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Abstract
Column chromatography is the method of choice for the purification of bio-pharmaceuticals.
Due to the different types available, and to the gentleness of its operation, chromatography
is an indispensable tool for almost all biopharmaceutical industrial production processes.
Despite this importance, a very limited amount of work has been done to describe
chromatographic processes mechanistically, and in detail. Furthermore, an even smaller effort
has been put into designing these processes with mechanistic knowledge.
Traditionally, chromatography is designed using trial and error methods. This is due to the
lack of understanding of the interactions between the injected analytes and the stationary
phase. In fact, the non-linear nature of chromatography lends itself to difficulties in describing
its behavior. Complex feeds and a multitude of process parameters to define further
compounds this difficulty. However, recent advances in the mathematical modeling of
chromatographic processes have made model-based description and design an interesting
tool.
Model-based tools use two distinct sets of equations to simulate chromatographic behavior of
analytes. The first, the mass balance equations, define the conservation of mass along the
column. The second, the isotherm, defines the thermodynamics of adsorption onto the
chromatographic phase. In essence, the different model parameters are first measured, then
the model is used to simulate the process. This imparts great advantages on model-based
design: first, the experiments used for parameterizing the model are well defined, and require
less raw material. Second, the design is done in silico, which requires less time, and no raw
materials. This also means that extremely large sets of simulated chromatograms can be
generated in the time it takes to run a single experiment. Finally, model-based design is a
knowledge-based tool. In order to run the simulations, the adsorption and mass transfer
mechanisms must be known and understood.
In this work, model based tools are applied to a variety of chromatographic techniques. These
tools are used to describe, design and optimize mixed mode, reversed phase and ion exchange
chromatography processes. These are built to provide a maximum amount of information
while minimizing the amount of experiments that need to be run. In particular, the ability of
these tools to be effective in their descriptive and design power is emphasized in throughout
this thesis.
IX

Résumé
La chromatographie de colonne est la méthode de choix pour la purification de composés
biopharmaceutiques. Grace aux différent types disponible, et à la douceur de son opération,
la chromatographie est un outil indispensable pour presque tous les procédés industriels de
production biopharmaceutique. Malgré cette importance, très peu de travail a été accompli
sur la description mécanistique, et en détails, de procédés chromatographiques. De plus, un
effort encore plus petit a été investi dans le développement de ces procédés en utilisant des
connaissances mécanistiques.
Traditionnellement, la chromatographie est développée de manière empirique et
expérimentale. Ceci est dû au manque de savoir concernant les interactions entre les analytes
injectées et la phase stationnaire. En effet, la nature non-linéaire de la chromatographie
contribue à la difficulté d’en décrire son comportement. Des solutions d’injections complexes
et une multitude de paramètres de procédé à définir contribuent aussi à cette difficulté.
Cependant, de récentes avancées dans la description mathématique de procédés
chromatographiques ont rendu l’utilisation d’outils de modélisation très intéressante.
Les outils de modélisations utilisent deux séries d’équations distinctes pour simuler le
comportement chromatographique de divers analytes. La première, les équations de bilan de
masse, définissent la conservation de masse autour de la colonne. La deuxième, l’isotherme,
définit la thermodynamique d’adsorption sur la phase chromatographique. Les différents
paramètres des modèles sont d’abord mesurés, puis le modèle est utilisé pour simuler le
procédé. Cela attribut plusieurs avantages de taille au développement utilisant des outils de
modélisations: premièrement, les expériences de calibrations sont bien définies, et utilisent
moins de matériel brute. Deuxièmement, le développement est fait in silico, ce qui requiert
moins de temps, et aucun matériel brut. Cela veut aussi dire qu’un très grand nombre de
simulations peux être générer dans le temps qu’il faut pour réaliser une seule expérience.
Finalement, utiliser des outils de modélisations est une méthode basée dans le savoir. Pour
pouvoir faire des simulations, il faut savoir et comprendre les mécanismes d’absorption et de
transfère de masse.
Dans ce travail, des outils de modélisation sont appliqués à une variée de technique
chromatographiques. Ces outils son utiliser pour décrire, développer, et optimiser des
procédés de chromatographie multimodale, en phase inverse, et en échange d’ions. Ces outils
X

sont construit pour générer un maximum d’information tout en minimisant l’effort
expérimental requit. En particulier, la capabilité de ces outils d’être effectifs dans leurs
pouvoirs de description et de développement est soulignée à travers cette thèse.
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Introduction

Chapter 1. Introduction
Biopharmaceuticals have, in recent decades, become a vital class of pharmaceuticals due to
their unequalled ability to treat various illnesses. These include illnesses such as cancers,
cardiovascular diseases, diabetes, immune disorders, and many others [1–3]. As a matter of
fact, there are several hundred biopharmaceuticals in the pipelines, and many more on the
market [1–6]. These include products such as recombinant proteins (i.e. erythropoietin),
monoclonal antibodies (i.e. bevacizumab) and peptides (i.e. insulin). Compared to organic
drug compounds, these are high molecular weight linear chains of amino acids. These linear
chains then fold into secondary, tertiary and even quaternary structures, and this 3D structure
is vital to their biological function. Loss of this structure is often irreversible [7] and can lead
to disease [8]. Denaturing agents include temperature, detergents (such as sodium dodecyl
sulfate), extremes of pH, organic solvents, and high ionic strengths [7–10]. Furthermore, as
in all pharmaceuticals, biopharmaceuticals must be available in high purity, as any impurities
can cause unintended and often unknown biological effects, and would definitely not be
approved by regulatory authorities [11–13]. As such, the industrial scale production of these
large, fragile molecules must be done in a mild manner in order to ensure proper structure is
maintained while guaranteeing very high purity levels. This is also true for analytical scale
quantification and quality description.

1.1

Biopharmaceutical production

Production of biopharmaceuticals can be separated into four main steps: up and downstream
processing, formulation and packaging. Upstream processing consists of the actual
production of the drug. Typically for smaller biopharmaceuticals (small peptides, such as
Goserelin), this is done through solid phase synthesis, where the amino acids making up the
drug are added one at a time [4]. For larger molecules, such as large peptides (insulin) or
monoclonal antibodies, the preferred method remains fermentation. The micro-organisms,
usually Escherichia Coli or Chinese Hamster Ovary cells [3], are genetically engineered to
express high amounts of the desired pharmaceutical compound. In both cases, many
impurities are formed along with the desired product. In solid phase synthesis, these
impurities tend to be very similar to the product of interest, often only containing single
amino acid differences [14]. On the other hand, proteins and peptides produced by
fermentation typically contain a larger variety of impurities stemming from the cells used to
7
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produce them (host cell proteins and DNA) as well as product related impurities (clipped
forms, fragments, aggregates, charge variants, etc…). These impurities must be removed
during downstream processing. This part typically consists of several chromatographic steps.
These steps include capture, where the bulk of the impurities are removed, followed by
intermediate steps designed to remove specific impurities, and finally a polishing step,
designed to reach the extremely high purities required [15]. Each step in the chromatographic
train can utilize different types of interactions between the product and the column, such as
affinity, ionic, hydrophobic, or mixed mode effects. Once the product is purified, it is then
formulated in order to prevent any denaturation, aggregation or degradation. In essence, the
product is exchanged into a solution in which it can have extended, or even acceptable shelf
life [10]. Finally, the product is packaged in the form it must be administered, such as in
tablets, single use needles, bulk solutions, etc…
Currently, the design of the production process is mostly done according to trial and error
approaches. This empirical methodology leads to poorly understood and sub-optimal
processes that have high likelihoods of failing, unless process parameters are extremely well
controlled. Furthermore, the bottleneck in this process is usually downstream processing,
typically due to poorly designed chromatographic steps, complex feed mixtures and high
purity requirements [16–18]. Further compounding the difficulties in designing optimal
chromatographic trains are ever new, more complex biopharmaceuticals requiring removal
of impurities extremely similar to the product. These include products such as fusion proteins
(i.e. antibody-drug conjugates [2]), biosimilars (requiring the biosimilar to be extremely
similar to the product of reference [5,17,19]), and PEGylated proteins [20–22].
This poor design stems partly from poor understanding of the fundamentals of peptide and
protein chromatography. In this thesis, mathematical models, and model based tools,
grounded in physical laws, are developed, presented and applied to both the understanding
and design of chromatographic processes. These range from the development of preparative
(non-linear) processes (Chapters 2, 5-7), to the design of analytical (linear) chromatographic
techniques (Chapters 3 and 4), and to the development and description of chromatographic
materials (Chapters 2, 3, 5 and 6).

1.2

Principles of chromatography

The first noted scientific use and report of chromatography as a separation technique is that
of Tswett in 1905 detailing the separation of plant pigments such as chlorophylls and
carotenes [23–26]. While several chromatographic type processes where known prior to this,
8
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none was specifically used with separation in mind, and they consisted mostly of ion removal
techniques [27]. Chromatography was then forgotten for approximately 30 years, until
revived by Kuhn and Lederer [28,29]. This revival culminated in the Nobel prize winning
work of Martin and Synge in 1941 describing the theory and application of partition
chromatography [30]. The first industrial applications of chromatography came with the
separation of rare earth metals within the Manhattan project by Spedding [31] and the
fractionation of virgin crude oil by the American Petroleum Institute [32]. At this point, the
technique required long method times and large chromatographic columns for any reasonable
separation to be achieved. It was not until the 1970s that high performance liquid
chromatography (HPLC) became mainstream [27]. It was described as “high speed liquid
chromatography” and gained its prominence due to reduced method times, column volumes,
and extremely high potential for the fractionation of complex feeds [33]. The method was,
however, still used almost exclusively in analytical scale. This was done in order to avoid any
difficult to understand non-linear effects associated with large injection volumes and column
overloading. Today, HPLC is used in many fields, ranging from pharmaceuticals to the food
industry, for both the industrial, preparative, non-linear purification of product molecules, to
the small, laboratory scale analytical description of complex mixtures. This is due to the
unequaled capability of chromatographic techniques to separate extremely similar analytes,
while staying an extremely soft technique that does not cause product loss during
purification.
The beauty of the chromatographic technique rests in its diversity, and for proteins and
peptides, four main kinds are used:


Ion exchange chromatography (IEC), where the analytes in a mixture interact with the
oppositely charged chromatographic material according to electrostatic effects. In this
case, the more charged an analyte is, the more retained it is. Typically, sodium chloride
is used as a displacing modifier (i.e. causes the modification of the interaction strength
between the analyte and the chromatographic material).[34]



Chromatography based on hydrophobic effects. Three types of chromatography
utilizing hydrophobic effects exist: reversed phase chromatography (RPC), where the
chromatographic surface is very hydrophobic, and organic modifiers such as methanol
and acetonitrile are used [35], and hydrophobic interaction chromatography (HIC),
utilizing weakly hydrophobic chromatographic surfaces and lyotropic salts as

9
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modifiers [36]. The third type, normal phase chromatography is seldom used in the
context of biopharmaceuticals.


Affinity chromatography makes use of a biological interaction between the product of
interest and the chromatographic material. It is an extremely powerful technique as,
in theory, only the product is retained. Unfortunately, an affinity ligand must be found
for each product, which is considerably difficult. [37]



Size exclusion chromatography (SEC), used mostly as an analytical technique, where
the different components injected travel at different speeds through the column based
on their size. There is no interaction between the components and the column
material. The smaller the considered component is, the more access it has to the
porous structure of the chromatographic bed, which leads to higher retention times.
[38]

Today, almost all chromatographic materials consist of spherical porous particles. Their
composition ranges from silica gels, to cross-linked agarose to organic polymers such as
polyvinyl ether and methacrylate polymers [39]. The base matrix can then be functionalized
with different ligands, giving them their interaction potential. The ligands, typically contain
one or more functional groups such as sulfonates, quaternary amines or carboxylic acids for
IEC, C4, C8 or C18 for RPC, phenyl, C4 or ether for HIC, and protein A or protein G for affinity
chromatography. Unfunctionalized materials are typically used in SEC, where interactions
between the analyte and the chromatographic material are undesired. These particles are then
packed into a column, and make up the chromatographic stationary phase. Using more than
one type of functional group or ligand leads to mixed mode chromatographic materials,
exhibiting more than one interaction type.
On the other hand, initially the mobile phase contains the analytes that need to be separated.
Since the interaction strength is extremely dependent on the mobile phase composition, it is
always buffered, and the modifier concentration is carefully chosen. Once the feed mixture is
loaded onto the column, the modifier concentration in the mobile phase is changed, either
step-wise, or with a gradient, to the elution mixture. This allows for the controlled release of
the analytes. Since each analyte has a different interaction potential with the stationary phase,
each will ideally elute alone and at a different time (i.e. purified).
In all, many combinations of mobile and stationary phases can be used. This extreme diversity
has led many chromatographers to prefer trial and error approaches when designing or
describing these processes. However, regardless of the stationary and mobile phase
10
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combination used, all chromatographic separations can be described using the same mass
balance equation. Furthermore, the effect of process parameters such as flow rate, particle
size, pore size distribution and porous structure of the particles, and the column size are
independent on the type of interaction between the analytes and the stationary phase. As
such, many of the same tools can be used specifically to describe the thermodynamic
interaction between these two, within the framework of the mass balance. This allows for the
model based description of the behavior of analytes on chromatographic materials to be
undertaken according to similar methodologies for different types of chromatographic
techniques. Accordingly, the goal of this thesis is not to create the perfect model for a given
type of chromatography, but to develop model based tools with a consistent methodology
that can be applied to the description and optimization of any type of chromatographic
process. Ideally, this methodology is based on experimental results and on a strong
mechanistic understanding of both the mass transfer of analytes within the column and their
thermodynamic partitioning into the stationary phase

1.3

Important parameters in chromatography

The mass balance equation is the basic modeling tool used for describing chromatographic
processes. It contains terms for convection, diffusion and accumulation in the mobile phase,
as well as accumulation in the stationary phase (i.e. adsorption) [40]. In order to describe
accumulation in the stationary phase, isotherms are used. These define the equilibrium
concentration in the stationary phase as a function of the concentration in the mobile phase
[41]. The change in isotherm parameters with changes in mobile phase compositions can then
be estimated with such models as the linear solvent strength correlations for RPC [42,43] and
the steric mass action model for IEC [44].
Parameters such as the column length, the mobile phase flow rate, the chromatographic
particle size, pore size distribution, and porosity, and the volumes used (i.e. injection volume,
elution volume, etc…) do not have an effect on the thermodynamics of adsorption, but rather
on the mass transfer effects. Essentially, these parameters will have the same effects on all
chromatographic processes. On the other hand, the thermodynamics of adsorption are
determined by the mobile phase composition (pH, modifier concentration), the stationary
phase type, the analyte, and the temperature. Modeling the effect these parameters have on
the chromatographic behavior of analytes is primordial in order to develop the tools necessary
for describing and designing chromatographic steps. In this thesis, the mass balance along
with the relevant isotherms will be used to describe adsorption onto novel mixed mode
11
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exchangers (doped reversed phase), traditional and polyelectrolyte brush type ion exchangers,
and reversed phase materials. Tools based on these models are then developed for the
optimization of analytical RPC of peptides, the modulation of monoclonal antibody charge
variants using IEC, and polishing steps of monoclonal antibodies and fusion proteins using
IEC.
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“Life without knowledge is death in disguise”
Talib Kweli in ‘Mood Swing’

14

Doping reversed-phase media for improved peptide purification

Chapter 2. Doping reversed-phase media for improved peptide
purification
2.1

Introduction

In the last few years, an increased interest in peptides, for example as therapeutic agents, has
led to an intensified demand in purification methods of these products. An important
technique used in these purifications is chromatography, in particular, reversed phase
chromatography (RPC). While RPC has proven to be a reliable, efficient and safe technique,
its high cost has driven the development of ever more efficient purification techniques.
Moreover, in order to increase the yield and productivity of a given separation, the concept
of orthogonality, i.e. separation according to two or more types of interactions (for example
hydrophobic and electrostatic), is usually introduced in different chromatographic steps. The
efficacy of orthogonal chromatographic separations is well known, and is almost always
applied in industrial scale chromatography [45,46].
Combining the need for new and improved types of RPC stationary phases and the concept
of orthogonality, an innovative, reversed phase based, ion-exchange doped mixed mode
material (doped reversed phase, DRP) has been developed. This different stationary phase
exhibits orthogonality in a single material (i.e in a single chromatographic step) by the use of
two types of ligands: first, the reversed phase ligands, which display the hydrophobic
interactions; and second the ion exchange ligands, in doping quantities, which display the
electrostatic interactions [47].
While most mixed mode materials carry both types of interactions on a single ligand, this
material uses two separate ligands, each exhibiting its own type of interaction. This type of
mixed mode material is sometimes called stochastic mixed mode (see Figure 2.1) [48,49].
By having two distinct ligands, the surface concentration of each can be very precisely chosen.
In this case, the ion exchange ligand density is much lower than that of the reversed phase
ligands. The ion exchange (IEX) ligands are therefore said to be doping, whereas the material
is defined as a doped reverse phase material. This is in contrast with most mixed mode
materials where the interaction types are equally distributed along the surface. Additionally,
most, if not all, mixed mode materials show only attractive interactions, whereas the doping
IEX groups in DRP can be both used as attractive ligands (ligand and analyte have opposite
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charge) or as repulsive ligands (ligand and analyte have same charge). These modes are called
attractive-attractive, or attractive (RP ligands) – repulsive (IEX ligands) respectively.

Figure 2.1: Schematic of RPC surface doped with IEX groups.

A somewhat similar RPC material is the CSH phase by Waters [50]. While this material also
contains positively charged groups, along with the typical RP ligands, several differences with
the DRP exist. First, these charged groups appear to be directly part of the backbone, and are
not added as a second ligand [51–53]. Second, the charge density of the positively charged
groups on the CSH phase is 0.003 C/m2 [54], whereas the minimal charge density on the DRP
material is about 0.015 C/m2 (five times as much). Other than the CSH, nothing comparable
to the DRP was found in literature.
In this chapter, the theory behind the design of the DRP material is discussed. In addition, the
steps taken to design both the material and the purification step are discussed in detail. Several
examples of improved performance, using the newly developed material, both in diluted and
overloaded conditions, are then discussed.

2.2

Stationary phase design and functionality

2.2.1

Hydrophobic subtraction model

The Hydrophobic subtraction model developed by Snyder et. al. [55] accounts for the most
commonly observed interactions between a solute and a RP material. These include
hydrophobic interactions, steric resistance, hydrogen bonding and ion-exchange activity (pH
dependent). An important result discussed in [55] is that a near linear correlation exists
among the retention factors of many solutes (mainly exhibiting hydrophobic interactions) on
different RP materials. This indicates that the hydrophobic interactions correlate between RP
materials, with the other effects accounting for the “largely non-experimental error” scatter.
As such, the difference in selectivity between RP materials is due largely to the nonhydrophobic interactions.
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2.2.2

Doped reversed phase design concepts

In order to exhibit alternative selectivity, the DRP material was doped with ionic groups. As
described above, if these dopants are of the same charge sign as the analytes, the material is
used in attractive-repulsive mode. On the other hand, if the dopants and the analytes have
opposite charges, the material is used in attractive-attractive mode.
RPC separations work on the basis of hydrophobicity: more hydrophobic components are
more retained on a column than less hydrophobic components. Doping an RPC phase with
ionic ligands adds an orthogonal separation capacity. It is important to point out that highly
charged peptides are less hydrophobic (simply by containing more charged and therefore less
hydrophobic amino acids). Inversely, more hydrophobic peptides are less charged. This allows
both the attractive-attractive and attractive-repulsive modes of the DRP material to be
described theoretically.
In the attractive-attractive mode, an additional interaction is added, which increases the
retention of peptides on a column. However, the most charged (least hydrophobic) peptides
receive the biggest boost in retention. On the other hand, the most hydrophobic peptides
receive a much smaller boost in retention. Considering a three way separation, with a product
peptide pool P, a weakly retained (on RPC) impurity W and a strongly retained (on RPC)
impurity pool S, an imaginary separation can be made. Pool W would see its retention
increased the most, whereas pools P and S would only have small to inexistent increases in
retention. This leads to an undesirable condition as the pools would converge to the same
point. Moreover, the increased retention time would lead to broader peaks, effectively
reducing the resolution. This mode is schematically shown in Figure 2.2. A more rigorous
description of the behavior of peptides in attractive-attractive mode is presented in [56].
On the other hand, in the attractive-repulsive mode, the retention is decreased due to the
repulsive groups. Considering the same separation as above, the pool W would have its
retention decreased the most, whereas pool P would only see a small decrease in retention.
Pool S would not experience a decrease in retention. This leads to peak positions being further
apart, which means better separation. Furthermore, since the peaks are less retained, they will
be less broad thereby increasing the resolution. Finally, the separation will happen faster than
in the RPC material. Again, the effect of using DRP in attractive-repulsive mode is shown in
Figure 2.2.
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Another effect of the doping groups is due to modifier gradients. In gradient conditions,
organic modifier concentrations go from low to high. This leads the dielectric constant of the
mobile phase to go from high to low (see [57] for the dielectric constant of water-acetonitrile
mixtures). This means the Debye Hückel length (length at which an electrostatic effect is
meaningful) decreases along the gradient. The larger this length the larger the electrostatic
effect. This has particular advantages for the attractive-repulsive mode, as the longer a
component is retained, the less repulsion it experiences. The pool W would therefore be
subject to much more repulsion than the pool S, thereby increasing the separation
performance.

Figure 2.2: Schematic representation of chromatograms in RPC (top) and DRP (bottom). The arrows show
the effect of the doping IEX groups. Attractive-attractive mode is on the left, where as attractive-repulsive is on the
right.

As the DRP materials are expected to perform best in attractive-repulsive mode, it will be
discussed in most detail. In this case, since the doping groups are solely repulsive, they would
only decrease the interaction strength between the analyte and the reversed phase backbone
of the DRP material. As such, in constant ionic strength and pH, the material is expected to
behave like a RPC material. This means that there are no new or complicated effects to take
into consideration. In essence, the RPC hydrophobic interactions would be modulated by
modifier type and concentration [58–61], ionic strength [62] and RPC ligand type [58]. The
strength of the repulsive ionic interactions can in turn be modulated by ionic strength, pH,
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IEX ligand type and density [63], and modifier type and concentration [64]. It is of course
evident that the nature of the analyte plays an elemental role in its retention behavior [58,63].
In the following sections, operating the DRP material in attractive-repulsive mode will be
shown to give the best results.

2.3

Doped reversed phase materials

Several DRP materials were produced by Zeochem AG (Uetikon am See, Switzerland). All the
materials used a commercially available silica gel as the base support (namely ZEOsphere 100
10µm from Zeochem AG). Two ligands were used to functionalize the surface: C8 ligands
were used as the base hydrophobic contributor; and either quaternary amines or sulfonate
groups as the doping IEX groups [47,56]. The choice between the quaternary amine and
sulfonate modified DRP material was done based on the analyte pI and the buffer pH. At
buffer pH values below analyte pI (analyte positively charged), the quaternary amine acts as
a repulsive group (attractive–repulsive mode), whereas the sulfonate behaves as an attractive
group (attractive–attractive mode). At pH above analyte pI (analyte negatively charged), the
opposite is true. Conversely, the C8 groups always acted in an attractive manner. A schematic
of the surface is shown in Figure 2.1.
The different functionalization reactions were done by mixing pre-determined percentages of
the doping groups and C8 groups, and functionalizing the silica gel by well-known
derivatization techniques [47]. A few of the materials were then titrated (with silver nitrate
for the quaternary amine groups and hydrochloric acid for the sulfonate groups) to obtain the
actual IEX surface concentrations. The measured ligand densities, as a function of the reaction
mixture percentages, are shown in Figure 2.3.
This indicates that the surface density of IEX groups in the DRP material can be related to the
concentration of doping groups in the reaction mixture by a linear correlation. This allows
the design of DRP materials to be very accurate with respect to actual doping concentrations.
In addition to the DRP materials prepared, a pure RPC material was also prepared. All
materials were packed into 4.6x250 mm chromatography columns. The columns doped with
quaternary amines are named A and those doped with sulfonates are named C. The letters
are followed by the amount of doping ligands in the reaction mixture (i.e. A15 is doped with
quaternary amines, with 15% of ligands in the reaction mixture being the quaternary amines).
The same columns were used throughout this chapter, with no signs of deterioration or loss
of performance.
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Figure 2.3: Charge densities of different doped materials. The graph on the left shows the quaternary amine
doped material, whereas the graph on the right shows the sulfonate doped material. Squares represent experimental
results. The trend line is also shown.

