@) cytiva

Optimization of loading
conditions on Capto adhere
using design of experiments

Intellectual Property Notice: The Biopharma business of GE Healthcare was acquired by Danaher on 31 March 2020
and now operates under the Cytiva™ brand. Certain collateral materials (such as application notes, scientific posters,
and white papers) were created prior to the Danaher acquisition and contain various GE owned trademarks and font
designs. In order to maintain the familiarity of those materials for long-serving customers and to preserve the integrity
of those scientific documents, those GE owned trademarks and font designs remain in place, it being specifically
acknowledged by Danaher and the Cytiva business that GE owns such GE trademarks and font designs.

cytiva.com

GE and the GE Monogram are trademarks of General Electric Company.

Other trademarks listed as being owned by General Electric Company contained in
materials that pre-date the Danaher acquisition and relate to products within Cytiva's
portfolio are now trademarks of Global Life Sciences Solutions USA LLC or an affiliate
doing business as Cytiva.

Cytiva and the Drop logo are trademarks of Global Life Sciences IP Holdco LLC or an affiliate.
All other third-party trademarks are the property of their respective owners.

© 2020 Cytiva

All goods and services are sold subject to the terms and conditions of sale of the
supplying company operating within the Cytiva business. A copy of those terms and
conditions is available on request. Contact your local Cytiva representative for the most
current information.

For local office contact information, visit cytiva.com/contact

CY13251-08May20-AN


http://cytiva.com/contact
http://cytiva.com

GE Healthcare

Application Note 28-9078-89 AA

Process-scale antibody purification

Optimization of loading conditions
on Capto adhere using design of

experiments

Summary

Capto™ adhere is a strong ion exchanger with multimodal
functionality designed for intermediate purification and
polishing of monoclonal antibodies. Removal of remaining
contaminants is achieved in flowthrough mode under

conditions that allow the antibodies to pass directly through

the column while the contaminants are adsorbed.

This Application Note describes the optimization of the
loading conditions to obtain the window of operation for
Capto adhere. In order to find the optimal conditions, a full
factorial design of experiment (DoE) was used with three
variables: pH, conductivity, and load. The implications of
each result are discussed and general trends for how pH,
conductivity, and sample load affect yield and purity are
outlined.

The results demonstrate that it is possible to find a wide
window of operation in terms of pH and conductivity.

Introduction

Capto adhere is a multimodal ion exchanger designed for
intermediate purification and polishing of monoclonal
antibodies (MAbs) after a capture step on Protein A
medium (Fig 1).

The multimodal functionality gives a different selectivity
compared to traditional anion exchangers. Removal

of leached protein A, antibody dimers and aggregates,
host cell proteins (HCP), viruses, and nucleic acids can be
performed in flowthrough mode where the antibodies pass
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Fig 1. The Capto adhere ligand, N-benzyl-N-methyl ethanolamine, exhibits
many functionalities for interaction. The most pronounced are ionic
interaction, hydrogen bonding, and hydrophobic interaction.

directly through the column while the contaminants are
adsorbed. Capto adhere improves yield, productivity, and
process economy with:

e High capacity and productivity

e Contaminant removal to formulation levels
in one step

e Wider operational window of pH and conductivity

e Savings in time and operating costs with a two step
chromatographic process

As a member of the BioProcess™ media family, Capto adhere
meets the demands of industrial biotechnology with validated
manufacturing methods, security of supply, and comprehensive
regulatory support to assist process development, validation,
and submission to regulatory authorities.
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Design of experiments (DoE) -

basic principles

DoE is a systematic approach to investigate how variations
in factors (X's) affect the responses (Y’s) in a system (e.g.,
determining the mathematical relationship between X and V).
DoE is used to plan experiments so that the maximum
amount of information can be extracted from the performed
experiments. The factors in a DoE study are simultaneously
varied so that they are independent of each otherin a
statistical sense. This makes it possible to evaluate the
effect on the response of each factor separately (main
effects). In addition, interaction effects between factors
can be evaluated. For optimizing purposes, the use of DoE
greatly increases the likelihood that the real optimum for a
response is found.

