leaves the
CIP subcycle, the pH and conductivity reaches the starting values again.
The CIP subcycle is completed after 92 min which is given by the time of
four switches of 23 min duration each (tCC¼ 20 min, tBL¼ 3 min). At
1477 min, the next CIP-subcycle starts and the cleaning procedure is
repeated. Again, the A280 signal shows a peak as pH and conductivity
rise. After the completion of this subcycle, at 1569 min, phase A is termi-
nated and the CIP agent is replaced by buffer C. As buffer C breaks
through at constant pH of 5 and the conductivity rises, the A280 signal
remains constant, showing that no impurities are eluted at this point.
Thus, an elution with 100% buffer C can not substitute the clearance
of proteins by NaOH. At 1569 min, the next CIP-subcycle is initiated
and again, no impurity is eluted while backflushing just with buffer C.

Figure 6. Transition of phase A and B: Solid black line: A280 UV signal scaled by
1=10, Solid grey line: conductivity, dashed black line: pH. The vertical dashed line
marks the point in time where CIP is switched off, i.e. the boundary between
phase A and B.
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Inevitably, the impurities that were previously eluted by NaOH now
accumulate inside the unit due to irreversible adsorption. A negative
impact on the process performance during phase B is expected i.e. a
lowering of the yield due to a decreased Henry coefficient as seen in
the case of lysozyme in batch mode for increasing myoglobin load.

As phase B progressed (Fig. 5) the UV signal started to show an
upward drift which was however not due to a change in the mAb concen-
tration. The DNA content was analyzed offline and a clear increase could
be observed over time. The DNA level reached 15000 ng DNA=mg mAb
at 7200 min. HCP values were 2500 and 1900 ng HCP=mg mAb at 3000
and 6000 min of operation, respectively.

Excursions of the UV signal could be linked to the feed properties.
When the feed exhibited turbidity due to precipitation after a couple of
hundred minutes, excursions in the UV signal occurred and the feed
was exchanged which led to a partial reversion of the excursion. It was
shown in earlier experiments that the precipitation of the feed followed
a slow kinetics and was initiated by the dilution of the feed. The precipita-
tion could not be linked to mAb concentration. A solution to avoid
excessive precipitation which was implemented recently is the inline
dilution of the supernatant directly before entering the column.

The pressure drop curve of the MCSGP run is shown in Fig. 7 as a
function of time. The pressure sensor is located at the pump that delivers
Q2, giving a measure of the system backpressure for the interconnected
state. In the course of the experiment while CIP was absent (phase B),

Figure 7. Development of the pressure drop measured at pump 1 (delivers Q1 and
Q2) over time in phases A, B, and C.
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a pressure drop increase from 1 bar to 2 bar was observed. After ca. 7200
min of operation, a head space was observed in one of the columns (ca.
2 mm, picture not shown). The head space formation and the pressure
drop increase was due to a blockage of the inlet frit, possibly with irrever-
sibly adsorbing contaminants, precipitate components, or smaller cell
debris that was not removed by clarification of the supernatant. The col-
umn is designed in such a way that the inlet frit lies on top of the bed. If
the frit is blocked it may function as a piston and compress the bed, cer-
tainly changing the column porosity. The increasing backpressure can be
seen in direct analogy to a dead-end filtration. The larger the build-up of
irreversible impurities on the filter (frit), the larger is the backpressure as
the volume flow is constant. In addition, head spaces represent undesired
extra-column mixing volumes that have a negative impact on the column
performance.

Head space formation and pressure drop increase served as good
reason to turn on the CIP again using the sodium hydroxide solution
(phase C).