2.4

Materials and methods

2.4.1

Peptides

Synthetic peptides 1 through 4 are crude peptide mixtures containing the peptide of interest
and several impurities. Crude Goserelin (synthetic peptide 1), is a 1.2 kDa peptide (amino acid
sequence: Glp-His-Trp-Ser-Tyr-Ser(tBu)-Leu-Arg-Pro-azaGly-NH2) with a pI of 11.5. It was
kindly donated by Corden Pharma Switzerland (Liestal, Switzerland). Crude synthetic peptide
2 is a 3.4 kDa peptide with a pI of 9.3. Crude synthetic peptide 3 has a pI of 4.9. Finally, no
information is available for crude synthetic peptide 4. It is however known that it has a high
pI (above 9). All synthetic peptides are representative of actual industrial products. All peptide
solutions were prepared by dissolving the crude peptide powder in a low acetonitrile
concentration buffer (see Table 2.1 for specific buffers) at a concentration of 2.5g/L.
Insulin from bovine pancreas (pI of 5.3) was purchased from Sigma Aldrich (Saint Louis, MO,
USA). An insulin/desamido-insulin solution was prepared by heating pure insulin in an acidic
solution at 60C overnight.
2.4.2

Mobile phases

Several mobile phases where used, depending on the peptide used, and the conditions
required. These are summarized in Table 2.1.
Sodium acetate, ammonium acetate and ortho-phosphoric acid were purchased from Merck
KGaA (Darmstad, Germany). Acetic acid and sodium phosphate monobasic were purchased
from Fluka analytical (Sigma Aldrich, Buchs, Switzerland). Trifluoro-acetic acid (TFA) was
purchased from Acros organics (Geel, Belgium). HPLC grade acetonitrile (AcN) was
purchased from Sigma Aldrich (Buchs, Switzerland). All the chemicals were used without
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further purification. De-ionized water was further purified with a simpak2 unit (Synergy
Millipore, MA, USA) before use.
Buffer

Low AcN

High AcN

Buffer pH

Used with :

100-800mM sodium

100-800mM sodium acetate; 50v%

4.8

Goserelin

acetate ; 6v% AcN

AcN

B

0.1 v% TFA; 2v% AcN

0.1 v% TFA; 50v% AcN

>1.5

Goserelin

C

120 mM sodium

120 mM sodium phosphate; 50v%

4.8

Synthetic

phosphate; 6v% AcN

AcN

100 mM ammon. acetate;

100 mM ammon. acetate; 50v% AcN

Name
A

D

Peptide 2
6.5

6v% AcN
E

180mM ammon. acetate;

Peptide 3
140mM ammon. acetate.; 25v% AcN

4.7

3v% AcN
F

240mM sodium acetate;

Synthetic

Synthetic
Peptide 4

240mM sodium acetate; 50v% AcN

3.5

Insulin

240 mM ammon. acetate; 50v% AcN

6.5

Insulin

6v% AcN
G

240 mM ammon. acetate;
3v% AcN

Table 2.1: Different mobile phases used in experimental study. The acronyms AcN and TFA represent
acetonitrile and trifluoroacetic acid respectively. The low and high AcN containing solvents are mixed by the HPLC
during the chromatographic experiment.

2.4.3

HPLC

All experiments were carried out on an Agilent (Santa Clara, CA, USA) 1100 series HPLC,
equipped with an auto-sampler, a variable wavelength detector, and online degasser and a
quaternary gradient pump. A Gilson FC 203B fraction collector (Middleton, WI, USA) was
connected (when needed) at the outlet of the HPLC to collect fractions during the peptide
elution.

2.5

Experimental results

2.5.1

Effects of counter-ion and modifier concentrations

The retention times of peptides on the DRP materials can be modulated by changing the
counter-ion concentration (IEX charge shielding) or the modifier concentration (mobile phase
hydrophobicity). Goserelin was injected on the various columns prepared as described above
under linear gradient elution Figure 2.4.
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Figure 2.4: Effect of gradient start point on retention time in diluted conditions. Left: same gradient for all
materials. Right: adjusted gradient for all materials (same gradient slope, different gradient starting point). Conditions:
Goserelin (positive charge); buffer A (100 mM); gradient slope: 0.25 v% AcN/min; gradient starting point: 21.9 v%
AcN (left graph, for right, see Table 2.2)

As can be seen, when using the same gradient on all materials, the retention times vary
considerably. In attractive-repulsive mode (A5, A10, A15), the retention time is lower
compared to the one on the RPC column. On the other hand, in attractive-attractive mode
(C5, C10, C15), retention times are longer. By changing the gradient starting point, but not
the slope, the retention times on all columns can be made equal to that of the RPC material
(see Figure 2.4). As such, the modifier concentration can be used to modulate retention times.
The different gradients used, and the corresponding retention times are shown in Table 2.2.
The A15 material shows no adsorption in this case.
Another way to modulate retention times is to use the counter-ion concentration. This works
by shielding the IEX group interactions, therefore decreasing their effect (i.e. charge
screening). Again, Goserelin was injected on the various materials prepared under linear
gradient elution (Figure 2.5).
Using increasing counter-ion concentrations (from 300 mM to 800mM), the retention times of
Goserelin on the doped materials approach that of the reversed phase material. Excluding the
A15 material, the difference in retention times over all the materials is approximately 18
minutes at an acetate concentration of 300 mM. It is seen that counter-ion concentration can
be used to modulate the retention time, effectively reducing the difference in retention times
to just below 9 minutes at a counter-ion concentration of 800 mM.
We have shown that the behavior of the DRP materials can very easily be influenced by three
parameters. Since the basis of this material is reversed phase ligands, the modifier
concentration obviously plays a primary role. On the other hand, the electrostatic effects
induced by the doping groups can be attenuated with an increase in the counter ion
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concentration through the charge screening effect. Similarly, the amount of doping IEX
groups plays a role on the strength of the observed electrostatic effects.
Coln.

AcN Start [v%]

AcN End [v%]

Grad. Time [min]

Grad.

Slope Ret.

[v%/min]

Time

[min]

C15

31.7

47.3

61.25

0.25

32.8

C10

29.5

45.1

61.25

0.25

29.8

C5

24.2

39.8

61.25

0.25

28.5

RP

21.9

37.5

61.25

0.25

28.0

A5

14.8

30.4

61.25

0.25

27.2

A10

10.8

26.4

61.25

0.25

28.6

A15

6.3

21.9

61.25

0.25

Dead Time

Table 2.2: Alternative gradient starting points used to modulate retention time. (see Figure 2.4 right). The
experimental conditions in the RP row were also used for all experiments shown in Figure 2.4 left)

Figure 2.5: Effect of counter-ion concentration on retention times in diluted conditions. Top left: 300 mM
counter-ion concentration. Top right: 500 mM counter-ion concentration. Bottom: 800 mM counter-ion concentration.
Conditions: Goserelin (positive charge); buffer A (300-500-800 mM); gradient slope: 0.5 v% AcN/min; gradient starting
point: 19 v% AcN.
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2.5.2

Effect of doping on selectivity

The selectivity between insulin and desamido-insulin was measured on several materials:
both in attractive-attractive and in attractive-repulsive modes. The separation was carried out
in two conditions: first in buffer F, with a pH below the pI of insulin (pH=3.5), and second,
with buffer G, with a pH above that of insulin (pH=6.5). In essence, the overall charge of
insulin and desamido-insulin was positive in buffer F, and negative in buffer G. All
experiments were run in isocratic diluted conditions, with the retention time of insulin being
set to approximately 30 minutes by changing the modifier concentration. The selectivity is
defined as the ratio between the retention times of the two components. The results are shown
in Figure 2.6.

Figure 2.6: Selectivity of insulin to desamido-insulin on the different materials, in buffers F (squares) and G
(diamonds). The modifier concentration was changed in order to obtain about 30 minutes of retention for insulin.

A significant increase in selectivity can be observed for buffer F with the A5-15 materials. A
less pronounced increase is obtained in the case of buffer G with the C5-15 materials. As
expected the selectivity increases were obtained when both the doping group and
insulin/desamido-insulin had the same charge sign, i.e. in the attractive-repulsive mode. This
is observed in both buffers. Correspondingly, a decrease in selectivity is seen in the attractiveattractive mode (that is materials A5-15 in buffer G, C5-15 in buffer F). The difference in
efficacy between buffers F and G is probably due to complex interactions between the peptide
and the mobile phase affected by changing the pH or counter-ion of the mobile phase. These
findings confirm the conceptual picture depicted above in the context of Figure 2.2.
2.5.1

Performance in overloaded conditions

While increasing selectivity in diluted conditions is a good first step, the main goal of the DRP
material is to be used in preparative/industrial scale conditions. As such, overloaded (high
enough load that the adsorption isotherm is no longer in the linear range) gradient
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experiments were run on the DRP materials, and compared to experiments on the RPC
material. Overloaded conditions were obtained by injecting larger volumes of the crude
peptide mixture. The yield (ratio of mass purified to mass injected) at a given purity was
calculated for all experiments and used as a term of comparison. In all cases, the retention
time of the main peptide in diluted conditions was adjusted to about 30 minutes by changing
the gradient start point. The results are shown in Figure 2.7.

Figure 2.7: Yield of overloaded experiments at given purities. Top left: Goserelin in buffer A (500 mM); load:
5g pure peptide / L of column; gradient slope: 0.5 v% AcN/min; purity fixed at 94%. Top right: Goserelin in buffer B;
load: 5g pure peptide / L of column; gradient slope: 0.5 v% AcN/min; purity fixed at 95%. Bottom left: synthetic
peptide 2 in buffer C; load: 5g pure peptide / L of column; gradient slope: 0.5 v% AcN/min; purity fixed at 95%. Bottom
right: synthetic peptide 3 in buffer D; load: 5g pure peptide / L of column; gradient slope: 0.5 v% AcN/min; purity fixed
at 87%. Yields are shown at the bottom of the columns.

For Goserelin and synthetic peptide 2, the pH of the mobile phase is less than the peptide pI,
and therefore, they are positively charged. In all these cases, column materials A5 and A10
should give better yields than the RP material, while the C materials should give a worse
performance. In Figure 2.7 (a, b and c), it is seen that the experimental findings confirm these
expectations. Moreover, the purification of Goserelin in buffer A was also tested on two
commercially available RPC materials (RP#2, RP#3, C18 functional group; RP#4, C8 functional
group) (Figure 2.7 a). The yields obtained from these materials were still lower than that of
the doped materials. In the case of synthetic peptide 3, the mobile phase pH was above the
peptide pI. Accordingly, for this peptide, the highest yield is expected to be obtained for the
C5-15 columns, as shown by the experimental data in Figure 2.7 d.
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Figure 2.8: Pareto plots for Goserelin and synthetic peptide 4. Top: Goserelin in buffer A (100mM); load: 30g
pure peptide/L column; gradient slope: 0.42 v% AcN/min. Bottom: synthetic peptide 4 in buffer E; load: 5g pure
peptide/L column; gradient slope: 0.5v% AcN/min.

In all the above systems, the highest yields were, as expected, obtained in the attractiverepulsive mode. As such, Goserelin and synthetic peptide 4 were used in a second overloaded
experiment. Since both are positively charged in their respective mobile phase solutions, the
A10 material was chosen as being likely to give the highest yield. In comparison, two
commercially available RPC materials (RP # 3 and RP # 4) were used. The mobile phases were
optimized for the RPC material. As opposed to the experiments shown above, the gradient
used was exactly the same for both the RPC and DRP materials. In addition, the productivity
(mass of peptide purified per unit time per unit bed volume) was also used as a comparison
point. Two Pareto curves (productivity vs purity and yield vs purity) were plotted for each
peptide. These are shown in Figure 2.8.
In both cases, the performance of the DRP materials is significantly superior to that of the
commercial RPC materials. The use of the same gradient on both the RPC and A10 materials
indicates it is possible to simply transfer an existing RPC process to a DRP one, without much
difficulty. The sharp increase in productivity in the doped material can be explained by the
increased yield, and the fact the peptides elute faster due to the electrostatic repulsion present
on the doped material. The use of the same gradient is, however, not expected to be always
possible (due to very high electrostatic repulsion for example).
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Figure 2.9: Pareto plots for Goserelin as a function of load. Conditions: Buffer A (100mM); load: 5-10-30g
pure peptide/L column; gradient slope: 0.42 v% AcN/min; gradient starting point: 6.7 v% AcN; purity fixed at 94%.

In order to further ascertain the performance of the DRP materials, the same experiment was
run on both the A10 material and the same RPC materials (RP #3 and RP # 4), at different
loaded concentrations. The results are shown in Figure 2.9. While it appears that the amount
of loaded peptide has an effect on the separation efficiency, it is evident the DRP materials
perform better over a range of loading values. Both productivity and yield are in fact shown
to be higher over the investigated range of load values. Note that, Goserelin was loaded in
very high amounts, showing the ability of DRP materials to work under highly overloaded
conditions.

2.6

Conclusions

An innovative reversed phase based material displaying alternative selectivity was developed.
This was obtained by adding ionic groups onto the base reversed phase surface. By using ionic
and RP ligands in a controlled reaction protocol, the surface chemistry was shown to be
chosen in a very precise manner. Due to the small amounts of ionic ligands (5-15% in reaction
mixture) these materials are called doped reversed phase materials.
In particular, depending on the analyte charge, we can operate the DRP materials in either
attractive-attractive or attractive-repulsive mode. The intensity of the doping group
contributions can be regulated with the organic modifier concentration, the counter ion
concentration, and of course the dopant concentration. It is observed that the attractiveattractive mode should decrease the separation performance with respect to the original RP
material. On the other hand the attractive repulsive mode should make the separation
performance better. Examples, including peptide crudes of industrial relevance, are separated
on phases doped with positively or negatively charged peptides are reported to prove these
expectations.
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“But I’m just a soul whose intentions are good
Oh Lord, please don’t let me be misunderstood”
Nina Simone in ‘Don’t Let Me Be Misunderstood’
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Chapter 3. Model-based description of peptide retention on
doped reversed-phase media
3.1

Introduction

Over the last few years, small proteins and peptides have exhibited increasing levels of
interest due to their potential as therapeutic agents. With more than 30 peptides on the
market, and about 200 known to be under development (as of 2002 [4]), downstream
purification methods for peptides have become more and more important. Moreover, with
solid phase synthesis being the preferred method for peptide production [4], impurities with
very similar sequence as the product are a common occurrence [14].
The purification of these synthetic peptides often includes a reversed-phase (RP)
chromatographic step. This type of chromatography is well established and efficient. A new
type of RP material, a doped reversed-phase material (DRP) was presented in earlier works
[47] and in Chapter 2. The new DRP material is obtained by doping a traditional reversed
phase material with limited amounts of ion exchangers. This is done by mixing different ratios
of an ionic ligand (2.5 to 10%) and the RP ligand, and using this mixture to functionalize the
bare material. As such, the DRP surface contains two types of ligands: the traditional RP
ligands, and the doping ionic ligands. Depending on the mobile phase pH, and the peptide pI,
these ion exchangers can either act in an attractive or repulsive way. The model based
description of the case where these ion exchangers are attractive is presented in an earlier
work by Bernardi [56]. However, the case where the ion exchangers are repulsive is a more
interesting case, as significant increases in yield and productivity were observed in all
experiments performed, from analytical to preparative scale ([47] and Chapter 2). Moreover,
no special buffers, or operating conditions were required to operate the DRP columns in the
repulsive mode, with respect to the original RP phases. In this chapter, only the case where
the ion exchangers are repulsive will be discussed.
At first sight, a similar material to the DRP would be the CSH material by Waters [50].
However, the ionic groups on the CSH material appear to be directly part of the backbone
and are not added as a second ligand [51–53]. Furthermore, the charge density on the CSH
surface is at most 0.003C/m2, as opposed to a minimum charge density on the DRP materials
of 0.015 C/m2, or 5 times as much[54]. Additionally, in [54], Neue develops a model combining
Donnan equilibrium and the electrostatically modified Langmuir isotherm (also known as the
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Stahlberg isotherm) in order to describe the retention behavior of charged analytes on the
CSH material. Unfortunately, the assumptions used by Neue [54] and Stahlberg [65] require
the surface charge density to be uniform and the surface potential to be low (less than 25 mV
as described in [54]). Neither of these assumptions can be made for the DRP materials as the
IEX ligands on the surface will be shown to be randomly distributed on the surface, creating
high and low charge density patches, and the surface potentials range from 15 to 150 mV
(calculated in the same way as Bartha and Stahlberg [65]).
As such, a different mathematical model, based on Debye Hückel theory and on the linear
solvent strength theory is developed in this chapter to describe the retention behavior of
peptides on the DRP materials in linear conditions. The retention factors of 3 synthetic
peptides, in different buffer systems, and on different DRP materials (different doping
amounts) are simulated using the model, with the simulated data satisfactorily describing the
experimental results. This allows for the elucidation of the physical mechanism through
which increased purification performances are achieved.

3.2

Materials and methods

3.2.1

Peptides

Goserelin (synthetic peptide 1), is a 1.2 kDa peptide (amino acid sequence: Glp-His-Trp-SerTyr-Ser(tBu)-Leu-Arg-Pro-azaGly-NH2) with a pI of 11.5. It was kindly donated by Corden
Pharma Switzerland (Liestal, Switzerland). Synthetic peptide 2 is a 3.4 kDa peptide with a pI
of 9.3. Finally, no information is available for synthetic peptide 3. It is however known it has
a high pI (above 9). All considered peptides are real industrial products. All peptide solutions
were prepared by dissolving the crude peptide powder in a low acetonitrile concentration
buffer at the different counter ion concentrations used (see Table 3.1 for specific buffer
compositions) at a concentration of 2.5g/L.
3.2.2

Mobile phases

Several mobile phases where used, depending on the peptide used, and the conditions
required. These are shown in Table 3.1.
Sodium acetate, ammonium acetate and ortho-phosphoric acid were purchased from Merck
KGaA (Darmstad, Germany). Acetic acid and sodium phosphate monobasic were purchased
from Fluka analytical (Sigma Aldrich, Buchs, Switzerland). HPLC grade acetonitrile (AcN) was
purchased from Sigma Aldrich (Buchs, Switzerland). All the chemicals were used without
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further purification. De-ionized water was further purified with a simpak2 unit (Synergy
Millipore, MA, USA) before use.
Buffer Name
acetate (1)

acetate (2)

phos. (1)

phos. (2)

Low AcN

High AcN

Buffer pH

18 to 240 mM sodium

18 to 240 mM sodium

acetate ; 6v% AcN

acetate; 50v% AcN

20 to 200 mM ammon.

20 to 200 mM ammon.

acetate; 3v% AcN

acetate.; 25v% AcN

20 to 150 mM ammon.

20 to 150 mM ammon.

phosphate; 3v% AcN

phosphate; 50v% AcN

100mM ammon.

100mM ammon.

phosphate; 3v% AcN

phosphate.; 50v% AcN

4.8

Used with :
Goserelin, synthetic
peptide 2

4.7

Synthetic Peptide 3

3.5

Synthetic Peptide 2

4.5

Synthetic Peptide 2

Table 3.1: Different mobile phases used in experimental study. The acronym AcN represents acetonitrile. The
low and high AcN containing solvents are mixed by the HPLC during the chromatographic experiment.

Name

% of NR4+ in rxn mix.

NR4+ surface density

diam. [cm] x length [cm]

[µmol/m2]

x volume [mL]

RP

0

0

0.46 x 3 x 0.5

A2.5

2.5

0.170

0.46 x 25 x 4.15

A5

5

0.290

0.46 x 25 x 4.15

A7.5

7.5

0.395

0.46 x 25 x 4.15

A10

10

0.488

0.46 x 25 x 4.15

Table 3.2: Different column materials used. A smaller RP column was produced in order to measure retention
factors at lower modifier concentrations. The NR4+ surface densities where measured via titration.

3.2.3

Column materials

The DRP materials were produced by Zeochem AG (Uetikon am See, Switzerland). Based on
the ZEOsphere 100 10µm material, they were functionalized with two ligands: octyl carbon
chains (C8) and quaternary amines (IEX ligand) ([47] and Chapter 2). The C8 ligands act as
the attractive hydrophobic groups, whereas the quaternary amines act as the repulsive ion
exchangers for the peptides considered in this chapter, which at the examined pH are all
positively charged (pH<pI).
The DRP phases were made by simultaneously functionalizing a silica gel with a predefined
mixture of both ligands. The mixture is called the reaction mixture. Increasing concentrations
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of the IEX ligands in the reaction mixture led to increasing doping levels. The dopant
concentrations on the DRP surface where then measured via titration (with silver nitrate).
The functionalization is further described in [47]. The DRP materials used in this study are
shown in Table 3.2.
3.2.4

HPLC

All experiments were carried out on an Agilent (Santa Clara, CA, USA) 1100 series HPLC,
equipped with an auto-sampler, a variable wavelength detector, and online degasser and a
quaternary gradient pump.

3.3

Theory

3.3.1

Attractive and repulsive surfaces

Electrostatic and hydrophobic interactions are dominant in DRP materials ([47] and Chapter
2). Both hydrophobic [42,43,55,62,66] and electrostatic [63] interactions are affected by
modifier (i.e. AcN v%) and counter ion concentration. Any adsorption equilibrium model must
therefore take both these variables into proper consideration.
Since the electrostatic groups are repulsive, their overall effect is to decrease the surface area
available to adsorption. The DRP surface can therefore be separated into two parts: a
continuous, attractive phase containing the RP ligands, and a discontinuous, repulsive phase
containing the IEX ligands. Accordingly, the model envisions the DRP surface as constituted
by two types of surfaces: one where adsorption occurs and behaves precisely as in the original,
undoped, RP surface and another where no adsorption occurs due to the hindrance coming
from the IEX ligand. This means that if one knows the adsorption characteristics (i.e. Henry
coefficients) of the original RP material, the only parameter needed to predict the behavior of
the corresponding DRP material is the fraction of surface hindered by the doping ligands. A
schematic representation of the DRP material is shown in Figure 3.1.
The Henry coefficient describes the thermodynamic partition of an analyte between
stationary and mobile phases [41]. As the hydrophobic part of the DRP surface is identical to
that of the RP material, and the only difference between the two is the loss of adsorption area
on the DRP material, the Henry coefficient of the DRP material is simply given by the Henry
coefficient on the RP material, reduced by the lost area:

H DRP 

Afree
Atot

 H RP

(3.1)
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Figure 3.1: Left: schematic top view of the DRP surface indicating the discontinuous, randomly dispersed
repulsive ligands (light grey core is the ligand, and black shell is the repulsive DH length), and the continuous RP phase
(hydrophobic ligand area) as the hashed background. Right: side view of a single electrostatic ligand.

Where HRP and HDRP are the Henry coefficients on the RP and DRP materials respectively,
Afree is the free interaction area (total area – area hindered by repulsive ligands) and Atot is the
total surface area of the material. Similarly, the retention factors (Henry coefficients corrected
by the phase ratio) can be calculated as follows:

k 'DRP 

Afree
Atot

 k 'RP

(3.2)

Evidently, equations (3.1) and (3.2) are only valid if the total surface area and porosities on
the pure RP and doped RP materials are the same. This is shown to be the case by measuring
the size exclusion factors KSEC [60,67] on the different materials as shown in Figure 3.2. The
fact these values are perfectly overlapping confirms the porous structure of the base material
and of all DRP materials is the same, thereby confirming that the porosities and total surface
areas are the same.

Figure 3.2: Size exclusion factor values for the base RP material, and two DRP materials.
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3.3.2

Free interaction area computation

The computation of the total free area first requires the computation of the area hindered by
a single repulsive IEX ligand. For this, the radius of the repulsive sphere around a single
repulsive ligand becomes the main parameter. In [68], Debye and Hückel describe a
characteristic length (the Debye-Hückel (DH) length) as the thickness of the electrostatic
double layer around an ion (see Figure 3.1), dependent on the ion concentration, the
temperature and the dielectric constant of the solution:

 1 

1
F

 r  0 RT

(3.3)

2I

Where -1 is the DH length, F is the Faraday constant, r and 0 are the relative and vacuum
dielectric constants, R is the ideal gas constant, T the temperature, and I the ionic strength.
Since the DH length only represents the surface to surface length (see Figure 3.1), the ligand
radius needs to be added as well:

rrep   1  rlig

(3.4)

Where rrep and rlig are the hindrance and ligand radii respectively. The area hindered by a
single ligand is then πrrep2. For the DRP materials, the IEX ligand (NR4+) has a linear chain
radius of 4.37 angstroms [69]. Since the ligand is attached to a short carbon chain, it is
expected to be able to move around and therefore the actual value for r lig is expected to be
larger or equal to 4.37 angstroms, at the very least.
In order to then calculate the free interaction area of a given surface, the totality of the IEX
ligands on that surface must be considered. The fashion in which the IEX ligands are placed
on the surface needs to be considered: while two ligands cannot physically overlap, the
electrostatic repulsion spheres they generate can. This means a single ligand does not hinder
an area equal to π(rrep)2 but rather a fraction of this, corrected for the area it overlaps with
other ligands. The free area can be calculated as:
2
Afree  Atot   N IEX   rrep
 Aovrl 

(3.5)

Where NIEX is the number of IEX ligands and Aovrl is the total overlapped area. To calculate
the overlapped area, the way the IEX ligands are distributed across the surface must be
properly taken into consideration. The distribution of the IEX ligands on the surface occurs
during the functionalization.
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The problem at hand bears resemblance to the circle packing problem. In this case, the circles
are all of radius rlig. Three types of packing are considered: uniform hexagonal, the densest
packing type; uniform square, a somewhat loose type of packing; and fully random. The
uniform packing types consist of a pattern (smallest group of circles) that is repeated over the
surface. The position of any smallest circle group can be mirrored to any other by simple
symmetry operations. In the case of hexagonal packing, the smallest group consists of three
circles placed in a triangular manner. Similarly, the square packing, the smallest group
consists of four ligands placed in square manner. For the random packing, no such smallest
groups exist. The circles are instead placed on the surface following a Monte Carlo procedure.
In all cases, the physical cores of the ligands are forbidden from overlapping
In addition, in order to have a closed form solution of this problem, a probabilistic model is
developed to describe the surface packing in the case of the random packing type. This takes
into account the true area hindered by each IEX ligand, as if the ligands were added one by
one onto a surface of area Atot. As such, the first IEX ligand wound hinder an area equal to
π(rrep)2. The second ligand would then hinder an area of π(rrep)2(1-P0), with P0 being the
probability it overlaps the first ligand. This probability would simply be the ratio of the area
hindered by the first ligand to the total area. The contributions of the subsequent ligands are
then easily computed as shown in Table 3.3.
# of IEX

Area hindered by

ligands

single ligand

Overlap probability

added
1

2
A1hin   rrep

-

2

2
A2hin   rrep
 1  P0 

P0  A1hin / Atot

3

2
A3hin   rrep
 1  P1 

P1   A1hin  A2hin  / Atot  P0  P0 (1  P0 )

4

2
A4hin   rrep
 1  P2 

P2   A1hin  A2hin  A3hin  / Atot  P1  P0 (1  P1 )

N

2
ANhin   rrep
 1  PN 2 

 N 1

PN 2    Aihin  / Atot  PN 3  P0 (1  PN 3 )
 i 1


Table 3.3: Contributions of added IEX ligands to the decrease in free area. Aihin is the area hindered by the ith
IEX ligand.
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The total free area can then be estimated by summing the contributions of each IEX ligand as
follows:
Nlig

Afree  Atot   Aihin

(3.6)

i 1

The limitation with the probabilistic approach is the fact it does not prohibit two IEX ligands
from physically overlapping i.e. not the repulsive circles but the ligands themselves.
In order to test the different packing types, the ratio of free to total area is calculated at three
different rlig lengths, in conditions that were experimentally tested. The obtained results are
shown in Figure 3.3.

