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INTRODUCTION

1 INTRODUCTION

1.1 Therole of biopharmaceuticals in modern medicine

Biopharmaceuticals are mostly therapeutic recombinant proteins produced by using
biotechnological techniques ' and represent some of the best accomplishments of
modern science 2, especially in modern medicine. According to the Food and Drug
Administration (FDA), biotechnology is defined as “the application of biological systems
and organisms to technical and industrial processes” 3. The first commercially pro-
duced biopharmaceutical using biotechnological techniques was insulin in 1982. Irving
Johnson and colleagues at Eli Lilly established the recombinant DNA technology and
produced human insulin in E. coli 4. The biotechnological production of insulin was a
significant advance in the treatment of diabetes, as the standard treatment at the time
was the injection of relatively crude insulin derived from the pancreas of pigs and cat-
tle 5. This milestone was the starting point for the industrial production of therapeutic
recombinant proteins in modern medicine. Nowadays, biopharmaceuticals constitute
a significant part of all medical drugs, and the number is constantly increasing. Recom-
binant proteins as active pharmaceutical ingredients represent the majority of commer-
cially available biopharmaceuticals 2. Antibodies represent the major class of biophar-
maceutical products © and continue to dominate biopharmaceutical approvals 7. Cur-
rently, over 100 antibody-based therapeutics are approved for treating various dis-
eases 8. Antibodies cover a wide range of therapeutic usage. They are mainly used to
treat cancer, autoimmunity, and chronic inflammatory diseases, with a broader exten-
sion to infectious, hematologic, neurological, ophthalmological, metabolic, and muscu-

loskeletal diseases °.

Over the last decades, numerous protein expression platforms have been developed
and implemented for the biotechnological production of protein-based biopharmaceu-
ticals. Protein-based biopharmaceuticals can be expressed in yeast cells 1°, bacterial
cells 5, mammalian cells 11, insect cells 12, and algae cells 3. Each expression system
has its advantages and disadvantages. For example, procaryotic systems are mainly
used for the industrial production of proteins with less complex structures or peptides
due to insufficient protein secretion and the lack of the ability for complex posttransla-
tional modifications. For proteins with a more complex structure, such as monoclonal

Antibodies (mAbs), eukaryotic expression systems, for example, Chinese Ovary Cells
8



INTRODUCTION

(CHO), were used 4. However, there is an aspiration to express mAbs in plant-based
systems since mammalian cells require high production costs and high initial invest-

ments 6.

Besides the broadly applicable mAbs, there have been numerous efforts in recent
years to establish new classes of molecules as therapeutic drugs to aim for new bio-
logical targets or existing targets in a new way. One class is single-domain antibodies
(sdAbs) (e.g. Nanobody® molecules). sdAbs originate in camels and sharks, which
produce heavy chain-only antibodies (HCAbs). The sdAb is then the isolated variable
domain of the HCADb 15, sdAbs are resilient molecules with excellent target affinity and
specificity °. Furthermore, the expression of recombinant sdAbs takes place in the
periplasm of microbial cells and is, therefore, not as costly as the production of con-
ventional mAbs in eucaryotic cells. Several companies have sdAb-based therapeutic
drugs in the pipeline, and some clinical trials are already ongoing °. A type of sdAb,
the Nanobody® molecules, were initially developed by the company Ablynx, which
Sanofi acquired in 2018 6, Later on, the first ever Nanobody® therapeutic drug Caplaci-
zumab (Cablivi® from Ablynx), which prevents a rare blood-clotting disorder, was ap-
proved by the FDA and the European Medicines Agency (EMA) in 2018/2019 *°.

Another recent class of therapeutic protein molecules are the so-called Synthorin™
molecules. Synthorin™ molecules are proteins expressed with non-natural amino ac-
ids to gain new biological activity and specificity 1’. Protein expression is performed
with a semi-synthetic organism based on an E. coli strain and through an expanded
genetic alphabet with a novel DNA base pair 7. Synthorx Inc. developed the
Synthorin™ platform, and Sanofi acquired it in 2019 8. Currently, the leading com-
pound from the Synthorin™ platform THOR-707, a PEGylated recombinant human IL-
2 molecule intended for the treatment of a variety of solid tumors, is tested in phase I/1l

clinical trials 17 19,

Another famous — at least since the COVID-19 pandemic — and promising new thera-
peutic drug class are mMRNA molecules (oligonucleotides) ?°. mRNA-based therapeu-
tics are based on the approach that mMRNA molecules containing the sequence for a
therapeutic protein are transfected into cells, where the mRNA is then translated 2.
However, the transfection of mMRNA into cells is challenging since the negatively

charged mRNA cannot readily pass the anionic cell membrane, and the mRNA is

9
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susceptible to ubiquitous RNases. Furthermore, it is also possible that mMRNA induces
an undesired immune response 2. However, to overcome these hurdles, nanoparticle-
based delivery systems are used 22. Currently, several mMRNA-based therapeutics as
vaccines against infectious diseases and cancer and as therapeutics against genetic
and metabolic disorders are under pre-clinical and clinical trials 2. The first approved
and the most famous mRNA-based biopharmaceuticals were the mRNA-based vac-
cines against COVID-19 in 2020/2021 (Comirnaty® from BioNTech/Pfizer and
Spikevax® from Moderna). These vaccines probably saved millions of lives during the
COVID-19 pandemic 22 and demonstrated biopharmaceuticals' significant role in mod-

ern medicine and beyond.

Many other already established molecule classes are being explored to overcome ex-
isting challenges. For example, peptide-based therapeutics are highly potent. How-
ever, peptide-based therapeutics often have poor plasma stability and membrane per-
meability 2. Therefore, a new generation of peptide-derived molecules as therapeutics
is explored, for example, the so-called peptidomimetics, cyclic peptides, hydrocarbon-
stapled peptides, and hybrid peptide macrocycles ?*. Furthermore, in the class of oli-
gonucleotides, miRNA and siRNA molecules, which interfere during the translation pro-

cess of the cell, are explored as new therapeutics 4.

To summarize, our ever-growing understanding of biological systems in modern med-
icine constantly provides new biological targets and therapeutic approaches for treat-
ing diseases that are currently difficult or impossible to treat 4. Therefore, biopharma-

ceuticals will continue to play a significant role in modern medicine.

1.2 Purification of biopharmaceuticals in the pharmaceutical industry

The manufacturing of biopharmaceuticals is divided into upstream and downstream
processes. Cell growth and the formation of the substrate to the desired product con-
tribute to the upstream process. At the same time, the downstream process includes
all steps that contribute to the purification of the product. The aim during the purification
step is to reduce the process volume, decrease contaminants, and increase the purity
of the desired product 2°. In general, a downstream process for biopharmaceuticals
consists of four sections: preparation, which includes the cell harvest and disruption;

capture, which consists of a first initial purification for cell debris removal and product

10
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extraction; base purification, for product renaturation and concentration; and polishing,
for the final purification %6. A downstream process usually consists of a sequence of
different unit operations, such as centrifugation, microfiltration, ultrafiltration, chroma-
tography, precipitation, distillation, or diafiltration 1. Downstream process design signif-
icantly impacts the overall manufacturing cost since product-related and process-re-
lated impurities in administered therapeutics may seriously affect clinical safety and
efficacy 2°. Meeting the mandatory standards in protein purification during downstream
processing can be challenging. Efficient recovery and purification of the desired prod-
uct are essential to the production process. Therefore, more and more computer-aided
tools, such as mathematical model-based approaches for downstream process devel-
opment, are commonly used in the industry 2. There are three categories of mathe-
matical models: Statistical models, mechanistic models, and hybrid models 28. Statis-
tical models, for example, the Design of Experiments (DoE) approach, are based on
statistical data and are widely used in process development. In contrast, the increas-
ingly popular mechanistic models consider physicochemical fundamentals with com-
parable parameters. Therefore, an increased process understanding can be achieved
relative to statistical models. Hybrid models combine statistical and mechanistic mod-
els and benefit from both advantages. Since the introduction of the Quality by Design
(QbD) concept by the FDA, increased attention has been dedicated to process under-

standing using model-based approaches, especially to mechanistic models 2°.

1.2.1 Liquid chromatography in downstream processing

One of the key unit operations in the downstream processing of biopharmaceuticals
and the favorable method for analyzing protein mixtures is liquid chromatography
due to its high-resolution capacity 3!. Therefore, Chromatography continues to be the
backbone of downstream processing 2. Since this work focuses on liquid chromatog-
raphy, especially on the mechanistic modeling of preparative liquid chromatography,
the current status and new methods for process development in the field of liquid chro-

matography are outlined in the following.

Chromatography is based on protein-ligand interactions, whereas different ligands re-
sult in various types of chromatography. The most commonly used types of chroma-
tography for the purification of biopharmaceuticals at an industrial scale are affinity
chromatography (AC), ion-exchange chromatography (IEC), mixed-mode chromatog-

raphy (MMC), hydrophobic-interaction chromatography (HIC), and reversed-phase
11
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chromatography (RPC) 3°. AC with protein A resins are mainly used for an initial cap-
ture step in antibody purification 2. IEC is commonly employed as a polishing step to
separate product-related impurities and to remove host cell protein (HCP) and DNA in
mAb production 3435 MMC is often used as a capture step 3¢ 37 or polishing step 38 3,
HIC has been utilized in mAb 4% and plasmid DNA 4! purification. Like HIC, RPC is
based on hydrophobic interactions. However, RPC is mainly used to purify small pro-
teins and peptides, which tolerate harsher conditions due to strong hydrophobic inter-
actions with the resin 42. Each type of chromatography has different advantages and
disadvantages for each molecule class and can therefore be used to target a specific

biopharmaceutical molecule for purification.

Nowadays, mini-columns and columns in a high-throughput format are commonly used
for the initial development and optimization of chromatographic process steps since
they allow a fast and material-saving investigation. High throughput columns are avail-
able in a 96-well plate format, so different resins or conditions can be tested in parallel
within a short period 3. The data obtained with high-throughput screening (HTS) meth-
ods can then be analyzed using the DoE approach to describe the influence of process
parameters statistically 44. Alternatively, the data can be described using a mechanistic
model 4547, After initial process development at small column scale, the findings are
transferred to scale down model (SDM) scale. A SDM represents the chromatographic
step in the process scale and can be used for product quality prediction and extrapo-
lating operating conditions #8 4°. SDM columns typically have the same bed height as
the process scale column but smaller diameters to save materials and keep the resi-
dence time constant. The flow rate in different scales is then changed in proportion to
the column's cross-sectional area, which is also known as the linear scale-up method
in liquid chromatography 5052, The concept of timescales is referred to the residence
time and is more flexible since it allows scale-up with variable column lengths by keep-
ing the residence time constant. Despite different column lengths, similar separation
performance can be achieved since the separation performance (number of theoretical
plates) of the columns is kept constant with constant residence time within a specific
limit 505253, The concept of timescales seems to have found successful application in
the industry over the last decade 2. However, the scale-up of chromatographic pro-
cesses is still challenging due to column packing quality inconsistency resulting from
different pressure drops and packing pressure across different column scales 52 54,

which significantly influences the separation performance and the column
12
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characteristics 5°. Nevertheless, column inconsistencies across different scales are of-
ten neglected in scaling up chromatographic processes, and the same column param-
eters and packing qualities are assumed 4% 47. 56-60_ Fyrthermore, packing inhomoge-
neities within a column can result in a radial packing density profile, which in turn re-
sults in a radial velocity profile that can significantly affect the elution profile of the
target molecule. Several publications have shown that radial packing inhomogeneities
can strongly influence the peak shape in the linear and non-linear range 62, Consid-
ering all these influences during scale-up is challenging and the implementation in a
mechanistic model is even more complicated. Therefore, when developing a mecha-
nistic model suitable for scale-up, the effects of packing quality within different column
scales and radial packing inhomogeneities within a column scale should be kept in

mind.

1.2.2 Mechanistic modeling of non-linear range liquid chromatography

Since the FDA is placing more and more emphasis on model-based process under-
standing, there has been increased emphasis on implementing mechanistic models for
liquid chromatography steps 2°. In the biopharmaceutical industry, non-linear chroma-
tography (preparative chromatography) is typically performed since acceptable space-
time yields are required. However, the mechanistic description of preparative liquid
chromatography is still challenging 3. In preparative chromatography, unusual elution
behavior often is observed, which can have different causes. For example, oligomer
formation of the product on the resin 74 7>, complex pH-dependent intraparticle diffusion
effects 76, or resin surface-induced conformational changes of the protein 77 result in
peak shoulders and unexpected peak shapes of the protein elution peak. Furthermore,
non-ideal thermodynamic conditions may require activity coefficients for the mechanis-
tic description of preparative chromatography ‘8. Nevertheless, a large number of liter-
ature is available where high loading situations in liquid chromatography have been
described using model-based approaches. Creasy et al. used an empirical interpola-
tion method for the description of high loading situations in IEX with a mAb 7981, How-
ever, an empirical isotherm does not give any physiochemical insight into the adsorp-
tion process. Huuk et al. observed complex peak shapes with shoulders in high loading
situations and applied the steric mass action (SMA) isotherm 8 extended with an
asymmetrical activity coefficient for the description of thermodynamic non-idealities in-

troduced by Mollerup 8. Diedrich et al. also observed a complex high loading elution

13
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behavior and successfully predicted the elution profiles by implementing a multi-state
SMA isotherm, which describes multiple binding orientations of the protein 8. Briskot
et al. applied the non-stoichiometric colloidal particle adsorption (CPA) model, which
considers protein-protein interactions in the bound state, for the description of high
loading situations 8-87. Mollerup applied the self-association (SAS) isotherm to predict
an anti-Langmuirian elution behavior in the non-linear range 8. Khalaf et al. observed
a complex anti-Langmuirian to Langmuirian elution behavior with increasing load on a
polyelectrolyte brush type CEX resin and successfully described the elution behavior
using an isotherm, which accounts for multilayer formation 8°. This selection of litera-
ture gives an insight into the research efforts being made for the model-based descrip-
tion of preparative chromatography and the observed complex elution behaviors. In
general, the goal in modeling a complex elution behavior is to first understand what is
going on in the system and then try to find a mechanistic model that is able to describe

these mechanisms.

1.3 Protein-Ligand interactions in modern medicine

Despite liquid chromatography during downstream processing or analytical processes,
protein-ligand interactions are a fundamental feature in most biological processes and
ubiquitous in modern medicine °°. Proteins play a central role in biological systems.
They are part of an extensive interaction network with other proteins, small molecules,
or nucleotides °%. The function of a protein molecule inside a biological system involves
dynamic binding or unbinding, competing, or complex formation with other molecules
during immune recognition, cellular metabolism, regulation of gene expression, and
cell signaling processes %, whereas dysfunction often results in disease °1. Therefore,
the ability to understand the detailed mechanism of a protein-ligand binding behavior
is a crucial part °. One method to explore and understand the function of proteins
inside a biological system is to measure and analyze their interaction with other mole-
cules %, This is the point where modern drug design becomes applicable. Biopharma-
ceutical drugs (primarily proteins) are designed to interact with a target molecule (lig-
and) and either enhance or inhibit its function. Modern drug design is based on com-
puter-aided approaches, where various structure-based models screen drug sub-

stances on their potential pharmacology affinity, selectivity, and stability °2. Recent

14



INTRODUCTION

literature indicates that model-based approaches play an essential role in the develop-

ment of drugs 9%,

Protein-ligand interactions in modern drug design are modeled using mechanistic bind-
ing isotherms to obtain information about the binding enthalpy and stoichiometry. A
standard method to obtain isothermal binding parameters is the isothermal titration
calorimetry (ITC) 9 190 With this method, thermodynamically-based drug design is
possible, whereby the enthalpy change based on the resulting heat during the binding
process of a protein-ligand complex is measured 1°%. These measured thermodynamic
parameters can be used in model-based approaches to screen potential affinity, se-

lectivity, and stability to other ligands.

These few examples show that protein-ligand interactions play a significant role in
modern drug design. Furthermore, computer-aided approaches combined with ther-
modynamic binding models derived from experimentally determined data or structure-

based models are commonly used for designing new biopharmaceutical drugs.

In the end, mechanistic modeling in the field of liquid chromatography and the field of
modern drug design has a large number of intersections. The mechanistic binding
models developed with chromatographic methods could be transferred and used in
modern drug design approaches, as the models describe mechanistic interactions of

protein-ligand or protein-protein complexes.
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1.4 Theoretical considerations

This work focuses on the mechanistic description of the chromatographic elution of a
polypeptide in ion exchange and reversed-phase chromatography. The following sec-

tions show the model derivation for each chromatography type.

1.4.1 Model derivation for ion exchange chromatography

This section describes the detailed derivation of the mechanistic model used for the

description of IEC in this work.
1.4.1.1 Association schemes and equilibrium constants

The adsorption isotherm used in this work is an extended version of the SAS isotherm
derived by Mollerup 8192, The SAS isotherm describes the additional association of a
protein molecule with an already ligand-adsorbed protein molecule. Thus, with the SAS
isotherm, mechanistic modeling of oligomerization processes in liquid chromatography
can be done.

The overall association scheme of proteins that associate with immobilized ligands is

given by 102;
P+ wil™S5° 5 BLySyy gy + viBioS™S s i =12, @

where a protein P of species i with the charge z;, associates with v; ligands L carrying
the charge z; by displacing v;5; counterions S carrying the charge zs. a denotes the
number of total protein species. In pure ion exchange chromatography without hydro-
phobic interactions g; = 1 is valid. The charge ratio of the ligand and the counterion is
given by o = z; /zs. In our case, the ratio is equal to one since the ligand and the coun-
terion charge are equal to one. The stoichiometric coefficient also referred to as char-
acteristic charge, is given by v; = z;/z;. Therefore, the association scheme can be
simplified to:
. . 2
P’ + vLS = P'L,, + v;S. @)
Consequently, the thermodynamic equilibrium constant for the monomer layer is given
by 74
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i

_ s s s du (3)”1‘@ (E>”i (3)
adl oyt vivst a N/ v\
where @, ; and a; are the activities of the adsorbed protein and counterion species,
while a; and a; are the activities of the species in solution. y, ; and 7, ; or else y; and
75 are the corresponding mole fractions and activity coefficients for the respective ad-
sorbed protein and counterion species. Furthermore, x; and y; or else x, and y; are the
corresponding mole fractions and activity coefficients for the protein and counterion
species in solution. g, ; denotes the adsorbed and c; the mobile phase protein concen-
tration, which is given by q; ; = y;c and ¢; = x;c with the molar density c. Moreover, c;
denotes the mobile phase and g, the adsorbed concentration of the counterion, which
is given by ¢ = xgc and g5 = y;c. Note that g, is equal to the concentration of the lig-

ands available for binding.

It is known that the characteristic charge v; depends on the protein charge and, thus,
on the pH. The relationship to describe the pH dependency of the characteristic charge

is given by 103-105;

_ Nacidic Nbasic (4)
1 + 10pPKaacidic—PH =~ 1 4+ 1QPH-PKapgasic’

V; =

where Ny iqic and Np.qi. denotes the number of the acidic and basic amino acid-like
groups involved in binding with the corresponding pKa value pKa,.iqic and pKaygsic-
Since the pH range in this work is relatively small, from pH 3.3 to pH 4.3, only one

acidic and one basic amino acid-like group are necessary.

The pH dependence of the equilibrium constant is defined according to Mollerup’s ther-

modynamic model using the characteristic charge v;

— (0 _ 0 A0 _ 0Y — 0 0 (5)
RTInK; = —(f; — p;) +vi(fis — ps) = —AG; + v AGS,

where i and p are the reference potentials of the bound protein and solute protein

species, respectively. 49 and p? are the reference potentials of the counterion. AG? and

AGY are the differences in the reference potentials when the protein or the counterion

changes its state from bound to solute.
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Assuming that the adsorbed species behave ideally (y,; = 1 and 75 = 1), and by re-
placing the activity coefficients of the species in solution with asymmetric activity coef-

ficients y; 5, the isotherm for the monomer layer can be defined as:

Bi_ g (qs)”i Vi (6)
Ci

The overall association scheme of proteins that associate with immobilized proteins is
given by 102;
TP+ YMy + 6,715 + WP Lyt S gy S

2

(7)

ZipZl1ZL zZg Zs . § —
MyyPoiPe LowisoSo(wma-gore,a-pp) T 0PI0S™ 5 b1=12..a.

With one protein in solution (z; = 1), no soluble ligands (» = 0), only one protein spe-
cies that is bound to the resin ligand (w; = 1), dimer formation is by self-association
with one protein species (i = [), assuming that no available ligands are involved in the
formation of the association complex (6; = 0), and the assumptions made above, the
association scheme can be simplified to:

. . 8
P"' + P"'L,, = PViPViL,, . ®)
Consequently, the thermodynamic equilibrium constant for the dimerization process is

given by 7

Api  Yoi Vai _ 924C Vo 9)

KD,i= =~ = =~
a;a,;  XiY1,iVi¥1i Ciq1,iViVi,i

where @, ; denotes the activity of the adsorbed protein dimer layer with the correspond-
ing mole fraction and the activity coefficient y,; and 7,;. The adsorbed protein dimer
layer concentration is given by g, ; = y, ;c. Assuming that the adsorbed dimer species
behavesideally (,; = 1), and the assumptions made above, the isotherm for the dimer

layer is defined as:
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Q2i _ , Koi (10)

o —‘)/ .
¢ QLL c i

Since it is practically impossible to determine the monomer and dimer layer concentra-
tion individually in the overall association process, the monomer and dimer layer con-
centration is replaced by the total protein concentration g; given by the following rela-
tionship 88:
(11)
qi = q1,i + 292,

Consequently, the overall isotherm for the described protein dimerization process in

ion exchange chromatography is given by:

. vi [ ¥, Kn: 2 12
o (2 (L2 ) @2
Ci Cs Vst ¢ Vst

1.4.1.2 Material balance

The material balance of the ligands available for binding is defined as ":

a 13
qs = A — Z[(Vi + &)1, — (Vi + fD,i)qZ,i] . &)
i=1

With ¢ = A/(v; + &) and g3 = A/(v; + &p;), in which qi%: are the maximum
binding concentrations of the monomer and dimer species, §;, and ¢y ; are the shielding

factors of the monomer and dimer species, and A denotes the ligand density.

Assuming that (Ui +fD,i) =2 (v; + &), the maximal dimer concentration is half the
amount of the monomer concentration q3** = q71*/2 . Thus, the material balance

simplifies to:

qs =A—Z(Vi +¢&)q; . (14)

Combining Equations (12) and (14) results in the overall isotherm:
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. z“: (vj Z Ej) . (1 N z%cm). (15)

1.4.1.3 Activity coefficients

Two activity coefficients were considered in the overall adsorption isotherm: The asym-
metric activity coefficient of the salt ion and protein species in solution. Due to the
assumed ideal behavior, the activity coefficients of the bound salt ion and protein spe-
cies were set to one. The asymmetric activity coefficient of the salt ion species in so-
lution is described by the Davies equation 1% extended with a temperature-dependent
term introduced by Debye and Huickel 197

(T (16)
log¥s = —B<1+\/7—0.3 I),

3 17)
B =1.82-10°-(eT)"Z,

where B is a parameter adopted from the Debye-Hickel theory with the permittivity of
the solvent € and the ionic strength of the solution I. Since sodium chloride was used
as the mobile phase modulator in this work, the ionic strength is equal to the molar
concentration of the salt. Note that the influence of the constant concentration of the
short aliphatic alcohol was considered by applying the appropriate dielectric constant

of the water/alcohol mixture.

Mollerup describes the asymmetric activity coefficient of the protein in solution with the
following relationship 3

18
Iny; = Ks¢s + Ky (18)
where K, and K, are parameters in the salt and protein species' activity coefficient
model. They depend on the charge of the protein and thus are pH-dependent 8. This

work introduced an empirical pH dependency since the model should describe the elu-

tion behavior at various pH values. The empiric pH dependency of the parameters K
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and K, using the characteristic charge and the introduced salt and protein dependent

constants K; and K, was described with the following relationship:

K, = Ks
s = viz ) (19)
Ky
Ky = o5 (20)

1.4.1.4 Linear gradient elution experiments

Liner gradient elution (LGE) experiments were performed for the data determination in
the linear and non-linear range of the isotherm. Yamamoto et al. 1% 199 developed a
protein retention model in IEC based on counterion-induced LGE experiments to de-
termine linear range parameters. In the linear range of the isotherm, the correlation

between the normalized gradient slope GH,,;; and the eluting salt concentration is:

LC
Cs,elu _ 1 A Vi 5
cotdcg = GHsaltL—Kl( : ) J/Lif dx, (22)
Cs,init c Zs " Cselu) Vs J

where L, is the column length, and ¢, is the eluting and c, ;,;¢ the initial salt concen-
tration. Differentiation results in the following correlation for the normalized gradient

slope and the slope of the isotherm 4; 11°:

-1

dGH,y, 1 l < A >’” 7i l
= = kg Ki|— | == +ks;—1| , (22)
dcs,elu kd,iAi + kd,i -1 @ Cs,elu ysvl 4

where k, ; denotes the exclusion factor of the protein. The normalized gradient slope
is defined according to Pedersen et al. 11

= Csalt,initial

Vo

Csait,final
GHsait = Gsaie - (Vc(l - go)gp) = Sabfne (Vc(l - So)é‘p) ) (23)
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where V; is the gradient volume, cqut initia: 1S the initial, csq;r ring 1S the final salt gradi-

ent concentration, &, is the interstitial porosity, and ¢, the intraparticle porosity.