A commonly used type of Dot is full factorial design, which
is used both for screening and optimization purposes. A
great advantage with the full factorial design is that all

main effects and interaction effects are independent of
each other and therefore their effect on the response can
be resolved in the evaluation. A disadvantage with the full
factorial design is that the number of experiments increases
as the number of factors studied increases - the number

of experiments is 2" where n is the number of factors. A full
factorial design with seven factors would need 27 = 256
experiments. When many factors are included in the design,
there are other types of DoE that can be used, which will
significantly reduce the number of experiments, with the
trade-off that some information is lost.

Center points are important for the DoE. The center point is
usually replicated and will give information on the variation
in the responses. The center points will also provide
information on possible curvature in the data.

Column: Tricorn™ 5/100 packed with 2 ml Capto adhere; bed height 10.5 cm
Sample: Feed containing monoclonal IgG, rProtein A elution pool, desalted
Sample load: 1 mg IgG;/ml medium

Buffer A: 20 mM sodium citrate + 20 mM sodium phosphate pH 7.8

Buffer B: 20 mM sodium citrate + 20 mM sodium phosphate pH 4.0

Flow velocity: 200 cm/h

System: AKTAexplorer™ 100
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Fig 2. Establishing suitable conditions for DoE on Capto adhere in
binding mode.
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Method design and optimization

Balancing product yield against product purity is the major
consideration when optimizing a method. When running

in flowthrough mode, loading conditions will usually be

a compromise between conditions favoring yield and
conditions favoring contaminant clearance. By adjusting pH
and conductivity of the sample as well as the sample load,
conditions can be obtained where most contaminants are
adsorbed while the monomeric antibodies pass through
the column. Optimization of loading conditions is preferably
performed by using DoE. A common approach in DoE is to
define a reference experiment (center point) and perform
representative experiments around that point. To be able to
define the center point and the variable ranges, some initial
experiments are required.

Establish non-binding conditions

To find conditions suitable for the DoE, initial experiments
can be performed in binding mode, using a pH gradient

for elution (Fig 2). The elution position (i.e., pH at peak
maximum) defines the lower pH in the design. The upper pH
in the design should normally be about two pH units higher.
Experiments can also be performed in flowthrough mode,
keeping the conductivity constant at a moderate level. A
comparison of chromatograms is shown in Figure 3. At high
pH (i.e., close to pl for the antibodies) the breakthrough
during sample load is delayed, the breakthrough and wash
curves are shallow, and significant amounts of MAb binds to
the adsorbent. A decrease in pH (i.e., further from pl) results
in weaker electrostatic interaction between the antibodies
and the adsorbent, steeper breakthrough and wash curves,
and increased yield.

Column: Tricorn 5/20 packed with 0.5 ml Capto adhere; bed height 2.5 cm
Sample: Feed containing monoclonal IgG, rProtein A elution pool, desalted
Sample load: 75 mg 1gG;/ml medium
Loading buffer:  25mM Bis-Tris, pH 6.0 or 35mM Tris, pH 8.0
Elution buffer: 100 mM acetic acid pH 4.0
Flow rate: 0.25 ml/min (2 min residence time)
System: AKTAexplorer 10
mAU
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Fig 3. Establishing suitable conditions for DoE on Capto adhere in
flowthrough mode. Comparison of chromatograms obtained at different
pH: pH 8.0 (blue curve) and pH 6.0 (green curve).



In the DoE, pH, conductivity, and load must be included. It is
important to include conditions at the higher pH range
resulting in lower yield and higher purity, as well as conditions
at lower pH range resulting in higher yield and lower purity.

Setup of a full factorial DoE with three parameters

Below is a stepwise description of how to set up a full
factorial design.

1. Work prior to actual setup of the design

Perform initial loading experiments at varying pH, as
described above. Choose parameters to include and
define parameter ranges and responses.