Figure 3.3: Free to total area ratio for different IEX ligand radii. The DH length is calculated at 10 v%
acetonitrile. The ligand density is that of the A10 material. The same plots were generated at different v% acetonitrile
and ligand densities, with qualitatively similar results. Top left: rlig = 5 Å. Top right: rlig = 7 Å. Bottom: rlig = 10 Å

In all cases, a surface containing 10000 IEX ligands is considered (at the IEX surface density
of the A10 material). Obviously, the DH length is the same at the same ionic strength for all
packing types. This means that the area hindered by a single ligand is the same in all cases
(i.e. uniform hexagonal, uniform square and random). Only the amount of overlap is different
between the different packing types. It is seen that only the random packing case allows for
some free area even at very low ionic strengths. Since experiments were run at all the ionic
strengths shown in Figure 3.3, and that some retention was observed in all cases, it is clear
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that only the random type packing properly describes the distribution of IEX ligands on the
surface. Furthermore, it is evident from the results in Figure 3.3 that the probabilistic model
gives the same free area estimations as the Monte Carlo method. This means the physical
overlap of the IEX ligands is not an important consideration, probably due to the low IEX
ligand coverages considered. As such, the probabilistic method for the random packing is used
to estimate the free area to total area ratio.
Knowing the free to total area ration, equation (3.2) can be used to compute the retention
factors on the DRP materials. For this, the retention factors on the RP material are first
measured from experiments in diluted and isocratic conditions as described in [41,66]. These
are then fitted with the linear solvent strength equation [42,43,66] with respect to the modifier
concentration, and according to the work of Gétaz et.al. [62] with respect to the ionic strength.
It is worth mentioning that the computation of the free to total area ratio requires knowledge
of the DH length, which in turn requires knowledge of the relative dielectric constant of the
mobile phase. This parameter is dependent on the organic/aqueous composition of the mobile
phase (i.e. the v% acetonitrile) and is determined according to the work of Gagliardi et. al.[57].
This leaves the ligand radius as the only unknown. It is used as a fitting parameter.

3.4

Experimental results

The retention factors of three synthetic peptides (see section 3.2) were measured on the RP,
A2.5, A5, A7.5 and A10 materials. The results on the DRP materials were fitted according to
equation (3.2), using the probabilistic approach. As the fitting parameter rlig is independent of
the doping concentration, the retention factors on all the DRP materials (A2.5 to A10) were
fitted simultaneously (for each peptide/buffer combination). The experimental and fitted
(simulated) retention factors for Goserelin (see section 3.8 for other peptides and conditions)
can be found in Figure 3.4.
Overall, the simulations fit the experimental data quite well. As these experiments were done
using different peptides, different buffering agents, and at different pH values, it could be
expected the fitted rlig values would be very different from fit to fit. This is however not the
case and can be seen in Figure 3.5.
In every instance tested (different peptides, different buffering systems, different pH values),
the values of rrep scale linearly with the DH length in agreement with equation (3.4). The
relationship is linear and intercepts at a value of about 10 angstroms, which is then the
estimate of rlig. As expected this value is the same for the three peptides considered, and is
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larger than the linear chain radius of the IEX ligand to account for its mobility, as mentioned
above. We believe that this result supports the physical foundations of the proposed model.

Figure 3.4: Experimental and simulated retention factors of Goserelin in the acetate(1) buffer at different
counter ion concentrations (top left: 18mM; top right: 24mM; middle left: 30mM; middle right: 90mM; bottom left:
150mM; bottom right: 240mM). The dielectric constant is always calculated at each acetonitrile concentration.

The results presented in [47] and Chapter 2 comparing the DRP materials to traditional RP
materials show a clear improvement when using DRP materials, both in gradient and isocratic
conditions. However, through the model and experimental results presented above, it is
shown that for a given set of operating conditions, the effect the DRP material has on different
components is the same since the rrep is the same for all analytes (for example between a
product and impurities). This would mean that no increase in performance should be
observed. While the presented model is only valid in diluted conditions, and the results in
[47] and Chapter 2 also encompass overloaded conditions, it is not expected that the
mechanism of action would change.
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Figure 3.5: Repulsive radius as a function of DH length for the various peptides tested. Calculated at 20 [v%
AcN]. Trend line: Slope: 0.90, Intercept: 10.

3.5

Mechanism of action

3.5.1

Isocratic conditions

In isocratic conditions, the quality of a separation between two components can be evaluated
by the selectivity (ratio between the retention factors of the two components). In isocratic
conditions, where the operating conditions are kept constant, the ratio of effective to total
area is the same for all components. This means it cancels out when calculating the selectivity
for a DRP material, for the same k’RP (see equation (3.2)). The performance of a separation on
a DRP material is hence equivalent to the performance on a RP material. In the case of the
DRP material, the separation is obviously faster due to the lost free area.
In [47] and Chapter 2, the retention time of insulin in the isocratic experiments was always
set to 30 minutes, by changing the modifier concentration. As such, for increasing doping
concentration (less effective interaction area), the modifier concentration was decreased
(stronger hydrophobic interactions). Comparing selectivities on the RP and DRP materials is
therefore equivalent to comparing selectivities only on a RP material, but at decreasing
modifier concentrations. At these lower concentrations, the selectivity increases as the
difference between the retention factors of the different components becomes more
pronounced.
In order to show this experimentally, the selectivity between Goserelin and a critical impurity
was measured in different conditions. First, the elution conditions were kept constant for
experiments on both RP and DRP columns. Second, the retention time of Goserelin was kept
constant by changing the modifier concentration. The buffer system used was the acetate (1)
at 30mM acetate. The results are shown in Figure 3.6.
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Figure 3.6: Selectivity between main peak (Goserelin) and critical impurity and retention time of main peak
in acetate(1) buffer. Left: Experiment 1: the acetonitrile and counter-ion concentrations are constant for experiments
on all columns (30 mM acetate, 17.6 v% AcN). Right: Experiment 2 the retention time of the main peak is set to 26
minutes by changing the Acetonitrile concentration (30 mM acetate; 19.8, 18.5, 15.7, 13.4, 11.1 v% AcN from RP to
A10).

In the first experiment (Figure 3.6 left) it is clear the selectivity stays the same across all
materials, at a value of about 1.45. However, the retention time of Goserelin on the RP material
is about 215 minutes, or about 40 times larger than the retention time on the A10 material. In
the second experiment, the retention time of Goserelin is kept constant at 26 minutes by
properly reducing the modifier concentration. This leads to a marked increase in selectivity
from 1.2 on the RP material to almost 1.5 on the A10 material. Moreover, this increase in
selectivity comes with a decrease in modifier concentration.
3.5.2

Gradient conditions

The experiments presented in [47] Chapter 2 also show comparisons between traditional RP
materials and the DRP materials in gradients conditions, where the gradient is either exactly
the same, or shifted (same slope) in order to obtain the same retention time (in diluted
conditions). In both cases, the mechanism is the same. By plotting the ratio of effective to total
area versus the modifier concentration (Figure 3.7), this mechanism is brought to light.
It is evident that the ratio between free and total area increases with the modifier
concentration. This change is directly linked to the change in dielectric constant of the waterAcN mixture [57] through the DH length in equation (3.4).This is valid at both varying
counter ion concentrations (Figure 3.7 left), and different doping levels (Figure 3.7 right). This
change in effective surface area is responsible for the improved performance of the DRP
materials compared to traditional RP materials.
Let us consider a gradient separation between two charged peptides, one being weakly
retained (W1), while the other is strongly retained (S2) on a typical RP material. At the
beginning of the gradient, W1 already travels quickly through the column (weakly adsorbing).
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As the modifier concentration increases, W1 travels more and more quickly until it finally
leaves the column. On the other hand, S2 only travels slowly at the beginning of the gradient.
Only at much higher modifier concentration will S2 start moving with considerable velocity,
eventually leaving the column, all be it at a much higher modifier concentration.

Figure 3.7: Calculated ratio of effective to total area versus modifier concentration. (left: for different ionic
strengths on A5 column; right: for different ligand surface densities at 90 mM)

Considering the same separation on a DRP material, both W1 and S1 would move much faster
as they are excluded from a certain amount of surface. However, as the modifier concentration
increases, more and more surface is available. For W1, this is of little consequence: it has
already moved through a considerable fraction of the column. However, for S1, this means its
elution is more and more delayed due to the increase in available surface area(as the modifier
concentration increases) leading to a better overall separation.
In essence, the retention behavior on a typical RP material is driven almost entirely by the
strength of the hydrophobic interaction between a component and the surface. In the case of
the DRP material, the effective area also plays an important role, and this is changed by the
modifier by changing the dielectric constant. It is this orthogonal behavior on the DRP
materials that makes their performance better.

3.6

Conclusions

A mathematical model, based on Debye-Hückel theory and on the linear solvent strength
theory, was developed and applied to DRP materials. By separating the hydrophobic and
electrostatic interaction contributions in the model equations, the mechanism by which
analytes are retained can be elucidated. In isocratic conditions, a decrease in free area is the
reason DRP materials can, in the same conditions, offer the same selectivity, but with smaller
retention times. In gradient conditions, the change in the dielectric properties of the mobile
phase along the gradient is the reason increased selectivity can be obtained with DRP
materials, when compared to traditional RP materials. In addition, the decrease in free area
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again means this increased selectivity comes with a decrease in retention times. Obviously,
in both isocratic and gradient conditions, a decrease in retention times directly correlates to
a decrease in solvent costs. To our knowledge, no other process or tool takes advantage of the
change in dielectric constant of a medium in order to enhance any process’ performance.
The retention factors of three synthetic peptides, in different buffering conditions and on DRP
materials with different doping concentrations were fitted using the developed model. In all
cases tested, the experimental data was very well explained. Using the correlation shown in
Figure 3.5, retention factors of an analyte on the DRP materials could even be estimated based
solely on the retention factors of these materials on the RP material. Finally, through these
experiments, the physical basis on which the proposed model is based was shown to be valid.
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3.8

Supplementary figures

3.8.1

Retention factors of synthetic peptide 2 in acetate 1 buffer

3.8.2

Retention factors of synthetic peptide 2 in phos. 1 buffer
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3.8.3

Retention factors of synthetic peptide 2 in phos. 2 buffer

3.8.4

Retention factors of synthetic peptide 3 in acetate buffer
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“That evening the king ordered a golden goblet to be filled from the well. And when it was brought
to him he drank deeply, and gave it to his lord chamberlain to drink. And there was great rejoicing
in that distant city of Wirani, because its king and its lord chamberlain had regained their
reason.”
Gibran Khalil Gibran in ‘The Wise King’
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Chapter 4. Optimization of reversed-phase chromatography
methods for peptide analytics
4.1

Introduction

Peptides have been gaining more and more importance as pharmaceutical agents. This means
that the quantification and analytical characterization of crude and pure peptide solutions has
become an essential part of the development of production processes. Furthermore, the
primary structure of larger pharmaceutical proteins (such as monoclonal antibodies and
fusion proteins) is often tested via peptide mapping analysis. In both cases, reversed phase
liquid chromatography (RP-LC), often combined with mass spectrum analysis, provides an
essential analytical tool.
In this chapter, a model-based approach describing peptide retention is developed and used
for the optimization of an analytical RP-LC step. To our knowledge, these steps are today
developed using a trial and error methodology. These are based mostly on the expertise of
the chromatographer, and thus lack robustness. Many parameters can affect the quality of an
analytical RP-LC method: the stationary phase material, the temperature, the flowrate, the
column size, the buffering agent, the modifier type and concentration, the gradient length,
etc… In this chapter, the emphasis is put on the temperature, the modifier concentration and
the gradient time.
In order to create such an analytical technique, a model describing the dependence of the
retention time of peptides on the temperature, modifier concentration and gradient time is
first developed. This model is based on the Van’t Hoff equation, the linear solvent strength
(LSS) correlation and the simple description of peptide retention time in gradient conditions
found in [70,71]. While several models describing the combined effect of modifier
concentration and temperature on the retention behavior of analytes are available [72–75],
none fully account for the temperature dependence of the LSS parameters and the phase ratio,
and only that of Zhu [72] is readily applicable in linear gradient conditions. Furthermore,
even though the validity of the Van’t Hoff equation has previously been doubted [76–78], we
believe it is a powerful tool that, when properly used, can easily describe the temperature
dependence of analyte retention on RP-LC materials.
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The proposed model is derived and shown to fully and precisely describe temperature
dependence and to be easily applicable to linear gradient conditions. The retention times of
many peptides in linear gradient experiments are then fitted using the model. The required
experimental work for parameterizing the model is also described. The parameterized model
is then used to find an optimal space for the analytical separation of different components
within a crude peptide solution.

4.2

Theory

4.2.1

Role of temperature and modifier concentration

The retention behavior of analytes on RP-LC with respect to temperature can be described
with the Van’t Hoff equation [73,75,79,80]. Applied to chromatography, this is written as:

log  ki   

H i0 Si0

 log  i 
RT
R

(4.1)

With ki, ΔHi0, ΔSi0, and Φi being the retention factor, the enthalpy and entropy of transfer
between the mobile and stationary phases, and the phase ratio (ratio of stationary to mobile
phase volumes) of an analyte i. R and T are the ideal gas constant and the temperature. The
phase ratio is often calculated for a small probe (or for the solvent), and is often assumed to
be independent of temperature. However, such an approach is erroneous and originates from
a misinterpretation of the Van’t Hoff equation. As both ΔHi0 and ΔSi0 describe the adsorption
thermodynamics of the analyte, the phase ratio should be defined for the analyte, and not for
another molecule. This also means that the phase ratio cannot be considered independent of
temperature [76,79,81,82]. Furthermore, in [83] Gétaz et. al. describes the porosity accessible
to a peptide as being dependent on electrostatic interactions, which in turn are not
temperature independent. The convention described by Jandera et. al. in [73] is then used to
estimate the phase ratio:
i (T ) 

VS,i T 

VL ,i T 



Vc  t0,i T   Q

(4.2)

t0,i T   Q

Where VS and VL are the stationary and mobile phase volumes (defined for i), Vc and Q are the
column volume and the flow rate, and t0,i is the retention time of i in non-adsorbing
conditions. In this convention, the phase ratio is independent of the modifier concentration.
It is worth highlighting that it is a priori impossible to know how the phase ratio depends on
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temperature. The phase ratio might have a strong dependence on temperature, or it might
appear constant with temperature. As such it is safest to assume a temperature dependence.
On the other hand, it is assumed that, over typical RP-LC temperature ranges, ΔHi0 and ΔSi0
are independent of temperature (in line with [75,79,80,84]).While the Van’t Hoff equation
explicitly relates the retention factor to temperature, it also implicitly deals with the modifier
concentration through ΔHi0 and ΔSi0: at each different modifier concentration a new value of
ΔHi0 and ΔSi0 must be calculated. Equation (4.1) can then be rewritten as:

log  ki  , T    

H i0  
RT



S i0  
R

 log  i T  

(4.3)

Where φ is the organic modifier volume fraction. Additionally, at a given temperature, the
retention factor can be implicitly related to the mobile phase composition through the LSS
correlation ([39,42,43,70,71,85]):

log  ki   log  kw,i   Si

(4.4)

Where kw,i and Si are the retention factor in pure water and the sensitivity coefficient of i. It
is evident from equation (4.4) that the logarithm of the retention factor is a linear function of
the modifier concentration. Referring to equation (4.3), this means that the term -ΔHi0(φ)/RT+
ΔSi0(φ)/R must also be linearly dependent on φ. This implies that ΔHi0 and ΔSi0 depend linearly
on φ. This is assumed in the remainder of this chapter. Equation (4.3) can then be rewritten
as:
log  ki  , T    

H w0,i
RT



S w0,i

S 
S
 log  i T      H ,i  S ,i 
R
R 
 RT

(4.5)

H i0    H w0,i    S H ,i

(4.6)

S i0    S w0,i    SS ,i

(4.7)

Where ΔH0w,i and ΔS0w,i are the enthalpy and entropy of transfer of an analyte i in absence
of modifier, and SH,i and SS,i are the sensitivity coefficients of the enthalpy and entropy of
transfer of an analyte i. Equations (4.4) and (4.5) are in fact homologous, and kw,i and Si can
be rewritten using the terms of equations (4.5) to (4.7):
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log  ki , w T    

H w0,i
RT

Si  T  



S H ,i
RT

S w0,i
R



 log  i T  

S S ,i

(4.8)

(4.9)

R

Combining equations (4.4), (4.8) and (4.9) gives a result that is similar to that described in [84]
by Tchapla et. al.. However, Tchapla related the retention factor not to the modifier
concentration but to the number of carbon atoms in the alkyl chain of a homologue within a
homologous series. Furthermore, Tchapla assumed the phase ratio to be independent of
temperature. Nevertheless, conceptually, this derivation is equivalent to that of Tchapla.
Additionally, Melander et.al. in [75] and Gant et. al. in [86] reach a similar equation via
different arguments. In [80], Melander et.al. confirms the usefulness of his approach.
However, in both cases, the phase ratio is taken as a constant parameter. Moreover, it is
important to note that although the equations exhibit a similar form, the meanings attributed
to each term differ according to the authors.
4.2.2

Model parameters estimation

Traditionally, ΔHi0 and ΔSi0 in the Van’t Hoff equation are estimated through experiments
run in isocratic conditions [73,75,76,78–80,86,87]. This involves, at a given modifier
concentration, measuring the retention factor at different temperatures and plotting their
logarithms versus 1/T in the so called Van’t Hoff plot. ΔHi0 is then calculated from the slope
and ΔSi0 from the intercept. By repeating this procedure at different modifier concentrations,
the relationship between ΔHi0 and ΔSi0 and the modifier concentration can be determined.
This approach suffers from two issues: first, the estimation of ΔHi0 and ΔSi0 from the Van’t
Hoff plot depends on a linear Van’t Hoff plot, which is not the case when the phase ratio is
temperature dependent. Second, the estimate of the retention factors in isocratic mode must
be done in a reasonable range, i.e. within a modifier concentration range in which the analyte
is moderately retained (with retention times between 5 and 60 minutes). At modifier
concentrations below this range, no elution is observed in a reasonable time, whereas above
it, no adsorption occurs. While finding a suitable range for a single component is relatively
quick and straightforward, finding it for several components within a mixture is time
consuming. The number of experiments required to fully define the model parameters of all
components within a mixture therefore becomes significantly more important than for a
single component.
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In order to overcome these problems, linear gradient elution conditions are first used to
estimate kw,i and Si (equation (4.4)). By using gradient operation, the continuous change in
modifier concentration allows for the experimental analysis of all components in a mixture
to be carried out more efficiently, and in a single run. The estimate is done using the equation
described by Quarry et.al. in [70]:


t  
t r ,i 
log  2.3  ki start     Si   0,i   1  t0,i
t  

  Si
 0,m  

t0,m

(4.10)

Where tr,i is the retention time of an analyte i, t0,m is the modifier column dead time, β is the
modifier concentration difference (φend-φstart) multiplied by the ratio of modifier dead time to
gradient time, and φend and φstart the end and start modifier volume fractions. kw,i and Si can
then be fitted onto the retention times of an analyte i in different gradient conditions (i.e.
changing β). This can be done at different temperatures, allowing for an estimation of kw,i and
Si at different temperatures, and subsequently, the estimation of ki at any modifier
concentration at the considered temperatures.
Second, with the values of kw,i and Si available at each temperature, equations (4.8) and (4.9)
are used to get the values of ΔH0w,i, SH,i, ΔS0w,i and SS,i. ΔH0w,i and ΔS0w,i are obtained from the
slope and intercept of log(kw,i / Φi) vs T-1 (equation (4.8)). Similarly, SH,i and SS,i are obtained
from the slope and intercept of Si vs T-1 (equation (4.9)). It is important to note that the values
of log(kw,i ) and Si are correlated: isolating SH,i and SS,i from equations (4.6) and (4.7) and
plugging them into equation (4.9) yields:
0
0
 k T   
1  H i    T Si  
Si  T   
 log  w,i
 
 
RT
  i T   

(4.11)

Because of this correlation, all pairs of log(kw,i) and Si respecting equation (4.11) will properly
fit the retention times in equation (4.10). There is however only a single pair that truly
physically describes the adsorption process. It is necessary to ensure that the true values of
log(kw,i ) and Si are used for the estimations of ΔH0w,i, SH,i, ΔS0w,i and SS,i. As such, non-linear
log(kw,i / Φi) vs T-1 or Si vs T-1 plots could be due to false values of log(kw,i ) and Si being used.
In this case, the retention times in equation (4.10) can be fitted directly with ΔH0w,i, SH,i, ΔS0w,i
and SS,i through equations (4.8) and (4.9).
An interesting side point is that isolating ΔHi0(φ) and ΔSi0(φ) from each other in equation
(4.11), and taking the derivative with respect to the modifier concentrations yields:
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d H i0  
d Si0  
T
 Si T   RT
d
d

(4.12)

This equation represents the enthalpy-entropy compensation effect and is similar to that used
by Melander in [75] as a starting assumption. This means the derivation of equation (4.5) and
the derivation undertaken by Melander are somewhat complimentary and describe two
different paths to reach a similar result.
4.2.3

Model-based design of an analytical method: objective functions

Two main constraints are considered when designing an analytical method: analysis time and
separation quality. Obviously, the highest quality separations need to be obtained in the
shortest times. In order to change the separation quality and time span, the temperature, the
gradient time and the modifier concentration at gradient start and end can be changed and
optimized.
In this chapter, analysis time is defined as the retention time of the last eluting analyte. Any
possible cleaning or regeneration times are excluded as these are the same regardless of the
experimental conditions. Ideally, separation quality is judged by the resolution [88]:
Rs 

t r ,i  t r , j

0.5  Wi  W j 

(4.13)

Where Rs is the resolution between two components i and j, and tr and W are the retention
times and peak widths at peak base. In order to judge the overall separation quality, the
resolution between each consecutively eluting component is calculated. The average
resolution is then used as the objective quantity. Unfortunately, to properly simulate the peak
width of each component, their mass transfer characteristics must be known at all considered
experimental conditions. This would require an excessive amount of experimental work.
Furthermore, on analytical type columns, and in diluted systems, the mass transfer
characteristics should have very little effect: non-negligible mass transfer effects indicate that
the selected column is not appropriate. Using the difference in retention times as the objective
quantity instead of the resolution is therefore a reasonable compromise. In its normalized
shape, this is:



t r ,i  t r , j

(4.14)

tg

52

Optimization of reversed-phase chromatography methods for peptide analytics
Where α is the difference in retention times between two components i and j, normalized by
the gradient time. In essence, the meaning of α is the percentage of the gradient required to
separate components i and j. As with the resolution, the overall separation is judged by the
average value of α.

4.3

Materials and methods

4.3.1

Peptides

Goserelin (peptide 1), is a 1.2 kDa synthetic peptide with a pI of 11.5. It was kindly donated
by Corden Pharma Switzerland (Liestal, Switzerland). Peptide 2 is a 32 amino acid peptide
produced via bacterial fermentation with a pI of 10.6. No information is available for peptides
3 and 4 other than their pI values: above 9 and about 6.5 respectively. All peptide solutions
were prepared by dissolving the crude peptide powder in a low acetonitrile concentration
buffer at the different counter ion concentrations used (see Table 4.1 for specific buffers) at a
concentration of 2.5g/L. Insulin from bovine pancreas was purchased from Sigma-Aldrich
(Saint Louis, MO, USA). The desamido-insulin feed solution was prepared by heating insulin
in an acidic solution overnight. The final concentration was 1.7g/L of insulin and 0.7g/L of
desamido-insulin. No pre-selection or special requirements were set for the analyzed peptide
mixtures.
4.3.2

Mobile phases

Several mobile phases where used, depending on the peptide used, and the experimental
conditions required. These are shown in Table 4.1.
Sodium acetate, formic acid and ortho-phosphoric acid were purchased from Merck KGaA
(Darmstad, Germany). Acetic acid, trimethylamine, HPLC grade acetonitrile and
monopotassium phosphate were purchased from Sigma Aldrich (Buchs, Switzerland).
Perfluorooctanoic acid was purchased from abcr (Karlsruhe Germany). All the chemicals were
used without further purification. De-ionized water was further purified with a simpak2 unit
(Synergy Millipore, Massachusetts, USA) before use.
4.3.1

Stationary phases

Four columns were used in this chapter: two from Waters Corporation (Massachusetts, USA)
and two from Kromasil (AkzoNobel, Bohus, Sweden). The columns were purchased
prepacked. The Peptide mixtures they were used with are shown in Table 4.1.
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4.3.2

HPLC

All experiments were carried out on an Agilent (Santa Clara, CA, USA) 1100 series HPLC,
equipped with an auto-sampler, a column thermostat, a variable wavelength detector, an
online degasser and a quaternary gradient pump.
Name Column

Buffer Composition

Peptide

A

Kromasil 100-5-C18 (4.15mL)

80 mM formic acic; 3-50 v% AcN

Gos.