1.4.1.5 Column simulation model

For the simulation of the protein elution, the mobile phase salt, and pH elution profiles,

a lumped rate model was applied *2:

oc; ac; N (1 —ey)epka; 0q; d%¢;

T TR (@)

where u;,; is the interstitial mobile phase velocity, D,, denotes the axial dispersion
coefficient, q; is the overall adsorbed protein concentration in the accessible pore vol-
ume, and x is the axial column coordinate. For the calculation of ¢, the salt was as-
sumed to be an inert modulator, with local equilibrium between ¢, and g3, and with
Days = 0 and k; ¢ = 1. The mobile phase pH was treated like a common mobile phase
modulator with the same assumption for the salt in solution. A linear driving force ap-
proximation, which considers the mass transfer in the solid phase to be dominant, was

used to describe mass transfer limitations 112 113:

daq; 6, . i
6_tl = kesr,i d_p (95q: — i) (25)

where k. ; describes the effective mass transfer coefficient, d, denotes the particle
diameter of the resin and q., ; denotes the hypothetical adsorbed protein concentration
at equilibrium with the mobile phase. Note that k., is a lumped rate parameter de-
scribing the transfer between q; and q;,; ***. The column simulation model is discre-

tized by a first- and/or second order central finite-difference method, as shown by
Ingham et al. 1*4. The system of ordinary differential equations (ODE) was solved by
applying the fourth-order Rosenbrock (stiff) method in Berkeley Madonna (Vv8.3.18).
Model computation was done by using at least eighty increments. The adsorption equi-

librium is modeled according to the SAS formalism:
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v;—1 Kn
AKl )7)/11'71 (qs) Ci (1 +2 ﬂci)ﬁ-)
Cqu,i = CI K ' (26)
s + X1 [KJ C_z = v] CJ (v +¢5) (1 +2—= Cﬂ’])]

The formalism was solved using a Newton iteration, as shown by Frederiksen %5, A
detailed description of how the column simulation model and the adsorption isotherm
are calculated using the ODE solver software Berkeley Madonna (V8.3.18) is shown
in Appendix 8.1 and 8.2.

1.4.2 Model derivation for reversed-phase chromatography

This section describes in detail the derivation of the mechanistic model used for the

description of RPC in this work.
1.4.2.1 Association schemes and equilibrium constants

In this work, an adapted version of the HIC adsorption isotherm derived from Arkell et
al. was used 16119 For a detailed derivation of the adsorption model, the publications
from Arkell et al. 116-11° gre recommended. The adsorption mechanism for the hydro-
phobic interaction is described by the displacement of 9;{; adsorbed modulator mole-
cules M induced by the protein P; species i. Whereas the protein forms the complex
P;Ly, by reversibly binding to 9; ligands L. The association scheme can be written
as 116;

P, + ;Mg L S PiLy, +9;(iM; i=12..ax. (27)
The association scheme is equivalent to the scheme used for IEC (see Equation (2))
based on the SMA model. Instead of electrostatic interactions modulated by salt ions,
hydrophobic interactions are modulated by an organic modifier. It is assumed that the

stationary phase is saturated with the organic modifier M. Consequently, the equilib-

rium constant for the hydrophobic protein-ligand interaction can be written as 16:
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A~ 9;{; 9;{; A 9;{; 9;{; ~ 9;{;
_ aH,iaMlzl _ yH,ilezl VH,L'VML(L _ ﬂxmla Cref,m )/H,inlzl (28)

Ky, = A0 9; 0 . Y ¢ ~;
aH,iaM xH,in yH,in t yM ref,s yH,in

)

where ay ; and a,, are the activities of the adsorbed protein and displaced species M,
while ay; and a,, are the activities of the species in solution. yy; and y; or else yy,
and y,, are the corresponding mole fractions and activity coefficients for the respective
adsorbed protein species and the species M. Furthermore, x ; and y ; or else x,, and
yu are the corresponding mole fractions and activity coefficients for the protein species

and the species M in solution. The adsorption isotherm is then given by 116:

9
G _ o (YuPu) Vi (29)
C; — THL x(i 4 Pui
m¥Ym it

1.4.2.2 Material balance

The molar fraction of free ligands y,, can be calculated from the material balance 16:

- (9 + &)q;
1- ;—A

where c;,; is the total molarity of the mobile phase. In the linear range of the adsorption

A (30)

Ym =

)

Ctot

isotherm, the material balance can be simplified to:

(31)

lim y,, = .
qi=0 Ctot

With the assumption that the activity coefficients of the ligands available for binding y,,
and the bound protein species 75 ; are reasonably constant 12, the adsorption isotherm

in the linear range can be written as 16:

q.
— = Ay = Ku, (

C; Ctot

Y; |
YmYm YHi _ Agi ( A >19ly | (32)
x]%/[iy;[i ?H,i (xM]/M)ﬁi(i H,i»

where A,; is a constant for a certain protein-ligand-modular complex. Applying the

natural logarithm results in 116:
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A 33
ln(AH,l-) = ln(Aoji) + 9Y; In (W) + ln(yH‘l-) . (33)

CtotxMyM

Consequently, the general adsorption isotherm in the linear and non-linear range is

given by the following relationship:

. a
4% _ , _(A)ﬁ‘ 1 1_2(191""51')%'
Ci ot Crot!  (mym)PiSi A

i=1

i

(34)

Yu,i-

1.4.2.3 Activity coefficients

In this model, several activity coefficients describing the effect of the modulator salt
and the organic modifier on the protein activity and the effect of the mobile phase com-
position on the activity coefficient of the organic modifier were used. For the description
of the effect of the mobile phase composition on the activity coefficient on the organic
modifier, the Wilson equation 12! was chosen. The activity coefficient of the organic

modifier can then be written as 116:

EM w EWM (35)
1 =1 +E + ) - ' ’
n(yum) n(xy + Evw) + xu <XM + Evwxw  Xw + EwuXy

where E ,, and Ey, , are the binary interaction parameters for the organic modifier
and water. In this work, the parameters E; ;,, = 0.7380 and Ej;, = 0.2523 as fitted for

the water-organic modifier system by Arkell et al. 116 were used.

The effect of the organic modifier on the protein activity can be written with a simplified
version of a Wilson equation 2! for a ternary system (organic modifier-water-protein)

as described by Arkell et al. 116:

ayXy + Pu (36)
X2+ 6xy + Ewnr’

ln(yH,i,M) = In(wy) + In(p + x) + p

with:
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6 37
Wy = (EM,P - EW,P)exp (71{ - 1) ) (37)
38
Oy = EP,W(EW,M - 1) + EP,M(EM,W - 1) ) (38)
o= — W (39)

Evp—Ewp '
O (40)

ay = EP,W(1 - ZEW,M) +Epy — 7,

0 41
Bu = EW,M (EP,W - —H) ’ ( )

X
42
%= (Buw = 1)(1— Ewn). 42)
(43)

6 = 1 + EW,M(EM,W - 2) )

where the indices W and P refer to water and protein.

The effect of the modulator salt on the protein activity is described by the, from Mollerup
et al. 1?0 derived, salting-in and salting-out potential according to Kirkwood’s theories
on the electrostatics of macromolecules in solution. The effect of the modulator salt on

the protein activity can then be written as 116 120;

Us—i Us—o (44)

ln(yH,i,salt) = ﬁ + RT '

with the relationship for the salting-in term 116 120:
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s 3N, . In (1 + TpiKZ)
== Nitp, | L+ — 2
RT 32meRT i Tp K (45)
a 2
(z;F)? I In (1 +1p K ) 1
2 kllktp 2 - K
K*eRT ] k Tp, K 1+ Tp, K

and with the relationship for the salting-out term 16 120;

Hs—o _E 2; g (46)
RT 2% i

where F is the Faraday number, N, the Avogadro number, k the inverse of the Debye
length, and n;, Tp,» and 6, are protein- and salt-specific parameters. The permittivity

of the mobile phase e was set to be constant during the organic modifier gradients due

to the marginal change in the gradient. The inverse Debye length was rearranged to

1 |eperkpT 1 47
Kk .| 2Nse? T’

1 eperksT 1 (48)

k2 2Nge? 1’

the following expression:

where g is the permittivity of free space, ¢, is the relative permittivity, kg is the Boltz-

mann constant, and e is the elementary charge.

Combining Equations (33), (36), and (44) results in the general isotherm applicable in

the linear range 116:
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A 49
In(4y,;) = In(4p;) + 9;In (W) +In(vyim) + n(Vhisar) (49)
CtotxMyM
ln(A ) = ln(A -a)) +9; In A + Foi + Hs—o
Hi) — 0, i Ctotxf/]iyl\é[i RT RT (50)
axy +

—In(e + xn) — .
n( + xu) XxXy? + 6xy + Ey

In order to simplify the derived model, some assumptions were made, as stated in the

work of Arkell et al. 118, Arkell et al. suggested, based on their experimental data, that
ln(AH,l-) is linear on the molar fraction of the organic modifier. Although a different ex-
perimentally framework was used, this assumption was adopted in this work. There-
fore, as explained by Arkell et al. 116, the terms In(p + x,) and By/(xxu? + Sxy +
EW,M) were assumed to be constant and integrated in the first term of Equation (50).
Furthermore, the salting-out term (Equation (46)) was omitted since no salting-out ef-
fect was observed. In the linear range, the second term of the salting-in term was ne-
glected since c; approaches zero. Additionally, the salting-in term was simplified in
order to linearize the dependency on x? and the solute protein concentration c;. The

terms in the salting-in potential then simplify to 116:

3N,7;T; In(1 + 7;x2) 3Na ., (51)
Pr =] i ~ k=T,
32meRT T;K? 64meRT
3N, (ziF)Zza: <ln(1 + Tek2) 1 )
2 CrlicTp 2 - 2
32wk \eRT £ k arkk 1 +Tp K (52)
3N, (zP,iF)ZZ (ne?)
~ 64m \eRT CHATE e

k=1

Note that in this work, the term (nt?), was fitted to the linear range data.

Consequently, the final form of the isotherm in the linear range can be written as 16:
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’ 3]VA
In(Ay,) = In(A4y;) = 9:3; In(xpym) — Py—— K> (), (53)
AyXym
XxXu? +8xy +Eyy
With the relationship:
, AN (54)
Ag; = Aoy ( ) )
Ctot

the explicit isotherm valid for the linear and non-linear range is then given by:

. a
4% _ , _(A)ﬁ‘ 1 1_2(191""50% (55)
o] ot Crot!  (Xmym)?Pici = A

i
YuimYH,isalt s

9,

. a
a%_ 4 _(A)ﬁ‘ 1 1_2(191""50%
C; ot Crot!  (Xpym)Pii = A

exp | — X exp | — 3N k?(nt?); (56)
p XXm? + 6xy + Ey P\ ™ 6amerr " \1* 1

3N, (2iF\2 O ,
‘@(m) ZCRW Dic |-

k=1

1.4.2.4 Linear gradient elution experiments

Similar to the model calibration for the IEC columns, liner range parameters were de-
termined by applying LGE experiments at low loading conditions. The relationship be-
tween the normalized gradient slope and the organic modifier elution concentration is

given by:

dGHy, 1
dXM B deH,i + kd -1 '

(57)

For the simulation of the protein elution and the mobile phase salt elution profiles, the

same lumped rate model, as shown in section 1.4.1.5, was applied.
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1.5 Aim of the work

The objective of this work was to develop an in silico model for a preparative chroma-
tographic purification process consisting of a cation exchange chromatography step
followed by a reversed-phase chromatography step using mechanistic modeling. First,
the uncommon elution behavior of the main product, a polypeptide, on the cation ex-
change resin at analytical and preparative loading range should be investigated and
described with an appropriate mechanistic model. The same mechanistic modeling
approach should be applied to the general elution behavior of the polypeptide on the
reversed-phase resin. Calibration experiments will be performed on a small scale with
mini-columns to save time and materials. The model is calibrated using linear gradient
elution experiments in the linear and non-linear range of the adsorption isotherm. Con-
sequently, the scale-up ability of the developed mechanistic model calibrated with a
small-scale column and the small-scale calibration column itself should be investigated
for a transfer to large benchtop column scale. For the investigation and the modeling
of the separation performance, product- and process-related impurities should also be
modeled. The implementation of the impurities, in the end, will result in a representative
mechanistic multicomponent model or each preparative chromatographic step.

After successful model development on both chromatographic steps, both models
should be coupled to a sequential two-column model. In conclusion, a sampling study
will investigate appropriate loading conditions for the initial load on the first chromato-
graphic step and the influence on theoretical pools and step yields and recoveries.
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2 MATERIALS AND METHODS

2.1 Chemicals

The chemicals used in this work are listed in Table 1.

Table 1: Chemicals used in this work.

Chemical Grade/Purity Manufacturer
Acetonitrile > 99.9 % LiChrosolv® Merck KGaA
Blue Dextran (void volume _ _
o 2000 kDa Sigma-Aldrich

marker for gel filtration columns)
Ethanol > 99.9 % LiChrosolv® Merck KGaA
Hydrochloric acid (HCI), 1 mol/L = 99.5 % Titripur® Merck KGaA
Hydrochloric acid (HCI), 37 % NORMAPUR VWR
Lactic acid (90 %) EMPROVE® Merck KGaA
MES > 99.5 % AppliChem GmbH
Sodium chloride (NaCl) EMSURE® Merck KGaA
Sodium hydroxide (NaOH) EMSURE® Merck KGaA
Sodium hydroxide (NaOH), o

> 99.5 % Titripur® Merck KGaA
1 mol/L
Sodium hydroxide (NaOH), o

> 99.5 % Titripur® Merck KGaA

5 mol/L

Technical buffer solution pH 2,
4.01, 7,and 10

InLAb® Solutions

Mettler Toldeo GmbH

Reference electrode Filling solu-

tion

ROSS™

Thermo Scientific

2.2 Electronic equipment

The electronic equipment used in this work is listed in Table 2.
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Table 2: Electronic equipment used in this work.

Instrument Manufacturer Description
y B GE Healthcare Life Sci-
AKTA Purifier 10 _ FPLC
ences (Now Cytiva)
Alliance Waters s2695 and 2489 Waters HPLC
Balance (CP12001 S) Sartorius Balance
Balance (CP225D) Sartorius Analytical balance
Balance (type 1413) Sartorius Balance
Knick Portamess® incl. WTW _ o
Knick / WTW Conductivity meter

TetraCon® conductivity meter

Orion VersaStar Pro (Advanced

Electrochemistry Meter) incl. Thermo Scientific pH meter

8157BNUMD Triode

PURELAB® Chorus 1 Elga Veolia Water purification system
Stirrer/Heater Heidolph Magnetic stirrer

Vortex Mixer VWR Vortex Mixer

2.3 Computer software

The software used in this work is listed in Table 3.

Table 3: Computer software used in this work.

Software Manufacturer Description

Berkeley Madonna Berkeley Madonna, University of

Differential equation solver

(v8.3.18) California

Numerical computing soft-
MATLAB R2021a MathWorks

ware
MS Office 2021 Microsoft Office software

Peakfit v4.12 SeaSolve Software Inc. Peak convolution software
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Software Manufacturer Description

GE Healthcare Life Sciences AKTA system control and
UNICORN 5.31 _ _

(Now Cytiva) evaluation software

2.4 Preparative chromatography resins and columns

In this work, two strong CEX resins and a silica-based reversed-phase resin were used.
The first CEX resin was a polymer-based strong cationic exchange resin with an SO3"
functional group. The second CEX resin was TOYOPEARL GigaCap S-650S (Tosoh),
also with an SOg3 functional group. Each resin was purchased in various pre-packed
columns with different column scales. In addition, one custom-packed column was
used. The chromatography columns with the corresponding resin are listed in Table 4.
The columns with the first CEX resin were named in the following CEX column 1-4,
and the RP column is named RP column 1. The CEX column 1 (1 mL scale) was used
as the model calibration column. Based on the determined model parameters with CEX
column 1, scale-up to larger column volumes with the CEX column 2-4 was done. The
column dead volume was assumed to be 30.4 pL for the CEX column 1 and 55.7 pL
for the CEX column 2-3 22, For the custom-packed CEX column 4, the dead volume
was determined only with the system and additionally with an empty column. The sec-
ond CEX resin (TOYOPEARL GigaCap S-650S) was purchased in a 1 mL pre-packed
column, named in the following TOYOPEARL S-650S column.

Table 4: Preparative chromatography columns used in this work.

Column Dimension (mm) Volume (mL)  Product/manufacturer

Pre-packed OPUS® Mini-

CEX column 1 50 x5 1.0 .
Chrom® (Repligen)
Pre-packed OPUS® Mini-
CEX column 2 50x11.3 5.01 .
Chrom® (Repligen)
Pre-packed OPUS® Mini-
CEX column 3 100 x 11.3 10.03

Chrom® (Repligen)
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Column Dimension (mm) Volume (mL)  Product/manufacturer
Custom-packed in Super

CEX column 4 359 x 10 28.20 Compact 600-10 (Gotec La-
bortechnik)

TOYOPEARL S- Pre-packed OPUS® Mini-

50 x 5 1.0 _
650S Chrom® (Repligen)
RP column 1 50 x 4.6 0.83 Pre-packed

2.5 Analytical chromatography resins and columns

In this work, a pre-packed analytical RP-HPLC column was used for the quantitative

and qualitative determination of the sample proteins. The analytical column is listed in

Table 5.

Table 5: Analytical column used in this work.

Column Dimension (mm) Volume (mL)

Product/manufacturer

Analytical C1s RP
column, 2-3 um par- 250 x 3 1.77

ticle diameter

Merck Millipore

2.6 Miscellaneous items

All other miscellaneous items used in this work are listed in Table 6.

Table 6: Miscellaneous items used in this work.

ltem Manufacturer

Description

20 mL syringe Luer lock Thermo Scientific

Plastic Syringe

33 mm, PES, 0.2 and
0.45 pum Filter

Thermo Scientific

Syringe filter

500 mL bottle top filter ~ Corning

Filter Cup
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Item Manufacturer Description
Nitrile Gloves Kimtech Nitrile Gloves
Parafilme American National Can Sealing
Rapid flow filter Cup S o
Thermo Scientific Sterile filter Cup
250 mL
Sample tube, 1.5, 2, 15, L
Thermo Scientific Sample tube
and 50 mL
Superloop, 50, and GE Healthcare Life Sciences Sample loop for AKTA sys-
150 mL (Now Cytiva) tems
GE Healthcare Life Sciences .
UV cell, 2, and 10 mm UV cell for AKTA systems

(Now Cytiva)

2.7 Polypeptides and sample preparation

The sample for all chromatographic experiments was a recombinant lyophilized poly-
peptide, named in the following as polypeptide, two product-related impurities, named
in the following as variant A and variant B, and one process-related impurity, named
variant C. The purity, based on total protein content, was =99 %. For the lyophilized
polypeptide and the impurities, stock solutions with 10 mg/mL and 1 mg/mL were pre-
pared and filtered with a sterile filter (0.2 um). The sample concentration was prepared
using the stock solution and an appropriate dilution buffer (mostly Buffer A from the
chromatographic experiment). Before injection, the sample was filtered with a particle
filter (0.45 pm).

2.8 Chromatographic experiments

2.8.1 CEXresin column experiments

The binding and eluting buffer for the linear and non-linear range experiments con-
tained 0.05 mol/L lactic acid and a constant concentration of a short-chain aliphatic
alcohol. The eluting buffer contained 0.2 mol/L sodium chloride, and all experiments

were performed between pH 3.3 and pH 4.3.
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For the LGE calibration experiments in the linear range for the CEX column 1 (calibra-
tion column), five different gradient slopes (from 8 x 10 molnac/LXCV! to 1.4 x 1073
molnac/LxCV1) at pH 3.3, 3.5, 3.7, 3.9, 4.1, and 4.3 were chosen. The sample load in
the linear range was 0.05 mg/mLcv with a 0.1 mg/mL sample concentration for the pol-
ypeptide and the impurity variants. Non-linear experiments were performed using dif-
ferent sample loads up to 40 mg/mLcv with a polypeptide concentration of 1 mg/mL.
Chromatographic runs with a load up to 0.75 mg/mLcv were performed with a 10 mm
UV detector cell. Chromatographic runs with a higher load were performed with a 2 mm
UV detector cell. The load for the CEX columns 2-4 was 0.05 mg/mLcyv for the linear
range experiments and 1.5, 5, and 10 mg/mLcv for the non-linear range experiments.

Note that no experiments in the non-linear range were performed with the impurities.

For the isocratic elution experiments for the CEX column 1 with the polypeptide spe-
cies, 200 pL sample solution was injected with a buffer mixture of 60 % and 75 %
Buffer B. The column load was 0.05, 0.5, 1, 2, 3, 4 mg/mLcv (60 % Buffer B runs) and
0.05,0.5,1, 2, 3,4,5.5, 6.5, 7.5, 8 mg/mLcv (75 % Buffer B runs). The sample solution
for each run contained a different polypeptide concentration of up to 20 mg/mL (60 %
Buffer B runs). For the 75 % Buffer B runs, the polypeptide sample was diluted in
Buffer A (without salt) up to a sample concentration of 40 mg/mL. A higher sample
concentration leads to precipitation of the polypeptide in the buffer system. Therefore,

column loads above 8 mg/mLcv could not be tested.

For the CEX column 1 validation experiment, a dual gradient from pH 4.3 to pH 3.4
and from 0 mol/L to 0.2 mol/L sodium chloride with a column load of 7.5 mg/mLcv was
performed. A replacement column for CEX column 1 with the same column dimensions

and individual column parameters (g;: 0.736, &,: 0.594, Apq.: 0.105 mol/L) was used.

For the calibration experiments in the linear range for the TOYOPEARL S-650S col-
umn, five different gradient slopes (from 8 x 107 molnac/LXCV?® to 1.4 x 1073
molnac/LxCV-1) at pH 3.7 were chosen. The sample load in the linear range was
0.05 mg/mLcv with a 0.1 mg/mL sample concentration for the polypeptide. Non-linear
experiments were performed using different sample loads up to 60 mg/mLcv (0.25, 0.5,
0.75, 1.5, 5,10, 15, 25, 40, and 60 mg/mLcv) with a polypeptide concentration of
1 mg/mL.
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For each pH value, a buffer calibration was done. The concentration of the eluting
buffer was increased stepwise, and with the knowledge of the counterion concentra-
tion, the conductivity signal was recalculated to molar concentrations. The pH values
determined with the chromatography system were adjusted to adapt them to the more

accurate external pH measurements.

2.8.2 RP column experiments

The binding and eluting buffer for the RP column 1 experiments consisted of 0.1 mol/L
of a buffer substance buffering in the range of pH 2.8 + 1, 0.01 mol/L of a salt modula-
tor, and a concentration gradient of an organic modifier. All experiments were per-

formed between pH 3.3 and pH 4.1.

For the linear range calibration experiments, five different gradient slopes between 0.5
and 2 %o-modifier/LXCV-! were chosen. The sample load for the linear range experiments
was 0.05 mg/mLcv with a 0.1 mg/mL sample concentration for the polypeptide and the
impurity variants. Sample load in the non-linear range was up to 25 mg/mLcv with a
1 mg/mL sample concentration for the polypeptide. All linear range chromatographic
runs with the RP column 1 were done with a 10 mm UV cell, and all non-linear range

experiments were recorded with a 2 mm UV cell.

2.8.3 RP-HPLC experiments

Fraction analysis was done with RP-HPLC using an alliance HPLC system from Wa-
ters. For the analysis, a standard RP-HPLC protocol was used. The composition for
Buffer A was: 0.05 mol/L NaH2POa4, 0.3 mol/L NaCl, and 25 % (v/v) acetonitrile. For
Buffer B: 0.05 mol/L NaH2POa4, 0.05 mol/L NaCl, and 65 % (v/v) acetonitrile. All buffers
were adjusted to pH 2.5. A gradient from 100 % to 0 % Buffer A in 30 minutes was
performed. The injection volume was 15 pL, the flow rate was 0.55 mL, and the HPLC
analysis was performed at 35 °C column temperature. The sample was detected at a

wavelength of 214 nm.

2.9 Column characterization

2.9.1 Determination of porosities

The porosities for the CEX resin columns were determined by applying pulse experi-

ments. With the retention volume of a pore diffusing tracer V,,;;, the retention volume
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of a non-pore diffusing tracer V;, and concerning the dead volumes of the system, the

porosities of the applied column can be calculated using the following relationships 123:

. Vs (58)
0 — VC’
Vsalt —¢
e = & —& V¢ 0 (59)
P l—g, 1-—g '

where &, denotes the total porosity and V. the column volume. Dead volumes of the
system were determined by applying tracer injections without the column and addition-
ally with an empty column for the CEX column 4 (28.2 mL scale). For the CEX columns,
a pore diffusing tracer, a 1 mol/L NaCl solution, and a non-pore diffusing tracer, a 1 g/L
Dextran solution (Blue Dextran from Merck Millipore, 2000 kDa mean molecular
weight), were used. For the CEX column 1 (1 mL scale), 10 uL sample solution; for the
CEX columns 2 and 3 (5 mL and 10 mL scale), 50 yL; and for the CEX column 4
(28.2 mL scale), 100 uL sample solution were injected, each with a 0.05 mol/L MES
running buffer including 0.4 mol/L NaCl at pH 6 with a flow rate of 100 cm/h.

The total porosity for the RP column 1 was determined by applying salt pulse experi-
ments with sodium chloride. The binding buffer from section 2.8.2 was used. Due to
the difficulties of interstitial porosity determination with reversed-phase resins 124, the

intestinal porosities for the RP column 1 were estimated using literature data.

2.9.2 Determination of the HETP, asymmetry factors, and plate numbers

The salt pulse experiments for the CEX columns and the RP column were also evalu-
ated in order to determine the height equivalent of a theoretical plate HETP and the

asymmetry factor A of the column. The HETP value and the plate number N is given

by:

2
o 60
HETP = £MGsalty (50)
HEMG,salt
Lc
N=—S1 (61)
HETP

where pgue sair and 02y saie are the first and the second moment of the salt peak and

L. is the column length. The asymmetry factor (at 10 % peak height) was determined
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with the chromatography system software UNICORN 5.31 from GE Healthcare Life

Sciences (now Cytiva).