With the first cleaning of the respective column in phase C, the head-
space disappeared and did not develop again in the remainder of the
experiment. Within one CIP-cycle, the pressure drop returned back to
the initial value of 1 bar (Fig. 7). The A280 signal of the CIP outlet gave
a large peak upon breakthrough of NaOH, indicating the removal of a
large amount of impurities (data not shown). The mAb concentration
of the product outlet did not change showing that the contamination with
irreversibly adsorbing components did not affect the process yield in the
considered time frame. The HCP value was 1400 ng HCP=mg mAb at
8900 min. When taking into account the scatter of the ELISA, an effect
of CIP on the product purity with respect to HCP could not be con-
firmed. However, as a consequence of the CIP the DNA levels dropped
back from ca. 10000 ng DNA=mg mAb to ca. 1000 ng DNA=mg mAb.
This shows that DNA was among the irreversibly adsorbing components
that could not be desorbed by buffer C. Consequently, the DNA was
carried over and accumulated in the system. A fraction of the DNA
then co-eluted with the product, leading to the increased DNA concentra-
tion in the product stream. A control elution in batch mode including
fractionation (with cCCS as load) indicated that DNA eluted over the
whole range of the linear gradient with increasing concentrations (data
not shown). This shows that in this case DNA does not adsorb due to
charge interaction on the ion-exchange material, which would have been
surprising due to the generally low pI of DNA. The elution behavior indi-
cates that unspecific adsorption is involved. It is also possible that the
DNA in the supernatant consists of a multitude of DNA fragments which
are not distinguished by the DNA assay but have different adsorptive
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properties or that it follows slow desorption kinetics. The practical
consequence is that CIP is necessary to clear DNA from the system,
ensuring a low DNA content of the product. The MCSGP run was
terminated after 9000 min. The process yield was not affected signifi-
cantly by the presence or the absence of CIP and was between 90 and
94%. In other words, it could not be shown that the retention behavior
of the mAb is influenced by the irreversibly adsorbing impurities in such
a way that the process yield is affected. The reasons for this can be the
robust operating parameters that were chosen or that irreversibly adsorb-
ing impurities with negative impact were present in too small amounts.
However, the irreversible adsorption had a dramatic impact on product
purity and system pressure drop.

CONCLUSIONS

In single column batch experiments, the effects of irreversible adsorption
of myoglobin on lysozyme adsorption on a strong cation exchange resin
were examined as a model system. It was found that the bound myoglo-
bin reduces the specific porosity of lysozyme and decreases its retention,
resulting in a decrease of the Henry coefficients. The Henry coefficient
was shown to be a suitable measure to determine the degree of irreversi-
ble adsorption. The effectiveness of NaOH solution as a cleaning agent
for the cation exchange resin was demonstrated and the original lysozyme
retention behavior in the model system could be restored.

This part of the work shows the effect of irreversible adsorption and
CIP on the thermodynamic properties of the system.

In the future it would be worth investigating the effects of system
properties such as protein size and charge on irreversible adsorption to
understand more about the underlying mechanisms.

The second part of the work shows the effect of irreversible adsorption
and CIP on the physical properties of the system and the product purity in
continuous biomolecule chromatography.

In order to examine the impact of irreversible adsorption and CIP on
the performance of a continuous process, a CIP step was introduced to
the MCSGP process for the purification of mAb from cCCS. Given the
large number of impurities in the mAb supernatant, the observation that
some of them were irreversibly adsorbing, was not surprising. When CIP
was switched off, no significant impact on the mAb retention times,
potentially resulting in a decrease of the yield was seen. However, adverse
effects on the product purity of the continuous process were observed
with respect to DNA when CIP was not present. It was shown that CIP
is necessary to prevent pressure drop increase and head space formation
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caused by fouling impurities over time. CIP is therefore absolutely
required to ensure a stable long-term operation of the continuous process
when dealing with high impurity loads such as in a mAb capture step, it
prevents the negative impact of irreversibly adsorbing impurities on
thermodynamic and physical system properties.
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NOMENCLATURE

c1� c4,c6 [g=L] Gradient concentrations
cimp [g=L] Impurity concentration
cmAb [g=L] MAb concentration
cMod [g=L] Liquid phase modifier (e.g. salt) concentration
CV [mL] Column volume
Eabs [s] Absolute Error between run and repetition
Erel [%] Relative Error between run and repetition
F [-] Phase ratio F¼ (1�eLys)=eLys

Hi [-] Henry coefficient for component i
ki
0 [-] Retention factor

ṁ3 [g=min] Mass flow of product leaving the system
through the product outlet

ṁFeed [g=min] Mass flow of product entering the system
through the feed inlet

Q [mL=min] Flow rate
Q1�Q4,Q6 [mL=min] Flow rates for the sections 1–4, 6 of the

MCSGP process
QCIP [mL=min] Flow rate of CIP step
QEquil [mL=min] Flow rate of equilibration step
QFeed [mL=min] Feed flow rate for MCSGP process
tBL [min] Time period length of MCSGP batch state
tCC [min] Time period length of MCSGP intercon-

nected state
tR [min] Retention time
tR0,1, tR0,2 [min] Retention time value at 0 myoglobin load,

1st measurement and 2nd measurement
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tR0,avg

tR50,avg

[min] Average retention time value after 0 and
50 mg myoglobin=mL column load

tR,na [min] Retention time under non-adsorbing
conditions

tdead [min] Dead time
a [-] Empirical constant for Henry function
b [-] Empirical constant for Henry function
Dabs [-] Absolute difference between measurements
Drel [%] Relative difference between measurements
eLys [-] Specific porosity for lysozyme, constant
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