B

Kromasil 100-5-C18 (4.15mL)

60 mM TEA; 120 mM phosphoric

Gos.

acid;
20-40 v% AcN
C

Kromasil 100-10-C18 (4.15mL)

25 mM acetate; 6-50 v% AcN

Gos.
Pep. 3

D

Symmetry Shield 3.5µm RP8

5 mM phosph. acid; 8-40 v% AcN

Pep. 2

20 mM phosph. acid; 8-40 v% AcN

Pep. 2

5 mM PFOA; 45-65 v% AcN

Pep. 3

(2.5mL)
E

Symmetry Shield 3.5µm RP8
(2.5mL)

F

Symmetry Shield 3.5µm RP8
(2.5mL)

G

Symmetry 300 C4 3.5 µm (2.5mL)

150 mM phosphate; 20-40 v% AcN

Pep. 4

H

Kromasil 100-10-C18 (4.15 mL)

100 mM acetate; 3-50 v% AcN

Insulin

Table 4.1: Columns and buffers used. The acronyms TEA, AcN and PFOA stand for trimethylamine,
acetonitrile and perfluorooctanoic acid.

4.4

Results and discussion

4.4.1

Experimental

In addition to the main component (i.e. product), several impurities from the different crude
peptide solutions were analyzed. The impurities analyzed per system are shown in Table 4.2.
The impurities were chosen based on their importance in the different peptide production
processes. For the sake of brevity, some intermediate and optimization results are only shown
for the main product of the GOS A (i.e. Goserelin) and Pep. 2 D (i.e. peptide 2) systems. Sample
chromatograms for these two systems are shown in Figure 4.1.
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Name

Impurities

Name

Impurities

GOS A

3W/2S

Pep. 2 E

2W/3S

GOS B

3W/2S

Pep. 3 F

2W/1S

GOS C

2W

Pep. 4 G

1S

Pep. 3 C

2W

Insulin H

1S

Pep. 2 D

2W/3S

Table 4.2: Impurities analyzed in each system. The acronyms W and S represent weak and strong impurities
(eluting before and after the product component respectively). In the case of insulin, the impurity is desamido–insulin.

Figure 4.1: Sample chromatograms for the GOS A (left) and Pep. 2 D (right) systems. The concentrations are
normalized with the maximum concentration.

In all cases, the injection volume was kept constant and small enough to ensure the
experiment was undertaken in the linear range. The flow rate was kept constant at 0.8
mL/min. The temperature was changed between 298 and 338 K in increments of 10K. No
experiments at sub-ambient temperatures were run as the required equipment was not
available (the column thermostat was not able to robustly cool the column compartment more
than 5K). In all cases, the trend in peptide analytics is towards high temperature separations
[89].
4.4.2

Temperature and phase ratio

The component column dead time was measured in non-adsorbing conditions (i.e. high v%
AcN buffer) and plugged into equation (4.2) to obtain the phase ratio. In all cases, a single
peak was obtained indicating that all components in the crude mixture have the same phase
ratio. This result was anticipated as all components in a crude solution are expected to be
closely related. The measured phase ratios are shown in Figure 4.2.
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Figure 4.2: Normalized phase ratio as a function of temperature. The phase ratios are normalized to the value
at 298K.

From the data in Figure 4.2, it is obvious that the phase ratio cannot be assumed constant with
temperature. In some cases changes of up to 20 % can be observed over the considered
temperature range. On the other hand some systems show no significant change of the phase
ratio. As it is impossible to predict this effect in advance, the phase ratio was always assumed
to be temperature dependent. In all simulations at intermediate temperatures (i.e. where no
phase ratio was measured), the phase ratio was assumed to be a linear combination of the
values at the two closest temperatures.
4.4.3

Estimating thermodynamic model parameters

At each considered temperature, 4 linear gradient experiments were performed. These
experiments were run from the low to the high v% AcN buffers (see Table 4.1). The gradient
lengths were 20, 30, 50 and 60 minutes. The retention times for the different analytes were
fitted with kw,i and Si through equation (4.10). The values of ΔH0w,i, SH,i, ΔS0w,i and SS,i were
calculated from the slope and intercept of kw,i and Si vs T-1. The obtained values of ΔHi0 and
ΔSi0 are plotted in Figure 4.3. For all the components described (products + impurities), the
log(kw,i / Φi) vs T-1 and Si vs T-1 plots were linear and did not require any further action as
described in section 4.2.2.
It is evident from Figure 4.3 that the adsorption of both Goserelin and peptide 2 is enthalpy
driven, due to the negative enthalpy and entropy values. This is in fact expected as adsorption
is typically an exothermic process (negative ΔHi0), and the freedom of movement of the
adsorbed analyte is reduced (negative ΔSi0).. It is however dangerous to make any qualitative
conclusions from Figure 4.3 as described in [77,78,87]. The free energy ΔGi0 can then be
calculated from the values of ΔHi0 and ΔSi0 according to equation (4.15).
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Gi0  H i0  T Si0

(4.15)

Figure 4.3: Enthalpy and entropy of adsorption as a function of modifier concentration for Goserelin (left)
and peptide 2 (right) products.

The obtained values of ΔGi0 are shown in Figure 4.4.

Figure 4.4: Contour plot of Gibbs free energy with respect to modifier concentration and temperature (left:
Goserelin; right: peptide 2). The red line is the contour at ΔGi0 = 0. The values of ΔGi0 are in J/mol.

Visualizing ΔGi0 as a function of both temperature and v% AcN as in Figure 4.4 is in fact very
helpful: for negative values of ΔGi0, adsorption is favored, meaning the analyte will be
retained on the chromatographic material. Oppositely, for positive values of ΔGi0, it is
desorption that is favored, meaning the analyte will not be retained, and will likely remain in
the mobile phase. Figure 4.4 shows at which temperature and v% AcN combinations the
switch from spontaneous adsorption to spontaneous desorption happens. It is also
noteworthy that the v% AcN has a much stronger effect on the value of ΔGi0 than the
temperature.
In all cases, with the values of ΔH0w,i, SH,i, ΔS0w,i and SS,i obtained for all components, the
retention factors can be calculated using equation (4.5). This allows for the calculation of the
retention times in gradient conditions using equation (4.10).The obtained results are shown
in Figure 4.5.
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Figure 4.5: Simulated retention times (using equation (10)) as a function of experimental retention times for
all considered components in all systems. All components within a system (product + impurities) are plotted using the
same symbol.

The alignment of all the retention times in Figure 4.5 on the diagonal shows that the proposed
model is able to properly describe the retention behavior of the components in the considered
systems. Furthermore, the fact that there is very little deviation from the diagonal is promising
for the optimization step. In reality, the number of experiments undertaken is too large. While
measuring the phase ratio at all temperatures is still primordial, it should still be possible to
achieve the same results by only doing two linear gradient experiments at the lowest and
highest considered temperatures. In this way, four model parameters would be fitted onto
four experimental results. The importance of experimental error would however strongly
increase.
4.4.4

Model-based optimization

Four process parameters can be optimized: the temperature, the start and end modifier
concentrations, and the gradient time. In order to avoid cases where the average selectivity is
biased by a selectivity between two components that is very large, individual selectivites were
bound at 0.1 (i.e. all selectivites above 0.1 were given an objective value of 0.1). Pareto fronts
between average selectivity and elution time of the last eluting component were created and
are shown in Figure 4.6.
Selected experiments were chosen from the Pareto front and were run for confirmation
purposes. In all cases, the experimental and simulated objective function values were very
much in agreement, confirming the proposed approach. The average selectivity is in fact
changing very little with increased retention times. This could be due to very similar behavior
between the different components in the system. In all cases, in the studied systems, quicker
analytical methods can be developed without severely decreasing analytics quality.
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Figure 4.6: Pareto fronts for the GOS A (left) and Pep. 2 D (right) systems. The squares and circles represent
the simulated and experimental confirmation runs.

As a conclusion, very few experiments need to be run to reach an optimal solution set. In
total, 25 experiments were run (1 run in non-adsorbing conditions, and 4 linear gradient
experiments, at each temperature). The total run time is 20 hours (including wash and reequilibration steps), however, as stated above, the experimental work undertaken for these
illustrations is more than what is needed, and could be further reduced in every day practice.

4.5

Conclusions

A model for reversed phase chromatography based on the Van’t Hoff equation and the LSS
correlation was developed. This model is able to describe the retention of peptides with
respect to modifier concentration and temperature. As opposed to previously developed
methods, the phase ratio and the LSS parameters were not assumed temperature independent.
Furthermore, a methodology to obtain the model parameters from linear gradient
experiments was developed.
Using the developed model, the retention times of 38 different analytes in linear gradient
elution experiments was successfully fitted. The average selectivity and analysis time of the
product/impurity systems were then optimized. The simulated and experimental Pareto plots
were shown to be in good agreement. The experiments needed for these model based
optimizations were only linear gradient experiments and injections in non-adsorbing
conditions, meaning very little experimental work is required. It is also of note that the same
methodology could be applied to the analytical isolation of a single component from a
mixture.
Through the experimental results, the developed model was always able to perform in a
satisfying manner. This leads us to believe that the developed model and the associated
method development steps provide a quick and easy way to efficiently model peptide
retention on reversed phase materials. It also allows the optimization of the separation of
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these with respect to modifier concentration and temperature, and thus to develop a more
than adequate reversed phase analytical method.

4.6

Acknowledgements

I would like to thank Lucrèce Nicoud for her help in preparing this chapter.

60

Optimization of reversed-phase chromatography methods for peptide analytics

61

“The apparent contradictions are meant to stimulate the learned to deeper study”
Averroes in ‘On the Harmony of Religions and Philosophy’
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Chapter 5. Protein adsorption in polyelectrolyte brush type
cation-exchangers
5.1

Introduction

Ion exchangers (IEX) have been used for the purification of many analytes, including
therapeutic proteins, since the beginnings of preparative scale chromatography.
Traditionally, these ion exchangers consist of spherical, often porous, particles packed into a
column and functionalized with IEX ligands. The base matrix composition varies broadly from
silica gels to cross-linked agarose to organic polymers such as polyvinyl ether and
methacrylate polymers [39]. On the other hand, the IEX ligands can be sorted into two
categories: strong (i.e. sulfonates) and weak ions (i.e. carboxylic acids)[90].
Two characteristics of performant IEX materials are a high analyte-surface interaction area
(high capacity), and large pore sizes allowing larger analytes such as antibodies to enter the
particles unhindered (low mass transfer limitations) [39,90–92]. These are unfortunately often
in contradiction as large pores lead to small accessible surface areas. In order to overcome
this limitation, Müller [93], based on previous works by Vanecek and Regnier [94] and Alpert
[95], developed a new type of IEX phase with “tentacle-like” arrangement of the ionic surface
groups: instead of the standard type ligands which are fixed onto the surface via spacer arms,
Müller bound polyelectrolytes onto the surface. With each ligand containing more than one
ionic group, adsorption capacity no longer solely depended on the interaction surface area,
but rather on the interaction volume created by the polyelectrolyte brushes (PEB). This was
described by Lenhoff [96] as 3-D partitioning of the analyte into the PEBs as opposed to the
traditional 2-D surface adsorption. Increased mass transfer rates were also observed and can
be explained by larger pore sizes (pore diffusion depends on the ratio between molecule and
pore size [97]). Because of these advantages, PEB type phases have become very popular in
the last few years, with several IEX phase producers having brought this type of material to
market. De Neuville et. al. pushed this concept further by developing a perfusive material
with micron size pores and PEB ligands that displayed excellent mass transfer characteristics
while retaining good capacities[98].
Despite this increase in popularity, very little work detailing the chromatographic behavior
of proteins on PEB materials has been done. It is generally assumed that adsorption onto PEB
type surfaces can be described in the same manner as onto non-PEB type surfaces [96,99–
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104]. In this chapter, cases where atypical chromatograms are observed on cation-exchange
PEB type materials will be shown. With small injection volumes, an anti-Langmuirian peak
shape is first observed. A shift then occurs with increasing injection volumes, and
Langmuirian peak shapes are observed. This behavior will be shown on all PEB type phases
tested and in different conditions with gradient, isocratic and flow-through experiments.
Several possible reasons for this type of behavior will be explored. This behavior is then
explained by multi-layer adsorption and an adsorption isotherm is developed. Using this
isotherm along with a mass balance and qualitative information, the reason behind the
presence or absence of this behavior is mechanistically explained. Finally, the impact of this
behavior on protein separation is shown through the separation of a mixture of model
proteins.

5.2

Materials and apparatus

5.2.1

Stationary phases

Five different PEB-type phases where used in this chapter. These are shown in Table 5.1.
Name

Manufacturer Base Matrix

Avg. Particle Size

Avg. Pore Size

SP Sepharose XL

GE

Cross-linked

90 µm

N/A

Healthcare

agarose

Merck

Polyvinyl ether

50 µm

80 nm

Polymethacrylate

40-90 µm

80 nm

Polymethacrylate

40-90 µm

80 nm

Polymethacrylate

75 µm

100 nm

Eshmuno CPX

Millipore
Fractogel EMD SO3- Merck
(M)
Fractogel
COO- (M)

Millipore
EMD Merck
Millipore

Toyopearl GigaCap Tosoh
S-650-M

Table 5.1: Information on the PEB type resins used in this chapter. All information is easily found on the
manufacturers website [105–107].

In addition, the Toyopearl SP-650M (Tosoh Bioscience, polymethacrylate, 65µm, 100nm) was
also used for comparison, as it is the similar to the GigaCap (i.e. without PEB ligands). All are
strong cation exchangers, with sulfonates as the functional group, except for the Fractogel
EMD COO- (M), which is a weak cation exchanger, with carboxylic acid as the functional
group.
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All the columns where purchased prepacked from Atoll (Weingarten, Germany) and were 1
mL in volume (0.5x5 cm dxl). Many of the experiments in this chapter were also carried out
on larger columns with the same or similar results (results not shown).
5.2.2

Proteins

Lysozyme from chicken egg white (>98%) (LYSO) was purchased from Fluka Analytical
(Buchs, Switzerland). Chymotrypsinogen A from bovine pancreas (CHY A) was purchased
from AppliChem (Darmstadt, Germany). Cytochrome C from horse heart muscle (>90%) (CYT
C) was purchased from Acros Organics (Geel, Belgium). Goserelin (crude, ~50%) (GOS) was
kindly donated by Corden Pharma Switzerland (Liestal, Switzerland). The two monoclonal
antibodies (mAb1 and mAb2) used were produced and purified in house (pI>8.0 for both).
LYSO, CHY A, CYT C and GOS were available as freeze dried powders and were dissolved
into the loading buffers at the different pH values (see section 5.2.3 for mobile phase
compositions). mAb1 and mAb2 were available as solutions and were buffer exchanged into
the loading buffers at the different pH values using Amicon Ultra-15 centrifugal filters with a
50 kDa cutoff (Merck Millipore, Billerica, MA, USA). Unless otherwise stated, the protein
concentrations were always 5g/L.
5.2.3

Mobile phases

Mobile phases buffered at pH 5, 7 and 8 were prepared with acetate, phosphate and tris salts
respectively. The buffering concentration was always 25 mM. At each pH, a loading (no added
NaCl) and a strong (1M NaCl at pH 5 and 7, 0.5M at pH 8) buffer were prepared. Acetic acid
was purchased from Sigma Aldrich (Buchs, Switzerland). NaCl was purchased from Fisher
Chemical (Pittsburgh, PA, USA). Sodium acetate was purchased from Merck KGaA (Darmstad,
Germany). Sodium phosphate mono and di-basic were purchased from Fluka (Buchs,
Switzerland). Tris base was purchased from Biosolve BV (Valkenswaard, Netherlands). Tris
HCl was purchased from Acros (Geel, Belgium). All chemicals were used without further
purification. De-ionized water was further purified with a simpak2 unit (Synergy Millipore,
MA, USA). Unless otherwise stated, the flow rate was always 0.5mL/min.

5.3

Experimental results

5.3.1

Anti-Langmuir to Langmuir behavior

LYSO and GOS, at pH 7 and CHY A at pH 5 in their respective loading buffers were injected
onto pre-equilibrated (loading buffer) PEB-type chromatographic materials. Injections from
.1 to 25 mL were done, resulting in load values of .5 to 125 g of analyte per L of bed volume.
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These were then eluted with a 30 minute gradient. The results are shown in Figure 5.1. Only
the results on the Eshmuno CPX material are shown. All others can be found in the Appendix.

Figure 5.1: Chromatograms of LYSO (top left, pH 7, 0 to 1000mM NaCl, 30mins), CHY A (top right, pH 5, 0
to 600mM NaCl, 30mins) and GOS (bottom, pH 7, 0 to 100mM NaCl, 30mins) gradient experiments on the Eshmuno
CPX material. The times are corrected to account for the injection time and post-injection wash times (i.e. 0 minutes is
the gradient start time).

It is clear from Figure 5.1 that the adsorption of these three analytes onto PEB type materials
is not typical. This is also observed for all the other considered PEB type materials (see
Appendix). In fact, it is expected that protein adsorption onto IEX materials should follow a
Langmuirian behavior, as is described by the steric-mass action model [44]. Instead, a more
complex transient behavior is observed: at smaller loads, the analytes behave in an antiLangmuir type manner, and, as the injections volumes increase, the behavior shifts to a
Langmuirian type. This behavior will be referred to as the AL-L behavior in the remainder of
this chapter. The point at which the behavior shifts from anti-Langmuirian to Langmuirian
will be referred to as the transit point. For GOS, the feed solution was not pure, which led to
low capacities and breakthrough at higher injection sizes. As such, in this case, only the initial
anti-Langmuirian type behavior is observed (pre-transit point). As this behavior is observed
for all three analytes, only the results for LYSO are shown in subsequent sections.
Based on this behavior it would then be expected that the adsorption equilibrium isotherm of
proteins onto this type of material would contain an inflection point, with the adsorption
isotherm curve being concave upward before the inflection point, and concave downward
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afterwards. Oddly, many studies have not shown this [100,101,104,108–110]. In fact, the
adsorption isotherms seem all to be of the Langmuirian type (concave downward). Only the
work of Wittemann et. al. [111,112] shows S shaped adsorption isotherms. However, these
are concave downwards before the inflection point and concave upwards afterwards (i.e.
opposite behavior). Moreover, they show the adsorption of bovine serum albumin (BSA) at a
pH above its pI onto cation exchange materials at low ionic strengths (<160 mM NaCl) (i.e.
adsorption on the “wrong” side of the pI). This behavior was explained by a lower pH in the
PEB phase volume and an entropically favorable counter-ion release during BSA partitioning
into this phase. It is noteworthy to mention that “adsorption on the wrong side of the pH” is
only possible when the bulk ion concentration is low and the bulk pH is only slightly above
the adsorbing protein pI [113].
Furthermore, the previously mentioned studies [99–101,104,108–110] describe the PEBs as
highly flexible and adopting conformations that facilitate protein adsorption. Also described
is the fact that proteins stack in multiple layers leading to capacities much higher than those
expected from monolayer type adsorption. In order to better understand, explain and
characterize the AL-L behavior, several experiments are undertaken and discussed in the
following sections.
5.3.2

Thermodynamic considerations
5.3.2.1 Mobile phase pH and buffering system

In order to ensure that no unexpected effects induced by the mobile phase pH occur, the same
experiment was run for LYSO at pH 5 and 8 (i.e. load LYSO in loading buffer, from 1 to 16 mL
injections, 30 min gradient elution). Furthermore, Fornstedt and Guiochon [114] observed
skewed peaks and distorted chromatographic profiles due to additives. As such, the buffering
agent was changed to acetate and tris (at pH5 and 8 respectively) in order to ensure no
unforeseen interaction between the buffering agent and the injected analyte takes place. The
results are shown in Figure 5.2. These can be compared to the pH 7 run shown in Figure 5.1.
Again, the results in Figure 5.2 show the AL-L behavior. It is interesting to note that with
increased retention times, this behavior seems to be more pronounced. Moreover, of the
buffering agents used, two are anions (acetate and phosphate) and one is a cation (tris). Of
these, only tris can significantly partition into the PEB phase. Since the behavior is observed
in all three cases, it is then clear that neither the buffering agent nor the pH are responsible
for this behavior, regardless of whether the buffering agent interacts with the IEXs in the PEB
phase or with the adsorbing proteins.
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Figure 5.2: Chromatograms of LYSO (left, pH 5, 0 to 1000mM NaCl, 30mins) (right, pH 8, 0 to 500mM NaCl,
30mins) gradient experiments on the Eshmuno CPX material. The times are corrected to account for the injection time
and post-injection wash times (i.e. 0 minutes is the gradient start time).

5.3.2.2 Isocratic experiments
The PEB phase spatial arrangement is highly dependent on the ion concentration. At low
ionic strengths, the PEBs are repulsive to each other, and tend to organize in a linear, fully
extended arrangement. At higher ionic strengths, the PEBs collapse as the electrostatic
repulsion they exert unto each other decreases due to charge shielding. The direct
consequence of this is a significant decrease in the PEB phase volume along with an increase
in the accessible liquid volume along a salt gradient [67,92,99,115,116]. In order to avoid these
effects, isocratic experiments were run at pH 7. Different volumes (1-16 mL) of LYSO were
injected in the loading buffer onto the pre-equilibrated (loading buffer) columns. Elution was
then performed in an isocratic mode, with the NaCl concentration selected so as to obtain
retention times of 10, 20 and 30 minutes (in diluted conditions, 10µL injection). The results
for the Eshmuno CPX are shown in Figure 5.3. The results for all other stationary phases are
shown in the Appendix.
As all chromatograms in Figure 5.3 exhibit the AL-L behavior, it can be concluded that the
expected change in the PEB phase volume is not responsible for this effect. As seen in the
gradient experiments, the effect again seems stronger for longer retention times (transit point
more and more delayed).
5.3.2.1 Flow-through experiments
Thomas et. al. [115] describe an increase in porosity when large amounts of protein are bound
to the PEB-type materials. This was attributed to the “ingestion” of proteins by the PEB phase.
As this porosity increase would be restricted to the protein plug, it is unlikely to be causing
the AL-L behavior. Another possible effect is that described by Xie [101]: the adsorption
capacity of insulin and lysozyme on PEB-type materials surprisingly increased with
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increasing ionic strength, until reaching a plateau and diminishing at higher ionic strengths.
Xie attributed this effect to secondary hydrophobic interactions. While this increase alone
cannot explain the AL-L behavior, the presence of hydrophobic interactions potentially could.

Figure 5.3: Chromatograms of LYSO (top left, pH 7, elution at 320mM NaCl) (top right, pH7, elution at
270mM NaCl) (bottom, pH 7, elution at 240mM NaCl) isocratic experiments on the Eshmuno CPX material. The green
line represents the retention time in diluted conditions. The times are corrected to account for the injection time and
post-injection wash times (i.e. 0 minutes is the elution start time).

In both cases, flow-through experiments, where the mobile phase conditions do not change
during the entire run, can show whether these effects are responsible for the AL-L behavior.
These experiments can also confirm the results obtained in the isocratic bind and elute
experiments. Flow-through experiments were run at pH 7. 2-16 mL injections of LYSO in 320,
270 and 240 mM NaCl (i.e. 10, 20 and 30 mins retention time in diluted conditions) were
undertaken. The column was previously pre-equilibrated at the same NaCl concentration.
Elution at the same NaCl concentration was started after loading. The NaCl concentration in
the flow-through experiments is hence kept constant throughout the experimental run, as
opposed to the bind and elute isocratic experiments. The results for Eshmuno CPX are shown
in Figure 5.4.
As the AL-L behavior is also observed in these flow-through experiments, it is quite clear that
this effect is independent of mobile phase changes. As such, changes in PEB phase volume,
through protein ingestion or PEB collapse, are not responsible for the observed behavior.
Furthermore, the increase in capacity with ionic strength described by Zhu is unlikely to play
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a role, as the ionic strength is kept constant throughout the experiment. Finally, once more,
the effect seems strongest at larger retention times, with the transit point moving away from
the peak maxima in diluted conditions.

Figure 5.4: Chromatograms of LYSO (top left, pH 7, 320mM NaCl) (top right, pH7, 270mM NaCl) (bottom,
pH 7, 240mM NaCl) flow-through experiments on the Eshmuno CPX material. The green line represents the retention
time in diluted conditions. The times are corrected to account for the injection time and post-injection wash times (i.e.
0 minutes is the elution start time).