2.9.3 Determination of polypeptide exclusion factors

The exclusion factor k,; of the polypeptide for the CEX columns was determined by
applying pulse experiments under non-binding conditions with the buffer system used
for the chromatographic experiments, including 1 mol/L sodium chloride. With the re-
tention volume of the protein pulse 1/, the exclusion factor is given by the following

relationship 11

2 —g (62)
kgj=——"———

Due to the local porosity changes and differences during measuring retention volumes
in RPC at non-binding conditions 12> 126, the polypeptide exclusion factor for the RP
column was estimated using literature data. It was assumed that the exclusion factors
for the impurity variants are the same as for the polypeptide since their molecular

weight is in the same range.

2.9.4 Determination of ionic capacities

The ionic capacities of the CEX resin columns were determined according to Tugcu et
al. 27, The column was first flushed with a 0.5 mol/L HCI solution (Merck Millipore) and
then rinsed with MilliQ water. Then the column was titrated with a 0.1 mol/L NaOH
solution (Merck Millipore) at a flow rate of 100 cm/h until the conductivity signal was
rising and constant. The ionic capacities, also referred to as ligand densities, can be

calculated using the following relationships 28:

_ VNaon * Cnaon (63)
Apack - v
C
A
A = LC’" (64)
POTE T (1 —gp) " &

Apack
Asediment = 1/(1pa_c Cf)’ (65)

where Vyqon 1S the applied titrant volume of the titration curve, cy,oy 1S the concentra-

tion of the NaOH solution and C is the compression factor of the resin (C; = 0.1 for all
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CEX columns). The applied titrant volume was determined with the peak maximum of
the differentiated titration curve evaluated with the software UNICORN 5.31.

The ligand density of the RP column 1 was calculated based on pore volume using

resin-specific information from the manufacturer.

2.9.5 Determination of axial dispersion coefficients

The axial dispersion coefficient for the CEX resin columns was determined by applying
Blue Dextran pulse experiments. The same experimental conditions as used in the
porosity determination were applied. The axial dispersion coefficient of the column was
then calculated using the following relationship 28

_ UEZMG,Dextran Lcuint (66)
Dy = -

2
nuEMG,Dextran

The pulse experiments' first and second moments were determined from an exponen-
tially modified Gaussian (EMG) function ?° fit computed with the software PeakFit
(v4.12, SeaSolve Software Inc). Since no large non-pore diffusing tracer suitable for
RP columns was available, the axial dispersion coefficient of the RP column 1 was
fitted simultaneously with the mass transfer coefficients at analytical loading condi-

tions.

2.10 Modeling and simulation

2.10.1 Model calibration and simulation with CEX column 1

In this work, the mechanistic model was calibrated at small column scale (CEX col-
umn 1). All model parameters were determined with the CEX column 1 and seen to be
constant at larger column scales (CEX column 2-4). Model parameter estimation in the
linear range of the isotherm was done by applying Yamamoto’s approach 198 109 For
the determination of the salt and pH dependency of the model, a set of salt-induced
LGE experiments with different gradient slopes at different pH values in the linear
range of the isotherm is required. The eluting salt concentration from the LGE experi-
ments was determined by evaluating the first moment of a fitted EMG peak 12° (PeakFit
v4.12, SeaSolve Software Inc). With the equations derived in section 1.4.1.4, a GHqg;;

VS. cs 1y PlOt Was created, and the linear range isotherm parameters were fitted. Model
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calculations and simulations were done using the differential equation solver Berkeley
Madonna (V8.3.18).

Parameters in the linear range of the isotherm were fitted using the following fit strategy
leading to a robust fit with a reproducible solution: In the first step, the linear range
experimental data were estimated with Equation (22) to the variables v; and K; without
the influence of the asymmetric activity coefficient of the protein ¥;. A unique solution
for the fitted variables for each pH value occurs. In the second step, the pH depend-
ency of the equilibrium constant was estimated using the parameters AG?/RT and
AGI/RT. As initial guess values, the slope and the y-intercept of the InK; vs. v; plot
from the previous step were used. The characteristic charge was estimated individually
for each pH value using the previous step values £10 %. In the third step, the param-
eter K¢ from the asymmetric activity coefficient was determined by varying the param-
eters &;, K7 and Kj;/c in high load simulations (25 mg/mLcv) using the previously de-
termined v;, AG?/RT and AGS/RT for the respective pH. K, was set to be zero due to
the observed marginal influence in this step. The parameter fitting results in a robust
and reproducible solution for the determined model parameters. In the last step, all
parameters in the linear range of the isotherm were fitted again, including the param-
eter K; from the asymmetric activity coefficient model. The term K;/v? was varied
+10 % for the pH value of the high loading experiment from the previous step applying
the determined values for K and v;. Simultaneously, the pH dependency of the char-
acteristic charge was fitted with two amino acid-like groups, considering the number of
the involved groups Nggiqic @and Ny, and the pKa value pKa,.;q4ic Of the acid group.
The pKa value of the basic amino acid-like group pKa,,s;c Was assumed to be 11 due
to the experimental pH range from pH 3.3 to pH 4.3. Note that the term K, X ¢; ap-
proaches zero due to the low protein concentration in the linear range of the isotherm.
The last fit results in robust and reproducible values for the model parameters deter-

mined in the linear range of the isotherm (K, AG?/RT, AG®/RT, Nggigic: Npasic and
pKaacidic)-

Parameter estimation in the non-linear range of the isotherm was done by applying the
inverse fitting method. Simulated chromatograms were fitted to experimentally deter-

mined chromatograms by varying the parameters in the non-linear range (¢;, Kp;/c

and K,). A maximum of four chromatograms with different sample loads were fitted
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simultaneously. Ideally, all non-linear range calibration experiments would be com-
puted simultaneously, but this was not possible due to software and computation time

limitations.

The effective mass transfer parameter k.r; was fitted individually for each load and
pH value. The mass transfer parameter only showed an influence in simulations with
a load lower than 1.5 mg/mLcv. A marginal load and pH dependency was observed,
which was not further investigated due to the insignificant influence of k., at higher

loads (= 1.5 mg/mLcv).

2.10.2 Modeling and simulation with CEX columns 2-4

The model parameters in the linear (K, AG? /RT, AG/RT, Nycigicr Npasic and pKagcigic,
pKay.sic) and non-linear (¢;, Kp;/c, and K;) range, determined at small column scale
(CEX column 1), were seen to be constant at larger column scale for the CEX column
2-4. Scale-up simulations were done in two approaches. In the first empirical approach,
the shielding factor and the mass transfer coefficient k.rr; were simultaneously fitted
for each scale-up column. It should be noted that k.s¢; had a negligible effect on the
overall peak shape at columns loads higher than 1.5 mg/mLcv so the peak shape is
largely determined by the shielding factor in high loading situations. The experimental
loading dependencies for each column scale's effective mass transfer coefficient are
shown in Appendix 8.4 in Table 20. The second approach considers packing inhomo-
geneities while keeping all model parameters constant, including the shielding factor.

The same mass transfer coefficient values from the first empirical approach were used.
2.10.2.1 Modeling of column packing inhomogeneity

For the consideration of the effects of inhomogeneous packing, the different scaled
CEX columns (CEX columns 2-4) were divided into p homogenously packed concentric
annular columns with equal face areas. It was assumed that no radial dispersion takes
place 130 and that the axial dispersion coefficient and the linear velocity are constant in
each concentric annular column. Ten different interstitial porosities (g ; ) for each col-
umn scale j, with a variation of about £ 20 % around the experimentally determined
values, were used to simulate the elution profile in a concentric annular column. Note
that a change in the radial interstitial porosity also results in a change in the radial
interstitial velocity since the convection term in the column model (Equation (24)) is
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driven by u;,;. The resulting overall elution profile for all concentric annular columns
was calculated by summing the concentration profiles eluted from each concentric an-

nular column with different ¢ ; ., using the following relationship:

€o,j,max

be, (67)
Cisum = Z Cieo )k D )

k=¢&g jmin

where p (p = 50) is the number of concentric annular columns and bgojk is the factor

indicating how often the concentric annular column, with a defined interstitial porosity,

is represented in the entire scale-up column. beojk was determined by using Equa-

tion (67) and fitting the number of the concentric annular columns with a defined inter-
stitial porosity to the experimental elution profile. The fits were performed using the
solver function in Microsoft® Excel® and minimizing the squared difference between

the experimental and calculated elution profile.

2.10.3 Model calibration of the RP column

Model calibration in the linear range of the adsorption isotherm for the RP model was
done, as for the CEX model, by applying Yamamoto’s approach 1% 199 | GE experi-
ments at different pH values with analytical loading conditions were performed. The
relationship between the normalized gradient slope GH,, and the eluting organic mod-
ifier concentration x), ., (See Equation (57)) was used to determine the linear range
parameters ((nt?);, A’y ay, and 9;{;). Note that the same model assumptions as
made by Arkell et al. 11 were adopted in this work. The detailed model derivation and

the corresponding assumption made for the model are described in section 1.4.2.

For the model calibration in the non-linear range of the adsorption isotherm, the inverse
fitting method was applied. The simulated UV signal was fitted to the experimentally
determined UV signal by varying the non-linear range parameters (¢;, A’y ; », 9;). During
model calibration, it has been observed that no good fit could be achieved without
adjusting one linear parameter in the non-linear range. Therefore, the parameter 4’y ;,
fitted in the linear range, was refitted in the non-linear range resulting in the parameter

A’y i - The effective mass transfer parameter k.., ; was fitted individually for each load.
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3 RESULTS

Parts of this work have been summarized in three different publications. Two of these
papers have already been published during the doctoral project in two peer-reviewed
scientific publications, and one paper is currently in draft mode. The results and the

corresponding discussion can be found in the references from Koch et al. 73 131,132,

3.1 Column characterization

A crucial point in the modeling and simulation of liquid column chromatography is the
column characterization, which includes determining the packing quality and column-
specific parameters, such as porosities, protein exclusion factors, and ligand densities.
The following chapters show the results of the column characterization from the differ-

ent chromatographic columns used in this work.

3.1.1 CEXresin columns

In this work, two strong cationic exchange resins were used. One resin was available
in four different column scales (CEX column 1-4), and the second resin (TOYOPEARL
GigaCap S-650S) was purchased in a pre-packed 1 mL column (TOYOPEARL S-650S
column). Table 7 summarizes the determined column-specific parameters for each
CEX column used in this work. The interstitial and total porosities were obtained from
salt pulse injections. The particle porosity was calculated according to Equation (59).
The axial dispersion was obtained from moment analysis of Blue Dextran injections
(Equation (66)), the ionic capacities from column back titration experiments (Equation
(63)), the polypeptide exclusion factor from polypeptide pulse injections under non-
binding conditions (Equation (62)), and the extra column volume (ECV) to column vol-
ume (CV) ratio from system death volume determining salt pulse injections. In Figure
1, the column-specific parameters for the CEX columns 1-4 are shown to visualize the
scalability of the columns packed with the same resin. The interstitial porosity ranges
from 0.347 to 0.369 and is within a theoretically plausible range. The total and the
particle porosity decrease with increasing column scale, whereby the porosity values
of the 1 mL column (CEX column 1) are relatively high compared to the values of the
CEX columns 2-4. The ligand density based on pore volume is for the CEX column 1
(2 mL), the CEX column 2 (5 mL), and the CEX column 3 (10 mL) in the same range
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and only varies around 3 x 103 mol/L. For the 28.2 mL column scale, the ligand density
based on pore volume is 0.275 mol/L and slightly higher but still in the same range.
The ligand density based on the packed bed decreases with increasing column scale.
The k,; values for the polypeptide show a decreasing dependency with increasing
column scale and the axial dispersion coefficient D,, shows different values for each

column scale.

Comparing the column-specific parameters determined for the TOYOPEARL S-650S
column with the values of CEX column 1, it is noticeable that the values are in the same
range, except for the ionic capacity, which is more than twice as high for the
TOYOPEARL S-650S column.

The salt pulse evaluation, representing the packing quality for each column 23, is sum-
marized in Table 8. The first moment (peak center) and the standard deviation of the
salt pulses were corrected by the first moment and the standard deviation of the system
ECV to consider ECV effects. Figure 2 visualizes a comparison of the CEX columns
with the same resin and different dimensions for the investigation of the scalability of
these columns. The first moments of the peaks for the CEX columns 1-4 increase lin-
early with increasing column volume. The standard deviations of the salt peaks were
determined as a measure of peak broadening. The standard deviations tend to in-
crease with increasing column volume. The black and orange data points in Figure 2
represent the evaluation in which only the ECV effects of the system were considered
since no empty pre-packed columns were available. The blue data points represent
the values for the CEX column 4 (28.2 mL) corrected by the system values, including
an empty column. The standard deviation for the CEX column 4 decreases significantly
when the empty column is also considered, although the first moment is not influenced.
The determined HETP values and plate numbers for each column are shown in Figure
2B. Furthermore, the asymmetry factor for each column and the ratio between the ECV
and the CV is shown in Figure 2C. An intensive parameters discussion with a view of
the scalability of the CEX column 1 to larger column volumes can be found in section
4.1.1.
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Table 7: Overview of the determined column-specific parameters for the CEX resin columns used in this

work.
CEX CEX CEX CEX TOYOPEARL
Parameters
column 1 column 2 column 3 column 4 S-650S
Dimension
50x5 50x11.3 100 x 11.3 359x 10 50x5
[mm]
Column vol-
0.98 5.01 10.03 28.20 0.98
ume [mL]
Interstitial po-
_ 0.349 0.347 0.356 0.369 0.338
rosity &g [-]
Total porosity
0.776 0.732 0.728 0.717 0.790
& [-]
Particle po-
_ 0.656 0.589 0.578 0.552 0.682
rosity g, [-]
Axial disper-
sion Dg, 2.1 x10* 3.0 x10° 2.3 x10° 1.4 x10* 3 x10*
[cm?/s]
lonic capacity
0.110 0.099 0.097 0.096 0.280
Apgcr [Mol/L]
lonic capacity
0.099 0.089 0.087 0.086 0.252
Ageq [MoI/L]
lonic capacity
0.258 0.257 0.260 0.275 0.620
Apore [MoOI/L]
Exclusion
0.819 0.815 0.808 0.792 0.898
factor kg [-]
0.01
ECV/CV [-] 0.21 0.06 0.03 0.03* 0.21

* Corrected value with an empty column.
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Table 8: Overview of the determined packing quality parameters for the CEX resin columns used in this

work.
CEX CEX CEX CEX TOYOPEARL
Parameters
columnl1l column?2 column3 column4 S-650S
20.789
HEMG sate [ML] 0.762 3.668 7.304 20.223* 0.765
0.3305
OEMG saie [ML] 0.0334 0.1667 0.3373 0.2306* 0.0344
0.0091
HETP [cm] 0.0095 0.0103 0.0213 0.0047* 0.0101
3956
Plate number N [-] 521 484 469 2693+ 495
Asymmetry factor Ag [-] 1.087 1.277 1.565 0.990 0.95
* Corrected value with an empty column.
A o35 , B ¢35, C 1.00
0.75 f - 0.30 m. 0.95 -
~ 065 1 < Lo q{ I = 0.90 1
:,; 055 = 2020 l < 0.85 ;
045 ] < 015 = 0.80 - { ]
035{§ = e 0.10 0.75 -
0.25 0.05 , . , 0.70
0 10 20 30 0 10 20 30 0 10 20 30
Column volume / mL Column volume / mL Column volume / mL
.Eo,j £pj Ej Apure,j Apﬂ'fkrf L4 kd,i,j

Figure 1: Determined porosities (A), ligand densities (B), and polypeptide exclusion factors (C) of the
four different scaled columns (CEX column 1-4) with the same resin used in this work. Each data point

contains error bars.
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Figure 2: Determined first moment and standard deviation (A), and HETP and plate number (B) of the
salt pulse peak and the column as a function of column volume of the four different scaled CEX columns
(CEX column 1-4) with the same resin used in this work. (C) shows the asymmetry factor for each
column and the ratio between the ECV and the CV as a function of column volume. The blue data points

show the corrected values for CEX column 4, determined with an empty column.

3.1.2 RPresin column

In this work, one RP resin column (RP column 1) was used and purchased in a pre-
packed steel column with similar dimensions as the CEX column 1. All determined
column-specific and packing quality parameters of the RP column 1 are summarized
in Table 9. A classification of the plausibility and a discussion of the parameters can
be found in section 4.1.2.
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Table 9: Overview of the determined column-specific and packing quality parameters for the RP col-

umn 1.

Parameters RP column 1
Dimension [mm)] 50x 4.6
Column volume [mL] 0.831
Interstitial porosity &g [-] 0.35*
Total porosity &; [-] 0.490
Particle porosity g, [-] 0.215
Axial dispersion D, [cm?/s] 0.001
Ligand density A, [MOl/L] 2.66 x 103
Exclusion factor kg [-] 0.75*
ECV/CV [] 0.25
HETP [cm] 0.05744
MEMG sate [ML] 0.408
OEMG saie [ML] 0.00659
Plate number N [-] 1741
Asymmetry factor Ag [-] 1.70

* Estimated value based on literature data.
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3.2 CEX model development

This section presents the model development results for the chromatographic CEX
columns 1-4 and the TOYOPEARL S-650S column. Model development for the CEX
columns 1-4 was done at small column scale (CEX column 1) and was then later scaled
up to the scale-up columns CEX column 2-4.

3.2.1 CEX model calibration at small scale (CEX column 1)

3.2.1.1 Investigation of the polypeptide elution behavior

Intending to model a chromatographic step, which should be valid in the linear and
non-linear loading range, it is essential to be aware of the general elution behavior of
the sample. With that knowledge, appropriate adsorption isotherms, which are able to
describe the investigated elution behavior, can be selected and modified for the mod-
eling task. Therefore, several loading series with the polypeptide and with column loads
from 0.05 mg/mLcv (linear range of the isotherm) up to 25 mg/mLcv (non-linear range
of the isotherm) at different pH values were performed by applying linear salt gradient
elution experiments (Figure 3). Additionally, two isocratic loading series at pH 3.7 with
the polypeptide and column loads from 0.05 mg/mLcv up to 8 mg/mLcv were performed
(Figure 4 and Figure 5). In Figure 4, the polypeptide was diluted in 60 % Buffer B, and
in Figure 5, in 0 % Buffer B. Note that no higher loadings than 8 mg/mLcv could be
tested isocratically since no higher sample concentration could be achieved without
precipitation of the polypeptide in the sample buffer. The loading series show that the
polypeptide exhibits no typical Langmuirian adsorption behavior. In a typical Lang-
muirian elution behavior, the elution peak of the polypeptide would shift to the left-hand
side with a steep rise in the front of the peak and a diffuse rear with increasing load.
An anti-Langmuirian elution behavior would be present if the elution peak shifts to the
right-hand side with a diffuse front region of the peak and a steep rear with increasing
load 3. However, there is a right-to-left movement of the elution peak in the gradient
elution and the isocratic experiments with increasing load (anti-Langmuirian to Lang-
muirian elution behavior). Furthermore, a strong influence of the pH on the elution peak
can be seen. Increasing the pH leads to an earlier elution and a narrower and taller
peak. Note that the high loading experiments in Figure 3 were recorded with a 2 mm
UV detector cell and then recalculated to a 10 mm UV detector cell. The absorption

signal of all experiments carried out is still in the linear range of the UV detector cell,
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although absorption signals over 3000 mAU are shown. The isocratic experiments in

Figure 4 and Figure 5 were recorded with a 10 mm UV detector cell.
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Figure 3: Gradient elution loading series with the polypeptide species at different pH values (A-F) from

0.05 mg/mLcy up to 25 mg/mLcy sample load with the CEX column 1. The smallest peak indicates the

lowest load up to the highest load with the broadest and highest peak. The black dashed line represents

the amount of Buffer B in the gradient. The UV signal from the high load runs was recorded with a 2 mm

UV cell and then recalculated to a 10 mm UV cell.
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Figure 4: Isocratic elution loading series with the polypeptide at pH 3.7 from 0.05 mg/mLcy up to
4 mg/mLcy sample load with the CEX column 1. The polypeptide sample was diluted in 60 % Buffer B.
The smallest peak indicates the lowest load up to the highest load with the broadest and highest peak.
The black dashed line represents the amount of Buffer B during the isocratic run. The UV signal was
recorded with a 10 mm UV cell.
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Figure 5: Isocratic elution loading series with the polypeptide at pH 3.7 from 0.05 mg/mLcy up to
8 mg/mLcyv sample load with the CEX column 1. The polypeptide sample was diluted in Buffer A (without
salt). The smallest peak indicates the lowest load up to the highest load with the broadest and highest
peak. The black dashed line represents the amount of Buffer B during the isocratic run. The UV signal
was recorded with a 10 mm UV cell.

3.2.1.2 Determination of model parameters in the linear range of the isotherm

The model parameters for the polypeptide, the two product-related, and the process-
related impurities in the linear range of the isotherm (AG?/RT, AGO/RT, K, Ngcigic,
Npasic: PKAgcigic, and pKay,si) Wwere determined by applying LGE experiments at low
loading conditions according to Yamamoto’s approach 198 109 Salt-induced LGE ex-
periments at different gradient slopes were performed at various pH values (pH 3.3,
pH 3.5, pH 3.7, pH 3.9, pH 4.1, and pH 4.3). By plotting the normalized slope of the
salt gradients GHgg, against the eluting counterion concentration cg ., the influence
of the gradient slope and the pH on the eluting salt concentration is visualized. Figure
6 summarizes the evaluated LGE experiments for the polypeptide and the three impu-
rity variants (variant A, variant B, and variant C) in the linear range with the CEX col-
umn 1. In general, the higher the pH, the earlier elutes the protein sample in the salt
gradient. The steeper the gradient slope, the smaller becomes the peak retention
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volume, whereas the eluting counterion concentration c; ., increases. Variant A elutes

in general later in the salt gradient than the polypeptide species, and variant B elutes

later than variant A. Variant C elutes in a relatively small salt concentration range com-

pared to the other proteins. The fitted parameters for the three protein samples from

the final step of the fitting procedure in the linear range of the isotherm are summarized

in Table 10. The parameters are in a similar range and will be discussed in sec-

tion 4.2.1.2.

Table 10: Overview of the fitted model parameters in the linear range of the isotherm for the polypeptide,

variant A, variant B, and variant C determined with the CEX column 1.

Parameter Polypeptide Variant A Variant B Variant C
AGY/RT 2.25 2.45 2.08 2.20
AG?/RT 4.87 5.84 3.22 -3.66

N gcidic 0.80 0.61 0.56 0.32
Npasic 3.70 3.81 3.80 2.45
pPKa,cidic 4.10 3.95 3.85 4.34
PKayic 11* 11* 11* 11*

K: (L/mol) -295.15 -310.38 -286.66 -290.72

* Fixed parameter.
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Figure 6: Normalized salt gradient slope as a function of the eluting counterion concentration (cg;,,) at
different pH values for the polypeptide (A), variant A (B), variant B (C), and variant C (D) determined
with the CEX column 1. The solid lines indicate the respective GHgq;. /s o1, - function, generated with the
final fit of the parameters in the linear range of the isotherm (see Table 10).

The pH dependency of the salt-dependent parameter K, from the activity coefficient
model from the protein species in solution and the characteristic charge v; for the four
sample proteins determined with the CEX column 1 are visualized in Figure 7. Due to
the introduced empirical pH dependency, K decreases from -23.05 L/mol at pH 3.3 to
-28.22 L/mol at pH 4.3 for the polypeptide species. The K curve for variant A has a
similar starting point at pH 3.1 and a slightly higher value at pH 4.3 than the polypep-
tide. Variant B has, in general, a slightly higher curve. However, K, from variant C starts
from -50 L/mol and is, therefore, significantly lower compared to the other proteins.
The pH dependency of the characteristic charge v; for all three proteins is similar for
the polypeptide and the two product-related impurities (variant A and variant B),
whereas the shape of the curve for the polypeptide species is slightly under the curve
of the two variant species. However, variant C has a significantly lower characteristic

charge. In general, v; decreases with increasing pH almost linearly.
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Figure 7: Parameter K, from the asymmetric activity coefficient model (A) and the characteristic charge
(B) as a function of the pH for the four sample proteins determined in the linear range with the CEX
column 1.

The importance of the introduced activity coefficients used in the CEX model is inves-
tigated by comparing the modeling fits in the linear range with and without the influence
of the activity coefficients. In this work, the fits from the first step of the fitting procedure
without the influence of the asymmetric activity coefficient of the protein species in
solution y; were compared to the fits from the last step of the fitting procedure with the
influence of the asymmetric activity coefficients for the protein species in solution ¥;.
The difference and the correlation between the parameters for the polypeptide species
are shown in Figure 8. The activity coefficient has a significant influence on the equi-
librium constant K; and the characteristic charge v;. Notably, the equilibrium constant
and the characteristic charge significantly differ based on the dependence of the asym-
metric activity coefficient. The equilibrium constant changes with the influence of the
asymmetric activity coefficient from about 5 x 10 to 2 x 102 to about 10 to 28 (Figure
8A). The characteristic charge changes from about 6.5 to 7.5 to about 3.2 to 3.5 (Figure

8B). However, the correlation between the parameters is linear.