2. Choose design for screening or optimization

Full factorial design is commonly used in both screening
and optimization. A full factorial DoE in three parameters
will give 2° = 8 experiments + center points. A graphical
view of how the experiments are organized is shown in
Figure 4.

3. Choose center points for the design

Center points are important in DoE because they give an
indication if there is curvature in the data. Replicated
center points are recommended. For example, a full
factorial design in three parameters with three center
points gives a total of 11 experiments.

4. Systematic variation of the parameters

Limiting values, high and low, should be used for each
parameter. The high and low values should be combined
in a way that makes the parameters independent (to be
able to separate effects).
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Fig 4. Graphical representation of a full factorial design in three variables
with center points.
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DoE used for purification of an IgG, MAb

DoE was applied for the optimization of loading conditions
for an antibody, previously purified on non-agarose based
rProtein A chromatographic medium. The experiments
were designed and evaluated using Umetrics Modde™ 7.0
software (www.umetrics.com).

The feed contains a monoclonal IgG, expressed in CHO
cell supernatant with pl about 9. The impurity levels after
Protein A were determined: leached protein A 36 ppm;
dimers and aggregates 3.3%, and HCP 210 ppm. The
experimental setup was a full factorial design with three

variables: load, pH (based on Figs 2 and 3), and conductivity,

with additional points to resolve curvature effects (Table 1).
In total, 14 experiments were included in the model, and
the measured responses were yield and concentration of
impurities [Protein A (ppm), dimers and aggregates (%), and
HCP (ppm)] in the flowthrough pool. For each response a
separate model was calculated. The models were fitted to
MLR (multiple linear regression) and are well explained and
show good stability to cross validation. Response surfaces
were obtained for yield as well as for clearance of key
contaminants.

Table 1. Design setup, includes two center points (bold) and four additional
points at pH 7 to resolve curvature effects

Load (mg mAb/ml) pH Cond (mS/cm)

75 6 2
300 6 2
75 8 2
300 8 2
75 6 15
300 6 15
75 8 15
300 8 15
187.5 7 8.5
187.5 7 8.5
75 7 15
300 7 15
187.5 7 2
1875 7 15
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Results

Parameters affecting the yield Parameters affecting the Protein A clearance
The parameters that affect the yield are shown in the The coefficient plot shows that a high pH will give good
coefficient plot! (Fig 5). The plot shows that high sample Protein A clearance (Fig 7). The conductivity alone does not
load, low pH, and high conductivity results in high yield. affect the response, but there is a significant interaction
The interaction effects (load x pH , load x conductivity) are effect for pH x conductivity. If this term is high, the Protein A
also significant for the yield response. The response surfaces  clearance will be low. Load was not a significant factor for
(Fig 6) show that higher loads will give a larger pH window this response.

with yield > 90%.

The response surfaces (Fig 8) show that high pH and low
conductivity will give high Protein A clearance.

The coefficient plot describes the impact of investigated parameters on the yield. In this
experiment, load is positively correlated to the yield, implying that a higher load will give a higher
yield; pH is negatively correlated to the yield, meaning that a lower pH will give a higher yield,
and conductivity is positively correlated to yield, but to a smaller extent, meaning that a higher
conductivity will give higher yield.

The interaction effects that are present in the coefficient plot (load x pH, load x conductivity)
mean that if pH is changed, the yield will not only change with the effect of pH but also with the
effect of load at that specific pH. The same discussion can be applied to the load x conductivity
interaction effect.
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Fig 5. Coefficient plot for the yield model. Fig 7. Coefficient plot for the Protein A Fig 8. Response surfaces for the Protein A
clearance model. clearance model, conductivity versus pH.

Protein A concentration expressed in ppm.