5.3.3

Kinetic considerations
5.3.3.1 Mass transfer limitations

Mass transfer effects can be divided into two categories: first, the intra-particle effects,
describing pore diffusion, and second, the external effects, describing diffusion from the
mobile phase into the chromatographic particles [117]. Internal mass transfer effects are
dependent on the pore and particle size. The fact the AL-L behavior is seen with all the PEBtype materials tested shows internal mass transfer cannot be responsible for it as all materials
used have different pore and particle sizes. On the other hand, external mass transfer effects
can easily be modulated with the flow rate. This was tested by injecting 2-16 mL LYSO in the
loading buffer on a previously pre-equilibrated (loading buffer) Eshmuno CPX column.
Elution was done isocratically at a NaCl concentration of 270mM (20 minutes retention in
diluted conditions). The experiments were run at 3 flow rates: 0.3, 0.5, 0.7 mL/min. The results
are shown in Figure 5.5.
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Figure 5.5: Chromatograms of LYSO (pH 7, elution at 270mM NaCl, 2-16mL injections) isocratic experiments
on the Eshmuno CPX material. Black, red and green lines represent flow rates of 0.7, 0.5 and 0.3 mL/min respectively.
The volumes are corrected to account for the injection volume and post-injection wash volumes (i.e. 0 mL is the elution
start time).

Figure 5.5 is plotted slightly differently than the other figures in this chapter with the x axis
representing the elution volume, not time. It is however evident that the AL-L behavior is still
present. An interesting point is that the chromatograms at different flow rates (same load
volume) overlap quite nicely (at each injection size). The small differences between the
chromatograms are due to the different external mass transfer kinetics at the different
flowrates.
5.3.3.2 Adsorption kinetics
A third kinetic process to occur is protein binding. This is usually much faster than external
and internal mass transfer on IEX materials, and is often considered instantaneous with
respect to the other two [117]. However, due to the 3D partitioning observed in PEB materials,
it might be of importance in this case. In order to test this, at least during the loading phase,
isocratic experiments were run at pH 7. 2-16 mL injections of LYSO in the loading buffer were
made on the Eshmuno CPX material (pre-equilibrated in the loading buffer). The column was
then washed with the loading buffer for 25 column volumes (CV). LYSO was eluted at 270
mM NaCl (20 minutes retention in diluted conditions). The results are shown in Figure 5.6
Figure 5.6 shows, once again, the same behavior. Furthermore the runs where no wash was
performed overlap perfectly with those where a wash was performed. This means no
reorganization or repositioning of LYSO within the PEB is likely to have occurred. In all cases,
kinetic resistance to binding is not expected to skew the chromatogram, but rather to
contribute to peak broadening. It is thus unlikely this effect plays a role in the observed ALL behavior.
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Figure 5.6: Chromatograms of LYSO (pH7, elution at 270mM NaCl) isocratic experiments on the Eshmuno
CPX material. The green line represents the retention time in diluted conditions. Black lines are the runs with no wash
(nw). Red lines are the runs with a wash (ww). The times are corrected to account for the injection time and postinjection wash times (i.e. 0 minutes is the elution start time).

5.3.4

Other effects
5.3.4.1 Diluted injections

As a general rule, adsorption processes undergo linear type adsorption at small analyte mobile
phase concentrations. In these diluted concentrations Gaussian peaks are observed. Linear
isotherms can easily be derived from many isotherm models such as the Langmuir, Fowler,
quadratic (also called S-shaped, anti-Langmuir isotherms are a special case of these), Moreau,
and solid-liquid BET isotherms when assuming infinite dilution (see [41] for detailed
description of these isotherms). It would then be interesting to explore the behavior of highly
diluted analytes on PEB type materials. As such, gradient experiments in diluted conditions
were run at pH 7. 10µL injections of LYSO in the loading buffer were made on the Eshmuno
CPX material (pre-equilibrated in the loading buffer). The gradients were from 0 to 1M NaCl
over 30 to 60 minutes. The results are shown in Figure 5.7.

Figure 5.7: Chromatograms of LYSO (pH7 10µL injections) gradient experiments on the Eshmuno CPX
material. The full lines represent the UV signals, and the dashed lines represent the outlet NaCl concentration. The
times are corrected to account for the injection time and post-injection wash times (i.e. 0 minutes is the elution start
time).
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It appears that there is indeed a linear range of adsorption on the PEB type materials. However
as the retention times increase a distinct fronting e starts appearing. This is probably due to
the AL-L behavior. As observed in previous sections, this behavior is more pronounced when
the analyte is more strongly retained. This is also the case in diluted conditions, even though,
overall, the behavior is much more subtle.
5.3.4.2 Non PEB-type materials
In order to ensure that this behavior is confined to PEB-type materials experiments were run
on the Toyopearl SP-650M material (non PEB-type). These were compared to the results on
the Toyopearl Gigacap S-650M PEB-type material. These two materials have the same base
matrix and average pore size. The average particle size is slightly different, but this is not
expected to make a significant difference. LYSO at pH 7, in the loading buffer, was injected
onto pre-equilibrated (loading buffer) Gigacap and SP-650M materials. Injections from .5 to
25 mL were performed. LYSO was then eluted with a 30 minute gradient (0 to 1000mM NaCl).
The results are shown in Figure 5.8.

Figure 5.8: Chromatograms of LYSO (pH7, 0 to 1000 mM NaCl in 30 mins) gradient experiments on the
Toyopearl Gigacap S-650M (left) and Toyopearl SP-650M (right) materials. The times are corrected to account for the
injection time and post-injection wash times (i.e. 0 minutes is the elution start time).

The results for the PEB-type Toyopearl Gigacap S-650M clearly show an AL-L behavior. On
the other hand, the Toyopearl SP-650M material shows Langmuir type adsorption. It is then
evident that this behavior is restricted to PEB type materials. An interesting point is also the
increased capacity of the PEB material. With the Toyopearl SP-650M, protein breakthrough
is observed during the 16mL load. Oppositely, no breakthrough is observed in the same run
on the PEB-type Toyopearl Gigacap S-650M.
5.3.4.3 Other analytes
As discussed in the introduction, most PEB type materials were designed specifically for the
capture or polishing steps of mAb solutions. Their high capacity and alternative selectivity
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has made them an interesting choice for many mAb related chromatographic steps. We
therefore extended this study to three other proteins: two monoclonal antibodies (mAb1 and
mAb2) and CYT C, a model protein. These were injected onto the pre-equilibrated (loading
buffer) Eshmuno CPX material (at pH 5, in the loading buffer). Injections from .5 to 16 mL
were done. These analytes were then eluted with a 30 minute gradient (0 to 500-700-800mM
NaCl for mAb1, mAb2 and CYT C respectively). The results are shown in Figure 5.9.

Figure 5.9: Chromatograms of mAb1 (top left, pH5, 0 to 500 mM NaCl in 30 mins), mAb2 (top right, pH5, 0
to 700 mM NaCl in 30 mins) and CYT C (bottom, pH5, 0 to 800 mM NaCl in 30 mins) gradient experiments on the
Eshmuno CPX material. The times are corrected to account for the injection time and post-injection wash times (i.e. 0
minutes is the elution start time).

Surprisingly, the AL-L behavior is not observed for these analytes. The reason for this is
probably related with the lack of 3D partitioning for these components. The mAbs are rather
large analytes (Y-shape is 14x9x5 nm [118]), and this might make any 3D type of adsorption
difficult due to steric hindrance. Furthermore, the PEB length is estimated to be 10 nm in the
fully extended state [93]. While this value was latter said to be underestimated by DePhillips
et. al. [67,99], it is still entirely possible that 3D adsorption is not possible simply because the
mAbs are larger than the PEB phase. On the other hand, CYT C contains a surface
hydrophobic patch [119] which could hinder its transport into the highly hydrophilic PEB
phase.
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5.4

Mechanistic and model based description

It is worth noting that in order to explain the AL-L behavior we have to account for the
different effects described in the experimental investigation in section 5.3. These effects
include, first and foremost, the fact some analytes (i.e. CYT C, mAb1 and mAb2) do not show
the AL-L behavior. Also necessary is describing the facts the AL-L behavior is more
pronounced the longer an analyte is retained on the column, and that injections in diluted
conditions follow a linear type isotherm.
5.4.1

AL-L behavior adsorption isotherm

The only literature source describing similar chromatographic behavior is the work of
Mihlbachler et. al. [120], discussing the separation of (±)-Tröger’s base enantiomers on a
ChiralPak AD column in pure 2-propanol. In that work, the first eluting component ((-)Tröger’s base) follows a typical Langmuir type adsorption, whereas the second eluting
component ((+)-Tröger’s base) displays AL-L behavior. This behavior is shown to be due to
cooperative behavior and multi-layer adsorption: while both enantiomers can adsorb onto the
chromatographic surface and can readily form a second adsorbed layer, only the late eluting
enantiomer can form a third adsorbed layer, and this is only if the first layer is made of the
early eluting enantiomer. This means that increasing concentrations of the first eluting
enantiomer lead to increased equilibrium concentrations in the stationary phase of the second
eluting enantiomer through the formation of a third layer, which leads to a delay in the peak
elution time, and therefore is responsible for the AL-L behavior.
While both systems are completely different (2 component adsorption onto a chiral material
vs. one component adsorption onto a PEB type IEX), the same ideas can be used to describe
the AL-L behavior in our case. Essentially, when a protein first adsorbs, it will be at a free site
close to the interface between the PEB and the free pore volume. As a second protein
approaches, it will push the first protein further into the PEB phase and take its place. This
can then happen several times as more proteins adsorb. A schematic of this behavior is shown
in Figure 5.10.
As the radius of a sphere equivalent to LYSO and CHY A was reported to be ~2.5nm [118], 4
adsorbed protein layers (LYSO or CHY A) could fit in a 10 nm PEB (fully extended) [93]. This
is however unlikely due to steric considerations (proteins would have to touch). We therefore
assume only three layers can exist in these cases. Further assuming the adsorption processes
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and layer formation occur instantaneously, we can mathematically express the equilibria
shown in Figure 5.10 in equations (5.1)-(5.3).

 PS   K1  P  S0    PS    P2 S    P3S 

(5.1)

 P2 S   K2  P PS 

(5.2)

 P3S   K3  P P2 S 

(5.3)

Figure 5.10: Schematic of the proposed multilayer adsorption process.

Where [P] is the mobile phase protein concentration, [S0] is the total number of adsorption
sites on the first layer, [PS], [P2S], and [P3S] are one, two and three layer stacks of adsorbed
proteins, and K1-3 are the equilibrium constants of the three reactions. This mathematical
description is similar to that of Mihlnachler et. al. [120]. We can then write the total amounts
of adsorbed protein, the equilibrium capacity qeq, in equation (5.4).
qeq   PS   2  P2 S   3 P3S 

(5.4)

Replacing the values in equation (5.4) by those in equations (5.1)-(5.3) yields equation (5.5).
2

qeq 



(5.5)

H1  P   2 H 1 H 2  P   3 H 1 H 2 H 3  P 

3

1  H1  P   H1 H 2  P   H1 H 2 H 3  P 
2

3

 [ S ]
0

Where Hi is the Henry coefficient (Hi = Ki / [S0]). The isotherm and its derivative are then
plotted in Figure 5.11.
While the inflection point in the conventional qeq vs [P] plot (Figure 5.11, left) is barely visible,
it is in fact present, as can be seen from the first derivative (Figure 5.11, right). This could
explain why no inflection point was reported in earlier works [100,101,104,108–110] as
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described in section 5.3.1. The inflection point in the isotherm is what is expected to be
causing the AL-L behavior.

Figure 5.11: Adsorption isotherm (left) and its first derivative (right). The values of Hi and [S0] are taken from
the 20 minute retention case (see section 5.4.2)

In cases where the protein does not form multiple layers, or does so only difficultly, as is the
case for the mAb1, mAb2 and CYT C proteins, then the values of H2 and H3 are at the most
much smaller than the value of H1. The isotherm then reduces to a typical Langmuir isotherm,
as described in section 5.3.4.3. As such, it is expected adsorption of these types of proteins can
be modeled with conventional, single layer, isotherms. Furthermore, at very low protein
mobile phase concentrations (i.e. [P] → 0) the isotherm reduces to a linear isotherm:
qeq=H1[P].
5.4.2

Simulation of the chromatographic column

The lumped kinetic model is used to simulate the chromatographic column [40,63,121,122]:



[ P]
q
[ P]
 2 [ P]
 1     usf
 usf d ax
t
t
x
x 2
q
 km  qeq  q 
t

(5.6)

(5.7)

Where ε is the total porosity accessible to the protein, q is the stationary phase concentration,
usf is the superficial velocity of the protein, dax is the axial dispersion coefficient, and km is the
lumped mass transfer coefficient.
In order to simulate a chromatographic run, the model parameters H1-3, [S0], ε, dax and km must
be known. As the proposed isotherm reduces to a linear isotherm in diluted conditions, the
porosity can be measured from experiments in diluted conditions (as described in [123]).
Similarly, the values of dax and km can be obtained from the Van Deemter curve [63,124–126]
or from semi-empirical correlations [127]. Finally, H1 can be obtained from isocratic
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experiments in diluted conditions as described in [118]. In this chapter, the values of H2-3 and
[S0] are fitted onto the overloaded chromatograms.
In order to illustrate the validity of the proposed model, we fit the flow-through experiments
described in section 5.3.2.1 (LYSO, 320-270-240 mM NaCl, 10-20-30 min retention in diluted
conditions). We assume here that the values of [S0], dax and km are independent of NaCl
concentration and that the values of H2 and H3 are equal. The obtained model parameter
values are shown in Table 5.2. The fit results are shown in Figure 5.12.
Parameter

Value

H1

34.33-76-117.66 [-]

H2=H3

90-180-270 [-]

[S0]

250 [g/L stat. phase]

ε

0.88[-]

dax

0.025 [cm]

km

0.5 [1/min]

Table 5.2: Model parameters obtained for the LYSO flow-through experiments. Where applicable, the values
for the 320-270-240 mM NaCl are shown in that order.

Overall, the simulations adequately describe the chromatographic behavior. This is especially
true at lower load values. At higher loads, the experimental peaks are broader than the
simulations. This is probably due to the inability of the lumped kinetic model to properly
describe all of the mass transfer effects involved. It is also possible the estimation of the
porosity in diluted conditions is not ideal for the model’s purposes. Nevertheless, it is evident
the model results follow the experimental data very closely, and the peak shapes are well
reproduced, especially at lower load values. Furthermore, the model adequately describes a
more pronounced behavior at higher retention times, as expected. This confirms that multilayer adsorption plays an essential role in the presence of the AL-L behavior.
In Langmuir type adsorption, the center of mass of the analyte plug will move to earlier times
with increasing injection sizes. Oppositely, in anti-Langmuir type adsorption, the center of
mass of the analyte plug moves to later times with increasing injection sizes. As the AL-L
behavior is a combination of both, the center of mass will first move to later times (with
increasing injection volumes) before the transit point, and then move to earlier times after
this point. Over all injection volumes, it is experimentally observed that the center of mass
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will stay more or less constant. As such, separating a Langmuirian component from a
component exhibiting the AL-L behavior would be advantageous only if the AL-L behavior
component elutes after the Langmuirian component. In the other case, the centers of mass
will move towards each other and purification quality will suffer.

Figure 5.12: Chromatograms of LYSO (top left, pH 7, 320mM NaCl) (top right, pH7, 270mM NaCl) (bottom,
pH 7, 240mM NaCl) flow-through experiments on the Eshmuno CPX material. Red lines represent simulations, and
black lines experiments. The green line represents the retention time in diluted conditions. The times are corrected to
account for the injection time and post-injection wash times (i.e. 0 minutes is the elution start time).

5.5

Purification advantages and disadvantages

This can easily be tested by injecting a mixture of CHY A, CYT C and LYSO. Both CHY A and
LYSO exhibit an AL-L behavior. On the other hand CYT C follows Langmuirian type
adsorption. In diluted conditions, the elution order is CHY A, CYT C and LYSO. A mixture of
the three (3g/L each) at pH 5, in the loading buffer, was therefore injected onto the preequilibrated (loading buffer) Eshmuno CPX material. Injections of 2 and 8 mL were done.
These analytes were then eluted with a 30 minute gradient (0 to 800mM NaCl). The results
are shown in Figure 5.13.
In the small injection run, all three components are rather well separated, with near baseline
separation observed. However, in the large injection run, there is a significant overlap of the
CHY A and CYT C peaks. On the other hand, The CYT C and LYSO peaks are very well
separated. An interesting point, is that the CHY A peak tails significantly into the CYT C peak,
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indicating that it is not strongly displaced by CYT C. This could be evidence for a secondary
adsorption site, such as the inner layers of the PEB phase, from which the CYT C cannot
readily displace CHY A. This falls into the proposed explanation where CYT C does not easily
partition into the PEB phase, whereas CHY A does. Furthermore, while the peak position of
LYSO does not change much, both those of CHY A and CYT C are shifted to earlier retention
times, probably due to strong displacement effects brought on by LYSO. All in all, the
separation quality is as expected: the centers of mass of the CHY A and CYT C plugs move
towards each other with increasing loaded quantities, leading to poor separation between
them. On the other hand, the center of mass of CYT C moves away from that of LYSO, leading
to satisfactory separation between the two.

Figure 5.13: Chromatograms of CHY A, CYT C and LYSO mixture (pH5, 0 to 800 mM NaCl in 30 mins)(left:
2 mL injection; right: 8 mL injection) gradient experiments on the Eshmuno CPX material. The times are corrected to
account for the injection time and post-injection wash times (i.e. 0 minutes is the elution start time).

5.6

Conclusions

An interesting type of behavior of proteins adsorbing onto PEB type IEX was observed. This
consisted in peaks shifting from anti-Langmuirian to Langmuirian shapes with increasing
injection volumes. In order to explain and characterize this behavior, several experiments
were run to test concepts found in literature. It was found that changes in PEB phase volume
due to changing ionic strength or protein adsorption was not responsible for this behavior.
The likely reason for this behavior was found to be the multi-layer adsorption of proteins in
the PEB phase: in cases where this is observed (i.e. LYSO, CHY A, and GOS), an AL-L behavior
is observed. In cases where the partitioning is hindered or impossible (mAb1, mAb 2 and CYT
C), no AL-L behavior is observed, and adsorption seems Langmuirian and can probably be
described using traditional tools such as the steric mass action model.
In order to better describe the physics and mechanism by which partitioning into the PEB
phase causes or not the presence of the AL-L behavior, an adsorption isotherm was developed.
Using the model, fitted simulations were able to reproduce the AL-L behavior observed in
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flow through experiments. Furthermore, the proposed model was able to mechanistically
explain both the cases where the AL-L behavior is observed (multi-layer partitioning) and
where it is not observed (no partitioning).
Finally, the CHY A, CYT C and LYSO model system was used to explore potential advantages
and disadvantages to using PEB type materials for protein purification. It was found that
proteins exhibiting the AL-L behavior were very well separated from Langmuirian
components only when they eluted after these.
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5.8

Appendix

Figure 5.14: Chromatograms of LYSO on several materials, all at pH7, injected in weak buffer. TOP ROW:
material: SP Sepharose XL. Left: 0 to 1000 mM NaCl in 30 mins gradient. Right: elution at 210 mM NaCl. SECOND
ROW: material: Fractogel EMD SO3. Left: 0 to 1000 mM NaCl in 30 mins gradient. Right: elution at 260 mM NaCl.
THIRD ROW: material: Fractogel EMD COO. Left: 0 to 1000 mM NaCl in 30 mins gradient. Right: elution at 1300
mM NaCl. BOTTOM ROW: material: Toyopearl GigaCap S650M. Left: 0 to 1000 mM NaCl in 30 mins gradient. Right:
elution at 230 mM NaCl. The times are corrected to account for the injection time and post-injection wash times (i.e. 0
minutes is the elution start time).
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“I wish I had a bigger mind full of useful ideas, and maybe I would play with your thoughts and
make your mind twist”
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Chapter 6. Protein adsorption on ion exchange resins and mAb
charge variant modulation
6.1

Introduction

Ion exchange chromatography (IEC) plays an important role in the purification of
recombinant proteins due to the short separation times and mild conditions required [128].
This allows for the isolation of proteins of interest while ensuring biological function is
maintained. Because of this, IEC is often used in the capture or polishing chromatographic
steps of the industrial production processes [15,123,129]. Furthermore, IEC has also been used
for the isolation and characterization of charge variants [63,130–132]. The charge variant
distribution, particularly in monoclonal antibodies (mAb), is both natural and beneficial, as it
allows for a balance of the biological activity and function of the protein [130,132].
Furthermore, with the emergence of mAb biosimilars [5], the charge variant distribution has
become an important quality attribute, as it must conform to that of the originator [19]. Also,
as each variant has different biological activity and function, it can be of interest to modulate
the charge variant distribution by removing inactive or dangerous variants [130,133,134].
Finally, the isolation of each variant can allow for their study on an individual basis.
As such, there is a need for tools that allow for the quick and easy design of IEC steps suited
to the fractionation and modulation of charge variants. Since the differences between variants
usually consists of changes on individual amino acids, their separation is often difficult.
Furthermore, the design of this step is made more difficult by the large amount of tunable
process parameters. These include the choice of the stationary phase and mobile phase
modifiers (ionic strength and pH), as well as several operation parameters (flow rates,
injection and elution volumes, column sizes). Traditionally, the process design has been done
with trial and error type tools or high-throughput techniques [133,135–138]. The focus of
these tools is to reach the desired output by changing inputs in large experimental sets. This
often leads to considerable time and material requirements, and does not guarantee an optimal
solution is found. In order to provide an efficient alternative, a mechanistic model is developed
in this chapter and applied to the separation of mAb charge variants in IEC. The advantage
of model based design is that only a small set of experimental data is needed to parameterize
the model, which is then used to find an optimal solution. This significantly reduces the
experimental effort needed (reduced time and material requirements).
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While different models, such as the Langmuir or Steric Mass Action models, have been applied
to IEC, many do not account explicitly for the effect of both ionic strength and pH [139].
Several modifications of both these models have been made to account for these mobile phase
parameters [140–144], however these depend on mostly empirical correlations. Alternatively,
adsorption equilibrium models have been derived from more fundamental Gibbs excess [145]
and statistical thermodynamic [146] models. In these cases, protein-resin and protein-protein
interactions were fitted to the equilibrium data using colloidal interactions. The interaction
parameters were obtained at each pH and salt concentration, without an explicit correlation
between the different mobile phase conditions [146,147].
In this chapter, protein adsorption equilibrium is described mathematically, while explicitly
accounting for pH and ionic strength. It is based on the linear model (only useable at low
concentrations) developed in [63]. The model defines the statistical thermodynamics between
proteins in the 3D mobile phase and the 2D adsorption phase (at a resting distance from the
actual surface). The Derjaguin-Laundau-Verwey-Overbeek (DLVO) theory is used to calculate
the protein-resin interactions. The effect of pH and ionic strength is considered by calculating
the resin and protein charges using suitable charge models.
Saturation of the adsorption phase is accounted for by protein-protein interactions [145,146],
along with surface coverage [148,149]. The model parameters are shown to be fully physically
consistent, with, initially, only the adsorption phase distance from the resin surface (resting
distance) as a fitted parameter. This can be estimated based solely on experiments in diluted
conditions and allows for a good estimation of the experimental behavior in overloaded
conditions. The model has been applied to the difficult problem of describing the adsorption
equilibria of mAb charge variants. It is shown that excellent results can be obtained based
only on their amino acid sequences and on one fitted parameter, i.e. the resting distance of
the main variant. Finally, the model is applied to the optimization of the charge variant
modulation IEC step.