56



RESULTS

A 321 B 37

- 28 = 3.6 4 2_ %)

[, RZ = 09957 E:; R°= 09965 “’,/ X

o = X

3 24 X -gs.s- " -

£ 20 Z 3.4 4 0

2 X =

3 2

£ 16 % Z 33 - X

E o o «"

] ®

§ 12 X 324 X

53 x’ R
8 T T T ] 31 T T T - T ]
0.004 0.007 0.01 0.013 0.016 6.4 6.6 6.8 7 7.2 7.4 7.6

K; calculated with ;=1 v; calculated with ¥, =1

Figure 8: Influence of the asymmetric activity coefficient on (A) the equilibrium constant and (B) the
characteristic charge for the polypeptide species. The asymmetric activity coefficient is calculated ac-
cording to Equation (18). For ideal behavior, the activity coefficient 7; is set to one.

The influence of the two activity coefficients and the ratio of these two activity coeffi-
cients on the equilibrium constant for the four protein species used for the model cali-
bration is shown in Figure 9. In general, the asymmetric activity coefficient of the pro-
tein species 7; is smaller than the asymmetric activity coefficient of the counterion ion
species y; in the experimental Na* concentration range for all four modeled proteins.
Furthermore, it is shown that the ratio of the activity coefficients weakly depends on
the pH and is dominated by 7;, especially seen for variant C. Since the elution coun-
terion concentration is between 0.12 and 0.20 mol/L, the impact on the equilibrium
constant and indirectly on the characteristic charge, therefore, varies between a factor

of 0.2 and 0.05 for all four protein species.

Since the model for the chromatographic CEX step should be representative in high
loading situations, experiments with the polypeptide species in the non-linear range of
the isotherm were performed. The parameter estimation results are shown in the next
section (3.2.1.3).
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Figure 9: The asymmetric activity coefficients of the counterion and the protein in solution as a function

of the counterion concentration (c,) at pH 3.7 in the linear range and the ratio of the activity coefficients

as a function of the counterion concentration at different pH values in the linear range for the polypeptide
(A), variant A (B), variant B (C), and variant C (D).

3.2.1.3 Determination of model parameters in the non-linear range of the iso-

therm

After the parameter estimation in the linear range of the isotherm, the parameters in

the non-linear range using high load experiments were determined. The applied
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method for the parameter estimation was the inverse fitting method. In the inverse
fitting method, the simulated UV signal, using the previously determined linear range
parameter set, is fitted to the experimentally determined UV signal by varying the non-
linear range model parameters. The model parameters influencing the peak shape in
high loading situations are in the SAS isotherm, the equilibrium constant of the dimer
layer Kp, ;/c, the shielding factor of the protein species ¢;, and the protein dependent

parameter in the activity coefficient model of the protein species in solution K.

Table 11: Overview of the model parameters fitted in the non-linear range of the isotherm for the poly-

peptide species with the CEX column 1.

pH Shielding factor §; Kp;/c (L/mol) K3 (L/mol)
pH 3.3 8.30 2.2 x 10° 1.046 x 106
pH 3.5 8.30 2.2 x 10° 1.046 x 106
pH 3.7 8.40 2.2 x 10° 1.046 x 106
pH 3.9 8.20 2.2 x 10° 1.046 x 106
pH4.1 8.10 2.2 x 10° 1.046 x 106
pH 4.3 8.20 2.2 x 10° 1.046 x 106

The estimated parameters for the polypeptide species in the non-linear range are given
in Table 11. Since the model should be representative at different pH values from
pH 3.3 to pH 4.3, pH-dependent high loading model parameters were determined.
However, as shown in Table 11, K, ;/c was fitted to be constant and pH-independent
since no thermodynamic pH dependency was introduced in the mechanistic model due
to the assumption that equilibrium dimer formation in the relatively small applied pH
range can be seen as constant. The values for the shielding factor of the polypeptide
species show a slight variation at different pH values around 8.3. Furthermore, K, was
also fitted to be constant and pH-independent since this parameter, combined with the

characteristic charge, describes the pH dependency for K,, according to Equation (20).
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Figure 10: Parameter K, from the asymmetric activity coefficient model as a function of the pH for the
polypeptide species determined in the non-linear range with the CEX column 1.

The overall pH dependency for the protein dependent parameter K, of the polypeptide
species is shown in Figure 10. K, ranges from about 250 L/mol to about 600 L/mol in

the calibrated pH range.

There was not enough sample load available for variant A, variant B, and variant C to
do experiments in high loading conditions. The non-linear range parameters for the
product-related (variant A and variant B) and the process-related (variant C) impurities
were first assumed to be the same as determined for the polypeptide species. In later
multicomponent experiments and simulations, new non-linear range parameters were

fitted for the impurity species (see section 3.2.1.5).
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Figure 11: Simulated chromatograms compared to the experimentally determined chromatograms with

the polypeptide species at different pH values and column loads for the CEX column 1. The orange and

blue lines indicate the experimental sodium concentration and UV signal. The black dashed lines indi-

cate the corresponding simulated signals. The experimental UV signal was determined with a 2 mm UV

cell.

Figure 11 shows the calibration runs for the polypeptide species at high loading situa-

tions and the corresponding simulated signals from the overall CEX model calculated

with the determined model parameters from the linear and non-linear range. As shown

in Figure 11, the developed model is able to describe the high loading situations with

high accuracy using the determined parameter set. Note that in Figure 11, not all cali-

bration experiments done in this work for the polypeptide species are shown. The
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experiments at pH 3.5 and 4.1 and the loads: 0.05, 0.25, 0.5, and 0.75 mg/mLcv are
additionally displayed in Appendix 8.3 in Figure 41 and Figure 42. The change of the
peak shape from the fronting peaks in the lower loads (anti-Langmuirian behavior) to
the steep rise in the front and tailing peaks in higher loads (Langmuirian behavior) is
described with high accuracy. Even the atypical peak shape in high loading situations,
the peak broadening, and the flattened top with increasing load could be simulated
correctly. The empirical pH dependency introduced in the asymmetric activity coeffi-
cient model describes the influence of the pH with high precision, at least in the tested
pH range. However, the simulations with a column load of 25 mg/mLcv slightly differ

from the experimental UV elution signal in front of the peak.
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Figure 12: (A) 3D-Plot of the SAS isotherm used in this work. The bound polypeptide concentration is
plotted against the polypeptide concentration in solution (c;) at different counterion concentrations (c;).
The values of the isotherm were calculated at pH 3.7 for the polypeptide species. (B) 3D-Plot of the
isotherm in the experimental concentration range.

Figure 12 shows a 3D-Plot of the SAS isotherm at different counterion concentrations
using the determined isotherm parameters for the polypeptide species in Table 10 and
Table 11. The bound protein species increases with increasing solute protein species
with a sigmoid-shaped curvature till a maximum bounded concentration. As shown in
Figure 12, the isotherm shape strongly depends on the salt concentration. With in-
creasing salt concentration, the polypeptide binds less to the adsorbent. Furthermore,
the distribution of calculated bound monomeric and dimeric polypeptide species for
different counterion concentrations ranging from strong binding conditions (¢, =
0.01 mol/L) to elution conditions (¢, = 0.1 to 0.2 mol/L) is shown in Figure 13. In gen-

eral, at linear range conditions the monomer-dimer equilibrium is shifted to the

62



RESULTS

monomer species and shifts towards the dimer species with increasing polypeptide

concentration.
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Figure 13: Isotherm plot with values for the total protein (g;), the monomer layer (g, ;), and the dimer
layer concentration (g, ;) at different counterion concentrations (c;): (A) 0.01 mol/L, (B) 0.10 mol/L, and

(C) 0.155 mol/L NaCl. The values of the isotherm were calculated for the polypeptide species at pH 3.7.

3.2.1.4 Model validation

In order to validate the developed CEX model calibrated with the CEX column 1 for the
polypeptide species in the previous sections, two gradient elution validation experi-
ments, shown in Figure 14, and several isocratic elution experiments, shown in Figure
15, were done. Both gradient elution validation experiments were done at non-calibrat-
ing conditions. The first gradient elution experiment was done at pH 4.0 and
7.5 mg/mLcv column load (Figure 14A). The second gradient elution experiment was
done as a dual gradient elution with a pH gradient from pH 4.3 to pH 3.4 and an addi-
tional salt gradient from O mol/L to 0.2 mol/L sodium chloride. As shown in Figure 14,
both experiments could be successfully predicted with model simulations. The simu-
lated UV signal describes the experimentally determined UV signal with high accuracy.
The validation experiments were done with a replacement column for the CEX col-
umn 1 with the same column dimension packed with the same batch of the stationary
phase since the original CEX column 1 has broken. Nevertheless, the column-specific
parameters for the replacement column were determined and applied for the model
simulations. The experimentally determined total porosity for the replacement column

was & 0.736, consequently the particle porosity was calculated to be ¢,: 0.594, and
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the ionic capacity based on the packed bed was determined to be A, ,c: 0.105 mol/L.
The interstitial porosity was not again determined experimentally with Blue Dextran for
the replacement column due to the observed and discussed inaccuracies (see sec-
tion 4.2.3.3). Therefore, the interstitial porosity was assumed to have the same value
as the CEX column 1 (g,: 0.349). The total porosity from the replacement column has
a slightly lower value than the CEX column 1. However, as already shown in the col-
umn characterization for the CEX columns (section 3.1.1), this value is in the range of
the determined uncertainty range for the column volume. The ionic capacity is also in
a similar range. For the dual gradient validation experiment, the mean value of the

shielding factors in the pH range (Table 11) of ¢;: 8.3 was chosen in the simulation.
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Figure 14: (A) Salt gradient validation experiment at pH 4.0. (B) Dual gradient validation experiment. pH
gradient from pH 4.3 to pH 3.4 combined with a salt gradient from 0 to 0.2 mol/L NaCl. The column load
in both experiments was 7.5 mg/mLcy pure polypeptide. The orange, yellow, and blue lines indicate the
experimental sodium concentration, pH, and UV signal. The dashed lines indicate the corresponding
simulated signals.

Since the CEX model, developed in the previous section, was calibrated using LGE
experiments, the ability of a transfer to isocratic elutions was tested and simultaneously
considered as additional model validation. Figure 15 shows the comparison of the ex-
perimentally determined and the simulated isocratic validation experiments from the
elution behavior investigation shown in Figure 4 (section 3.2.1.1) with a column load of
0.05 mg/mLcv to 4 mg/mLcv. As shown, the model is able to describe the whole iso-
cratic elution data set with high accuracy. In Figure 15, the simulated signals were
corrected with a marginal change in the elution salt concentration range of
+0.0035 mol/L Na*. An almost linear dependency of the salt correction with the column

load could be observed and is discussed in section 4.2.1.3.
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Figure 15: Simulated isocratic elution chromatograms compared to the experimentally determined chro-

matograms with the polypeptide species at pH 3.7. The solid blue and dashed black lines indicate the

experimental and simulated UV signals, respectively. The experimental UV signal was determined with

a 10 mm UV cell.

3.2.1.5 Multicomponent experiments and simulation with CEX column 1

The previous section showed a successful model development with the CEX column 1

for the four sample proteins in the analytical loading range and for the polypeptide

species at high loading conditions. Since this model should represent a multicompo-

nent chromatographic step at linear and non-linear range conditions, different high load

experiments with multicomponent samples were done.
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Figure 16, Figure 17, and Figure 18 show salt gradients performed on the CEX col-
umn 1 with a multicomponent sample solution including the polypeptide species, the
product-related impurity variant B, and the process-related impurity variant C (Figure
16) and a sample with the polypeptide species and the two product-related impurities
variant A and variant B (Figure 17 and Figure 18). The peak of the polypeptide species
shown in Figure 16 shows an anti-Langmuirian peak shape as the load was at moder-
ate non-linear range conditions. The peaks of the impurities are relatively symmetrical
since the column load of the impurity species was in the linear range. The simulated
signals calculated with the developed model for the three protein species fit with high
accuracy to the experimentally determined chromatogram. Figure 17 and Figure 18
show experiments with the impurity variants variant A and variant B. As shown in the
figures, the variant A elutes in the front of the polypeptide peak, and the determined
parameters for variant A are able to describe the elution behavior with high precision
in a multicomponent sample. Variant B partially coelutes with the polypeptide species,
and most of variant B elutes behind the polypeptide peak. However, the calibrated
model is able to describe the elution behavior with high accuracy. At the beginning of
the modeling procedure, the non-linear range parameters for the product-related (var-
iant A and variant B) and process-related (variant C) impurities were assumed to be
the same as determined for the polypeptide species. Nevertheless, in Figure 16, Figure
17, and Figure 18, the high load parameters for the impurity variant B was adapted in
order to describe the experimentally determined signal of the multicomponent experi-
ments. The new non-linear range parameter sets for the four protein species are given
in Table 12. The adjustment was possible by only varying the equilibrium constant for

the dimer layer K}, ;/c for one impurity species (variant B).
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67



RESULTS

A

2.5

N
o
1

=y
(3]
L

-
o

Protein concentration / mg-mL-"

e
th
.

0.0 +—————1— T T T T
0 1000 2000 3000 4000 5000
Time /s
0.3 1 .
X I
X |
| |
< 1
4 ] |
E 0.2 . :
o 1 =
£ 1 | —=="
- X I
5 0.2 e !
B == E T '
e : |
2 0.1 - ! e
o ! )
o !
£ ! '
] 1
0.1 * '
o | 1
; |
):/\\. .
¢ 1
0.0 —m——— A .._\9,_0.’ W b SO —
5000 5500 6000 6500 7000
Time /s

- — = Sim. Conc. polypeptide
X  Polypeptide conc. HPLC
Na+ exp.

Sim conc. Variant A
& Variant A conc. HPLC
- = = - Na+ sim.

y
B
1 V red
W
e o
= 1
=< - )1; ]
P X
! 1
! 1
! 1
! |
| 1
! 1
x! X
! 1
: 1
[}
x| |
X 1
IO | R
6000 7000 8000
it i %
7500 8000

Sim conc. Variant B

Variant B conc. HPLC

8500

r 0.25

- 0.20

- 0.05

—- 0.00

r 0.25

+ 0.20

 0.05

+ 0.00

Na* concentration / mol-L-

Na* concentration / mol-L-
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included the polypeptide species, variant A, and variant B. The column load was 6 mg/mLcv polypeptide,

0.05 mg/mLcy variant A, and 0.18 mg/mLcy variant B. The data points represent the protein concentra-

tion experimentally determined by HPLC. The corresponding simulated signals are indicated with the

colored solid line, and the solid orange line indicates the experimental salt gradient.

68



RESULTS

A 2.5 1 - 0.25
& -
- 2.0 ,;j%x( % o020
- ] > - -
£ ] ) d o
o ) A & v -
E . \ s g
£ 15 x 015 =
= L \ o
] Z1 1 =
£ 7 i
A7
€ 1.0 - z ! l L 0.10 &
Q - . 1 <]
3 2 ] ! hy
9 Z - | 1 2
£ &~ X '.
0.5 o | . - 0.05
# " X
e - X |
e I X :
01— DU, - SYOUPONC, Y — 0.00
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time /s
0.3 1 1 . - 0.25
1
N ]
)
- 1 | e
=02 X | o - 0.20 _
E ' ! == 2
g ' b= S
—E. I e ;‘ = £
S 0.2 1 ! — L 0.15 ¢
o - ' c
£ i ! g
- == 1 ©
c = ! | -]
8 == - 1 1 g
c 01 4==" 1 - 0.10 ©
o | ! £
c X ' 3
£ X "X N
g . ' 2
o - 5
Lo4 L~ . : 0.05
X PY !
1o
* \--. * o o
0.0 - e e L e w Ry ' A —F 0.00
5000 5500 6000 6500 7000 7500 8000 8500 9000
Time/s

= = = Sim. Conc. polypeptide
X  Polypeptide conc. HPLC
Na+ exp.

Sim conc. Variant A
+ Variant A conc. HPLC
= = =Na+ sim.

Sim conc. Variant B
Variant B conc. HPLC
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Table 12: Overview of the model parameters fitted in the non-linear range of the isotherm for the four
protein species with the CEX column 1.

Parameter Polypeptide Variant A Variant B Variant C
Shielding factor Ei,pH 3.7 8.40 8.40 8.40 8.40

Kpi/c (LImol) 2.2 x10° 2.2 x10° 2.0 x 106 2.2 x10°
K; (L/mol) 1.046 x 106 1.046 x 10° 1.046 x 10° 1.046 x 108

For the investigation, if the developed model is also able to describe a multicomponent
sample solution, including the product and partially unknown impurity species, an ex-
periment with such a sample solution was performed and compared to simulated sig-
nals. Figure 19 shows a salt gradient performed on the CEX column 1 with a multicom-
ponent sample solution, including the polypeptide species as the product of interest
and an unknown amount of impurities, which include the product-related impurities
variant A and variant B. It is shown that the polypeptide species in the multicomponent
solution exhibits a similar peak shape in the gradient as observed with a single com-
ponent elution. Generally, the major part of the impurities elutes in the front and rear
of the polypeptide peak and smear into the middle of the main peak. Variant A elutes
in the front, and variant B in the middle and the rear of the main peak. It is also shown
that the product-related impurities (variant A and variant B) only represent a small part
of the overall impurities in the multicomponent sample. Furthermore, Figure 19 shows
that the offline HPLC data fit the experimentally determined UV signal, which was re-

calculated from UV cell calibration done with the polypeptide species.
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Figure 19: Salt gradient elution with the CEX column 1 and a multicomponent sample solution, which
included the polypeptide species, variant A, variant B, and further non-specified impurities. The column
load was 10 mg/mLcy polypeptide and an unknown amount of impurities. The solid blue line indicates
the protein concentration profile recalculated from the UV signal using a UV cell calibration (data not
shown). The colored points represent the offline HPLC protein concentration data points.

In order to investigate if the developed model for the four sample proteins is able to
simulate the high load multicomponent experiment, the experimental data from Figure
19 was compared with the simulated signal from the model by using the experimental
conditions for the polypeptide species, variant A and variant B in the model. The result
of the three-component simulation and the comparison with the experimental multi-
component solution run is displayed in Figure 20. The polypeptide peak has the same
shape as the experimental peak, determined with the offline HPLC data. Nevertheless,

the simulated polypeptide peak does not fit precisely the offline data since the peak is
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slightly shifted to the right-hand side. The simulated signal from variant A describes
the offline HPLC signal with high accuracy. However, the simulated signal from vari-

ant B represents not the experimental signal.

To further investigate the influence of the impurities on the simulated signal, another
simulation, with a higher loaded amount of variant B to mimic the experimental condi-
tions, was conducted. The comparison of the simulated and the experimental signal is
shown in Figure 21. The higher amount of variant B, which elutes in the middle and the
rear of the main peak, significantly influences the overall elution behavior of the simu-
lated signals. The simulation of the main peak is shifted to the left, and now the simu-
lated polypeptide signal fits the experientially determined signal. The Simulated signal
from variant A is also shifted to the left through the higher amount of variant B. How-

ever, the simulated signal still fits the experimental signal.
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Figure 21: Simulated salt gradient elution with the CEX column 1 and a multicomponent sample solution,
which included the polypeptide species, variant A, variant B, and further non-specified impurities. The
column load was 10 mg/mLcv polypeptide and an unknown amount of impurities. The colored solid and
dashed lines indicate the simulated protein concentration, and the colored points represent experimental
offine HPLC protein concentration data points. The simulated column load for variant A was

0.075 mg/mLcy, and for variant B 0.75 mg/mLcv.

3.2.2 CEX model calibration at small scale (TOYOPEARL S-650S)

To investigate the application of the developed CEX model to other CEX resin types
and to further validate the model, experiments with the polypeptide species on another
CEX column, including another type of CEX resin (TOYOPEARL GigaCap S-650S),
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were performed. The elution behavior of the polypeptide on the TOYOPEARL S-650S
column was investigated, and model parameters applying the same CEX model for the

column were calibrated in the linear and non-linear range of the isotherm.
3.2.2.1 Investigation of the polypeptide elution behavior

As mentioned in the previous section, a loading series performed with a relatively pure
sample solution is an appropriate method to make a statement about the general elu-

tion behavior of the sample protein and the curvature of the adsorption isotherm.

Figure 22 shows a comparison of the loading series with the polypeptide species con-
ducted on the TOYOPEARL S-650S column (Figure 22A) and the CEX column 1 (Fig-
ure 22B). Note that all experimentally determined UV signals are in the linear range of
the UV cell since the UV signals were recorded with a 2 mm UV cell and recalculated
to a 10 mm UV cell. The polypeptide exhibits the same anti-Langmuirian to Lang-
muirian elution behavior as observed with the CEX column 1. The anti-Langmuirian
elution behavior is still present at a load of 10 mg/mLcv on the TOYOPEARL S-650S
column, whereas the anti-Langmuirian elution behavior on the CEX column only is
present up to a load of about 1.5 mg/mLcv. Furthermore, the polypeptide elution peak
on the TOYOPEARL S-650S column is significantly higher than on the CEX column 1.
Additionally, the loading capacity is markedly higher. The eluting salt concentration in
the gradient cannot be compared with each other since Buffer B in the experiment from
Figure 22A contained more sodium chloride. Therefore, the gradient slope in both load-
ing series is slightly different.

Since the polypeptide has the same elution behavior on the TOYOPEARL S-650S col-
umn as on the CEX column 1, the same model used in the previous section for the
CEX column 1 should be usable for the description of the elution behavior of the poly-

peptide on the new column.
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Figure 22: Loading series with the polypeptide at pH 3.7 for the TOYOPEARL S-650S column (A) and
the CEX column 1 (B). The load ranges from 0.05 mg/mLCV to 60 mg/mLcy. The smallest peak indicates
the lowest load up to the highest load with the broadest and highest peak. The black dashed line repre-
sents the amount of Buffer B in the gradient. Note that the high loading experiments were determined
with a 2 mm UV cell and recalculated to 10 mm UV cell signals. All experiments were performed in the
linear range of the UV cell.

3.2.2.2 Determination of model parameters in the linear and non-linear range of

the isotherm

For the determination of the model parameters in the linear range, the same approach
as described in section 3.2.1.2 was used. The only difference was that LGE experi-
ments were only performed at pH 3.7, and no pH dependence was investigated since
these experiments were done for a quick applicability test for other CEX columns and

were intended to serve as additional model validation.

Figure 23 compares the plotted normalized gradient slope of the salt gradients GH,,;;
against the eluting counterion concentration c; ., for the TOYOPEARL S-650S column
and the CEX column 1 at pH 3.7. The eluting counterion concentrations for the
TOYOPEARL S-650S column are generally higher than the concentrations of the CEX
column 1. Table 13 shows the, in section 4.2.2.2 discussed, corresponding fitted model
parameters in the linear range of the adsorption isotherm for the TOYOPEARL S-650S
column. The solid line in Figure 23 represents the curve calculated with Equation (22)
using the fitted parameters in Table 13 and fits well with the experimentally determined
data points.

76



RESULTS

0.0040 -
0.0035 A
0.0030 -
0.0025 -
E 0.0020 -

=
© 0.0015 -
0.0010 A
0.0005 - /
0.0000 T ¥ T T "
0 0.05 0.1 0.15 0.2 0.25

Cs,elu / mol-L-1

ATOYOPEARL S$-650S CEX column 1

Figure 23: Comparison of the normalized salt gradient slope as a function of the eluting counterion
concentration (cg ;) at pH 3.7 for the polypeptide species determined with the TOYOPEARL S-650S
column and the CEX column 1. The solid lines indicate the respective GH,,;.- function, generated with

the final fit of the parameters in the linear range of the isotherm (see Table 13).

Table 13: Comparison of the fitted model parameters in the linear range of the isotherm for the polypep-
tide species determined with the TOYOPEARL S-650S column and the CEX column 1.

Parameter TOYOPEARL S-650S CEX column 1
AGY/RT 0.21 2.25

AG?/RT 0.77 4.87

N gcigic 0.42 0.80

Npasic 3.48 3.70

pKagcigic 3.83 4.10

pPKapgsic 11* 11*

K: (L/mol) -190.00 -295.15

* Fixed parameter.

The calculated pH dependency of K, and the characteristic charge v; for the polypep-
tide species determined with both CEX columns is visualized and compared in Figure
24. The salt-dependent parameter K, starts for the TOYOPEARL S-650S column at

about -16 L/mol and decreases with increasing pH, as observed for the CEX column 1,
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whereas the CEX column 1 has a slightly lower K value. The characteristic charge v;
is for the CEX column 1 slightly higher at pH 3.1, but both models for the CEX columns
end in a v; value of about 3.2 and in both models, the characteristic charge decreases
almost linearly with increasing pH in the calculated pH range. Only experiments at
pH 3.7 were done for the TOYOPEARL S-650S column. Therefore, the calculated pH
dependency of this model on that column is only of limited significance. However, since
the same fitting strategy for the CEX column 1 was used, the values are not entirely

fitted empirically.
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Figure 24: Comparison of the parameter K, from the asymmetric activity coefficient model (A) and the
characteristic charge (B) as a function of the pH for the polypeptide species determined in the linear
range with the TOYPEARL S-650S column and the CEX column 1.

The influence of the two activity coefficients and the influence of the ratio of these two
activity coefficients on the equilibrium constant for the polypeptide species for both
CEX columns is shown in Figure 25. In general, the asymmetric activity coefficients y;
and y; in the model for the TOYOPEARL S-650S column are higher than the asym-
metric activity coefficients in the model for the CEX column 1. The ratio of both activity
coefficients is also shifted to higher salt concentrations compared to the model for the
CEX column 1. However, all activity coefficients are in a similar range and do not differ

much.