Load (mg/ml)
Load (mg/ml)
Load (mg/ml)

6.0 6.5 7.0 .5 pH 6.0 6.5 7.0 7. pH 6.0 6.5 7.0 7.5 ’ pH
Cond =2 mS/cm Cond =8.5mS/cm Cond =15 mS/cm

Fig 6. Response surfaces for the yield model. Load versus pH at different conductivities, with yield expressed in percent (labels).
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Parameters affecting dimers and Parameters affecting host cell protein

aggregates clearance (HCP) clearance

The coefficient plot shows that pH is the most important The coefficient plot (Fig 11) and response curves (Fig 12)
parameter and that high pH will give a high dimers and show that low sample load, low conductivity, and high pH
aggregates clearance in the flowthrough pool (Fig 9). The will give the best HCP clearance.

load parameter is also significant, but very small. The

load should be low to give high dimers and aggregates
clearance. There is a significant curvature effect assigned to
pH. If pH is too high or too low, the aggregates clearance will
be less efficient. The conductivity did not significantly affect
dimers and aggregates clearance.

The response curve (Fig 10) shows that the load has only a
small effect on aggregates clearance, so only pH needs to
be considered.
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Fig 9. Coefficient plot for the dimers and Fig 10. Response curve for the dimers and Fig 11. Coefficient plot for the HCP
aggregates clearance model. aggregates clearance model, load versus pH. clearance model.

Dimers and aggregates concentration
expressed in percent.

Cond (mS/cm)
Cond (mS/cm)
Cond (mS/cm)

Load = 187.5 mg/ml Load = 300 mg/ml Load = 75 mg/ml

Fig 12. Response surfaces for the HCP clearance model, conductivity versus pH at different loads. HCP concentration is expressed in ppm.
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Conclusions - optimal loading conditions
and general trends

Each monoclonal antibody is unique and the level of
contaminants varies between different cell lines and
differences in previous purification steps. This implies that
it may be difficult to predict optimal loading conditions.
However, based on design of experiments performed with
several different antibodies, some general trends have
been identified (Fig 13).

e For best yield load should be high, the pH low, and
conductivity high.

e For the best dimers and aggregates clearance, the
pH should be high, while load and conductivity
should be low. Dimers and aggregates clearance is
typically less affected by conductivity than Protein A
and HCP clearance.

e For the best Protein A and HCP clearance, the pH
should be high and conductivity low.

Loading conditions will therefore be a compromise between
conditions favoring yield and conditions favoring contaminant
clearance. Optimal loading conditions will be a balance
between load, pH, and conductivity. Consequently, for
optimization of the loading step, all three parameters should
be varied in the same experimental series.

Optimal loading conditions for five MAbs together with yield
and contaminant clearance results from two step process,
including protein A medium and Capto adhere, are shown
in Table 2. pH should normally be well below the isoelectric
point, while optimal conductivity is harder to predict.

The response surfaces above show the influence of sample
load, pH, and conductivity on four different responses (yield
of monomeric MAb and clearance of Protein A, dimers

and aggregates, and HCP, respectively), and how to reach
desired values for each of them. Even though the optimal
conditions for each response are not the same, there is a
large area where acceptable values can be obtained for all
four responses. Suggested loading conditions for this MAb
when purified with Capto adhere are a sample load of

200 mg/ml, pH 7, and conductivity 8.5 mS/cm. The expected
outcome would be a yield of over 90%, leached Protein A
below the detection limit, dimers and aggregates < 0.5%,
and HCP concentration of < 15 ppm.

Yield D/A PrA HCP
2 2 2 2
S 4 s 2 2
2| | O Yield 3 g g
3 3 3 3
C C c c
S 8 8 8
O D/A
pH pH pH pH

Fig 13. General trends with respect to loading conditions for yield, dimers and aggregates, and Protein A and HCP clearance.

Table 2. Optimal loading conditions for different MAbs with regard to yield and clearance of HCP, Protein A, and dimers and aggregates

Conductivity Yield D/A Protein A HCP
MAb pl pH (mS/cm) % % ppm ppm
1 ~9 7 8 90 0.5 n.g. <15
2 831089 55 3 95 0.6 n.g. 2
3 75t084 6 2 95 0.8 n.g. 9
4 7.7t08.0 7 20 91 0.2 n.g. 30
5 6.5109.0 7.5 20 92 <01 n.g. 7.5
6  Application Note 28-9078-89 AA
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