6.2

The adsorption equilibrium model

6.2.1

Thermodynamic foreword

Classically, adsorption isotherms assume a finite number of adsorptions sites (i.e. Langmuir
isotherm) [150]. Here, we use the surface coverage (ratio between covered and total surface
area), and consider it is less than 1. The advantage of the proposed definition is that the surface
coverage is related to physical properties of the proteins and of the stationary phase. On the
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contrary the number of adsorption sites in the Langmuir isotherm is a purely empirical
parameter.
The adsorbed and bulk phase chemical potentials, µs,i and µb,i, are given by equations (6.1) and
(6.2). Note that the bulk phase potential is the same as in the linear adsorption isotherm [63].
s ,i  RT  ln N s ,i  Gads ,i  RT  ln Qs ,i trans ,2 D 

(6.1)
 s eff
 RT  ln Qs ,i vib  RT  ln Qs ,i int
eff
1  s 

b,i  RT  ln Nb,i  RT  ln Qb,i trans,3D  RT  ln Qb,i int

(6.2)

With R the ideal gas constant (8.314 [J K-1]), T the temperature [K]. Ns,i and Nb,i are the number
of proteins i in both phases [-], ΔGads,i the free energy of adsorption [J mol-1]. Qs,itrans,2D and
Qb,itrans,3D the translational partition functions of protein i in both phases [-], θseff the effective
surface coverage [-], Qs,ivib is the vibrational partition function of adsorbed protein i [-], and
Qs,iint and Qb,iint the internal energy partition functions of protein i in both phases [-].
The chemical potential in the adsorbed phase (equation (6.1)) is the same as in the linear
adsorption isotherm [63], with the addition of the surface coverage θseff / (1- θseff) and the
translational partition function:
Qs ,i trans ,2 D  As ,i 1   s eff

 2 mh k T
i B
2

(6.3)

With As,i the total accessible surface area in diluted conditions [m 2 m-3 column], mi the
molecular weight [kg], kB the Boltzmann constant (1.3806 x 10-23 J K-1), and h the Planck
constant (6.626068 x 10-34 m2 kg s-1). θseff is given by:
n

 s eff  
j 1

N s , j Rp ,area , j 2
As , j s

(6.4)

max

With n the number of components considered, Rp,area,j the protein coverage radius (radius of
the circular area covered by the protein j) [m], and θsmax the maximum concentration of circles
in a plane (θsmax=π/(2√3) for equal size circles).
The following adsorption isotherm is derived by applying thermodynamic equilibrium and
the same assumptions as in diluted conditions [63]:
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(6.5)

With qis the adsorbed concentration at equilibrium [mg m-2], ci the corresponding bulk phase
equilibrium concentration [mg m-3], ΔGpr,i is the free energy of protein-resin interactions [J
mol-1] and ΔGpp,i is the free energy of protein-protein interactions.
6.2.2

Protein-resin interactions

Electrostatic and Van der Waals interactions free energies are computed using the colloidal
model in [63]. These are independent of mobile phase concertation and are assumed to be
additive [63,151] when calculating the free energy of protein-resin interaction:

Gpr ,i  Gpr ,elec,i  Gpr ,VdW ,i

(6.6)

With ΔGpr,elec,i the electrostatic free energy of protein-resin interaction [J mol-1] and ΔGpr,VdW,i
the Van der Waals free energy of protein-resin interaction [J mol-1]. These are computed as
in [63].
6.2.3

Protein-protein interactions

In this chapter, the repulsion among the adsorbed proteins is considered in order to estimate
the saturation capacity of the stationary phase. For this, a set of DLVO spheres is considered
to be uniformly distributed on a plane. The interaction between each pair of such spheres is
assumed to be the same, even in the case of multi-component systems where it has to be
regarded as a first approximation. Accordingly, the free energy of interaction for a single
adsorbed protein, ΔGpp,i, can be computed as the sum of all interactions with the neighboring
proteins, assuming a circular symmetry, which yields:

G pp ,i

 qjS
 

j 1  m j
n

 
   Gspheres ,i  Dpp   2   Dpp  2 Rp ,area ,i   dDpp
 Dpp ,min,i

(6.7)

With ΔGspheres,i the free energy of interaction between two proteins i [J mol-1] and Dpp their
surface to surface distance [m]. In equation (6.7), Dpp,min is the minimal surface to surface
distance (closest pairs). It is obtained by considering the total surface concertation, the
maximal packing concentration, and the coverage radius:
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Two interactions between the adsorbed proteins should then be considered: the attractive Van
der Waals interactions, and the repulsive electrostatic interactions. However, since Van der
Waals energies are extremely close range [152], they are only relevant in a high ionic strength
environment, where the much longer range electrostatic repulsion is shielded. In this case,
the attractive potential of the charged stationary phase surface also becomes negligible. As
such, only the electrostatic interactions are considered when calculating ΔGpp,i.
The solution for the linear Poisson-Boltzmann equation found in [153] is used to calculate the
electrostatic interactions between two adsorbed protein molecules. The obtained equations
are shown below. The parameters fp and θp0 are the same as in the linear case [63]..
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(6.10)

With NA the Avogadro number (6.022 x 1023 mol-1), ε0 the vacuum permittivity (8.854 x 10-12
Farad m-1), εr the relative dielectric constant (80 for water), κ the inverse Debye length [m-1],
z the valence of the electrolyte [-], e the elementary electric charge (1.602 x 10-19 C), Rsphere is
the radius of a sphere equivalent to the protein [m], and Θp0 the dimensionless non-linear
protein potential.
6.2.4

Simulation of the chromatographic process

In this chapter, we use the lumped kinetic model to simulate the chromatographic column
[40,63,121,122,154]:

i

ci
q
c
 2c
 1   i  i  usf i  usf d ax 2i
t
t
x
x

(6.11)
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qi
 km  qieq  qi 
t

(6.12)

Where ci [mg mL-1 liquid] and qi [mg mL-1 solid] are the mobile and stationary phase
concentrations of component i, t [min] and x [cm] are the time and distance along the
chromatographic column, usf is the superficial mobile phase velocity [cm min-1], dax is the
axial dispersion coefficient [cm], km is the lumped mass transfer coefficient [min-1], and qieq
is the equilibrium stationary phase concentration of component i [mg mL-1 solid]. qieq is
obtained by converting the surface concentration obtained in equation (6.5) to the required
volume concentration according to:

qi eq 

As
 qi S
1   

(6.13)

The three modifiers (phosphate, sodium and chloride) are also computed at each time and
space point in order to compute the pH and ionic strength. These are calculated as described
by Pabst and Carta in literature [155].
6.2.5

Quality attributes and Pareto optimal sets

In this chapter, three performance parameters are considered to determine the quality of a
given chromatographic run, and therefore to optimize its operating conditions. First, the
composition defines the purities of the various components in the recovered fraction. This
constraint can change depending on the process being considered: if the isolation of a single
component is desired, then the minimum allowable purity of this component is set at as a
constraint. On the other hand, if modulation is required, then concentration windows for each
species are considered. Second, the yield defines the fraction of the injected product
recuperated with the desired purity specifications. As production processes typically consist
of several steps, it is, as a general rule, always desirable to achieve yields greater than 90% per
step. Finally, the productivity defines the amount of product produced per unit time and
volume of stationary phase. The productivity is calculated as [88]:

Pr 

Y  minj

(6.14)

Vc  ts

Where Pr is the productivity [mg mL-1 stat. phase min-1], Y is the yield [-], minj is the injected
amount [mg], Vc is the column volume and ts is the separation time [min]. While yield and
productivity are not necessarily related to the quality of the recuperated fraction, they define
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the performance of the process. Poor yield and productivity shows poor process control,
knowledge and design [122] and decrease economic viability [88]. As only the purity truly
defines product quality, it is considered the primary quality attribute of a given run. That is,
if no fraction that respects the required purity constraints can be recuperated, then the process
cannot be accepted and the corresponding yield and productivity are set to zero.
In order to identify the optimal set of operating conditions for a given chromatographic
process, we proceed as follows. For a given set of process operating conditions, the simulated
chromatogram is scanned for all the possible fractions that would respect the purity
constraints. Within these, the fraction allowing for the highest yield is chosen, and this,
together with the corresponding productivity, is defined as the process performance. It is to
be considered that there is a trade-off between yield and productivity and that no single
optimal point can be found, but rather a Pareto plot is generated [122,154,156,157]. By
changing the process parameters via a genetic algorithm, such Pareto plots can be generated.
It is important to note that, while the yield and productivity change along the Pareto optimal
curve, the required purity constraints are always respected.

6.3

Materials and instruments

6.3.1

Monoclonal antibody

The mAb solutions were obtained from Merck. Four variants were identified denominated
according to their elution order: the acidic variant W1, the main variant P, and the basic
variants S1 and S2. The W1 variant contains several semi-peaks that are lumped into a single
component. This was done since their elution times are very close to each other, indicating
their chemical make-up is very similar, probably resulting from deamidation reactions at
different positions [63]. Analytics were performed on a Propac WCX-10 column (Dionex, CA,
USA) with a guard column (4mm I.D. x 50 mm). These are shown in Figure 6.1.
The feed solutions were prepared by diluting the original mAb solution in the appropriate
feed buffer (see section 6.3.1). Vivaspin 20 centrifugal concentrators (Stratorius Stedim
Biotech GmbH, Goettingen, Germany) were then used to buffer exchange the mAb solution.
This protocol ensures the pH and ionic strength of the feed solution are close to the desired
ones. The final concentration of the mAb (all variants) was 5 g/L. Initially, the purities are
equal to 10.7, 43.4, 31.2 and 14.7 % for variants W1, P, S1 and S2 respectively.
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6.3.1

Mobile and stationary phases

The mobile phases were phosphate buffers (pH 6.0, 6.25 and 6.5) at a concentration of 25 mM.
These were prepared with sodium dihydrogen phosphate and disodium hydrogen phosphate
(from Fluka, Buchs, Switzerland). Deionized water was further purified with a Simpak2 unit
(Synergy Millipore, MA, USA). Weak buffers, containing only the buffer species, and strong
buffers containing 0.05 – 0.18 M sodium chloride (Fisher Chemical, Pittsburgh, PA, USA) in
addition, were prepared.

Figure 6.1: Analytical chromatogram of the mAb

The strong cation exchangers BioPro SP-10 (YMC Europe GmbH, Dinkslaken, Germany) and
Fractogel EMD SO3- (M) (Merck Millipore, Darmstadt, Germany) were used in this chapter.
Both materials were self-packed into Tricorn glass columns from GE Healthcare, Uppsala,
Sweden. The dimensions were 0.5x9.5 cm dxl for the YMC material and 0.5x10 cm dxl for the
Fractogel material.
The YMC material was chosen because of its potential for the isolation of mAb variants due
to advantageous mass transfer characteristics (due to small particles of 10 µm) [63,131,134].
On the other hand, the Fractogel material is typically used for capture applications and is not
expected to be able to resolve the different variant peaks due to high resistance to mass
transfer (larger particles of 40-90µm).
6.3.2

HPLC

All experiments were carried out on an Agilent (Santa Clara, CA, USA) 1100 series HPLC,
equipped with an auto-sampler, a column thermostat, a variable wavelength detector, an
online degasser and a quaternary gradient pump. A Gilson FC 203B fraction collector
(Middleton, WI, USA) was connected (if needed) at the HPLC outlet to collect fractions during
experimental runs.
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6.4

Model parameter estimation and application

In this chapter we follow a procedure similar to that described by Close et. al. in [158].
Initially, a well-defined and relatively small set of experiments are undertaken and used to
calibrate the model. The Pareto optimal set is then calculated using the model. Using a new
set of experiments selected from within the Pareto set, the model parameters are then refined.
This procedure is then repeated until either the model predictions are satisfactory, or that
optimal design is reached.
Using this approach the upfront experimental effort is greatly reduced. As more experiments
are run, the model parameter estimates become more accurate, leading to a more precise
estimation of the optimal operating space. This allows for an overall reduction of the required
experimental work, and thus of the time needed to find conditions that satisfy the quality
specifications.
6.4.1

Model parameters and initial model calibration

Since the model parameters are estimated differently than in [63], we describe the adopted
procedure in the following. In order to better visualize all the involved model parameters, we
report in equation (6.15) all the variables and parameters that, based on equation (6.5), are
needed to describe qis:

qis  f

 I  , pH ,  , R
i

sphere ,i

s
, A s ,i ,  r ,  p ,i , Rp ,area ,i , Dpr ,i , ci , q1...
n

(6.15)

Where [I] is the modifier concentrations (buffering agent, sodium ions, and chloride ions)
[M], σr and σp,i are the stationary phase and protein charge densities [C m -2], and Dpr,i is the
surface to surface distance between a protein and the resin (i.e. resting distance) [m].
The modifier concentrations and the pH are known: they are chosen at the column inlet and
can be estimated at each time and space point through the model as described in section 6.2.4.
The accessible porosity εi is measured in diluted, non-adsorbing conditions as described in
[123]. The pore size distribution (PSD) and accessible pore surface area (APA) are then
obtained from inverse size exclusion measurements [67]. By comparing the accessible
porosity to that of the dextran probes used to calculate the PSD, Rsphere can be estimated (the
size of the probes is known). The total accessible surface area to the protein As is then
calculated from the value of Rsphere and from the APA. The surface charge density is then
measured by titrating the resin. The protein charge density is obtained directly from the
amino acid sequence (i.e. number of carboxyl, histidine and amine side chains, see [63]). Note
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that this is different from the procedure used in [63], where the protein charge density was
fitted onto suitable experimental data. Finally, both the mobile and stationary phase
component concentrations are computed through the mass balance equations ((6.11) and
(6.12)). For this, the axial dispersion and the lumped mass transfer coefficients (dax and km)
must be estimated This is done using the experimental van Deemter curve [124], as discussed
previously [63].
It is worth noting that the resin characteristics (such as PSD, APA and titration) are always
the same, for any given analyte. The protein specific porosity must be obtained for each
different protein, however this is done through simple, fast experiments requiring only small
amounts of protein. These parameters, for the considered mAb variant system, are shown in
Table 6.1. Since all the variants have the same size, several size related parameters have the
same value (ε, Rsphere, As, dax and km).
This leaves two unknown model parameters: the protein coverage distance Rp,area,i and the
protein-resin separation distance Dpr,i. Although Rp,area,i, and Rsphere both relate to the size of
the protein (regarded as a sphere), they are used in a different context and can in principle
have different, but similar, values. As such, as a first assumption, Rp,area,i, and Rsphere are taken
as equal (see Table 6.1 for value). On the other hand, Dpr,i is unknown and needs to be fitted
to appropriate experimental data. As this parameter is not dependent on the protein
concentration in the mobile or stationary phase, it can be estimated in diluted conditions, and
still used to describe the protein chromatographic behavior in overloaded conditions.
Name

Symbol

YMC

Fractogel

Comment

Porosity

εi

0.56

0.54

Same for all variants

Radius (sphere)

Rsphere

3.73 nm

4.96 nm

Same for all variants

Accessible Area

As

57.4 m2mL-1

73 m2 mL-1

Same for all variants

Axial Dispersion

dax

0.005 cm

0.032 cm

Same for all variants

Lumped Mass Transfer

km

70 min-1

0.6 min-1

Same for all variants

Sulfonate Group Density

ρr,sulfonate

1.9 µmol m-2 3.86 µmol m-2 Used to calculate σr

Table 6.1: Model parameters for the mAb variant system on the YMC and Fractogel materials. Note the units
in this table are not SI.

For this, in this section, 15 µL injections of the mAb mixture were made on the YMC and
Fractogel materials at pH 6.0, 6.25 and 6.5. The columns were pre-equilibrated with the weak
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buffer at the corresponding pH. Gradients were then used to elute the bound mAb. At each
pH, five gradients (40, 50, 60, 70 and 80 minutes gradient length) were run, from the weak
buffer to the elution buffer (170, 120 and 120 mM added NaCl at constant pH). The flow rate
was always 0.5 mL/min. This means, in total, 16 experiments were run in diluted conditions
for each stationary phase (15 gradients and 1 in non-adsorbing conditions to measure the
porosity). This is definitely more than enough to accurately determine the value of the sole
fitted parameter Dpr. Once the gradients are run, the retention times of the different
components are fitted using equations (6.11), (6.12) and (6.13) by adjusting the value of Dpr.
Selected gradient chromatographs on both chromatographic phases are shown in Figure 6.2
with illustrative purposes.

Figure 6.2: Experiments at pH 6, 50 minute gradient, 0 to 170 mM NaCl gradient on the YMC (left) and
Fractogel (right) materials.

It is seen that the peaks of the different variants are easily discernable on the YMC material.
This is however not the case for the Fractogel material, were only one peak is observed. This
is due to the poor mass transfer characteristics of the Fractogel material compared to the YMC
material. As such, a second assumptions is made: the fitted Dpr value for the main variant is
the same as for the other variants. Accordingly, the only difference between the variants is in
their amino acid sequence and therefore the value of σp,i. In fact, Liu et. al. in [132] describe
charge variance as originating from C-terminal lysine processing and deamidation of
asparagine into aspartate. The C-terminal lysine variants result in the basic variants S1 and
S2 (one and two additional amine groups respectively [63,131]) where as deamidation leads
to the acidic variant W1 (one additional carboxyl group [63,131]). The number of ionizable
groups for each variant is shown in Table 6.2.
While the retention time is clearly obtainable for all variants on the YMC material, the same
assumption is nevertheless applied. This is simply to illustrate the validity of this assumption.
On the other hand, the retention time of the single peak on the Fractogel material is taken as
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that of the main variant. The resting distance Dpr, is fitted with only the main variant retention
times and the results are shown in Figure 6.3. Furthermore, the predictions for the other
variants on the YMC material (based on the Dpr value of the main variant, and the differences
in σp,i) are also shown in Figure 6.3. The fitted values for Dpr are shown in Table 6.3.
mAb variant

Number of ionizable groups
Carboxyl groups Histidine groups

Amine groups

W1

125

26

126

P

124

26

126

S1

124

26

127

S2

124

26

128

Table 6.2: Number of ionizable groups per variant. As described in [63], carboxyl groups are a lump of the
aspartic and glutamic residues, as well as the carboxyl-terminus. Lysine and arginine residues are lumped into the
amine group. Similarly, histidine and the amino terminus are lumped into the histidine group.

YMC
Dpr,i [Å]

Fractogel
Rp,area,i [nm]

Dpr,i [Å]

Rp,area,i [nm]

Variant Initial Refined Initial Refined Variant Initial Refined Initial Refined
W1

5.48

5.81

3.73

3.77

W1

4.43

4.43

4.96

4.96

P

5.48

5.81

3.73

3.77

P

4.43

4.43

4.96

4.96

S1

5.48

5.81

3.73

3.77

S1

4.43

4.47

4.96

4.96

S2

5.48

5.81

3.73

3.77

S2

4.43

4.43

4.96

4.96

Table 6.3: Initial and refined Dpr,i and Rp,area,i values.

As can be seen, both the fitted retention times (main variant) and the predicted retention
times (other variants on YMC) follow the diagonal very closely. This means the model can
properly describe the retention times of proteins in diluted conditions. The fact that the
predictions are also very much aligned with the experimental results confirms our
assumptions. It is worth noting that this procedure does not require any overloaded
experiments or sources of purified variants and can still be used to predict the retention
behavior of all the variants in the system in both diluted and overloaded conditions. This
reduces the time and material costs to a minimum.
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Figure 6.3: Simulated vs experimental retention times on the YMC (circles) and Fractogel (squares) materials.
The simulated retention times of the main variant on the YMC (red circles) and on the Fractogel (black squares) are
fitted. The simulated retention times of W1, S1 and S2 on the YMC material (green, blue and magenta circles) are
predicted as described in section 6.4.1.

6.4.2

Pareto optimal sets and parameter refinement

With the Dpr values estimated above (based only on diluted experiments), the model is fully
parameterized and can be used for overloaded column simulations. In order to illustrate the
use of the model for optimization, suitable purity specifications have to be selected. On the
YMC material, the separation is expected to be good, and the minimum purity requirement
for the main component P is set at 98%. This high purity was achievable with high yields and
productivities. On the other hand, The Fractogel material does not show as much potential.
Accordingly, in this case, the purity requirement is set at 65% for the main component P.
Higher purities were achievable with this material, but at the expense of significantly lower
yields and productivities.
With the purity requirements being set, the Pareto optimization can be undertaken. This is
done by changing the process parameters via a genetic algorithm as described in section 6.2.5.
The optimized process parameters include: the flow rate, the load, post-load wash, and elution
volumes, and the ionic strength and pH values during each of these steps. However, at this
point, since the model estimation is not yet validated, the number of process parameters used
for the optimization was reduced. This was done in order to reduce any synergetic effects that
might arise and complicate the analysis of the Pareto optimal sets. Once the validation is
complete, all the model parameters could then be included in the optimization.
The flow rate was set at 0.5 mL/min. This represents a tradeoff between high flow rates, which
are preferable for high productivities, and low flow rates, which are preferable for high
loading applications [159]. . The load volume on the YMC was set at 15 mL, which represents
a loading of about 40g/L of column. For the Fractogel, this value was set at 10 mL (25 g/L of
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column), as any higher loads did not produce satisfactory separation of the variants with
significant yields. The post-load wash volume was set at 5mL, which is approximately 2.5
column volumes. The elution volume was set at 40 mL. This was to cap the experimental time
to two hours (load + post-load wash + elution). In reality, the true experimental time is
determined by the actual elution times of the variants, and the experiment can be terminated
as soon as all variants are eluted, even if the two hour mark is not reached. The pH and ionic
strength of the load and post-load wash steps were always the same. The elution pH and ionic
strength was considered as the value at the end of the elution step. Essentially, this creates a
pH and ionic strength gradient from the load and post-load wash values to those at the end
of the elution step. Note that while the ionic strength gradient is linear, the pH gradient is not
guaranteed to be since it depends on the concentration of the ionic species in the mobile phase
[155].
Parameter

Value or Range

Unit

Flow Rate

0.5

mL/min

Load volume

15 (YMC); 10 (Fractogel)

mL

Post-load wash volume

5

mL

Elution volume

40

mL

Load and post-load wash pH

6

-

Load and post-load wash added NaCl

0

M

Gradient end pH

[6-6.5]

-

Gradient end added NaCl

[0-0.2]

M

Table 6.4: Values for the process parameters.

Initially, these four parameters were optimized in order to guarantee that the desired
composition is obtained while maximizing the yield and productivity. This resulted in both
pH values being 6.5 and the load ionic strength to always be minimized. While this is fine for
optimization purposes, it does not allow the model to describe the chromatographic process
in a non-constant pH setting. As such, the load pH and ionic strength were set to pH 6 and to
zero added NaCl. This left the gradient end pH and ionic strength as optimized parameters.
These were bound between pH 6 and 6.5, and at an added NaCl concentrations between 0 and
0.2M. The pH was bound at these values because of poor salt tolerance above pH 6.5 and
possible aggregation below pH 6 at the ionic strengths required for elution. The values of all
98

Protein adsorption on ion exchange resins and mAb charge variant modulation
process parameters are summarized in Table 6.4. With the values and ranges of the process
parameters set, the initial Pareto optimal set can be generated and the corresponding results
are shown by the continuous lines in Figure 6.4.

Figure 6.4: Pareto Front on YMC (left) and Fractogel (right) materials. Plain lines represent the initial Pareto
front, dashed lines the refined Pareto front. Squares represent the simulated run results and the circles the experimental
run results.

The initial Pareto fronts (plain lines) are as expected: there is a tradeoff between the
achievable yields and productivities. In order to refine and validate the proposed model, a
single run from the initial Pareto set was reproduced experimentally. The experimental runs
for both the YMC and Fractogel materials are compared with the model simulations inFigure
6.5. In both cases, the gradient end pH was 6.5. The gradient end added NaCl values were 0.04
and 0.05M for the YMC and Fractogel materials.
It is seen that the initial model parameters can at least qualitatively describe the adsorption
of the variants on the chromatographic materials (left panels, Figure 6.5). While the agreement
between the simulated and experimental chromatograms is not perfect, the retention behavior
is well described given the small amount of experiments used to determine the model
parameters. For the YMC run, it is evident that the saturation capacities of the variants is
overestimated. However, the peak positions are rather well described. On the other hand, for
the Fractogel, the loaded amount was much lower with respect to the expected saturation
capacity and the peak position are again well described.
Using these experiments, the model parameters Dpr,i and Rp,area,i can be refined for each variant
in order to correct for the differences between the simulations and the experiments. This
allows for a much better agreement with the experimental chromatograms, as shown in
Figure 6.5 (right panels). The initial and refined values of Dpr,i and Rp,area,i are shown in Table
6.3.
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With the refined parameter values, the Pareto optimal set can be recalculated, and the
corresponding results are shown in Figure 6.4 (dashed lines). Note that for the Fractogel
material, the purity constraint on the main variant was reduced to 60% in order to ensure
significant yields and productivities. It is interesting to note that the Pareto fronts generated
using the initial and refined model parameters are very similar. Combined with the fact that
the initial parameter set is extremely similar to the refined set (at most 6 % difference), this
means the initial parameter set is an extremely reliable estimate of the actual process.

Figure 6.5: Initial (left) and refined (right) simulation and experimental results on the YMC (top) and
Fractogel (bottom) materials. The symbols represent the mAb variant concentrations obtained from offline analytics,
and the lines the simulation results. The gradient end pH and added NaCl concentrations were 6.5 and 0.04M for the
YMC material, and 6.5 and 0.05M for the Fractogel. All other process parameters are shown in Table 6.4.

Finally, three and two additional experiments taken from the refined Pareto fronts were then
run for validation purposes on the YMC and Fractogel materials, respectively (squares in
Figure 6.4). ). The experimental yield and productivities obtained are shown in the Pareto
plots (circles in Figure 6.4), and the residuals are shown in Figure 6.6.
The simulations provide a very satisfactory description of the adsorption behavior of the
variants on both the YMC and Fractogel materials, with the largest residual having a value of
less than 10%. While only the purity of the main variant is shown, the purities of the other
variants were equally well described by the model. This confirms that the presented model is
able to properly simulate the chromatographic separation of the charge variants, based only
on a small number of fitted parameters. Thus, a small amount of experiments is required to
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parameterize the model, both for the initial and refined parameter sets. Furthermore, this
confirms that the model based tool proposed is able to generate the Pareto optimal sets of the
charge variants separation.

Figure 6.6: Residuals (%) between simulated and experimentally determined purities (of main variant), yields
and productivities.

6.5

Conclusions

A novel thermodynamic model describing the adsorption equilibria of proteins on ionexchange resins was developed and applied to the adsorption of a monoclonal antibody on
two strong- cation-exchange resins. The multicomponent model was used to describe a
mixture of four identified charge variants of the considered mAb. This was implemented in a
column model (lumped kinetic model) and used to generate Pareto optimal sets. The initial
model parameters were estimated from system knowledge (charge densities, PSD, APA) and
experiments in diluted (linear) conditions. The parameters were then used to simulate the
separation in overloaded conditions and to generate an initial Pareto optimal set. Using a
single experiment from this set, the model parameters were refined via peak fitting in
overloaded conditions and a new Pareto optimal set was generated. Several validation
experimental runs were then run and the comparison with the simulated values from the
Pareto set were satisfactory. The results supported the reliability of the developed model and
of the parameter estimation methods.
Even though the model was applied to the description of mAb variants, it is likely that the
same procedure can be applied to different types of proteins showing the same kind of charge
variance. In essence, only the protein sequence and experiments in diluted conditions are
required to initially parameterize the model. If the sequence is unknown, the number of
charged groups can be obtained as previously discussed in [63] As such, the proposed method
is an extremely powerful tool that can provide good estimates on the non-linear separation
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of proteins based solely on experiments in linear, diluted, conditions, thereby greatly reducing
the initial material and time requirements. A small amount of overloaded experiments can
then be performed in a second stage of process development to refine the model parameters
and validate the obtained results. This provides a more accurate and reliable estimate of the
actual chromatographic process behavior.
From the results above, the following procedure is proposed for the evaluation of the model
parameters, and the optimization of the desired chromatographic separation:
1. A series of gradient experiments in diluted conditions, at different pH values and salt
gradient slopes, in order to determine the values of Dpr,i. Combined with the general system
knowledge (protein and stationary phase), the model is initially parameterized.
2. Using the model, overloaded runs can be simulated and an initial Pareto optimal set is
generated. One or more runs from this set are then performed experimentally. The model
parameters (Dpr,i and Rp,area,i) are refined by fitting these experiments.
3. A refined Pareto optimal set is regenerated and experimental validation runs are
undertaken. If the fit is still not satisfactory, Dpr,i and Rp,area,i are refined again.
4. Once the fit is satisfactory, the results are known: it is either possible or impossible to
achieve the separation goals with the current system. If it is possible, the required process
parameters are known.
The obtained model exhibits the unique property of describing multi-component adsorption
equilibria for any protein concentration (linear and non-linear ranges of the isotherm) and in
a wide range of pH and salt concentration values. Furthermore, its theoretical basis allows for
an easy, physically consistent determination of the model parameters. It is important to note
that, using this model, saturation capacities can be estimated directly from experiments in
diluted conditions. It is also worth stressing the developed modeling tool can be used for the
development of preparative chromatographic processes, not only with respect to the optimal
operating points, but also for the entire operating space.