Overall, the model parameters in the linear range of the adsorption isotherm for the
TOYOPEARL S-650S column are comparable with the parameters for the model from

the CEX column 1 and are in a similar range.
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Figure 25: (A) Comparison of the asymmetric activity coefficients of the counterion and the protein in
solution as a function of the counterion concentration (c,) at pH 3.7 in the linear range for the polypeptide
species determined with the TOYOPEARL S-650S column (black) and the CEX column 1 (orange). (B)
Comparison of the ratio of the activity coefficients as a function of the counterion concentration at differ-
ent pH 3.7 in the linear range for the polypeptide species.

After the parameter estimation in the linear range of the isotherm, the parameters in
the non-linear range using high load experiments were determined. Model parameter
estimation in the non-linear range of the adsorption isotherm was done by applying the
inverse fitting method, as performed in section 3.2.1.3. The finished results from the
inverse fitting method for the TOYPEARL S-650S column are shown in Figure 26. As
shown in the figure, the simulated UV signal fits with high accuracy to the experimen-
tally determined UV signal from low loading conditions up to the highest tested column

load.

The estimated non-linear range parameters species with the TOYOPEARL S-650S
column and the CEX column 1 for the polypeptide are given in Table 14. Both model
parameter sets are in a similar range and do not differ much. A detailed discussion of

these values can be found in section 4.2.2.2.
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Figure 26: Simulated chromatograms compared to the experimentally determined with the polypeptide
species at pH 3.7 and different column loads for the TOYOPEARL S-650S column. The orange and

blue lines indicate the experimental sodium concentration and UV signal. The black dashed lines indi-

cate the corresponding simulated signals. The experimental UV signal for the 0.05 mg/mLcy was deter-

mined with a 10 mm UV cell. The other experiments were determined with a 10 mm UV cell.

Table 14: Comparison of the model parameters fitted in the non-linear range of the isotherm for the
polypeptide species with the TOYOPEARL S-650S column and the CEX column 1.

pH TOYOPEARL S-650S CEX column 1
Shielding factor &; 7.2 8.4

Kpi/c (L/Imol) 7.5 x 10% 2.2 x 10°

K; (L/mol) 8.65 x 10° 1.046 x 106
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3.2.3 Scale-up investigation of the CEX column 1 and the CEX model

To investigate whether the small-scale calibration column (CEX column 1) and the de-
veloped mechanistic model are scalable to larger column volumes, several experi-
ments with the polypeptide species were performed on different column scales with
the resin from the CEX column 1. Therefore, a 5 mL (50 x 11.3) column (CEX col-
umn 2), a 10 mL (100 x 11.3) column (CEX column 3), and a 28.2 mL (359 x 10) col-

umn (CEX column 4) were tested.

The following sections show the results of the scalability investigation of the CEX col-
umn 1 and the mechanistic model to larger column volumes. The investigation involves
analysis of the influence of the flow rate and residence time and the influence of the
column-specific parameters on the elution behavior of the polypeptide. Scale-up sim-
ulations were then done by considering the column-specific parameters and by con-
sidering packing inhomogeneities.

3.2.3.1 Influence of the flow rate and residence time in the linear and non-linear

range

The experiments for the scale-up simulations with the CEX column 1-4 and the poly-
peptide species in this work were performed using the same linear flow rates and,
therefore, different residence times for each column scale. The influence of the linear
flow rate and the residence time (see Table 15) on the elution behavior of the polypep-
tide species in the linear and non-linear loading range was investigated and compared
(Figure 27). At low loading conditions (load: 0.05 mg/mLcv), the flow rate influences
the peak shape but not the elution volume. The lower the residence time at one column
scale, the broader and smaller elutes the peak with the same elution volume. In the
non-linear range (load: 10 mg/mLcv), the residence time shows the same effect on the

peak shape at one column scale, but it is not as pronounced as in the linear range.

Table 15: Linear flow rate and corresponding residence time values for the different CEX column scales.

Column Flow rate (cm/h) Residence time (min)
100 3.00

CEX column 1 (1 mL) 50 6.00
13.93 21.54

CEX column 2 (5 mL) 100 3.00
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Figure 27: Residence time comparison with the polypeptide species for the CEX column 1 (1 mL) (A),
the CEX column 2 (5 mL) (B), the CEX column 3 (10 mL) (C), and the CEX column 4 (28.2 mL) (D) in
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the linear (0.05 mg/mLcy with 10 mm UV cell) and non-linear range (10 mg/mLcy with 2 mm UV cell) at
pH 3.7.

Figure 28A shows a polypeptide load comparison at 0.05 mg/mLcv and 10 mg/mLcv
with the same linear flow rate and gradient slope across the different CEX column
scales. As shown above, peak widths differ in the linear range due to different resi-
dence times at different column scales. Furthermore, the peaks in the linear range
have different salt elution concentrations. The peak retention order in the non-linear
range is similar to the retention order at low loading conditions. In Figure 28B, a com-
parison with the same residence time and the same gradient slope is shown. Now, the
peaks in the linear range show comparable peaks widths. The peaks' retention order
and eluting salt concentration are similar to the retention order with the same linear
flow rate (Figure 28A). As observed above, in the non-linear range, a neglectable effect
in the peak shape of the residence time is shown. However, there are slight differences

in the peak height for peaks with the same residence time at low loading conditions.
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Figure 28: Load comparison for the polypeptide species with the different CEX column scales (CEX
column 1-4) at 0.05 mg/mLcv (10 mm UV cell) and 10 mg/mLcv (2 mm UV cell). (A) shows the compar-
ison with the same linear flow rate (100 cm/h) and the same gradient slope at pH 3.7. (B) shows the

comparison with the same residence time (21.54 min) and the same gradient slope.

83



RESULTS

3.2.3.2 Load comparison at different column scales and scaling based on the

normalized gradient slope

The different eluting salt concentrations in the linear and non-linear range in Figure 28

can be explained by the different normalized salt gradient slope GH,g;, ; values for each
column scale j caused by the column scale specific parameters (g, ;, & ;, & j, A, and
kq, ;)- Therefore, based on the relationship between the normalized gradient slope and

the eluting salt concentration described by Equations (21) and (22), a new normalized
gradient slope was calculated considering the unique column parameters for each CEX
scale-up column. By varying the gradient slope for each CEX column, new experiments
were performed to ensure that the peak shape and the eluting salt concentration coin-
cide. The resulting experiments are shown in Figure 29. Figure 29A shows the load
comparison with individually calculated normalized gradient slopes and the same linear
flow rate for each column scale. The eluting salt concentrations for the peaks at low
and high loading conditions are now in a similar range, and the peak heights and
shapes at 10 mg/mLcv column load coincide with each other. Figure 29B shows the
load comparison with the individually calculated normalized gradient slopes and the
same residence time for each CEX column scale. The peak heights at low loading

conditions are now in a similar range.
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Figure 29: Load comparison for the polypeptide species with the different column scales CEX column
scales (CEX column 1-4) at 0.05 mg/mLcy (10 mm UV cell) and 10 mg/mLcy (2 mm UV cell). (A) shows
the comparison with adjusted normalized gradient slopes according to Equations (21) and (22) with the
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same linear flow rate (100 cm/h). (B) shows the comparison with adjusted normalized gradient slopes

and the same residence time (21.54 min).

3.2.3.3 Scale-up simulations

After the scalability investigation of the CEX column 1 to larger columns, the, with the
calibration column (CEX column 1), developed mechanistic CEX model was investi-
gated for the scalability to larger column volumes up to 28.2 mL (CEX column 4).
Therefore, with the experimentally determined column-specific parameters shown in
Table 7 and the model parameters for the CEX model in Table 10 and Table 11, various
experiments with different column loads for each CEX column scale were simulated
and compared to experimental data. In this work, scaling up to larger column volumes
was done by keeping the linear flow rate constant due to the observed neglectable
influence of the residence time on the peak shape in the non-linear range (see previous
sections). Figure 30A compares the simulated and experimental data at a column load
of 10 mg/mLcv for each CEX column scale with the same linear flow rate and gradient
slope at pH 3.7. For the simulation of the chromatograms, the shielding factor, deter-
mined with the 1 mL calibration column (CEX column 1) at pH 3.7 (§;; = 8.4), was
used. The simulated UV signals for the CEX column 2 (5 mL), the CEX column 3
(20 mL), and the CEX column 4 (28.2 mL) fit not as precisely as the UV signal from the
CEX column 1 (1 mL). To adapt the peak shape, the effective mass transfer coefficient
k.sr; was first fitted to the experimental peak shape. However, the parameter had no
significant effect on the peak shape, so a good fit could not be achieved. In a first
empirical approach, the shielding factor for each column scale was additionally fitted
to the experimental data by applying the inverse fitting method. Only after the shielding
factor was adapted, the simulated signals correlate with high accuracy to the experi-
mentally determined signals (Figure 30B). The fitted shielding factor for the CEX col-
umn 2 (5 mL) was &; , = 9.5, for the CEX column 3 (10 mL) &; 3 = 10.3, and for the CEX
column 4 (28.2mL) ¢; , = 8.

After re-fitting the shielding factor for each CEX scale-up column, a linear correlation
can be found by plotting the fitted shielding factors against the asymmetry factor of
each CEX column scale (Figure 31). This correlation indicates an influence of the pack-

ing quality and the resulting packing inhomogeneities on the peak shape.
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In a second approach, scale-up simulations were done by considering the packing in-
homogeneities of the column. In this work, the inhomogeneous packing quality of the
CEX columns was described by dividing the scale-up columns into p = 50 concentric
annular columns. For the sake of simplicity, all fifty annular columns had equal face
areas and, therefore, equal column volumes. Furthermore, the concentric annular col-
umn interstitial porosity was changed to describe a radial interstitial velocity profile.
Subsequently, the factors describing how many annular columns with different intersti-
tial porosities were fitted to the experimental elution profile. Table 16 shows the fitted

values for the factor bgojk how many of the concentric annular columns are needed

with the corresponding interstitial porosity ¢, ; , for the description of the experimental
elution profiles with a constant shielding factor across column scale. Figure 32 visual-
izes the interstitial porosity and interstitial velocity profile as a function of radial distance
inside the corresponding column. The column combinations with the resulting radial
interstitial porosity profile lead to the final simulation results for the scale-up columns.
The comparison between the experimental and simulated signals is shown in Figure
33. As shown in Figure 33, the model describes the whole tested loading range from
linear (0.05 mg/mLcv) to the non-linear range (up to 10 mg/mLcv) with high accuracy
under consideration of a fitted radial porosity profile. An interpretation of the scale-up

simulation results and a detailed discussion can be found in section 4.2.3.3.
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Figure 30: Simulated chromatograms for the CEX column 1-4 compared to the experimentally deter-

mined chromatograms with the same gradient slope, linear flow rate (100 cm/h), and polypeptide column

load (10 mg/mLcy). The orange and blue lines indicate the experimental sodium concentration and UV

signal. The black dashed lines indicate the corresponding simulated signals. (A) shows the simulations

with a shielding factor of 8.4 (determined with the 1 mL column scale at pH 3.7), and (B) the simulations

with the fitted shielding factors from the first empirical approach.
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the data points for the CEX column 1 (1 mL), m for the CEX column 2 (5 mL), A for the CEX column 3
(10 mL), and e for the CEX column 4 (28.2 mL).
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Figure 32: (A-D) Fitted interstitial porosity and interstitial velocity (E-H) profile as a function of radial
distance for the different CEX columns 1-4.

Table 16: Values for the concentric annular column interstitial porosity with the corresponding fitted
factor for each scale-up CEX column 2-4.

Interstitial porosity in con.
Column Factor b

€0,k
ann. column g x /

0.330
CEX column 2 (5mL) 0.390 8
0.400 41
0.420
0.430
CEX column 3 (10 mL)
0.440 19
0.450 24
0.370 2
CEX column 4 (28.2 mL)
0.355 48
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Figure 33: Simulated chromatograms for the different CEX columns 1-4 with the fitted radial interstitial

porosity profile compared to the experimentally determined chromatograms at pH 3.7 with different pol-

ypeptide column loads, the same gradient slope, the same linear flow rate (100 cm/h), and a constant

shielding factor (¢; = 8.4). The orange and blue lines indicate the experimental sodium concentration

and UV signal. The black dashed lines indicate the corresponding simulated signals. For the

0.05 mg/mLcy load experiments, a 10 mm UV cell was used. All other experiments were determined

with a 2 mm UV cell.
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3.3 RP model development

This section presents the model development results for the chromatographic RP col-

umn 1.

3.3.1 RP model calibration at small scale (RP column 1)

3.3.1.1 Investigation of the polypeptide elution behavior

As mentioned in the previous sections, a loading series performed with a relatively
pure sample solution is an appropriate method to make a statement about the general
elution behavior of the protein and the curvature of the isotherm. Therefore, several
column loads from 0.05 mg/mLcv up to 25 mg/mLcv of the polypeptide species were
eluted in LGE experiments at different pH values between pH 3.3 and pH 4.1. The
gradient elution with the organic modifier was conducted with constant salt modulator
concentrations. The results of the different loading series are shown in Figure 34. It
can be observed that between pH 3.3 and pH 3.7, the polypeptide exhibits a typical
Langmuirian elution behavior with a steep rise at the peak front and diffuse and coin-
cide rears 134, At pH 3.9 and especially at pH 4.1, the polypeptide exhibits an anti-
Langmuirian elution behavior at higher loadings. So, in general, at pH values above
pH 3.9, the polypeptide shows an atypical Langmuirian to anti-Langmuirian elution be-
havior. Possible reasons for that unusual pH-dependent elution behavior are discussed
in section 4.3.1.1. Furthermore, it can be seen that the polypeptide always elutes at
the same organic modifier concentration when it exhibits a Langmuirian elution behav-
ior and is, therefore, pH-independent under those conditions. The shape of the adsorp-
tion isotherm is discussed in section 4.3.1.1. Based on that elution behavior, an appro-

priate adsorption isotherm was chosen.
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Figure 34: Loading series with the polypeptide species at different pH values (A-E) from 0.05 mg/mLCV
up to 25 mg/mLcy sample load with the RP column 1. The smallest peak indicates the lowest load up to
the highest load with the broadest and highest peak. The black dashed line represents the amount of
Buffer B in the gradient.

3.3.1.2 Determination of model parameters in the linear range of the isotherm

For the determination of the linear range isotherm parameters, the LGE approach, ac-
cording to Yamamoto 1% 199 as already done for the CEX model development, was
applied. Several LGE experiments at linear loading conditions and different pH values
were performed with the polypeptide species. According to the results in the previous
section, a model-based description of the elution behavior at pH 4.1 was neglected.

Therefore, LGE experiments from pH 3.1 to pH 3.9 were performed. Furthermore, due
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to sample availability, the LGE experiments for impurities were only performed with
variant A and variant B at pH 3.1, pH 3.5, and pH 3.9. The resulting evaluated LGE
experiments according to Equation (57) are displayed with the normalized gradient
slope of the organic modifier LGE run GH,, value as a function of the eluting concen-
tration of the organic modifier in the gradient x, ., (Figure 35). The plots show that
there is a negligible pH dependency in the linear range, as observed in the previous
section during the elution behavior investigation (Figure 34). The solid lines in Figure
35 describe the fitted relationship between GH), and x), o, and fit with high accuracy

to the experimentally determined data points.

The fitted linear range isotherm parameters for each protein species are summarized

in Table 17, and a detailed discussion of these parameters is shown in section 4.3.1.2.
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Figure 35: Normalized salt gradient slope as a function of the eluting organic modifier concentration
(¥me1,) at different pH values for the polypeptide (A), variant A (B), and variant B (C) determined with
the RP column 1. The solid line indicates the respective GHy /xy o1, - function, generated with the final

fit of the parameters in the linear range of the isotherm (see Table 17).
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Table 17: Overview of the fitted model parameters in the linear range of the isotherm for the polypeptide,

variant A, and variant B determined with the RP column 1.

Parameter Polypeptide Variant A Variant B
(n7?), 1.82 x 10 1.49 x 10% 1.26 x 10
Ay 1.71 x 107 1.50 x 1010 1.88 x 10”7
ay 34.43 24.21 35.12

9;{; 11.29 13.79 11.40

3.3.1.3 Determination of model parameters in the non-linear range of the iso-

therm

After the parameter estimation in the linear range of the isotherm, the parameters in
the non-linear range for the polypeptide species using high load experiments were de-
termined by applying the inverse fitting method. Experiments from 0.05 mg/mLcv to
25 mg/mLcv were performed. The result of the inverse fitting, the comparison of the
simulated signals to the experimentally determined signals, is shown in Figure 36. Ac-
cording to the results in the previous section and for simplicity, a pH dependency for
the RP model was neglected. Therefore, only experiments at pH 3.5, representing the
average of the tested pH range, were performed and fitted for the model development.
The resulting non-linear range parameter set is shown in Table 18. Figure 36 shows
that the applied model is able to describe the elution behavior of the polypeptide with
high accuracy. At higher loads, the simulated UV signals are slightly different compared
to the experimentally determined UV signal at the top of the peak, where the polypep-
tide concentration is the highest (approximately at 1600 mAU). However, the general
elution behavior of the polypeptide on the RP column 1 could be described with high
precision. A detailed discussion of the fitted non-linear range parameter set is done in
section 4.3.1.2.
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Figure 36: Simulated chromatograms compared to the experimentally determined chromatograms with
the polypeptide species at different column loads for the RP column 1. The blue line indicates the ex-
perimental UV signal. The black dashed lines indicate the simulated signals. The experimental signal
for the 0.05 mg/mLcyv was determined with a 10 mm UV cell. The other experiments were determined a
2 mm UV cell.
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Table 18: Overview of the fitted model parameters in the non-linear range of the isotherm for the poly-
peptide determined with the RP column 1.

Parameter Polypeptide
& 38

Agin 7.07 x 108
9; 0.25

3.3.1.4 Multicomponent experiment and simulation with the RP column 1

After successful model development for the polypeptide species in the linear and the
non-linear range of the adsorption isotherm and since the developed model should
describe multicomponent elutions, a multicomponent experiment was done. This ex-
periment was used as a calibration experiment at high loading conditions for the prod-
uct-related impurity variants variant A and variant B. The non-linear range parameters
of the impurities were fitted to the experimentally determined offline HPLC analysis
data. The comparison of the simulated to the experimental signal for the multicompo-
nent run is shown in Figure 37. It can be seen that the applied model and the deter-
mined model parameters for the polypeptide species accurately represent the elution
behavior of the species. Furthermore, non-linear range model parameters could be
fitted, representing the product-related impurities with high accuracy. The resulting

non-linear range parameter set for all protein species is summarized in Table 19.

Table 19: Overview of the fitted model parameters in the non-linear range of the isotherm for the poly-

peptide, variant A, and variant B determined with the RP column 1.

Parameter Polypeptide Variant A Variant B
$i 38 38 38

Ayin 7.07 x 108 6.32 x 101 4.15 x 108
9; 0.25 0.20 0.45
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Figure 37: Simulated chromatogram compared to the experimentally determined chromatogram with a
multi component sample including the polypeptide species, variant A, and variant B for the RP column
1. The column load was 10 mg/mLcy polypeptide, 0.07 mg/mLcy variant A, and 0.20 mg/mLcy variant B.
The colored points represent experimental offline HPLC protein concentration data points, and the

dashed lines indicate the corresponding simulated signals.
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3.4 CEX model and RP model coupled simulations sampling study

Since this work aimed to develop and calibrate a representative model for a chroma-
tographic two-column purification step and should investigate the influence of loading
and pooling parameters on both chromatographic steps, a sampling study using the
developed model was done. For the sampling study, the CEX model was coupled with
the RPC model (small column scale), and after each step, theoretical pools with a spe-
cific pooling criterion were built. The pools after each chromatographic step were vis-
ualized using multivariate analysis. The parameters by which the pools were analyzed
were pool volume, pool concentration of the polypeptide, polypeptide step yield, and
polypeptide step recovery. The simulated sampling study and the multivariate analysis
done for the first step, the CEX model, are visualized in Figure 38. The corresponding
data set is displayed in Appendix 8.5 in Table 21. Several simulations were carried out
for the sampling study for the first chromatographic step. In general, the loads were
varied for each simulation to mimic a pool variation from the purification step before
the CEX chromatography step. The load was varied in order to mimic different pool
volumes with equal polypeptide pool purities and different polypeptide pool purities with
equal load volumes. The pooling criterion for the resulting pool of the CEX step was
> 92 % polypeptide purity. The reference load volume for the CEX step was 2.75 mL
with a polypeptide concentration of 3.8 mg/mL, a concentration of 0.254 mg/mL for
variant A, and 0.254 mg/mL for variant B resulting in the polypeptide load purity of
88.2 %. Based on that reference load, the load was varied around + 20 % load volume,
which mimics a varied pool volume with equal purity for the previous purification step,
and around + 5 % polypeptide load purity, which mimics a varied pool purity with equal

pool volume in the previous purification step.

The theoretical pool built in the first step was consequently loaded on the second chro-
matographic model, the RP model. In the second step, the pooling criterion for the
theoretical pool was > 96 % polypeptide purity. As done in the first chromatographic
step, the second step was analyzed using multivariate analyses for the pool volume,
the pool concentration of the polypeptide, the polypeptide step yield, and the polypep-
tide step recovery. The visualized analysis and the corresponding data are shown in
Figure 39 and in Appendix 8.5 in Table 22. An interpretation of the multivariate analysis

and a discussion of the results was made in section 4.4.
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Figure 38: Calculated values from the sampling study for the different pools simulated with the model

for the CEX column 1. The pool volume (A), the pool concentration of the polypeptide (B), the polypep-

tide yield (C), and the polypeptide recovery of the chromatographic step (D) are displayed as a function

of the load volume and the load purity.

99



RESULTS

A B

a
12 E 6
< o o® @
. (=]
a £ L
2 1.1+ e =5 ."
=
3" oo’ g ¢
e S
z = °
509\ .‘. 23
L4 g
100 8 100
0.8 =5
3 8%
N o N

& = :
w ©° g 96 o © g
© N ggg © N 55
Load volume / mL N Load volume / mL N

Load purity polypeptide / % Load purity polypeptide / %

C D

@™

/
(%]
v

] °
274 < 54 e o L
= 2 °
=48 2 53 ¢
2 87
251 252 .
% R :E ...
4 Z 514
2] & o o o @
= o
G 3 %‘
i 100 @& 100
2]
e
N

o N w N
? 95 ? 95
Load volume / mL N Load volume / mL N
Load purity polypeptide / % Load purity polypeptide / %
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4 DISCUSSION

Parts of this work have been summarized in three different publications. Two of these
papers have already been published during the doctoral project in two peer-reviewed
scientific publications, and one paper is currently in draft mode. The results and the

corresponding discussion can be found in the references from Koch et al. 73 131,132,

4.1 Column characterization

This section discusses the column characterization done in section 3.1. In this work,
two CEX resins and one RP resin were used. One CEX resin was purchased in differ-
ent column dimensions to investigate the scalability of one resin to larger column vol-
umes. The second CEX resin was purchased in one dimension to compare the two
different CEX resins with each other.

411 CEXresin columns

Figure 1 shows a comparison of the porosities, ligand densities, and exclusion factors
for each CEX column 1-4 and represents the scale-up investigation within one CEX
resin. The interstitial porosities for the CEX column 1-4 are within a theoretically plau-
sible range. Literature shows that the interstitial porosity can vary significantly between
different column scales packed with the same resin 35137 This effect could be ex-
plained by different packing densities and the arrangement of the particles within the
column 13% and the technical conditions of column packing of different sizes. When
modeling and simulating scale-up processes, identical porosities are often assumed
for different column sizes 4> 47.56-60 An interstitial porosity variation, as observed in this
work, significantly influences the resulting simulated peak shape (data not shown).
However, these results indicate that each column's interstitial porosity should be de-
termined, particularly when transferring mechanistic models to different column scales.
It should be noted that there is considerable uncertainty in the porosity determination
of the 1 mL column (CEX column 1) due to the relatively large system and column
dead volumes compared to the overall column volume. The ionic capacity measure-
ments show all similar values for all columns and resin batches. Three different resin
batches for the CEX columns applied in this work were used (batch 1 for the 1 mL
scale (CEX column 1), batch 2 for the 5 mL (CEX column 2) and 10 mL scale (CEX
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column 3), and batch 3 for the 28.2 mL scale (CEX column 4)). The ionic capacity
measurements show that there might be lot-to-lot variations of the resin and minor
measurement uncertainty within one resin lot. However, the experimental determined
ionic capacities agree with the manufacturer information of 0.08 mol/L to 0.12 mol/L
based on resin sediment. The exclusion factors show a decreasing dependency with
increasing column scale. Nevertheless, the exclusion factor for the 1 mL column (CEX
column 1) is inaccurate due to the significant experimental uncertainties. The axial dis-
persion coefficients in Table 7 show different values for each column scale from the
CEX column 1-4. Theoretically, D,, depends only on the packing properties and the
flow conditions in lumped rate models 12, Since different packing characteristics were
determined for each column scale, the axial dispersion coefficient, determined with the
same linear flow rates for each scale, varies as expected in a small range 3. No ex-
plicit dependency of the axial dispersion coefficient with the packing characteristics of

the columns was observed.

Table 8 shows an overview of the determined packing quality parameters for each CEX
resin column. Figure 2 compares the parameters for the CEX column 1-4 for the visu-
alization of the scalability of columns with the same resins and different dimensions.
The first moments (peak center) of the peaks from the CEX columns 1-4 increase lin-
early with increasing column volume, indicating a comparable total porosity for the dif-
ferent column scales and a high reproducibility of the column packing for the same
resins with different column dimensions 136 139, The standard deviations in Figure 2A
tend to increase with increasing column volume. However, it is worth mentioning that
Oeme saie Of the salt peak from the CEX column 3 (10 mL) appears to be higher than
expected from the trend of the other columns. The empty column of the CEX column
4 involves filters, frits, and adapters that increase the ECV broadening and significantly
affect the overall peak broadening of the column 22, Therefore, the standard deviation
for the CEX column 4 (28.2 mL) decreases significantly when the empty column is also
considered, although the first moment is not influenced. The determined HETP values
and plate numbers for each column are shown in Figure 2B. The HETP values for the
CEX column 1 (1 mL), the CEX column 2 (5 mL), and the CEX column 4 (28.2 mL) are
comparable and are within the theoretically desirable range of 2 - 6 particle diame-
ters 140, The value for the CEX column 3 (10 mL) is outside this range, indicating poor
packing quality of this column. The plate numbers of the CEX column 1 and the CEX
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column 2 are around 500 and, as expected, are comparable because they have the
same column length. The CEX column 3 has the same value as the CEX column 1 and
the CEX column 2, although the CEX column 3 is twice as long, again indicating the
poor packing quality of this column. As expected, the CEX column 4 (28.2 mL) has the
largest plate number with a value of about 4000 or 7500 (blue data point) since it is the
longest column. The asymmetry factors for the CEX columns 1-4 and the ratio between
the ECV and the column volume are shown in Figure 2C. The highest asymmetry fac-
tor, with a value of almost 1.6, belongs to CEX column 3. An asymmetry factor of 0.8
— 1.2 is within a desirable range and indicates adequate packing 4°. The ECV is more
than 20 % for the 1 mL column, about 6 % for CEX column 2, and less than 4 % for
larger column volumes. Nevertheless, ECV broadening has a significant influence 13°
and can be more than 50 % for large column volumes considering column filters, frits,
and adapters 1?2, as shown above for the CEX column 4. ECV effects only significantly
influence the retention volume (first moment) for the CEX column 1. Nevertheless, ECV
effects on the retention volume were considered for the later column characterization
at each column scale. These results show that scalability to larger columns is compa-
rable. However, the packing quality has to be considered, which was still sufficient for
the CEX column 3, for example, but not comparable with the other column scales. Such
packing quality differences may influence the elution behavior of the protein and the

peak shape on that column.

Comparing the TOYOPEARL S-650S column with the CEX column 1, having the same
dimensions, shows that the packing quality is similar since the asymmetry factor and
the plate number for both columns are comparable. Furthermore, this shows that the
purchased pre-packed columns in that dimensions are comparable based on the pack-

ing quality.

4.1.2 RPresin column

The interstitial porosity of the RP column 1 was assumed to be 0.35, which seems to
be a plausible value for RP columns 16141, The exclusion factor was estimated to be
0.75 for the polypeptide and the product-related impurities. The total porosity was de-
termined with a salt pulse and calculated to be 0.49. Nevertheless, it is known that the
protein's local porosity and the exclusion factor change with the organic modifier con-

centration 126141, Therefore, the experimentally determined and the estimated column
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parameters may not reflect the actual values in the gradient elution. However, this as-

sumption is reasonable and commonly made in modeling RPC 116, 118, 142144

The axial dispersion coefficient was fitted to be 0.001 cm?/s at analytical conditions.
This value seems plausible since Jakobsson et al. estimated a similar value using an

empirical correlation and a similar RP column with a silica-based resin 14°.

The column packing quality parameters were determined with a salt pulse at a 10 %
organic modifier concentration. The asymmetry factor for the RP column 1 is 1.7, and
according to general classifications 14°, outside a desirable range. One reason could
be that the salt pulse determination may not be accurate enough since the salt con-
centration in RPC changes the ligand pattern and can influence particle porosity 125,
The plate number for the 5 cm height column was determined to be 1741, which is
according to the product catalog of the resin under the minimum of 2000, indicating in
combination with the asymmetric factor for poor packing quality. One reason for the
poor values could be that the salt pulse determination may not be accurate enough
since the salt concentration in RPC changes the ligand pattern and can influence par-

ticle porosity 12°,
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4.2 CEX model development

This section discusses the results of the CEX model development done with the differ-
ent used CEX columns and the results from the investigation of the scale-up ability

from the CEX column 1 to larger column volumes (CEX column 2-4).

4.2.1 CEX model calibration at small scale (CEX column 1)

4.2.1.1 Investigation of the polypeptide elution behavior

The general polypeptide elution behavior on the CEX column 1 in a salt gradient elution
and with an isocratic elution is shown in Figure 3, Figure 4, and Figure 5. As described
in Section 3.2.1.1, the peak exhibits a complex anti-Langmuirian to Langmuirian elution
behavior with increasing load. Complex elution behaviors in liquid chromatography,
especially in high loading situations, are common since additional mechanisms often
occur at high protein concentrations. For example, intraparticle diffusion effects and
protein conformational changes cause ’¢ 146 multiple peak formations and peak shoul-
ders. However, no multiple peak structures or shoulders are observed in this work. The
results show that a convex isotherm describing Langmuir's elution behavior, such as
the SMA isotherm commonly used for IEC modeling, does not apply to the elution be-
havior observed for the polypeptide species on the CEX column 1. An anti-Langmuirian
elution behavior reveals itself through a fronting peak with a steep rear and coinciding
peak fronts with increasing load. Langmuirian elution behavior is shown by steep fronts
and diffuse and coinciding rears with increasing load 34. The fronting peak at lower
loadings, which is part of the anti-Langmuirian behavior, is not related to the column
characteristics because the asymmetry factor of the CEX column 1 is 1.09 (see Table
8). These findings show that the adsorption isotherm must be concave at low protein
concentrations (anti-Langmuirian elution behavior) and convex-shaped at higher con-
centrations (Langmuirian elution behavior), resulting in a sigmoid-shaped adsorption
isotherm. The anti-Langmuirian behavior indicates that the adsorption process ob-
served in this work could include dimer or multimer formation on the resin 134, Similar
elution behavior was observed with B-lactoglobulin A by Jen and Pinto ’®> and in the
work related to the SAS isotherm by Mollerup 74 8. 147,148 The elution behavior found
in the literature only coincides with the elution behavior observed in this work until a
column load of about 10 mg/mLecv. In this work, higher loadings were tested in gradient

elution experiments, where only peak broadening and peak flattening are observed as
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the loading continues to increase, as shown in Figure 3. Increasing the pH leads, as
expected, to an earlier elution and a narrower and taller peak since the mobile phase

pH approximates the protein’s isoelectric point by increasing the pH.

According to the results discussed above, the sigmoidal SAS isotherm 88 102,149 ‘which
describes dimer formation on the resin, was chosen for modeling the polypeptide spe-
cies on the CEX columns in this work. For the description of non-idealities, the isotherm
was extended with the activity coefficients for the counterion and protein species in

solution. A detailed deviation of the isotherm is shown in Section 1.4.1.
4.2.1.2 Determination of model parameters in the linear range of the isotherm

The model parameter for the polypeptide species, the product-related (variant A and
variant B), and the process-related (variant C) impurities in the linear range of the iso-
therm were determined by applying salt-induced LGE experiments at low loading con-
ditions and by applying Yamamoto’s approach 18199 The evaluated LGE experiments
are summarized in Figure 6. As expected, increasing the pH leads to an earlier elution
of the polypeptide in the salt gradient. In general, the steeper the gradient slope, the
smaller becomes the peak retention volume, whereas the eluting counterion concen-
tration c, ¢;,, increases as described elsewhere 1°0: 151, The solid lines in Figure 6 show
a good correlation for each pH between the experimental and calculated elution points
using the fitted parameters. The different elution behavior induced by varying the pH
value and the gradient slope can be described with high accuracy using the relation-
ship in Equation (22) for all four applied protein species. The parameters for the poly-
peptide and the three variants (variant A, variant B, and variant C) fitted from the final
step of the fitting procedure in the linear range of the isotherm are summarized in Table
10. The parameter AGY/RT values for all species protein species range from 2.08 to
2.45 and are thus in a similar range. Since AG?/RT describes the differences in the
reference potential when the counterion changes its state from bound to solute and
since the same counterion was used for all three protein species, the values coincide
in a similar range with each other as expected 8. AG? /RT shows, as expected, different
values in a range from -3.66 to 5.84 since different protein species were used. The
values for the polypeptide species and the product-related impurities (variant A and
variant B) are in a similar range, whereas the process-related impurity (variant C) is

out of this range and shows a negative value for AG]/RT, explainable with the

106



DISCUSSION

significant different structure for this impurity compared to the structure difference of
the polypeptide and the product-related impurities. The parameters describing the
characteristic charge v; (Ngcigic» Npasic: PKQqcigic: @nd pKay,sic) for the polypeptide,
variant A and variant B are all in a similar range and differ slightly from each other,
since they result in similar v; curves. However, variant C shows a significantly lower
characteristic charge due to its different structure. Note that the pka value of the basic
amino acid-like group pKa,si. Was set to be 11 since the calibration experiments were
conducted in a relatively small pH range from pH 3.3 to pH 4.3. The parameter K;
ranges from -286.66 L/mol to -310.38 L/mol. However, the comparison of K; is only of
limited significance, since it is part of the overall pH dependency from K, and is only
comparable in combination with the characteristic charge v; according to equa-
tions (18) and (19).

Since there is no information about the parameter range of the asymmetric activity
coefficient of the protein y;, the fitting procedure in the linear range for the polypeptide
data set in this work starts without the influence of this coefficient. Fits without knowing
the parameter range would lead to less robust fits and multiple solutions for K. The
parameter K; shows a significant influence in the linear and non-linear range of the
isotherm, previously shown by Huuk et al. "8, However, in this work, the parameter
range of Ky for the polypeptide was fitted from high load experiments. Therefore, the
fitting procedure starts without the influence of the asymmetric activity coefficient lead-
ing to a parameter set, which is used in high loading simulations for determining the
parameter range of K;. With the knowledge of the parameter range K;, a new fit in the
linear range of the isotherm with the influence of the asymmetric activity coefficient was
done, resulting in a robust fit and a set of reproducible modeling parameters (Table
10). Note that for the K; parameter determination for the three impurities, the same
previously determined range with the polypeptide data set was used. The parameter
describes the interaction between the solute salt and protein and thus depends on the
individual species. Therefore, the influence should slightly differ in a similar range for
the polypeptide and the product-related impurities since the same salt species was
used, and the variants only had minor differences in protein structure. However, vari-
ant C is also the in the same range, although the significant differences in the structure
compared to the other proteins. But as already mentioned, this value is only compara-

ble by considering the overall pH dependency of K. The interacting parameter K; for
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the salt species depends on the charge of the protein and is, thus, pH-dependent 83,
The pH dependency of K, and the characteristic charge v; for the four sample proteins
determined with the CEX column 1 is visualized in Figure 7. In general, K; decreases
with increasing pH for all four protein species. Variant A has a similar starting point at
pH 3.1 and a slightly higher value at pH 4.3 than the polypeptide. Variant B has, in
general, a slightly higher curve. All three K, curves are, as expected, marginally differ-
ent. However, variant C has a significantly lower K, values compared to the other pro-
teins, explainable with the different structures. A negative K, value indicates that the
protein-salt interaction is stronger than the protein-water interaction 83, which leads to
an activity coefficient of the protein in solution less than 1 (see Equation (18)). Accord-
ing to Equations (6) and (10), an activity coefficient ; < 1 disfavors the interaction of
the monomeric protein with the ligand, that is, binding of the protein and dimer for-
mation. This effect depends on the sodium chloride concentration and is more pro-
nounced at higher pH. As mentioned above, K, depends on the salt type and the pro-
tein. Negative values for K; for different mAbs and NaCl as the mobile phase modulator
were also determined by Huuk et al. ”® and Lee et al. 0. The characteristic charge v;
decreases with increasing pH for all three protein species almost linearly. Since the pH
approximates the isoelectric point of the protein with increasing the pH v; decreases
as expected. Furthermore, the polypeptide species has a lower v; curve than the prod-
uct-related impurity variants (variant A and variant B), which coincides with the elution
order of the three protein samples since the polypeptide species elutes the earliest in
the salt gradient. However, variant A has a slightly higher v; curve than variant B, alt-
hough variant A elutes earlier in the gradient. Furthermore, the v; value of variant C is
significantly lower and elutes in a similar range. This elution behavior can be explained
by the slightly different K, curve of the four species, since the parameter K; has a
strong influence on the elution behavior in the linear range, as observed during the
fitting procedure in this work and by Huuk et al. 8. The slightly different values for the
thermodynamic parameters AG? /RT and AG /RT also have an influence on the elution
behavior in the linear range and may be a reason for the different elution order com-

pared to the values of the characteristic charge v;.

The importance of the activity coefficients was investigated by comparing the modeling
fits in the linear range with and without the influence of the activity coefficients. The

difference and the correlation between the parameters for the polypeptide species are
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shown in Figure 8. The correlation between the parameters with and without the influ-
ence of 7; is linear. These results coincide with observations made in the literature 12,
Pinto et al. investigated the influence of the activity coefficient of the counterion species
in solution on the equilibrium constant K; and the characteristic charge v;. They found
the same influence which was observed in this work. Since both asymmetric activity
coefficients y; and y; depend on the counterion concentration, the influence should be
similar. Note that in this work, only the influence of the asymmetric activity coefficient
of the polypeptide species in solution 7; on the equilibrium constant and the character-
istic charge during the fitting procedure was investigated. The influence of the activity
coefficient on the parameters for variant A, variant B, and variant C was not investi-
gated since no experiments in the non-linear range of the species were done. The
asymmetric activity coefficient of the counterion species in solution ¥ is always calcu-
lated according to equation (16). The further the value of the activity coefficient is from
one, the stronger the influence on the equilibrium constant and the characteristic
charge %2,

4.2.1.3 Determination of model parameters in the non-linear range of the iso-

therm

The estimated parameters for the polypeptide species for the non-linear range are
given in Table 11. Within the small pH range used in this investigation, dimer formation
is assumed to be pH-independent and identical Kj, ;/c values for each pH were fitted.
To consider pH and salt effects for K, ; /c, a detailed understanding of the dimerization
process and appropriate models for the activity coefficients for the protein species in
the bound state 7, ; and y,; are needed. Westerberg et al. determined K, ; values for
a therapeutic protein and two product-related impurities from about 1 x 10* L/mol to 1
x 10° L/mol %3, Mollerup determined a K, ; value of 1.8 x 10° L/mol for the Glucagon-
like Peptide 1 analogue and a Kj,; value of 5 x 10° L/mol for the B-lactoglobulin A on
an anion exchange resin 192, The values determined by Westerberg et al. and Mollerup
are lower but are in the same range compared to the Kp; value of 9.8 x 106 L/mol
determined in this work. Since the equilibrium constant for the dimer formation Kj, ;
strongly depends on the dimerization propensity of the protein in the investigated en-
vironment, the comparison of values of different protein species is only possible to a

limited extent.
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As already mentioned above, the interacting parameter K, and K,, for the salt and the
protein species depend on the charge of the protein and, thus, are pH-dependent 2,
The introduced empirical pH dependency of K,, determined for the polypeptide species
in the experimental pH range is shown in Figure 10. The protein-interacting parameter

K, only influences the non-linear range of the isotherm since K, X c¢; approaches zero
in the linear range of the isotherm (low loading conditions). The overall influence of K,

on the peak shape is small compared to the influence of K, ’8. In our case, however,

the simulations would not be as precise as shown in Figure 11 with a K, of zero. As
shown in Figure 10, K,, is positive and increases with increasing pH. A positive value
for K, indicates that the protein-protein interaction is weaker than the water-protein

interaction 4, which supports the assumption that dimerization of the polypeptide
takes place on the stationary phase surface and not in solution.

The marginal shielding factor variation at different pH values shown in Table 11 is rel-
atively small (~1 % around the mean value) and shows no pH dependency. Neverthe-
less, unique shielding factors were fitted for each pH value since this adaption im-

proved the simulation results.

As shown in Figure 11, the developed model is able to describe the whole tested load-
ing range up to 25 mg/mLcv and pH range from pH 3.3 to pH 4.3 with high accuracy.
However, the simulations with a column load of 25 mg/mLcv slightly differ from the
experimental UV elution signal in the front region of the peak. This slight deviation
could be explained by the fact that, at higher loads, not only dimers but also multimers
might be formed on the resin, which is not considered in the isotherm model. Addition-
ally, the deviation might be the result of the assumption that the activity coefficients of
the bound protein species 7, ; and 7, ; were set to one. This assumption could be inap-
propriate for loads = 25 mg/mLcv when the binding density approaches the monomer
layer binding capacity of the resin. An extrapolation outside the tested pH range must

be investigated. Since the pH dependency of the parameters K, and K, were not de-

scribed mechanistically, it might be that simulations outside the calibrated pH range
might not fit the experimental data. However, the rest of the developed model is based
on mechanistic relationships, which should be extrapolatable within a certain range.

As expected, the SAS isotherm calculated for the polypeptide species shows a sig-

moidal type V shape 1%°, as visualized in the 3D-Plot in Figure 12. The inflection point
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of the isotherm is shifted to lower analyte mobile phase concentrations c¢; and the slope
at the inflection is increasing when the counterion concentration decreases. At binding
conditions (c; < 0.05 mol/L), the isotherm is appearing favorable and of rectangular
shape. The concave shape at lower protein concentrations leads to coincident eluting
peak fronts. A convex shape at higher protein loads lead to coincident rear edges of
the eluting peaks 13* 148, as observed and described in the investigation of the elution
behavior of the polypeptide (Figure 3, Figure 4, and Figure 5). As displayed in Figure
13, at protein concentrations of ¢; > 10* mol/L, the monomer-dimer equilibrium is
shifted towards the dimer species and almost all the binding sites are occupied by this
species. At analytical load conditions, the dominating bound state is the monomer
showing anti-Langmuirian binding behavior with peak fronting during elution. At in-
creased loads, the dimer is formed with classical Langmuirian saturation behavior.
During elution under these conditions, an asymptotic triangular peak with a shock layer

at the front is formed.

The gradient elution validation experiments for the developed CEX column 1 with the
polypeptide species shown in Figure 14 demonstrate that the model is able to predict
the elution of the polypeptide correctly in the calibrated pH and loading range. Even
though no pH or dual gradients were performed in the model calibration, the partially
empiric pH dependency of the model seems to be able to describe the dependency
correctly. Furthermore, the validation experiment was done with a replacement column
for the CEX column 1, which shows that this model is robust enough to cover this

process variation as long as the packing-specific column parameters (g, &, Apqck) are

used.

Furthermore, the simulated isocratic elution experiments in Figure 15 show that the
model is able to describe the general elution behavior of the polypeptide, although only
LGE experiments were applied for model calibration. As mentioned in section 3.2.1.4,
the simulated signals were corrected with a marginal change in the elution salt con-
centration in a range of + 0.0035 mol/L Na*, and an almost linear dependency of the
salt correction with the column load could be observed. This linear correlation could be
due to the fact that the introduced empirical pH dependence for the parameters K; and

K, may not reflect the actual pH dependency. However, the salt correction is in a mar-

ginal range and below the error range of the system.
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4.2.1.4 Multicomponent experiments and simulation with CEX column 1

After a successful model development for the four sample proteins in the linear range
of the isotherm and model validation for the polypeptide species at loading conditions,
multicomponent experiments and simulations in the non-linear range of the isotherm
were conducted. These experiments should serve as a validation for the overall devel-
oped CEX model and should investigate the limitations of different multicomponent

sample solutions.

Figure 16 shows an experiment at moderate non-linear loading conditions for the pol-
ypeptide species and linear loading conditions for variant B and variant C. The simu-
lated signals for each species fit precisely to the experimentally determined signals,
which shows that the developed model, calibrated for each species separately, can
describe experimental multicomponent conditions. Figure 17 and Figure 18 show ex-
periments with the impurities variant A and variant B and the polypeptide species at
non-linear loading conditions. Variant A elutes in the front of the main peak. However,
according to the data in the linear range, it should elute after the polypeptide species.
This elution behavior could be explained by the displacement effect 156 157 whereby a
competitive behavior of the two species leads to an out crowding of the stationary
phase of one species and different velocities of the species through the column. Vari-
ant B mainly elutes after the polypeptide peak, as investigated at low loading concen-
trations. However, it partially coelutes with the polypeptide. This effect is also called
the tag-along effect, resulting from the competitive behavior of the different species 1%
157 After adjusting the equilibrium constant for the dimer layer for one impurity species
(variant B), the model can describe the elution behavior of each species, including the
displacement and the tag-along effect, with high accuracy. An adjustment of the pa-
rameter Kj ;/c for the impurity species (variant B) is plausible, since this parameter
depends on the dimerization capability of the protein and each species may have a
different dimerization capability. However, this could not be investigated since not
enough pure impurity sample was available for representative non-linear range exper-

iments.

In order to investigate if the model is also able to predict multicomponent experiments
with unknown impurities in it, an experiment with such a multicomponent sample was

performed. Figure 19, Figure 20, and Figure 21 show the multicomponent experiment
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and the corresponding simulated signal performed with a sample solution which in-
cludes the polypeptide, variant A, and variant B as known and model calibrated spe-
cies and additionally with an unknown amount of undefined impurities. Considering
only the three calibrated species with the experimentally applied load, the simulated
polypeptide species is shifted to the right-hand side compared to the offline HPLC data.
Variant A elutes in the front of the main peak as determined experimentally, and vari-
ant B coelutes with the polypeptide species. This simulated elution behavior of the
three components can be explained by comparing it with the elution behavior in Figure
21, in which the amount of variant B was increased. It is shown that increasing the
amount of variant B has a significant influence on the general elution behavior of the
three components, whereby the whole peak is shifted to the left. However, by increas-
ing the amount, variant B exhibits a strong tag-along effect in the polypeptide peak and
therefore influences the overall eluting behavior of the polypeptide. These results show
that the general elution behavior of the polypeptide species strongly depends on the
concentration amount of the impurities. Simulation of a multicomponent sample with
unspecified and uncalibrated impurities in the model is only partially meaningful in
terms of representative peak intersections and pooling studies. However, the general
elution behavior of the polypeptide could be predicted with high accuracy by consider-

ing the overall impurity amount.

Overall, the results in this section showed that each component species should be
considered and modeled separately for an accurate and representative multicompo-
nent model. With a multicomponent sample including unknown impurities, no accurate
model could be developed with the calibrated species. Nevertheless, it is often impos-
sible to have each species in a pure and isolated sample available. Therefore, for
model development of such samples, a solution could be to create a hybrid model,
whereas the empiric addition of several sample species, describing the impurity profile
of the calibration experiments with additional parameter fitting. However, this method
is, as described, rather empiric than mechanistic, resulting in an overall hybrid model.
In summary, if modeling of a defined multicomponent with fewer than five impurity spe-
cies is desired and sufficient samples of each species are available for model calibra-
tion in the linear range, separate consideration of each species, as at the beginning of
this section, is recommended. Note that calibration in the linear range does not neces-
sarily require a pure sample. Linear range calibration applying LGE experiments is also

possible with a multicomponent sample. If modeling an undefined multicomponent
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sample with an unknown amount of impurities is required, the hybrid modeling ap-

proach might be the better choice.

4.2.2 CEX model calibration at small scale (TOYOPEARL S-650S)

4.2.2.1 Investigation of the polypeptide elution behavior

To further validate the, in section 3.2.1, developed CEX model for the polypeptide spe-
cies and investigate the applicability of the model to other CEX resins, experiments on
an alternative CEX column with a different CEX resin (TOYOPEARL GigaCap S-650S)
with the polypeptide species were performed. Consequently, the model parameters in
the linear and the non-linear range according to the same scheme as for the CEX

column 1 were determined.

As an initial investigation of the general elution behavior of the polypeptide on the col-
umn, a loading series up to 60 mg/mLcv column load was performed (Figure 22). As
observed for the CEX column 1, the polypeptide exhibits the same uncommon anti-
Langmuirian to Langmuirian elution behavior with increasing load. These findings show
that the adsorption isotherm must be sigmoid-shaped (type V %), and dimer or multi-
mer formation on the resin might occur 34, According to these results, the SAS iso-
therm used for the CEX column 1 should also be able to describe the elution behavior
of the polypeptide on the TOYOPEARL S-650S column.

4.2.2.2 Determination of model parameters in the linear and non-linear range of

the isotherm

Comparing the GHgg/cs e, - CUrve of the polypeptide species determined with the
TOYOPEARL S-650S column and the CEX column 1 (Figure 23) shows that higher
salt concentrations are necessary to elute the polypeptide in the TOYOPEARL S-650S
column due to the determined significant higher ligand density. The resulting parame-
ters for the linear range of the isotherm of the fit are summarized in Table 13. The
parameter AGY/RT for the TOYOPEARL S-650S column is with 0.21 lower than the
determined value of 2.25 with the CEX column 1. As already mentioned in sec-
tion 4.2.1.2, the parameter AG? /RT describes the differences in the reference potential
when the counterion changes its state from bound to solute state. Therefore, the values
of both columns differ from each other as expected since the different ligand structures

may lead to different AG?/RT values although the same counterion was applied. The
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same differences are observed in the AG?/RT values for both columns. Although the
same polypeptide species was used, the different ligand structures may lead to differ-
ent AG?/RT values. The parameters describing the pH-dependent characteristic
charge v; (Ngcigic» Npasic» PkQqcigic, @and pkayqsic) are all in a similar range except the
number of acidic amino acid-like groups N,.4ic for the TYOPEARL S-650S column
which is 0.42 and about half the amount from the model of the CEX column 1. Accord-
ing to the model, this value means that half the amount of acidic groups with a compa-
rable pka value are present. The salt-dependent parameter K; from the activity coeffi-
cient model of the protein species in solution was fitted to be -190 L/mol for the model
of the TOYOPEARL S-650S column and is higher than the determined value for the
polypeptide with the CEX column 1. However, as already mentioned above, the com-
parison of the value is only of limited significance since K; depends on the character-
istic charge v;. Therefore, the pH dependency of K and the characteristic charge v;
for the polypeptide species determined with both CEX columns is compared in Figure
24. As can be seen, the K; in both columns decrease with increasing pH and the value
for the TOYOPEARL S-650S column is higher than the value for the CEX column 1.
However, the values are in a similar range, and both are negative, which means that
the protein-salt interaction is stronger than the protein-water interaction 23, leading to
an activity coefficient of the protein in solution less than 1. The pH dependency for the
characteristic charge for the polypeptide species fitted on both CEX columns is similar
and varies in a range of 3.65 and 3.20 in the tested pH range. Since the characteristic

charge is a resin-dependent parameter, the values vary as expected.