6.6

Acknowledgements

I would like to thank Merck (Fenil sur Corsier, Switzerland) for their financial support and
for providing the mAb used in this chapter. I would also like to thank Dr. Bertrand Guélat,
whose theoretical foundation made this chapter possible.
102

Protein adsorption on ion exchange resins and mAb charge variant modulation

103

“Does the prophet see the future or does he see a line of weakness, a fault or cleavage that he may
shatter with words or decisions as a diamond-cutter shatters his gem with a blow of a knife?”
Frank Herbert in ‘Dune’
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7.1

Introduction

Downstream processing of biopharmaceuticals relies on chromatographic techniques. In
particular, the polishing steps role is to ensure the high purities required are reached. This
step is usually based on ion exchange (IEC) or hydrophobic interaction chromatographic
principles [160].
Today, the development of this step requires sequential design decisions (trial and error,
heuristic design) involving statistical design tools, and often results in suboptimal
performance [161]. Furthermore, large and time-consuming experimental sets are often
needed to define the process parameter set that yields satisfactory results (i.e. final product
quality and production cost). In the era of quality by design (QbD), detailed process
knowledge is becoming an indispensable and integral part of any chromatographic step
design strategy [17,63,122,158,162–166]. The goal is no longer to solely find the optimal
parameter set, but to define the operating space using comprehensive system understanding.
Since this has to be achieved within the same time and material resources (same “time-tomarket”) [167], traditional chromatography design tools are no longer sufficient. More
effective tools are needed; tools that can generate enough process knowledge in less time and
with less resources. New tools need to integrate new types of experiments, methods, ideas
and theories that increase process understanding. Two potential solutions have emerged: high
throughput experiments (HTPE) [162–166] and model-based design (MBD) [17,63,122,158].
In this chapter, both HTPE and MBD approaches are combined into a new tool, called MHD
(model-based high-throughput design), with four sections: prediction, HTPE in diluted
conditions, HTPE using automated liquid handling workstations (ALHW), and operating
space determination and validation. Each of the four contributes different types and amounts
of information, and combining results from all sections leads to the definition of the operating
space.
The MHD tool was applied to the design of a cation exchange polishing step of two
industrially relevant proteins. First, the elution behavior of the protein was predicted using
available protein and resin information combined with a thermodynamic model (Chapter 6).
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Then, the predictions were refined through a series of HTPE experiments (both diluted HPLC
and ALHW runs) and finally, a minimum number of HPLC scale experiments were used to
validate the model results.

7.2

Materials and instruments

7.2.1

Proteins

Two commercially relevant proteins were tested: a monoclonal antibody (mAb) and a fusion
protein (FP), both provided by Merck (Fenil-sur-Corsier, Switzerland). They were provided in
the form of post-capture material and were directly recovered from the production process at
a concentration of ~10 g/L (mAb) and ~2 g/L (FP), respectively. The mAb has a pI of ~ 8.6 and
the FP has a pI of ~5.8. Both proteins have a molecular weight of ~150 kDa.
The material had the following composition (mass percent; low molecular weight species
(LMW) /high molecular weight species (HMW) /monomer): 3/4/93 (mAb) and 29/8/63 (FP).
The feed solutions were prepared by dilution of the post-capture material into the appropriate
feed buffers and buffer exchange in Vivaspin 3 kDa centrifugal concentrators (Sartorius
Stedim Biotech GmbH, Goettingen, Germany) to reach a final protein concentration of 5 g/L
in the feed.
7.2.2

Stationary phases

Two chromatographic resins were used in this study: Eshmuno CPX (CPX) and Fractogel
EMD SO3- (M) (FGSO3) by Merck Millipore (Darmstadt, Germany) in pre-packed columns by
Atoll (Weingarten, Germany). MediaScout RoboColumns (5x30 mm) were used for ALHW
experiments; MediaScout MiniChrom columns (5x50 mm) were used for all HPLC
experiments.
7.2.3

Mobile phases

The mobile phases were buffered with 25 mM of the buffering agent (phosphate, pH 5.5-7.0
for mAb, acetate, pH 4.5-5.0 for FP). Mobile phases of different ionic strengths were used.
Compounds were purchased from the following sources: Sodium chloride: Fisher Chemical
(Pittsburgh, PA, USA); Sodium acetate: Merck KGaA (Darmstadt, Germany); Acetic acid:
Sigma Aldrich (Buchs, Switzerland); Sodium phosphate mono and di-basic: Fluka (Buchs,
Switzerland). All chemicals were used without further purification. De-ionized water was
further purified with a simpak2 unit (Synergy Millipore, MA, USA).
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7.2.4

Analytical techniques

The concentration of all fractions was measured per spectrophotometry using the Labchip DS
(PerkinElmer). The LMW mass percent was measured using a LabChip GXII unit in reducing
conditions (Caliper Life Sciences, Hopkinton, MA, USA). The HMW mass percent was
measured using size exclusion chromatography on a TSK-GEL SuperSW3000 column (4.6 x
300 mm) equipped with a Super SW Guard pre-column (both Tosoh Bioscience).
7.2.5

Liquid handling workstation

The JANUS BioTX workstation by PerkinElmer (Waltham, MA, USA) was used for all the
liquid handling experiments. It was equipped with an 8-channel pipetting arm with eight
Varispan tips, allowing the simultaneous injection of eight parallel RoboColumns.
7.2.6

HPLC

All HPLC experiments were carried out on an Agilent 1100 series HPLC (Santa Clara, CA,
USA), equipped with an auto-sampler, a column thermostat, a variable wavelength detector,
an online degasser and a quaternary gradient pump. Whenever necessary, A Gilson FC 203B
fraction collector (Middleton, WI, USA) was connected to the HPLC outlet to collect output
fractions.

7.3

Column simulation model and adsorption isotherms

The application of any type of model-based tool needs to be accompanied by detailed
knowledge of the system at hand. This is not only true for the actual model describing the
physical interactions present in the considered system, but also for the values and
dependencies of the model parameters. In this section, we discuss the models used and some
of the underlying assumptions.
7.3.1

Column simulation model

We use the lumped kinetic model (LKM) to describe the mass balance for a protein i over a
chromatographic column:
i

ci
q
ci
 2ci
 1   i  i  usf
 usf d ax ,i
t
t
x
x 2

qi
 km,i  qieq  qi 
t

(7.1)
(7.2)
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Where εi is the porosity accessible to i [-], ci and qi are the mobile and stationary phase
concentrations of i [g L-1], t [min] and x [cm] are the time and distance along the
chromatographic column, usf is the superficial mobile phase velocity [cm m-1], dax,i is the axial
dispersion coefficient [cm], km,i is the lumped mass transfer coefficient [min-1], and qieq is the
equilibrium stationary phase concentration [g L-1]. The axial dispersion and lumped kinetic
coefficients dax,i and km,i can be estimated from the Van Deemter curve [63,124–126] or from
semi-empirical correlations [127].
7.3.2

Adsorption Isotherm

In this chapter, when possible, we use the multi-component thermodynamic model for IEC
developed in Chapter 6. This model considers both protein-resin and protein-protein
interactions in the framework of Derjaguin-Landau-Verwey-Overbeek (DLVO) theory and
explicitly account for the dependency of the equilibrium capacity on both pH and ionic
strength. In Chapter 6, the equilibrium capacity qieq [g L-1] for a component i was shown to
be dependent on protein, resin and process parameters as follows:

qi eq  f

 I  , pH ,  , R
i

sphere ,i

eq
, A s ,i ,  r ,  p ,i , Rp ,area ,i , Dpr ,i , ci , q1...
n

(7.3)

Where [I] is the ion concentration [mol L-1] (buffer species, sodium and chloride ions), Rsphere,i
is the radius of a sphere equivalent to i [m], As,i [m2 m-3 column] is the surface area accessible,
σr and σp,i are the stationary phase and protein charge densities [C m-2], Rp,area,i is the protein
coverage area (radius of the circular area covered by the protein) [m], Dpr,i is the surface to
surface distance between an adsorbed protein and the resin (i.e. resting distance) [m]. Of these
parameters, only Rp,area,i and Dpr,i are adsorption describing parameters. All the others either
describe protein, resin or process characteristics.
First, the process parameters [I], pH, ci, and qneq are chosen by the operator (or imposed by
the overall purification process) at the column inlet and can be calculated at each point in the
column using the column simulation model (i.e. the LKM). Second, measuring the pore size
distribution (PSD) and the accessible pore surface area (APA) allows to relate the values of εi,
Rsphere,i and As,i to each other (i.e. the value of any of these two parameters can be obtained
from knowledge of the value of the third). The PSD and APA can be measured using inverse
size exclusion experiments as described by DePhillips and Lenhoff [67]. While the PSD and
APA are purely resin characteristics (independent of the protein used), the values εi, Rsphere,i
and As,i are protein specific and depend on its size. This means the PSD and APA
measurements need only to be performed once for a given resin. Finally, the values of σr and
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σp,i are calculated at each pH and ionic strength based on the number of ionizable surface
groups ([63] and Chapter 6). This number can be obtained by titration or directly from the
protein amino acid sequence in the case of σp,i (as done in Chapter 6). In all, this means there
are only three unknowns in equation (7.3): Rp,area,i, Dpr,i, and one of εi, Rsphere,i or As,i.

7.4

Methods, theory and application

In the following, a polishing step for a mAb and a FP on strong cation exchange resins, CPX
and FGSO3, is designed. While the design goals for the two proteins are different, the MHD
tool is used in the same manner for both.
For both proteins, three components are considered: LMW, HMW and the monomer (product
of interest). All three are in fact pseudo components: the LMW contains all impurities smaller
that the monomer (clipped forms, fragments), the HMW contains all impurities bigger than
the monomer (aggregates), and the monomer includes all glycan and charge variants. To
consider the differences in each component more explicitly, the proposed methodology can
be easily adapted (by differentiating each group into more than one pseudo component). The
design goal is to reduce the LWM and HWM purities to below 1% for the mAb, and to
completely remove HMW for the FP.
7.4.1

Prediction

Several predictive models can be found in literature [168,169]. However, they usually require
knowledge of several 3D descriptors of the protein, which are seldom available. In this
chapter, we preferred the DLVO model (section 7.3.2) as it only requires the amino acid
sequence. Ideally, the retention behavior of all components in the system (target and
impurities) would be predicted and used to determine the ideal separation conditions.
Unfortunately, this requires sequence information about all the components, whereas usually,
only the sequence of the protein of interest is known. The goal of this section within the MHD
tool is therefore to predict the interesting elution range of the monomer (strong enough
conditions that it actually elutes, but not strong enough that it simply flows through). It is
expected that the highest potential for separation will lie in this range.
7.4.1.1 Predicting model parameter values
Considering the mass balance and isotherm equations in section 7.3, we have five unknowns:
dax,i, km,i, Rp,area,i, Dpr,i, and one of εi, Rsphere,i or As,i. For any prediction to happen, the values of
these must be known.
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First, we can reduce this number by assuming Rsphere,i and Rp,area,i are equal. While the physical
meaning of these parameters is not the same, previous works have confirmed that this
assumption leads to satisfactory results (Chapter 6). In order to estimate the value of Rsphere,i,
we use a linear correlation we observed between the value of Rsphere and the cubic root of the
molecular weight of several model proteins. The values of Rsphere for the model proteins is
obtained by measuring the accessible porosity (experiments in diluted non-adsorbing
conditions, as described in [123]), and then calculating the value of Rsphere through the PSD.
This correlation is shown in Figure 7.1.

Figure 7.1: Rsphere as a function of the cubic root of the molecular weight. Left: CPX material (standards:
Cytochrome C, Lysozyme, Chymotrypsinogen A, Fusion protein (~70 kDa), 2 monoclonal antibodies). Right: FGSO3
material (standards: Calcitonin, Lysozyme, Myoglobin, Transferrin, mAb). This correlation was also observed on the
YMC biopro sp10, GE Capto S and GE SP sepharose BB resins.

This correlation is similar to that reported by Hagel et. al. [170] for size exclusion resins.
Essentially, all porous materials exhibit size exclusion potential due to the differently sized
pores. With the value of Rsphere,i defined, the values for εi,, As,i and Rp,area,i are also then defined.
Second, we obtain the value for Dpr,i through another linear correlation. In this case, the values
of Dpr of the model proteins is fitted to their retention times in gradient experiments in diluted
conditions (using equations (7.1)-(7.3)) and related to and the total number of negative charges
N- on the model proteins [C mol-1]. N- is calculated as described in [63] and is shown below:


N   N A  Asphere     p , j 
 j


 p, j   F

 p, j

(7.4)

(7.5)

1   cH  / Ka effj 

Where NA is the Avogadro constant (6.02 x 1023 mol-1), Asphere is the area of a sphere equivalent
to the protein [m2], σp,j is the charge density of the negatively charged group j on the
considered protein (i.e. carboxyl residues, sialic acids), F is the Faraday constant (96485 C mol110
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1),

ρp,j is the density of the negatively charged group j, cH+ is the hydrogen concentration in

solution [mol L-1], and Kajeff is the effective dissociation constant of the charged group j with
its counter-ion [mol L-1]. Kajeff is calculated as described in [118]. It is important to note that,
opposed to (Chapter 6, the values of Dpr,i are calculated at each pH, as N- is pH dependent.
This correlation is shown in Figure 7.2.

Figure 7.2: Dpr as a function of N- for CPX (left) and FGSO3 (right) materials. Standards: same as in Figure
1. This correlation was also observed on the YMC biopro sp10, GE Capto S and GE SP sepharose BB resins.

While the correlation for Dpr is not perfect, it is still good enough to allow for the rough
estimation of the retention behavior. Finally, the values of dax,i and km,i are obtained through
semi-empirical correlations [127].
In this manner, all the unknowns in the mass balance and isotherm equations are known. This
allows us to use these equations in a predictive manner. The resins used however needs to be
calibrated for both Dpr,i, and Rsphere,i (Figure 7.1 and Figure 7.2) and for the PSD and the APA.
This only needs to be done once per column and is independent of the protein used. As such,
the values of all the model parameters are known without the need of any new experiments.
7.4.1.2 Prediction of the mAb and FP retention behavior
The unknown model parameters are calculated for the monomer as described above and
shown in Table 7.1.
With the model parameterized, we are able to run simulations. These are run with the
RoboColumn size (5x30) and flow rate (0.2 mL min-1). A bind and elute strategy is used for the
simulations: at a constant pH, the protein is bound with no added NaCl, and then eluted at a
higher added NaCl concentration. The injected volume is kept small in order to avoid nonlinear, overloading effects (0.1 mL). The elution volume is set at 3 mL (same as in section 7.4.3,
see below). The goal of the simulations is to find, at each pH, the minimum sodium
concentration allowing for elution within the elution volume (i.e. yield ≥ 0%), and the
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maximum sodium concentration before flow through (i.e. yield = 100%). The maximum pH
considered is chosen to ensure a salt tolerant process: minimum sodium elution concentration
above 0.05 mol L-1. The minimum pH chosen is calculated to ensure sodium concentrations
above 0.35 mol L-1 are not reached. Note that the pH values were tested in steps of 0.5,
meaning the limit sodium concentration values of 0.05 and 0.035 mol L-1 are only roughly
respected. The results are shown in Figure 7.3.
(CPX/FGSO3)

mAb

FP

εi [-]

0.67/0.56

0.67/0.56

Rsphere,i [nm]

3.99/4.41

3.99/4.41

As,i [mL m-3]

45/37

45/37

Dpr,i [Å]

1.45/2.75

1.3/2

dax,i [mm]

0.25/0.32

0.25/0.32

km,i [min-1]

1.3/0.71

1.3/071

Table 7.1: Predicted model parameters for mAb and FP on CPX and FGSO3 phases.

At ionic strengths below the zone of interest, the monomer target does not elute. At ionic
strengths above this, it simply flows through (with any weakly adsorbing impurity). This is
the reason we believe that the optimal separation potential is found in this zone.
7.4.2

HTPE in diluted conditions

The goal of this second section is to provide a refined description of the elution profile of the
monomer by fitting the unknown adsorption parameters rather than predicting them. Again,
as we only have the sequence of the monomer, this is only applied to finding its interesting
elution zone. This is done using experiments in diluted conditions using the post capture
solution as purified monomer solutions were not available at this point in the study. While
these experiments are seldom considered HTPE, they are in fact quick, and do not require
much material input or any offline analytics, making them extremely versatile and useful
within the proposed framework.
7.4.2.1 Measured and fitted model parameters
First, the porosity accessible to the monomer is measured in diluted and non-adsorbing
conditions [123]. With the value of εi defined, the values of Rsphere,i and As,i can be calculated.
We assume again that the value of Rp,area,i is equal to that of Rsphere,i. Second, the observed
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retention times (peak maxima) of experiments in diluted, gradient conditions are fitted using
equations (7.1)-(7.3) by changing the value of Dpr,i. Finally, the values of dax,i and km,i are not
changed. Even if it is possible to measure these using a Van Deemter plot [63,124–126], or
from gradient experiments [171], purified monomer solutions would have been required (not
available at this point in the study).

Figure 7.3: Interesting elution regions for mAb (top) and FP (bottom) on CPX (left) and FGSO3 (right) resins.

7.4.2.2 Simulation of the mAb and FP retention behavior
On both resins, the monomer was subjected to NaCl gradients at pH 5.5, 6.0, 6.5 and 7.0 for
the mAb and pH 4.5 and 5.0 for the FP. At each pH, five gradient slopes were tested (different
gradient lengths (15, 20, 30, 50 and 60 mins). Only two buffers were prepared at each pH
(gradient start (no added NaCl) and gradient end buffers), and the gradient end buffer added
NaCl concentration was determined using the simulation model (with the predicted
parameters) in order to ensure the monomer eluted in the middle of the shortest gradient. The
runs were undertaken on the HPLC with the MiniChrom columns (5x50 cm), at a flow rate of
0.5 mL min-1. The injection size was 10µL of the post-capture solution (see section 7.2.1). The
experimental and fitted retention times are shown in Figure 7.4.
The fitted results (squares in Figure 7.4) show that the considered model can very well
reproduce the experimental data. Additionally, the predicted retention times (circles in Figure
7.4) fall within 25% of the experimentally observed retention times. This means both the
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predicted and fitted model parameter values can be used for simulating the experimental
retention times. In fact, the refined model parameters (shown in Table 7.2) are very similar to
the initial, predicted model parameters (Table 7.1) Using the newly refined model parameters,
the results shown in Figure 7.3 can be updated (the data are similar and are therefore not
shown).

Figure 7.4: Predicted (circles, section 7.4.1) and fitted (squares, section 7.4.2) retention times as a function of
experimental retention times.

(CPX/FGSO3)

mAb

FP

εi [-]

0.68/0.56

0.67/0.56

Rsphere,i [nm]

4/4.41

3.99/4.41

As,i [mL m-3]

46/37

44/37

Dpr,i [Å]

1.33/2.8

1.15/2.1

Table 7.2: Refined model parameters for mAb and FP on CPX and FGSO3 resins.

7.4.3

HTPE using an ALHW

At this point, our model-based description is extended to include the impurities (LMW and
HMW). Since the DLVO model (section 7.3.2) cannot be used to model the retention behavior
of the LMW and HMW impurities, we use a surrogate model instead. In order to parameterize
this new model, we use the results from ALHW experiments. While this type of instrument
allows for the quick and economical undertaking of large experimental sets, it also produces
heavier analytical workloads. This is further compounded by the fact no online measurements
are possible. As such we have adopted a conservative approach, with only a single fraction
collected from each experiment, in order to reduce the analytical workload.
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7.4.3.1 Surrogate model
We developed a surrogate model that can reproduce the behavior of the DLVO model,
including accounting for the pH and ionic strength variations. While several models found in
literature account for both these effects [140–147], none of them were able to truly and
satisfactorily mimic the behavior of the DLVO model. The proposed model is based on the
Langmuir isotherm and on empirical correlations. These are shown below.
qieq 

H i ci
H jc j
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j
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q sat
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Where Hi is the Henry coefficient, qisat is the saturation capacity [mg mL-1 solid], and aiqsat,
biqsat, aiα, biα, aiβ, and biβ are empirical fitting parameters. While this approach significantly
increases the number of model parameters, it greatly reduces the amount of knowledge
required for using the model while simultaneously giving equivalent results. The surrogate
model, in combination with the mass balance equations, can therefore be used to fit the yields
obtained from the ALHW experiments for all components in the considered system.
7.4.3.2 Determining adsorption isotherm parameters for all components
The experiments on the ALHW platform consist of four steps: (1) pre-equilibration, (2) load,
(3) post-load wash and (4) elution in isocratic conditions. The considered volumes are 3.0, 2.4,
0.6, and 3.0 mL respectively. The elution step volume is recouped and used to calculate the
yield for each component (amount recouped/amount injected). The first three steps are run
at the same mobile phase conditions (i.e. pH, ionic strength). The feed solution is buffer
exchanged into the corresponding buffer as described in section 7.2.1. This means the loaded
amount is 20 g L-1 of resin. Each row of RoboColumns (8 columns) is run at constant pH (pH
values are the same as in section 7.4.2). The first three steps are run with no added NaCl. The
elution added NaCl concentration is calculated for each pH using the parameterized model
from section 7.4.2 in order to obtain yields for the monomer ranging from 0 to 100%.
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The observed yields are fitted using equations (7.1)-(7.2) and (7.6)-(7.10). The DLVO model
parameters from section 7.4.2 are converted to the surrogate model and used as initial
estimates. The isotherm parameter qisat is assumed to be the same for all components. The
mass transfer parameters km,i and dax,i are considered independent of pH and ionic strength.
Of these two, only km,i is used as a fitting parameter. Selected results are shown in Figure 7.5.
Despite a certain amount of noise, the observed results show a clear trend and are suitable for
fitting. The simulated values follow the experimental ones closely, further confirming the
surrogate models validity. For both the mAb and the FP, the isotherm parameters for the
monomer are at most 5% different from the ones found in the previous section (translated into
the surrogate model). For the mAb, all three components have the same elution behavior and
therefore the same model parameters values (i.e. no separation at this level). On the other
hand, for the FP, the HMW impurity elutes at much higher ionic strength, and therefore has
different isotherm parameter values. In all cases, the value of km,i is about half as that
calculated in earlier sections. This is not totally unexpected as higher resistance than expected
has previously been observed on the ALHW scale [163,172,173].

Figure 7.5: Selected yield vs elution Na+ concentration for mAb (top) and FP (bottom) on CPX (left) and
FGSO3 (right) phases. The runs shown are at pH 6.5 for the mAb and at pH 4.5 for the FP.

It is important to note that in addition to providing an initial but reliable estimate of the values
of the adsorption isotherm and mass transfer parameters for the impurities, the difficulty of
the upcoming separation is also clarified. Given the results, in the case of the mAb, the
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separation is expected to be difficult (no separation between components). On the other hand,
HMW removal in the FP case is expected to be easier.
7.4.4

Design space determination and validation

In this final section, we use the parameterized model to simulate the separation on the HPLC
with different sets of input process parameters. Each simulated chromatogram is scanned for
fractions (i.e. fractionation time limits) that satisfy the purity constraints. Among these
fractions, the one allowing for maximum yield is chosen. The input process parameter sets
are chosen randomly via Latin hypercube sampling, and allow us to map the entirety of the
experimental parameter surface. Furthermore, discrepancies between the ALHW and HPLC
platforms are expected and have been reported in literature [162–165,172–174]. This means
validation, and if necessary, other refinement experiments, are required.
The polishing process consists of (1) a pre-equilibration step, (2) a loading step, (3) a wash
step, and (4) an elution step. Steps (1)-(3) are run at the same process conditions (flow rate,
ionic strength, pH, etc…). A step gradient is then taken from these conditions to the elution
conditions. The volumes of each steps are 5.0, 4.0, 1.0 and 10.0 mL respectively (meaning a
loading amount of 25gL-1 of resin). The experiments and simulations are run on MiniChrom
columns (5x50 cm), at a flow rate of 0.5 mL min-1. In order to better visualize the results, only
three process parameters are optimized: the load and elution pH, and the elution ionic
strength. For the mAb, the load and elution pH range was 5.5-7.0, and the elution [Na+]
concentration range was 0.1-0.4 mol L-1. For the FP, these ranges were 4.5-5.0 and 0.1-0.4 mol
L-1 respectively. In both cases, no added NaCl was used for the first three steps.
7.4.4.1 Initial operating space determination and refinement of model parameter values
As the model parameters of the mAb monomer, LMW and HMW components obtained so far
are the same, it is obvious that the model does not predict any separation. An experiment was
nevertheless undertaken in order to validate that in these conditions no separation is
obtained. The experimental operating conditions were chosen randomly from the zone of
interest region discussed in sections 7.4.1 and 7.4.2. On the other hand, large difference in the
retention of the HMW impurity with respect to the FP monomer and LMW gave many
positive results. Again, a validation run from the set of positive results was undertaken for
the FP. Since, for the FP, the results on both CPX and FGSO3 materials were similar, only the
runs on the CPX were undertaken. The experimental conditions are shown in Table 7.3 and
the results in Figure 7.6.
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(CPX/FGSO3)

mAb

FP (only CPX)

Load pH

6/6

4.75

Elution pH

5.5/6.1

5

Elution total [Na+] (mol L-1)

0.26/0.20

0.16

Table 7.3: Experimental conditions for model and simulation result validation (HPLC experiments).