The influence of the two activity coefficients and the ratio of these two activity coeffi-
cients on the equilibrium constant for the polypeptide species were compared for both
CEX column models in Figure 25. In general, both activity coefficients from the
TOYOPEARL S-650S column model are slightly higher than the activity coefficients of
the CEX column model. The difference of both activity coefficients is relatively small
and only occurs due to the slightly different fitted v; and K; values (see Equations (16)
and (18)). Note that both activity coefficients are referred to the solute state of the
species 83 106 and, therefore, only slightly differ as expected in a small range since the

same protein and salt species were used for the modeling procedure.

As done for the CEX column 1, the inverse fitting method was applied for the determi-

nation of the non-linear range isotherm parameters for the polypeptide species on the
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TOYOPEARL S-650S column. The parameters for both CEX column models are com-
pared in Table 14. The resulting comparison of the simulated signals with the experi-
mentally determined signal of the calibration experiments is shown in Figure 26. As
one can see, the applied SAS isotherm is able to describe the general elution behavior
and peak shape with high accuracy up the maximum tested load of 60 mg/mLcv, which
validates the developed model for the polypeptide species on CEX resins and indicates
that the polypeptide shows the same general anti-Langmuirian to Langmuirian elution
behavior on these two CEX resins. Comparing the non-linear range parameters shows
that the protein-dependent parameter K from the activity coefficient model for the so-
lute protein species is, as expected, in a similar range for both CEX column models
since the same protein species in solution was used. The fitted parameter for the equi-
librium constant for the dimer layer Kj, ; /c is also in both CEX column models in a same
range. Since the Kj, ; describes the dimer formation of a monomer to an already bound
monomer 88102149 it is plausible that K}, ; is for both CEX column models in a similar
range, because the dimer equilibrium of the dimer formation to an already bound mon-
omer should be ligand-independent. The fitted shielding factor of the polypeptide spe-
cies at pH 3.7 is for the TOYOPEARL S-650S column model and the CEX column 1
model 7.2 and 8.4, respectively. Since the shielding factor describes the ligand shield-
ing effects of the protein species 8, one could expect that with a significantly higher
ligand density, as observed with the TOYOPEARL S-650S column compared to the
CEX column 1, the shielding factor should increase, which was not observed in this
work. One effect could be that the TOYOPEARL GigaCap S-650S resin has a higher
solid phase surface area than the CEX column 1 resin. However, this effect is probably
not significant enough to lead to a smaller shielding factor for the TOYOPERL S-650S
column model for the polypeptide. Another reason could be the difference in the salt-
dependent parameter K, (Figure 24), which is although in the same range. However,
a change in this range leads to a significant difference in the simulated peak shape,
which might lead to the theoretically not plausible comparable shielding factors for both

CEX column models.

Overall, the application of the in section 3.2.1 developed model to a different CEX resin
shows that the model is generally able to describe the elution behavior of the polypep-

tide species on the CEX resins mechanistically.
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4.2.3 Scale-up investigation of the CEX column 1 and the CEX model

After successful model development at small column scale with the CEX column 1, the
column itself and the developed mechanistic model were investigated for the scalability
to larger column volumes with different column dimensions. Therefore, the influence of
the flow rate, the residence time, and the column-specific parameters on the elution
behavior of the polypeptide on the different column scales was investigated. Scale-up
simulations were then done by considering the column-specific parameters and by

considering packing inhomogeneities.

4.2.3.1 Influence of the flow rate and residence time in the linear and non-linear

range

The influence of the linear flow rate and the residence time (see Table 15) on the elu-
tion behavior in the linear and non-linear loading range was investigated and compared
(Figure 27). As expected, the flow rate influences the peak shape but not the elution
volume at low loading conditions (load: 0.05 mg/mLCV). The lower the residence time
at one column scale, the broader and smaller elutes the peak with the same elution
volume as reported 198 150. 158 The peak broadening is a consequence of flow rate-
dependent mass transfer and axial dispersion effects in the column. Since, in this work,
a lumped rate model was used, the mass transfer effects were considered by fitting

different values for the lumped effective mass transfer coefficient k. ; ; for each col-

umn scale j and column load. In the non-linear range (load: 10 mg/mLcv), the resi-
dence time shows the same effect on the peak shape at one column scale, but as
expected, it is not as pronounced as in the linear range. Therefore, mass transfer and
axial dispersion effects on the peak shape induced by different flow rates in the non-
linear range can be neglected and scaling up to larger column scales could be done
without keeping the residence time constant for the CEX column 1-4 with the polypep-

tide species.

Figure 28A shows a polypeptide load comparison at 0.05 mg/mLcv and 10 mg/mLcv
with the same linear flow rate and gradient slope across the different CEX column
scales. The same effects as discussed above are observed. In Figure 28B, a compar-
ison with the same residence time and the same gradient slope is shown and also
shows similar effects as already discussed. The peaks in the linear and non-linear

range have different salt elution concentrations. Furthermore, there are slight

117



DISCUSSION

differences in the peak height for peaks with the same residence time at low loading
conditions. Al-Jibbouri compared the elution profile of B-lactoglobulin A and B in the
linear range at different column scales with the same gradient slope and scaled them
by applying the concept of time scales. The same variation as observed in this work in
the linear range for the peak heights could be found %’. If the columns had identical
column parameters, the peaks should be eluting at the same salt concentration and
with a comparable peak height and shape with the same residence time and gradient

slope.

4.2.3.2 Load comparison at different column scales and scaling based on the

normalized gradient slope

The different eluting salt concentrations in the linear and non-linear range in Figure 28
can be explained by the different normalized salt gradient slope GH,g;, ; values for each
column scale j caused by the column scale specific parameters (g, ;, & ;, &, A, and
kg, ;). Different resin batches were considered in the model by considering resin-spe-
cific parameters. To achieve similar eluting salt concentrations c.;,, across different
scales, the normalized salt gradient slope GH,,;; Should be adjusted by varying the
gradient volume V,; and considering the column-specific parameters according to
Equations (21) and (22). Individual GH,,;, ; values were calculated to obtain the same
eluting salt concentration. The experimental data is shown in Figure 29. The eluting
salt concentrations for the peaks at low and high loading conditions are now in a similar
range, and the peak heights and shapes at 10 mg/mLcv column load coincide with
each other. The remaining slight difference in the position of the peaks could be caused
by the imprecise experimentally determined interstitial porosities. The peak widths in
the linear range differ due to the already mentioned mass transfer and axial dispersion
effects with the same linear flow rates. Figure 29B shows the load comparison with
individually calculated normalized gradient slopes and the same residence time for
each column scale. The peak heights at low loading conditions are now in a similar
range due to the same residence time. However, the residence time could be consid-
ered based on the interstitial or total column volume to obtain even more similar peak
shapes. Additionally, a flow rate dependent HETP value could be considered as de-
scribed by Yamamoto et al. *°1. The elution profiles in the non-linear range coincide

with each other due to the neglectable effect of the residence time. It should be
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mentioned that the peak areas in Figure 28 and Figure 29 are not identical for each
experiment at different column scales because different batches of samples were used
that did not always have the same concentration. Furthermore, the elution order in
Figure 28A and Figure 29A is different from the elution order in Figure 28B and Figure
29B. However, the elution order varied only in a small conductivity range (equivalent
to < 0.005 mol/L NaCl) which could be due to the use of different buffer batches and

system inaccuracies.

These results of the scalability investigation of the pre-packed small-scale column
show that the packing quality of each column scale could vary. Therefore, individual
column parameters for each column scale should be considered to achieve identical

peak shapes and retention volumes when scaling a chromatographic step.
4.2.3.3 Scale-up simulations

After the scalability investigation of the small-scale pre-packed calibration column
(CEX column 1) to larger column volumes, the scalability of the developed mechanistic
model was investigated. Therefore, various experiments with different column loads
for each column scale were simulated and compared to experimental data (Figure 30).
The simulated UV signals for the 5 mL, 10 mL, and 28.2 mL column scale fit not as
precisely as the UV signal from the 1 mL column. To adapt the peak shape, the effec-
tive mass transfer coefficient was first fitted to the experimental peak shape. However,
the parameter had no significant effect on the peak shape, so a good fit could not be
achieved. In the first empirical approach, the shielding factor for each column scale
was additionally fitted to the experimental data by applying the inverse fitting method.
Only after the shielding factor was adapted did the simulated signals correlate with
high accuracy to the experimentally determined signals. However, the shielding factor
describes ligand shielding effects of the protein and should be constant at similar ligand
densities as observed in this work for the different scale-up columns. A linear correla-
tion can be found by plotting the fitted shielding factors against the asymmetry factor
of each column scale (Figure 31). These findings indicate that different packing quali-
ties, which lead to different asymmetry factors, might significantly influence the peak
shape in the non-linear range and, therefore, the shielding factor. The worse the quality
of the packed column, the more the shielding factor changes. This effect could explain
the varying peak shape, which was compensated in the first empirical approach with a
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shielding factor variation at different column scales. Various publications can be found
in the literature investigating the influence of an inhomogeneous column packing in the
linear and non-linear range %72, It is shown that packing inhomogeneities in the radial
direction of the column lead to different radial velocity profiles, which can significantly
influence the peak shape in low and high loading conditions 3. For the description and
the simulation of the radial velocity profile in the column, it is possible to divide the
column into several concentric annular columns with different flow rates. The elution
profiles from each column can then be summed up 6. The results in Figure 32 and
Figure 33 show that by considering a radial porosity profile for each CEX scale-up
column, the model is able to describe the entire data set with constant model parame-
ters. In addition, the salt gradient could also be accurately described, indicating that a
more detailed model for the elution of the salt species is not needed. One should note
that this work focuses on the simulation of high loading situations. The effective mass
transfer coefficient and the axial dispersion coefficient at these loading conditions
showed a negligible effect on the simulated peak. This observation suggests that the
change in radial porosity is largely responsible for the elution behavior of the polypep-
tide and that the neglect of radial dispersion is not important. If the elution behavior is
considered only under analytical loading conditions, the assumption that there is no

radial dispersion may be oversimplified.

As shown in Table 16, for the CEX column 2 (5 mL), the main interstitial porosity was
fitted between 0.390 and 0.400, and only a minor part of the column had a fitted inter-
stitial porosity of 0.330. The small part of the column with lower interstitial porosity can
be seen as the outer rim of the column. The CEX column 3 (10 mL) shows a radial
porosity profile from 0.450 to 0.420. The CEX column 4 (28.2 mL) column has a main
fitted porosity of 0.355 and an outer rim with a higher fitted interstitial porosity. It should
be noted that it cannot be said in which radial position the concentric annular columns
are located due to the assumption that each column has the same face area and col-
umn volume. However, remembering the wall effect in packed columns 5% 160 e as-
sume that the concentric annular columns with the most significant deviation are lo-
cated in the outer part of the column near the column wall. Therefore, the CEX column
2 (5 mL) and the CEX column 3 (10 mL) have lower fitted interstitial porosities, and the
CEX column 4 (28.2 mL) has a higher fitted interstitial porosity near the column wall
than at the column center. This radial interstitial porosity deviation correlates with the

asymmetry factor for each column. The CEX column 3 (10 mL) has the most significant
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deviation and the highest asymmetry factor (> 1), indicating the poorest packing qual-
ity, followed by the CEX column 2 (5 mL) with the second largest deviation. The CEX
column 4 (28.2 mL) has the smallest deviation, a mirrored interstitial porosity profile,
and an asymmetry factor smaller than 1. In the literature, values can be found for the
thickness at which the wall effect mainly occurs. Values for analytical columns are
given with about 30-50 d,, 1 182, For small preparative columns with a diameter of
50 mm, the affected wall region was found to be thicker 13, Comparing these values,
assuming that the thickness for the scale-up column is similar to small preparative
columns, with the radial distance of the concentric annular column with the most sig-
nificant deviation near the column wall in Figure 32, we find that they are in a similar

range.

If one compares the experimental interstitial porosity determined with Blue Dextran to
the fitted main porosity values in Table 16, it becomes clear that these values differ.
The CEX column 3 (10 mL) shows the most significant difference, and the CEX column
4 (28.2 mL) has the smallest difference, which also correlates with the asymmetry fac-
tor. It should be noted that the porosity determination with a high molecular weight
tracer (Blue Dextran) often causes difficulties since an ideal high molecular weight
tracer should be spherical and inert to interactions with the resin. In addition, the tracer
should be large enough to prevent pore penetration and still be highly mobile 123, It is
challenging to meet all the requirements with the resins commonly used in liquid chro-
matography. The blue dye from the Blue Dextran molecule (Cibacron blue F3GA), co-
valently bonded to the large dextran molecule, is hydrophobic ¢4 and could form non-
specific hydrophobic interactions with the resin matrix. Therefore, it is likely that incor-
rect porosity values were determined experimentally. Comparing the fitted interstitial
porosity values with the experimentally determined interstitial porosities is, therefore,
only of limited significance. It is worth mentioning that the scaling based on the rela-
tionship between the normalized gradient slope and the eluting salt concentration, as
done in Figure 29, might be more accurate with proper experimentally determined in-
terstitial porosity values. Furthermore, no porosity inhomogeneity was considered in
the model calibration process with the CEX column 1 (1 mL) 73. Therefore, possible
inappropriate peak shape describing parameters (mainly shielding factor) could be de-
termined for the CEX column 1 (1 mL). It is not necessarily clear that the real shielding

factor for all column scales is 8.4 at pH 3.7. However, we decided to take the calibration
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column (CEX column 1) as a reference column for model calibration, which should be

scaled up.

Overall, the investigation of the scale-up ability of the devolved model with a pre-
packed small-scale column showed that a column's packing quality significantly influ-
ences the peak shape of an eluting protein sample. Therefore, this may lead to inap-
propriate model parameters determined at one column scale if the packing quality and
the radial porosity profile of a scale-up column are not considered in the mechanistic

model.
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4.3 RP model development

This section discusses the results of the RP model development done with the RP

column 1.

4.3.1 RP model calibration at small scale (RP column 1)

4.3.1.1 Investigation of the polypeptide elution behavior

For the model development of the RP chromatography step, the same method used
for the CEX model was applied. At the beginning of model development, the general
polypeptide elution behavior on the RP column 1 in an organic modifier gradient elution
at different pH values, shown in Figure 34, was investigated. As motioned in sec-
tion 3.3.1.1, the polypeptide exhibits in the range from pH 3.3 to pH 3.7 a Langmuirian
elution behavior, which should be describable by a convex isotherm. At higher pH val-
ues and loads, the elution behavior changes from Langmuirian to anti-Langmuirian. In
general, at pH values above pH 3.9, the polypeptide exhibits the opposite elution be-
havior on the RP column 1 as observed with the CEX column 1. Remembering that the
anti-Langmuirian elution behavior on the CEX column 1 was described considering
dimer formation, the anti-Langmuirian elution behavior observed on the RP column 1
might also result due to pH-dependent multilayer formation on the resin. A similar pH-
dependent elution behavior was observed by Gritti et al. with acids and bases at non-
linear range conditions on RPC 165, They observed a pH-dependent shift from a Lang-
muirian to an anti-Langmuirian elution behavior and explained it with a competitive
adsorption behavior of couples of acido-basic conjugated compounds. This mecha-
nism could be transferred to the results observed in this work. As the polypeptide ap-
proaches its pka by increasing pH, it could be possible that the polypeptide then forms
multimers at higher concentrations leading to an anti-Langmuirian elution behavior.
Furthermore, an anti-Langmuirian elution behavior of a peptide could also be caused
in RPC by increasing peptide porosity with increasing the local negative charges, as
observed by Gétaz et al. 1. Since the net negative charge increases by increasing
the pH, this mechanism could also be an explanation for the, in this work, observed

uncommon pH-dependent Langmuirian to anti-Langmuirian elution behavior in RPC.

However, since the focus of the model should lie in the range of pH 3.1 to pH 3.7, the

elution behavior on the RP column 1 was described using a Langmuirian adsorption
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isotherm. The isotherm used in this work is the convex-shaped RP isotherm model
developed by Arkell et al. 11618 The model is based on the principle of the SMA for-
malism extended with various activity coefficient models for each modulator and pro-

tein species. A detailed derivation of the model is presented in section 1.4.2.

4.3.1.2 Determination of model parameters in the linear and non-linear range of

the isotherm

Comparing the experimental GHy, /x); o1, data points determined for several pH values
show that there is, as expected, a neglectable influence of the pH on the retention
behavior in the linear loading range for all three calibrated protein species. In RPC, the
retention of a protein at analytical conditions mainly depends on hydrophobic interac-
tions. As long as a pH change does not markedly change the hydrophobicity condi-
tions, the retention should be pH-independent. In this work, a pH variation from pH 3.1
to pH 3.9 was tested, which is relatively small and should therefore be considered pH-
independent in the linear range of the adsorption isotherm. Nevertheless, as men-
tioned in the previous section, the pH influences the elution behavior at high loading
conditions. Due to the neglectable influence of the pH in the linear range, Equation (57)
was fitted only to the data points determined at pH 3.5. The fitted linear range param-
eter set for all three protein species is shown in Table 17. The lumped parameter (n72);
is for all three protein species in the same range and relatively small with a factor in
the range of the power of -45. However, the assumption zero for that parameter leads
to a marginally different fit. Therefore, this assumption was not made. The parameter
(n7?); is a lumped parameter in the RPC model consisting of the protein- and salt-

specific parameters 7;, 7,, , and 6, 116 The lumped parameter 4’ ;, which initially con-

tains the equilibrium constant of the adsorption mechanism and further lumped con-
stants and which was estimated in the linear range (see section 1.4.2 or the reference
from Arkell et al.), is also in the same range for all protein species and appears to be
in a plausible range, as Arkell et al. determined similar values for three insulin variants
on a Cis reversed-phase resin 116, The parameter ay,, from the activity coefficient de-
scribing the effect of the organic modifier on the protein activity, was also fitted in the
linear range and is for the three calibrated polypeptide species between 24 and 35.
These values seem to be in a reasonable range, since Arkell et al. determined similar
values for the insulin variants on the a Cis reversed-phase resin 16, Furthermore, since

the structure of the three protein species is similar, the effect of the organic modifier
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should be similar too, which coincides with similar ay values. However, as already
stated in the work from Arkell et al. the parameter ay is not representative for any
physiochemical property, and therefore difficult to compare to literature values. Fur-
thermore, similar values for the parameters 9;{; were fitted. Note that 9; and {; have
the same meaning as the characteristic charge in the IEC model, except that 9; de-
scribes displacement of the protein to the ligand and ¢; the displacement of the modu-
lator molecule (organic modifier). In contrast, in the IEC model the modulator molecule
is salt and it is assumed that only one salt molecule binds to one ligand. Similar 9;{;
values for the different protein species were fitted, which seem to be plausible since
the structure of the three protein species does not differ much. However, for a detailed
comparison of 9;¢; the parameter ¥9;, which is determined in the non-linear range, is

needed.

After parameter estimation in the linear range according to the Yamamoto approach,
the parameters in the non-linear range were estimated by applying the inverse fitting
method to all chromatographic calibration experiments. The final results and the com-
parison between the simulated and the experimentally determined signals are shown
in Figure 36. The corresponding fitted non-linear range parameter set for the polypep-
tide species is shown in Table 18. The ligand density, which could also have been fitted
in the non-linear range, was estimated from literature data from the resin vendor in
order to reduce the fitted parameter set and was calculated to be 2.66 x 10 mol/L
based on pore volume. The shielding factor fitted for the polypeptide species was 38
and is significantly higher than the shielding factor assumed by Arkell et al. for the
insulin variants having a similar molecular size as the polypeptide species used in this
work. However, the ligand density used by Arkell et al. was significantly higher, which
could explain the difference between both estimated values. The binding parameter 9;
was fitted to be 0.25 for the polypeptide. The physiochemical meaning of that value is
that the protein binds with a net binding site number of 0.25 to the hydroponic ligands
and is, therefore, unexpectedly small. Consequently, this value indicates that the or-
ganic modifier displaces around 50 counter molecules with one molecule, which is an
unexpectedly large number. Remembering that the silica-based resin might have lig-
ands that are long tentacles, the values, however, become reasonable. During the
non-linear range parameter fitting, it became apparent that no satisfactory fit could be

achieved without refitting the lumped linear range parameter A’y ;. Therefore, new fits
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were started by varying 4’y ;, which is then named 4'y;,. The parameter 4’y ;, was
fitted to be 7.07 x 108 and is marginal lower than the value fitted in the linear range.
Nevertheless, without an adaption of the lumped parameter 4’y ; to 4’y ;,, no good fit
could be achieved for the polypeptide species. Since the whole model for the simula-
tion of the RPC was adopted from the work of Arkell et al. and since the model was
developed for a specific case with different general experimental conditions (sample
protein, buffer substances), the adjustment of lumped model parameters is theoreti-
cally plausible. An inappropriate assumption might be the linear dependency of ln(AH,i)
with the mole fraction of the organic modifier, consequently leading to further assump-
tions in the activity coefficient describing the effect of the organic modifier on the protein
activity. In this work, the dependency of In(4; ;) with the mole fraction of the organic
modifier is not straight linear but instead shows a quadratic relationship (data not
shown), which may lead to inappropriate values for the parameter A’y ;. Furthermore,
the assumption made in this work that the exclusion factor and the local porosity are
constant during different organic modifier concentrations may be inappropriate since it
is known that these parameters change with the organic modifier concentration 12,
Nevertheless, in general, the simulated UV signals calculated from the model describe
the experimentally determined UV signal in the calibration experiments with high ac-
curacy. However, there are minor deviations at the top of the peak at higher loads than
15 mg/mLcv. These deviations could also be a consequence of the simplified mass

transfer kinetic used in this work.

After successful model calibration in the linear and non-linear range with the polypep-
tide species, a multicomponent experiment was conducted to calibrate the product-
related impurities variant A and variant B. The fitted parameter set and the simulated
signals compared to the experimental signals are shown in Table 19 and Figure 37. In
order to reduce the fitted parameters, it was assumed that the impurities have the same
shielding factor as the polypeptide due to their similar structure. Similar values for the
9; parameter were fitted and furthermore, the linear range parameter A’y; was also
adjusted, which resulted in marginal different values for A’y ; ,. Nevertheless, the ex-
periment validated the calibrated parameters for the polypeptide species. Furthermore,
it shows that the developed model is able to describe the elution behavior of the prod-
uct-related impurities. Variant A shows a typical displacement behavior in the front of

the product peak. Variant B shows a tag-along effect and extends from the end of the
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main peak into the middle of the main peak with a broad elution peak. The physical
mechanism behind the displacement and the tag-along effect is a consequence of dif-
ferent velocities of the protein species in the chromatographic column and competitive
out crowding effects %6, Overall, the multicomponent system could be calibrated with
high accuracy. Furthermore, it shows that, as already discussed during the multicom-
ponent simulations with the CEX model (section 4.2.1.4), it is more meaningful to con-

sider each component separately for a representative model.
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4.4 CEX model and RP model coupled simulations sampling study

After successful model development for both chromatographic steps, a sampling study
was performed, and theoretical pools were built to investigate the influence of the load-
ing volume and the polypeptide load purity on the resulting pool volume, the pool con-
centration of the polypeptide, the polypeptide step yield, and the polypeptide step re-
covery. The pooling criterion for the first chromatographic step (CEX model) was
> 92 % polypeptide purity, and for the second chromatographic step (RP model),
> 96 % polypeptide purity. The visualized multivariate analysis and the corresponding
data are shown in Figure 38 and Figure 39 and Table 21 and Table 22 for the first and

second chromatographic steps, respectively.

In order to mimic different pool sizes and polypeptide purities from the previous purifi-
cation step, the sampling study for the first chromatographic step was performed with
different load volumes and polypeptide purities. In general, in the first chromatographic
step, a higher load volume with the same polypeptide purity as the reference load
(2.75 mL with a polypeptide purity of 88.2 %) resulted in a higher theoretical pool vol-
ume (Figure 38A), an increased polypeptide pool concentration (Figure 38B), an in-
creased polypeptide step yield (Figure 38C), and a decreased polypeptide step recov-
ery (Figure 38D). In contrast, a decreasing load volume compared to the reference
load results in decreased values. Keeping the load volume constant with increasing
polypeptide load purity compared to the reference load results in increased pool vol-
umes, polypeptide pool concentrations, polypeptide step yields, and polypeptide step
recoveries. A decreased polypeptide load purity with the same load volume as the
reference load results in decreased values. In general, analyzing the overall sampling
study of the first chromatographic step shows that the best step yields and the best
step recoveries could be achieved with runs 18 and 19, as one may expect since these
runs have the highest specific polypeptide load (about 15 mg/mLcv to 16 mg/mLcv)
with the highest load purity (91.4% to 92%). However, since a higher polypeptide pool
concentration and purity may not have been achieved in the previous step, run 6 results
in a similar step recovery with half of the polypeptide yield. The specific load of run 6
is half the load from runs 18 and 19, meaning that two times run 6 equals the same
resulting polypeptide recovery and purity as one times run 18 or 19 without changing

the pool concentration from the reference pool. This yield with two times run 6 could
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be achieved only by lowering the load volume from 2.75 mL to 2.06 mL with the same

polypeptide purity as the reference load.

All built theoretical pools from the first chromatographic step were consequently ap-
plied in the second chromatographic step (RP model). Further theoretical pools were
built to investigate the influence of the different load conditions. As visible in Figure 39,
applying the theoretical pools, which resulted in the previous step to the highest poly-
peptide step yield and step recovery (runs 18 and 19), also results in the best step
yield and step recoveries for the second chromatographic step. However, run 6 results
in that step in a slightly lower step recovery than runs 18 and 19. Run 2 also provides
a good step yield with a higher polypeptide yield than run 6. Returning to the first step
shows that run 2 delivers similar values to run 6. Summarizing, as expected, the runs
with the highest specific polypeptide load in the first step also result in the highest
recovery and polypeptide yield. However, as already mentioned, if a higher polypeptide
pool concentration and purity before the first step are not possible, two times run 2 or
6 delivers the same results without changing the pool concentration and the purity (ref-

erence load).

One should note that this sampling study was performed by hand in which each con-
dition for each chromatographic step was simulated and evaluated by hand, because
the custom simulations file written with the ODE solver software Berkely Madonna does
not include such automatic studies. Commercial software is available for the simulation
of liquid chromatography, for example, the software DSPX from GoSilico. This software
includes such sampling studies, which can be done entirely automatized. However, the
included binding models in DSPX cannot describe the polypeptide's uncommon elution
behavior in the first step. Moreover, implementing custom adsorption isotherms is only

possible with commercial customer support.

Nevertheless, this sampling study successfully showed that the two representative
models developed at small column scale could be coupled for a sampling study. Fur-
thermore, the model could be used to examine the most appropriate conditions for the
purification process, which may not be apparent when defining the different pooling
criteria and load volumes for each chromatographic step.
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5 CONCLUSION

In a preparative chromatographic two-column purification process, a complex elution
behavior of a polypeptide in a counterion-induced CEX chromatography step was ob-
served. Isotherm research showed that anti-Langmuirian and Langmuirian behavior
occurred at low and high sample concentrations, resulting in a sigmoid-shaped iso-
therm with a concave shape at low and a convex shape at high protein concentrations.
The uncommon elution behavior of the polypeptide on the CEX resin in the linear and
non-linear range could be successfully described using an extended version of the
SAS isotherm 74 88. 102 ynder consideration of the activity coefficients for the salt and
the protein species in solution. On an RPC resin, the polypeptide exhibits a Lang-
muirian elution behavior which could be successfully described using a mechanistic
RP chromatography model developed by Arkell et al. 116, Additional to the polypeptide,
two product-related and one process-related impurity variants were successfully mod-
eled on both chromatographic steps. Multicomponent experiments showed that the
developed mechanistic model is able to describe the competitive behavior of the pro-
tein species with high accuracy. The modeling study with the polypeptide and the im-
purity variants on both chromatographic steps demonstrated that in mechanistic mod-
eling of liquid chromatography, it is crucial to be aware of the sample’s overall elution
behavior and the shape of the isotherm. In addition, activity coefficients should not
generally be neglected in preparative chromatography due to non-ideal thermody-

namic conditions.

Accurate elution prediction of the sample at high loading situations is mandatory under
commercial and industrial conditions. Simulations performed with a mechanistic model
lead to improved process understanding, which regulatory agencies desire. The mech-
anistic model developed in this work could be used for industrial high load multicom-
ponent process conditions. A drawback of this method is that sufficient amounts of
pure product and pure impurities are needed to determine the model parameters of
each species. Parameter determination in the non-linear range of the isotherm with a
multicomponent sample applying fraction analysis as done in references 16 167 avoids
the need for a pure sample. However, it does not clarify the influence of the impurities
in high load situations on the elution behavior of the product molecule. Therefore, no

representative model parameters, for example, shielding effects in the non-linear range
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of the isotherm, might be determined for the species in the multicomponent sample.
Nevertheless, this work provides a working scheme for the mechanistic modeling of a

chromatographic step in the linear and non-linear range of the isotherm.

Model calibration for both chromatographic steps was done with pre-packed mini-col-
umns. Detailed column characterization with the CEX columns showed that the scala-
bility of the pre-packed mini-columns to larger column volumes with different column
dimensions strongly depends on each column's specific parameters and their unique
packing quality. Although the quality parameters of the column packing are within a
reasonable range, the columns are not comparable in terms of performance and elu-
tion behavior with a sample. Scaling based on the relationship between the normalized
gradient slope and the eluting salt concentration by considering the unique column
parameters leads to similar elution salt concentrations and peak shapes. By consider-
ing a radial interstitial porosity profile, the mechanistic model is able to describe the
whole scale-up data set up to a large benchtop column scale with constant model pa-
rameters 131, The scalability investigation of the pre-packed columns and the devel-
oped model showed that the assumption of the same packing quality and column char-
acteristics, often made in the literature, might be inappropriate when scaling a chroma-
tographic step because column properties and packing quality can significantly affect
the elution profile. The scale-up procedure used in this work could be applied for faster
scouting runs at small column scales with different residence times compared to the
process scale. If peak widths and heights are held constant by considering the normal-
ized gradient slope across different column scales, the pooling criteria based on peak
widths can also be scaled up to process conditions. Furthermore, it was shown that
too small benchtop columns (column volume less than 1 mL) might be inappropriate
for mechanistic model calibration and scale-up due to the uncertainties in the column
characterization and the fact that the packing quality can significantly influence the
peak shape in the non-linear range. A more appropriate approach might be to use
these mini-columns for the initial selection of a suitable isothermal model. Conse-
guently, the detailed calibration of the model on an appropriate SDM column, consid-
ering possible packing inhomogeneities, could be done. A transfer of the model from
SDM to the manufacturing scale might be possible if one is aware of the packing quality

of the column used in the manufacturing scale and by considering it in the model.
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Finally, with the coupling of the two developed models for each chromatographic type,
it was shown that a in silico study could be used for evaluating the best purification

conditions in the two-column purification step.
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6 ABSTRACT

Biopharmaceuticals represent some of the best accomplishments of modern medicine.
Over the last decades, more and more new biopharmaceutics have been developed
to treat a wide range of diseases. Nevertheless, the purification process of a biophar-
maceutical is still a challenging task. Currently, the method of choice for high-resolution

product purification mainly focuses on chromatographic techniques.

In this work, a preparative multicomponent chromatographic two-column purification
process was modeled using mini-columns for model calibration. A polypeptide showed
an uncommon anti-Langmuirian to Langmuirian elution behavior on the cation-ex-
change chromatography resin at low and high loading conditions. On the reversed-
phase resin, however, the polypeptide exhibits a Langmuirian elution behavior. The
elution behavior of the polypeptide on the cation-exchange resin could be successfully
described using an extended version of the self-association isotherm under consider-
ation of the activity coefficients for the solute salt and the protein species. The elution
behavior on the reversed-phase resin was successfully modeled using a mechanistic
model describing multiple effects between the organic modifier, salt modulator, and
protein species. Multicomponent experiments showed that the mechanistic model can
describe the competitive behavior between the polypeptide, two product-, and one pro-

cess-related impurity variant with high accuracy on both chromatographic steps.

Since model calibration was done with pre-packed mini-columns, the scalability of
these columns and the developed mechanistic model to larger column volumes was
investigated and showed a strong dependency on each column’s specific parameters
and their unique packing quality. Under consideration of column-specific parameters,
the pre-packed mini-column is scalable to larger column dimensions. Furthermore, un-
der consideration of the packing inhomogeneities of each column, successful scale-up

simulations with the developed mechanistic model could be done.

With a coupled multicomponent two-column simulation sampling study, the influence
of product purity and load was investigated for each chromatographic step and evalu-
ated in a multivariate analysis. This work showed the full potential of the developed
model for the two-column purification process, which could be used in further process

development and optimization studies.
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APPENDIX

8 APPENDIX

8.1 Calculation of the column model

The column model presented in Equations (24) and (25), consisting of partial differen-
tial equations (PDESs), was solved using the finite difference axial dispersion model, as
shown by Ingham et al. 114, Therefore, the partial differential equation system is trans-
formed into a set of difference-differential equations by dividing the volume of the col-
umn into several equally shaped discs. Figure 40 illustrates the principle of the finite
difference model considering axial dispersion. The convective flow with the flow rate
L, and the diffusive flux in axial direction j,, enter and leave the liquid phase of any
section n. The concentration of species i in the liquid phase is denoted as c; and the
concentration in the solid phase is denoted as g;. The rate of loss of species i due to
transfer from the mobile to the solid phase is given by r;. The concentrations of species
i at the boundaries of each segment are averaged. Note that the solid phase available

for binding is based on pore volume in the used model.

(1 — gp)epkgAV (1 — gp)epkqAV] (1 — &)epkqAV
qzn—l q;,n qzn+1
Yin—1 Tin Tin+1
Jax ¢ Jax ¢ Jax ¢ Jax
* — = = = [ = = — = ¢ — — — =9 ¢ — — — =
Cin-2 Cin-1 Cin Cin+1
B —— Cin-1 > Cin » Cin+1 l—
Lm Lin Lin Lm
oAV AV oAV
AV AV AV

Figure 40: Finite difference axial dispersion model of a porous chromatographic column. The grey boxes
indicate the solid phase based on pore volume, and the white boxes the liquid phase (adapted from
Ingham et al. 114).
The partial differential equation column model presented in Equations (24) and (25)
was transformed into a dynamic difference equation form, so the model is suitable for
a solution in the ODE solver Berkeley Madonna, as shown by Ingham et al. 14,
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The material balance in the liquid phase for each component i is given as 4

(Acumulation) . (Convective) _ ( Convective ) ( Dif fusive )
rate of i ~ \flowofiin flow of i out flow of iin
. . Rate of (A1)
Dif fusive
— (flow of i out) — transfer to
solid phase of i

Consequently, the concentrations in the liquid phase of i accessing and leaving a sec-

tion n are given by 14

_ Cin-1 + Cin (A-Z)

Ciin = - 5
Ci,n + Ci,n+1 (A-3)

Ciout = 2 ’

and the concentration gradients of i at the inlet and outlet for each n are given by 114

(E) _ Cin-1 — Cin (A-4)

dx in Ax '

(E) _ Cin — Cin+1 (A-S)
dx / yut Ax '

The transfer rate of species i from the liquid to the solid phase is given by:

6
ri(l - go)gpdech = keffd_ (q;q,i - qgk)(]- - So)gpdech : (A.6)
14

By multiplying the concentrations of i in Equations (A.2) and (A.3) with the volumetric
flow rate L;,, and by multiplying the concentration gradients of i in Equations (A.4) and
(A.5) by the interstitial cross-sectional area ¢,4., the material balance for i in the liquid

phase in any section n is given by 14
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dcin Cin-1 + Cin Cin + Cin+1
A Ax—— = L; ( : —— - )
041c dt in 2 2
Cin—1 — C; Cin — C;
F0Ac Doy (— T — ) (A7)

6
_(1 - go)gpkdkeff d_ (ng,i - Q?)Ach .
P

Rearranging Equation (A.7) results in the final dynamic difference equation form for

any section n, which is suitable for the calculation in the software Berkely Madonna 4

dCi,n _ Lin (Ci,n—l - Ci,n+1)

dt oA Ax 2 (A.8)

Cin-1— Zci,n + Ci,n+1) _ (1 - go)gpkd

+Dax ( Ax? N

6
keffd—(qeq,i -q;).

p
At the column inlet and outlet, the model requires special considerations (boundary
conditions) since an initial solute concentration of i must enter the column inlet, and no
diffusive flow can enter and exit the closed inlet and outlet of the column. Conse-

guently, the material balance for i in the liquid phase in the first element of the column

iS 114:

dc; Ciq1t ¢ Ci1 — C
EOAch o = Lin (Ci,in - 1’2) - EOAcDax ( & llz)
6 * *
_(1 - So)gpkdkeff d_ (Qeq,i —q; )Ach .
P
Rearranging Equation (A.9) results in:
deiy _ Lin (ZCi,in — Ci1 — Ci,z) _p (Ci,l - Ci,z)
dt  gyAAx 2 P\ Ax? (A.10)
(1 —&9)epky 6, . .
T Kefs i (qeq,i - Qi) .
0 4

Accordingly, the material balance for i in the last element of the column N is given
by 114:
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de;y
SOAch—l = Lin(ci,N—l - Ci,N) + £0AcDgyx (

Cin-1— Ci,N)
dt

Ax (A.11)
6 * *

_(1 - 50)8pkdkeffd_ (qeq,i - qi)Ach .
2

Rearranging Equation (A.11) results in:

deiy Lin Cin-1 — Cin
— = (cin-1—Cin) + Dax (— > )
dt oA Ax Ax (A12)
(1 —eg)epky 6, .
- c Kerr 4. (Qeq.i - Qi) :
0 p

With Equations (A.8), (A.10), and (A.12), it is possible to calculate lumped rate column
model (Equations (24) and (25)) consisting of several PDEs with the ODE solver soft-
ware Berkeley Madonna. Note that the solid phase protein concentration is calculated
from the isotherm model. How the isotherm model is calculated in the Berkeley Ma-

donna file is shown in Appendix 8.2.
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8.2 Calculation of the SAS isotherm

The SAS isotherm derived in Section 1.4.1 was calculated according to the SMA for-
malism, as shown by Frederiksen 15, According to the scheme, Equation (15) has to

be rearranged into the following form:

Vi

(24
; Vi Ky ; A.13
B g Vi vila— Z(vj +&)q, (1 + zﬂci7i> Lj=12..a (A.13)
Ci Vs! o c
j=1
With the assumption q; = q;; + 2q,; (Equation (11)) follows:
a vi
q; Vi Kpi . (A.14)
ﬁ = Ki?_]l’ics A Z[(vj +§7)a1 + 202,5(v + §5)] (1 + Z%Ci%’)-
l S .
j=1
With the following defined relationship for the ionic capacity:
c (A.15)
A=gqs+ Z[(Uj + &) + 242,45(v; + 7)) '
j=1
and the relationship for q, ;:
_ (qs)”i Vi (A.16)
qi,i = Bi\—) =7 Ci»
CS N
and for 2q, ;:
Kp,i _ qs\"t Vi Kp,i _ (A.17)
Qo = Qri—Ti ¢ = K; <—S) s ——Tici®
c S YS c

the SAS isotherm can be extended with the ionic capacity as described with the follow-

ing relationship:
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v Kp ;
AKLVV;lc;vz[A 2l + §)an, + 202,5(v; + )] (1+2 m) (A.18)

qi
¢; qs + X5 [ (v + &5)an + 242,5(v; +¢5)] ,
MK L e A = S5 [+ €)an + 202, (v + )17 (1+2K_ 7)
Qi _ iy vits j=11\"Yj JJHL,j 2,J\YJ J c It (A.19)

T a5\" Vj Kp,j _
‘i q5+2?=1[Kj(Z_z) ~v]C](v]+E])+2K( ) Vs] 2 iCj O’J"‘f})]

By inserting the adsorbed concentration of the counterion g, available for binding, the

relationship simplifies to:

Yi (9s\" h _~.>
qi AR ”l(cs) <1+2 c it (A.20)

C; vj ¥i K '
bogs+ X5 [KJ CCIS ~{7, CJ(vJ+€J) (1"'2 Cﬂ’})]

By extending with c;/qs, the SAS isotherm can be written as:

(c_z) (q_s> (1 + 274 l’) (A.21)

)

qi AK; J%‘

o Kp
g (%)"'27:1[1(1' Z_j (CI_Z>~”1 CJ(UJ+€])(1+2?C])/])]

Vl qs vi—1 ( KDL >
AK; = 1+2
i _ AL (Cs> * it (A.22)

Ci q i Kp '
' Cs+2?=1 [K] C_Z )75{7;' Cj(vj +€j) (1+ZTCJVJ)]

For the calculation of the isotherm with the ODE solver Berkely Madonna, Equa-
tion (A.22) is rearranged with the dimensionless variables for the liquid and solid phase

protein and counterion concentration:
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ji="2 = o 6 = A, (A.23)
Jo = 2= s o =i, (A.24)
Qi = CI;\ZS :% = q; = QiA. (A.25)
Q=E2=% 1 g =g (A.26)

Introduction into Equation (A.22) results in the following relationship:

v;i—1 K
AK; VV:, (QSA) jih (1+27247,5:)

y A A.27
0 = a _ (A.27)
D,j ~ .
Vs — v, y]A(vj + E]) (1 +2—= yjy]A>]
Rearranging results in:
Pi (Qs\" 7. ( Kp; _ .. )
Kl )751.71 (y ) yl 1 + 2 )/lylA (A28)

o+ 35K (%) Vv,y,(v,+f,)(1+z Ly )|

With the equilibrium concentration of the adsorbed protein q.,; = q; = Q;A, the rela-

tionship, which is implemented in the ODE solver Berkely Madonna, can be described
with:

yl QS KDL ~ o >
. AKlyvl(ys) yl <1+2—mll\
eqi — = ’
, R/ Kpj ..
Vs + L1 [KJ ?;SS 7 7 ¥ + ) (1 +2-2 VJyJA>]
S

(A.29)

As Frederiksen stated in his work, the simplest way to calculate the SMA formalism is
to determine the free salt Q; bonded to the ligands available for binding first since it is

given as one implicit equation in one variable 11°. Q. can be calculated from 5
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0. = Vs (A.30)
S - ]
Gy
Whereas Gy, is given by:
L (Qs\T T Ko, (A.31)
Gon =3+ ). [Ki (3) v+ (1+2 —"MA)] . |
pr Vs Vs c

[24
. . A.32
Gy = Vs + Z(LiYi) ) ( )
i=1
with:
vi—-1 o
i ; Kp i A.33
L=k(2) Tow+a (1422 p5m). (A3
Vs Vs ¢
By applying a Newton iteration and defining the functions:
. A.34
F1=_ys+QsG(y)=O, ( )
dF C (A.35)
Fy= oot =G+ Js+ ) (Lvidh). |
Qs :

i=1

the dimensionless variable Q, can be calculated. In this work, a Newton iteration with
20 steps was coded in the Berkely Madonna simulation file. Consequently, the equilib-

rium concentration bound to the ligands can be calculated from the following:

AK; L

v;—1 K .
- (&) 7, (1 +2 %mm) (A.36)
S

Ys

Teai = Gy)

Note that the isotherm model for the RPC step derived in section 1.4.2 was calculated
according to the same scheme shown above since the model applied for the RPC step

is also based on the SMA formalism.
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8.3 CEXcolumn 1 modeling and simulation
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Figure 41: Simulated chromatograms compared to the experimentally determined chromatograms with
the polypeptide species at different pH values and column loads. The orange and blue lines indicate the
experimental sodium concentration and UV signal. The black dashed lines indicate the corresponding

simulated signals. The experimental UV signal was determined with a 10 mm UV cell.
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Figure 42: Simulated chromatograms compared to the experimentally determined chromatograms with

the polypeptide species at different pH values and column loads. The orange and blue lines indicate the

experimental sodium concentration and UV signal. The black dashed lines indicate the corresponding

simulated signals. The experimental UV signal was determined with a 2 mm UV cell.
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8.4 CEX column scale-up modeling

Table 20: Fitted empiric loading dependency for the effective mass transfer coefficient of the polypeptide

species for each CEX column scale.

CEXcolumn1l CEXcolumn2 CEXcolumn3 CEXcolumn4

Load (mg-mLcyv?)

kefri (cm?s™)

kesri (cm?s™)

kesfi (cm?s™)

kesri (cm?s™)

0.05 3.5x10° 5.0 x 10°® 3.8 x10° 3.2x10°
1.5 4.8 x 10° 6.5 x 10° 6.0 x 10° 7.0 x 10°
5 4.4 x 10° 5.8 x 10° 4.2 x10° 6.0 x 10°
10 3.5x10° 4.5 x 10° 3.7 x 10° 4.0 x 10°
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8.5 CEX model and RP model coupled simulations sampling study

Table 21: Overview of the parameters for the sampling study with the CEX column 1. The pooling criteria for the theoretical pool was > 92 % polypeptide purity.

Run  Load Conc. Poly.  Variant Aconc. Variant B conc. Load Poly. Load variant Load variant Purity Poly.  Pool vol- Pool conc. Yield Recovery
(mL) (mg/mL) (mg/mL) (mg/mL) (mg/mLcy) A (mg/mLcy) B (mg/mLcy) Load (%) ume (mL)  Poly. (mg/mL) Poly. (mg) Poly. (%)
1 2.75 3.8 0.254 0.254 10.450 0.699 0.699 88.21 4.825 1.778 8.580 82.11
2 2.61 3.8 0.254 0.254 9.918 0.663 0.663 88.21 4.628 1.788 8.276 83.44
3 2.48 3.8 0.254 0.254 9.424 0.630 0.630 88.21 4.460 1.773 7.909 83.92
4 2.34 3.8 0.254 0.254 8.892 0.594 0.594 88.21 4.268 1.762 7.520 84.57
5 2.2 3.8 0.254 0.254 8.360 0.559 0.559 88.21 4.089 1.728 7.068 84.54
6 2.06 3.8 0.254 0.254 7.828 0.523 0.523 88.21 3.910 1.712 6.696 85.54
7 2.89 3.8 0.254 0.254 10.982 0.734 0.734 88.21 5.016 1.815 9.105 82.90
8 3.03 3.8 0.254 0.254 11.514 0.770 0.770 88.21 5.217 1.827 9.532 82.79
9 3.16 3.8 0.254 0.254 12.008 0.803 0.803 88.21 5.406 1.837 9.931 82.70
10 3.3 3.8 0.254 0.254 12.540 0.838 0.838 88.21 5.612 1.847 10.367 82.67
11 2.75 3.3 0.254 0.254 9.075 0.699 0.699 86.66 4.232 1.753 7.418 81.74
12 2.75 2.9 0.254 0.254 7.975 0.699 0.699 85.09 3.753 1.706 6.402 80.27
13 2.75 25 0.254 0.254 6.875 0.699 0.699 83.11 3.274 1.639 5.367 78.06
14 2.75 2 0.254 0.254 5.500 0.699 0.699 79.74 2.652 1.547 4.103 74.60
15 2.75 4.2 0.254 0.254 11.550 0.699 0.699 89.21 5.300 1.836 9.732 84.26
16 2.75 4.6 0.254 0.254 12.650 0.699 0.699 90.05 5.784 1.863 10.774 85.17
17 2.75 5 0.254 0.254 13.750 0.699 0.699 90.78 6.270 1.856 11.636 84.62
18 2.75 5.4 0.254 0.254 14.850 0.699 0.699 91.40 6.775 1.900 12.871 86.68
19 2.75 5.8 0.254 0.254 15.950 0.699 0.699 91.95 7.286 1.886 13.743 86.16
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Table 22: Overview of the parameters for the sampling study with the RP column 1. The pooling criteria for the theoretical pool was > 96 % polypeptide purity.

Run  Load Conc. Poly. Variant A conc. Variant B conc. Load Poly. Load variant Load variant Purity Poly.  Pool vol- Pool conc. Yield Poly. Recovery
(mL) (mg/mL) (mg/mL) (mg/mL) (mg/mLcy) A (mg/mLcy) B (mg/mLcy) Load (%) ume (mL)  Poly. (mQ) Poly. (%)
(mg/mL)
1 4.825 1.778 0.0189 0.0190 8.580 0.0914 0.092 97.91 0.927 4.773 4.423 51.54
2 4.628 1.788 0.0229 0.0179 8.276 0.1059 0.083 97.77 0.927 4.773 4.423 53.44
3 4.460 1.773 0.0240 0.0167 7.909 0.1072 0.074 97.76 0.881 4,518 3.979 50.31
4 4.268 1.762 0.0254 0.0154 7.520 0.1084 0.066 97.74 0.863 4.355 3.760 50.00
5 4.089 1.728 0.0242 0.0139 7.068 0.0988 0.057 97.84 0.861 4.151 3.574 50.57
6 3.910 1.712 0.0258 0.0126 6.696 0.1009 0.049 97.80 0.846 3.971 3.359 50.15
7 5.016 1.815 0.0213 0.0205 9.105 0.1066 0.103 97.75 0.942 4.951 4.663 51.21
8 5.217 1.827 0.0204 0.0218 9.532 0.1063 0.114 97.74 0.959 5.087 4.879 51.19
9 5.406 1.837 0.0195 0.0230 9.931 0.1055 0.124 97.74 0.985 5.421 5.342 53.79
10 5.612 1.847 0.0187 0.0242 10.367 0.1048 0.136 97.73 1.003 5.351 5.366 51.76
11 4.232 1.753 0.0256 0.0158 7.418 0.1083 0.067 97.69 0.855 4.329 3.699 49.87
12 3.753 1.706 0.0293 0.0130 6.402 0.1100 0.049 97.58 0.820 3.878 3.179 49.65
13 3.274 1.639 0.0333 0.0101 5.367 0.1090 0.033 97.42 0.802 3.323 2.666 49.68
14 2.652 1.547 0.0406 0.0064 4.103 0.1077 0.017 97.05 0.794 2.566 2.036 49.63
15 5.300 1.836 0.0204 0.0219 9.732 0.1080 0.116 97.75 0.977 5.135 5.015 51.53
16 5.784 1.863 0.0183 0.0244 10.774 0.1060 0.141 97.76 1.029 5.453 5.610 52.07
17 6.270 1.856 0.0141 0.0269 11.636 0.0884 0.169 97.84 1.090 5.680 6.191 53.20
18 6.775 1.900 0.0147 0.0295 12.871 0.0997 0.200 97.72 1.160 5.949 6.899 53.60
19 7.286 1.886 0.0118 0.0321 13.743 0.0857 0.234 97.73 1.230 6.099 7.499 54.57
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