Figure 7.6: Experimental and simulated chromatograms for mAb system on CPX resin (top), FGSO3 resin
(middle), and for FP system on CPX resin (bottom). The simulated chromatograms on the left use the model parameters
obtained from the previous section. The simulated chromatograms on the right use the refined model parameters.

While the peak positions are well reproduced by the model using the parameter values
obtained in the previous section (Figure 7.6, left column), the peak widths are not. In fact, the
values of km,i fitted in section 7.4.3 seem to be too low. This is in line with litterature results,
as mentioned earlier. The model parameter values can again be refined in order to better fit
the experimental chromatograms (Figure 7.6, right panel). The mass transfer parameter is first
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increased to the value calculated in sections 7.4.1 and 7.4.2. On the other hand, it is observed
that both HMW and LMW are separated from the mAb monomer on the HPLC. This translates
into a small change in the surrogate model parameter values for these two component (on
both the CPX and FGSO3 resins). All other surrogate model parameter values are kept
unchanged (same values as in section 7.4.3).
7.4.4.2 Final operating space determination and validation
With the newly refined model parameter values, the operating space response is redrawn. All
input process parameter values and ranges are kept as described above with the exception of
the load pH value (kept at the initial HPLC experiment value: pH 6.0 and 4.75 for the mAb
and FP). The results are shown in Figure 7.7 and are as expected. Successful simulations are
found in a middle band. At higher ionic strengths, all three considered components elute at
the same time, and no separation is possible. At lower ionic strengths, no elution is observed.
Overall, the yields for the mAb are unsatisfactory from a commercial point of view (~65% on
the CPX and ~18% on the FGSO3). However, only two process parameters were tested, and it
is likely that varying more would lead to better results.

Figure 7.7: Elution space for the mAb on CPX (top left) and FGSO3 (top right) resin, and for the FP on the
CPX resin (bottom). Red circles represent simulations that do not produce fractions of sufficient purity. Green circles
represent successful simulations. Bigger circle size corresponds to higher yield.

Final validation runs were then undertaken for the mAb on both chromatographic resins. The
load conditions were the same as for the first validation runs (as mentioned above). The
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elution pH was 5.5 and 5.87, and the elution Na+ concentration was 0.24 and 0.23 mol L-1 for
the CPX and FGSO3 resins, respectively. All other process parameters remained unchanged.
For the FP, no new runs were undertaken given the fact the initial validation run provided
satisfactory results (separation goals were reached). The yield and purity residuals from the
first and second validation HPLC runs (experimental vs simulated) are shown in Figure 7.8.

Figure 7.8: Residuals between experimental and simulated HPLC runs. The component percentages and yield
refer to the collected fraction.

In all cases, the residuals were less than 8 %. This does not indicate perfect prediction of the
data by the model, but enables the model-based estimation of the design space. Furthermore,
the highest residuals were usually for the LMW and HMW impurities, whose concentrations
were lower and therefore more difficult to assess (higher intrinsic variation of the analytical
method). Overall, the model performance was considered satisfactory because it found
conditions meeting the purity requirements for all proteins and chromatographic phases.

7.5

The MHD tool: a cost effective approach

The information gathered in each section provides detailed system understanding and results
that can be used to define the operating and design spaces. In fact, the power of the MHD tool
can be seen by overlapping Figure 7.3 and Figure 7.7, as shown in Figure 7.9.
Even if the zone of interest in Figure 7.3 and the design space in Figure 7.7 do not perfectly
overlap, it is clear that they are similar (for the FP, the overlap is located in the high yield
area). This means that essential information is already extracted by the prediction section (the
results in Figure 7.3 were calculated for the RoboColumns scale and the results in Figure 7.7
were adapted to take this into account: simulations re-run with smaller column size).
The time and material needed to run the entire MHD tool will vary from system to system.
Still, the following estimation suggests that the MHD tool can achieve a significant reduction
of time and resources: if we assume that (1) 4 pH values are tested in the first three sections,
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(2) buffer preparation requires 10 minutes per buffer, (3) feed solutions can be prepared in one
hour (regardless of the amount needed), and that (4) two validation experiments are sufficient,
then the time and materials needed to test the separation of a protein on one chromatographic
phase can be calculated (Table 7.4). In total, the entire design and preliminary validation of a
polishing step using the MHD tool would require 32.5 hours of experimental work, 80 minutes
of simulations, generate 96 fractions that need to be analyzed and require about 0.5 g of feed
(total product + impurities). The total time, equivalent to about four 8 h working days,
includes all the experimental and simulation work, without analytics.

Figure 7.9: Overlap of Figure 3 and Figure 7 for the mAb on the CPX (top left), and the FGSO3 resin (top
right), and the FP on the CPX resin (bottom).

7.6

Conclusions

In this study, we determined the operating space for the cation exchange polishing step of
two industrially relevant proteins (a monoclonal antibody and a fusion protein) on two
chromatographic resins. With a novel MHD tool comprising four sections, detailed system
knowledge and interesting process parameter combinations are obtained quickly and with
little material requirements: less than 0.5 g of post-capture feed material and about 4 working
days were needed to perform the entire MHD tool. Only 96 fractions requiring offline
analytics were generated.

121

Chapter 7
Experimental Time Simulation Time #

Fractions [mg]

[min]

[min]

Generated

required

Prediction

0/0/0/0

20

0

0

HTPE - diluted

90/0/1200/1290

20

0

Negligible

HTPE - ALHW

40/60/360/460

20

36

384

Validation

40/60/100/200

20

60

50

Total

170/120/1660/1950

80

96

434

Table 7.4: Time and material requirements for running the MDH tool. Experimental time is divided as follows:
buffer preparation/ feed preparation/ experimental time/ total. The amount of material required includes all species
(product + impurities).

This study features an approach that is different from traditional model-based development.
Usually, all model parameters are measured or calculated before using the model-based tool,
which implies a heavy experimental workload and material requirements. In this chapter,
predictions were achieved based only on protein and stationary phase properties. These
predictions were later refined in the subsequent sections; with each providing additional
information. Even without the perfectly accurate model parameters, the MHD tool provides
the necessary knowledge to ultimately define an operating space. This allows eliminating
experimental work which is not certain to add more information. Rather, all experiments are
designed based on the available knowledge. This allows for significant time and material
savings, and for early and precise estimates of the operating space while focusing the
experimental effort, step after step, on the parameter space of interest. Even if many
assumptions are needed, and in the end the model still does not perfectly simulate the
experiments (maximum residual of ~ 8 %), the design goal is still reached. In contrast to
previous modeling approaches, were the emphasis is put on obtaining the best model
parameter estimates, we focused on quickly obtaining a working process.
The MHD tool was successfully applied to the design of an ion exchange polishing step of
two proteins. There is, however, no reason why it cannot be applied to other types of
chromatographic techniques. In fact, many modeling tools can be found in literature for
reversed phase, affinity, hydrophobic interaction, and mixed mode chromatography.
Therefore, we believe that the MHD tool, with the appropriate modifications, is applicable to
the quick and efficient design of many, if not all, chromatographic techniques.
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“Now, it being established that the Law makes the observation and consideration of creation by
reason obligatory -- and consideration is nothing but to make explicit the implicit -- this can only
be done through reason”
Averroes in ‘On the Harmony of Religions and Philosophy’
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Chapter 8. Conclusions
In this thesis, model-based tools have been applied to the development, design, description
and understanding of chromatographic processes. The models are based on physical
interactions between the analytes in the mobile phase and the stationary phase. This allows
the use of these tools with several advantages. First and foremost, system understanding is at
the core of this approach. Even if the proposed models do not always perfectly fit the data,
they provide invaluable insight as to what the data means, which parameters are important,
and how to tweak and adjust the performance of chromatographic processes. System
understanding, in combination with the ability to generate simulated chromatograms, saves
time and material resources when designing chromatographic processes. By running most of
the design experiments in silico a frugal approach is adopted: only parameterization and
validation experiments are performed on the HPLC, and no resources are wasted on
experiments that cannot provide the desired performance. The development, application, and
use of the mechanistic models and model based tools was shown in detail in each of the
chapters in this chapter.
In Chapter 2, a new stationary phase for reversed phase chromatography was developed. The
idea behind this material came from Snyders hydrophobic subtraction model [55]. In it,
Snyder argues that differences in selectivity in reversed phase materials stem mostly from
secondary interactions between the analytes and the surface. As such, doping quantities of
ion-exchangers were grafted onto the surface in order to artificially boost the amount of
secondary interactions. It was found that the surfaces doped with repulsive ion exchangers
yielded far better separations than the undoped surfaces. In order to explain this behavior, a
model based on the linear solvent strength correlation [42,43] and the Debye-Huckel theory
[68] was developed in Chapter 3. By separating the attractive hydrophobic and repulsive
electrostatic contributions to retention, the mechanism could be elucidated. A decrease in the
permittivity of the solution along the gradient reduces the strength of the electrostatic
repulsion interactions. This means later eluting components are less affected by the repulsive
forces, and are thus more retained, yielding a better separation. The development of this
model permitted us to understand the mechanism leading to better results on the doped
phases. Furthermore, the role of the modifier concentration, the modifier type, and the dopant
concentration were elucidated. This allowed us to use these doped phase in a more efficient
manner, and to design better chromatographic steps.
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In Chapter 4, the design of reversed phase analytical scale chromatography was investigated.
Usually these processes are designed with trial and error methods. This almost always leads
to process that are sub-optimal. As such, we derived the linear solvent strength correlation
from the Van’t Hoff equation [73]. This allowed us to consider the temperature and the
modifier concentration as variables when simulating the process. A method to parameterize
and use the model in order to find the optimal separation conditions was developed. Based on
this tool, several analytical reversed phase chromatography processes were quickly and
efficiently developed.
Protein adsorption on polyelectrolyte type materials was then investigated in Chapter 5. The
chromatograms obtained on these ion-exchangers were atypical and did not display the
traditional Langmuirian peak shapes expected on ion-exchangers. At small injection volumes,
the peak shape was anti-Langmuirian. With increasing injection volumes, the peak shape
shifted to a Langmuirian shape. A detailed experimental investigation was undertaken, and it
was shown that this unexpected behavior was due to the 3D partitioning of proteins into the
polyelectrolyte brush volume. In order to confirm this finding, an empirical model based on
the Gibbs-Donan equilibrium was derived. By considering the three volumes involved (i.e the
bulk, diffuse and polyelectrolyte brush volumes), the proposed model was able to reproduce,
and thus explain, this atypical behavior.
A thermodynamic model was then developed to simulate cation-exchange chromatography
in Chapter 6, using colloidal theory to calculate the interaction energies between the
adsorbing proteins and the stationary phase, and calculating saturation effects to account for
the non-linearity in adsorption. The advantage of using this mechanistic model was threefold. First, using a physically consistent model provides a more accurate picture of adsorption.
Second, the modifiers (pH and ionic strength) were both explicitly accounted for. And third,
initially, only a single parameter (the resting distance), needed to be fitted, and it was
independent of the injection volume. The model was then applied to the design of a
monoclonal antibody charge variant modulation step. A two-step approach was used: first,
the resting distance was fitted using gradient experiments in diluted conditions. Second, the
model was applied to the Pareto optimization of the modulation process, and experiments
from the Pareto optimal set were run. These were used to refine the model parameter
estimates. The second step was then re-run. The model was shown to successfully fit the data,
and, more importantly, the modulation process was successfully optimized. Using this twostep approach allowed for a significant reduction in the amount of experimental work
required, and led to reaching a positive result in a difficult to design process.
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In Chapter 7, the mechanistic model developed in Chapter 6 was used in combination with
high throughput techniques to create a modular design tool. This tool consisted of four
modules: prediction, refinement, liquid handling, and operating space determination and
validation. The prediction module involved using the model from Chapter 6 along with
calibration curves to predict the protein’s chromatographic behavior. The refinement module
again uses the model from Chapter 6, but uses high throughput HPLC experiments in diluted
conditions to refine the model parameters estimated in the prediction module. The liquid
handling module makes use of liquid handling workstation experiments to, again, refine the
model parameter estimates. As these experiments are run at a smaller scale, they can be run
in overloaded conditions. Finally, the last module uses the model to simulate the response
surface to different combinations of input process parameters. Validation experiments from
the design space (i.e. the set of successful experiments) are then run on the HPLC. These are
used to refine the model parameters, and if necessary, redefine the response surface. This is
repeated iteratively until a satisfactory set of process parameters are found. This tool was
used to design the cation-exchange polishing step of two industrially relevant proteins. It was
found that it can quickly, and with little material requirements, adequately define the
operating parameter ranges of interest. Furthermore the developed modular, model-based,
high throughput design tool was able to generate relevant process information at each step.
In this thesis, we have shown that the application of model-based tools is a possible task, and
that the advantages provided by these tools is evident in the decrease of both the material and
time resources required. While increased system knowledge is required, this can only be
another advantage: a well-understood process is a well-designed process, and is less prone to
failure, and less sensitive to the unavoidable variability present in industrial processes.
Another evidence in this work is the shift from traditional model-based tools, where the
model is developed, perfectly parameterized, and then used for design. Here, any and all
experiments are used to parameterize the model. The imperfectly parameterized model is then
used to define preliminary design spaces, which in turn, are used to refine the model
parameter estimations. This step by step approach leads to quicker, and more frugal, estimates
of the real design space. While it does not necessarily mean the used model will be perfectly
parameterized at the end of the design exercise, it guaranties that the set of experimental
parameters leading to optimized chromatographic processes will be found (if possible).
Finally, and in conclusion, this work shows that model-based design tools should be used as
tools to describe and design chromatographic processes.
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“The beginning of wisdom is to call things by their proper name”
Confucius in ‘Analects’

128

Bibliography

Chapter 9. Bibliography
[1]

J.M. Reichert, E. Dhimolea, Foundation review : The future of antibodies as cancer
drugs, Drug Discovery Today. 17 (2012) 954–963. doi:10.1016/j.drudis.2012.04.006.

[2]

G. Casi, D. Neri, Antibody – drug conjugates : Basic concepts , examples and future
perspectives,
Journal
of
Controlled
Release.
161
(2012)
422–428.
doi:10.1016/j.jconrel.2012.01.026.

[3]

G. Walsh, Biopharmaceutical benchmarks 2006, Nature Biotechnology. 24 (2006) 769–
776. doi:10.1038/nbt0706-769.

[4]

N. Sewald, H.-D. Jakubke, Peptide Synthesis, in: N. Sewald, H.-D. Jakubke (Eds.),
Peptides: Chemistry and Biology, Wiley-VCH, 2002: pp. 175–315.
doi:10.1002/9783527626038.

[5]

B. Calo-Fernández, J.L. Martínez-Hurtado, Biosimilars: Company strategies to capture
value from the biologics market, Pharmaceuticals. 5 (2012) 1393–1408.
doi:10.3390/ph5121393.

[6]

V. Marx, Watching peptide drugs grow up, Chemical & Engineering News. 83 (2005)
17–24. doi:10.1021/cen-v083n011.p017.

[7]

D. Shortle, The denatured state (the other half of the folding equation) and its role in
protein stability., The FASEB Journal : Official Publication of the Federation of
American Societies for Experimental Biology. 10 (1996) 27–34.

[8]

S.C. Meredith, Protein denaturation and aggregation: Cellular responses to denatured
and aggregated proteins., Annals of the New York Academy of Sciences. 1066 (2005)
181–221. doi:10.1196/annals.1363.030.

[9]

D. Chandler, Interfaces and the driving force of hydrophobic assembly., Nature. 437
(2005) 640–7. doi:10.1038/nature04162.

[10]

W. Wang, Instability, stabilization, and formulation of liquid protein pharmaceuticals,
1999. doi:10.1016/S0378-5173(99)00152-0.

[11]

S.L. Prabu, T.N.K. Suriyaprakash, Impurities and its importance in pharmacy,
International Journal of Pharmaceutical Sciences Review and Research. 3 (2010) 66–71.

[12]

N. Rama Rao, S.S. Mani Kiran, N.L. Prasanthi, Pharmaceutical impurities: An overview,
Indian Journal of Pharmaceutical Education and Research. 44 (2010) 301–310.

[13]

H. Chandrawanshi, U. Pilaniya, P. Manchandani, P. Jain, N. Singh, K. Pilaniya, Recent
trends in the impurity profile of pharmaceuticals, Journal of Advanced Pharmaceutical
Technology & Research. 1 (2010) 302. doi:10.4103/0110-5558.72422.

[14]

R.B. Merrifield, Solid-Phase Peptide Synthesis, in: F.. Nord (Ed.), Advances in
Enzymology and Related Areas of Molecular Biology, Wiley, New York, 1969: pp. 221–
289. doi:10.1002/9780470122778.

[15]

P. Gagnon, Technology trends in antibody purification, Journal of Chromatography A.
1221 (2012) 57–70. doi:10.1016/j.chroma.2011.10.034.

[16]

D. Low, R. O’Leary, N.S. Pujar, Future of antibody purification, Journal of
Chromatography B: Analytical Technologies in the Biomedical and Life Sciences. 848
129

Chapter 9
(2007) 48–63. doi:10.1016/j.jchromb.2006.10.033.
[17]

S.M. Cramer, M. a. Holstein, Downstream bioprocessing: Recent advances and future
promise, Current Opinion in Chemical Engineering. 1 (2011) 27–37.
doi:10.1016/j.coche.2011.08.008.

[18]

C. Roque, C.R. Lowe, M.Â. Taipa, Antibodies and genetically engineered related
molecules: Production and purification, Biotechnology Progress. 20 (2004) 639–654.
doi:10.1021/bp030070k.

[19]

FDA, H.R. 3590-686, FDA Biologics Price Competition and Innovation Act of 2009, 2009.

[20]

S. Jevševar, M. Kunstelj, V.G. Porekar, PEGylation of therapeutic proteins,
Biotechnology Journal. 5 (2010) 113–128. doi:10.1002/biot.200900218.

[21]

C.J. Fee, J.M. Van Alstine, PEG-proteins: Reaction engineering and separation issues,
Chemical Engineering Science. 61 (2006) 934–939. doi:10.1016/j.ces.2005.04.040.

[22]

D. Pfister, M. Morbidelli, Process for protein PEGylation, Journal of Controlled Release.
180 (2014) 134–149. doi:10.1016/j.jconrel.2014.02.002.

[23]

M.S. Tswett, On the New category of Adsorption Phenomena and their Applications in
Biochemical Analysis, Tr. Protok. Varshav. Obshch. Estestvoistpyt., Otd. Biol. 14 (1905)
20.

[24]

K. Sakodynsky, MS Tswett—his life, Journal of Chromatography A. 49 (1970) 2–17.

[25]

K. Sakodynskii, The Life and Scientific Works of Michael Tswett, Journal of
Chromatographic Science. 73 (1972) 303–360.

[26]

L.S. Ettre, K.I. Sakodynskii, M. S. Tswett and the discovery of chromatography I: Early
work (1899–1903), Chromatographia. 35 (1993) 223–231. doi:10.1007/BF02269707.

[27]

C. Lucy, Evolution of ion-exchange: From Moses to the Manhattan Project to Modern
Times, Journal of Chromatography A. 1000 (2003) 711–724. doi:10.1016/S00219673(03)00528-4.

[28]

E. Lederer, La Renaissance De La Méthode Chromatographique De M. Tswett En 1931,
Journal of Chromatography. 73 (1972) 361–366.

[29]

G.E. Hesse, Gerhard E. Hesse, in: 75 Years of Chromatography a Historical Dialogue,
1979: pp. 131–140. doi:10.1016/S0301-4770(08)60643-0.

[30]

a. J.P. Martin, R.L.M. Synge, A new form of chromatogram employing two liquid
phases, Biochemical Journal. 35 (1941) 1358–1368. doi:10.1016/0968-0004(77)90204-3.

[31]

F.H. Spedding, a F. Voigt, The separation of rare earths by ion exchange; cerium and
yttrium., Journal of the American Chemical Society. 69 (1947) 2777–2781.

[32]

B.J. Mair, A.L. Gaboriault, F.D. Rossini, Assembly and Testing of 52-Foot Laboratory
Adsorption Column, Industrial & Engineering Chemistry. 39 (1947) 1072–1081.
doi:10.1021/ie50453a003.

[33]

R. Verpoorte, A. Baerheim Svendsen, High-speed liquid chromatography of alkaloids.
I, Journal of Chromatography A. 100 (1974) 227–230. doi:10.1016/S0021-9673(00)860653.

[34]

A. Williams, V. Frasca, Ion-Exchange Chromatography, in: Current Protocols in Protein
Science, John Wiley & Sons, Inc., Hoboken, NJ, USA, 2001: p. supplement 15.
doi:10.1002/0471140864.ps0802s15.
130

Bibliography
[35]

T. Imoto, H. Yamada, Peptide separation by reversed-phase high-performance liquid
chromatography., Molecular and Cellular Biochemistry. 51 (1983) 111–121.
doi:10.1007/BF00230396.

[36]

J.T. McCue, Chapter 25 Theory and Use of Hydrophobic Interaction Chromatography
in Protein Purification Applications, in: Methods in Enzymology, 1st ed., Elsevier Inc.,
2009: pp. 405–414. doi:10.1016/S0076-6879(09)63025-1.

[37]

D.S. Hage, Affinity chromatography: a review of clinical applications., Clinical
Chemistry. 45 (1999) 593–615.

[38]

P. Hong, S. Koza, E.S.P. Bouvier, Size-Exclusion Chromatography for the Analysis of
Protein Biotherapeutics and their Aggregates., Journal of Liquid Chromatography &
Related Technologies. 35 (2012) 2923–2950. doi:10.1080/10826076.2012.743724.

[39]

G. Carta, A. Jungbauer, Chromatography Media, in: G. Carta, A. Jungbauer (Eds.),
Protein Chromatography, Wiley-VCH,
Weinheim, 2010: pp. 85–124.
doi:10.1002/9783527630158.ch3.

[40]

G. Guiochon, A. Felinger, D. Shirazi, A. Katti, The Mass Balance Equation of
Chromatography and Its General Properties, in: G. Guiochon, A. Felinger, D. Shirazi,
A. Katti (Eds.), Fundamentals of Preparative and Nonlinear Chromatography, Second,
Academic Press, 2006: pp. 19–66.

[41]

G. Guiochon, A. Felinger, D. Shirazi, A. Katti, Single-Component Equilibrium
Isotherms, in: G. Guiochon, A. Felinger, D. Shirazi, A. Katti (Eds.), Fundamentals of
Preparative and Nonlinear Chromatography, Second, Academic Press, 2006: pp. 67–
149.

[42]

L. Snyder, J. Dolan, J. Gant, Gradient elution in high-performance liquid
chromatography, Journal of Chromatography. 165 (1979) 3–30. doi:10.1016/S00219673(00)85726-X.

[43]

J. Dolan, J. Gant, L. Snyder, Gradient elution in high-performance liquid
chromatography, Journal of Chromatography. 165 (1979) 31–58. doi:10.1016/S00219673(00)85727-1.

[44]

C.A. Brooks, S.M. Cramer, Steric mass-action ion exchange: Displacement profiles and
induced salt gradients, AIChE Journal. 38 (1992) 1969–1978. doi:10.1002/aic.690381212.

[45]

J. Asenjo, B. Andrews, Is there a rational method to purify proteins? From expert
systems to proteomics., Journal of Molecular Recognition : JMR. 17 (2004) 236–47.
doi:10.1002/jmr.676.

[46]

X. Zhang, A. Fang, C. Riley, M. Wang, Multi-dimensional liquid chromatography in
proteomics—A review, Analytica Chimica …. 664 (2010) 101–113.
doi:10.1016/j.aca.2010.02.001.

[47]

N. Forrer, M. Erdmann, D. Gétaz, M. Morbidelli, S. Bernardi, R. Khalaf, Doped Materials
For Reverse Phase Chromatography, WO 2013143012 A1, 2013.

[48]

K. Kallberg, H.-O. Johansson, L. Bulow, Multimodal chromatography: an efficient tool
in downstream processing of proteins., Biotechnology Journal. 7 (2012) 1485–95.
doi:10.1002/biot.201200074.

[49]

B.-L. Johansson, M. Belew, S. Eriksson, G. Glad, O. Lind, J.-L. Maloisel, et al.,
Preparation and characterization of prototypes for multi-modal separation aimed for
capture of positively charged biomolecules at high-salt conditions, Journal of
131

Chapter 9
Chromatography A. 1016 (2003) 35–49. doi:10.1016/S0021-9673(03)01141-5.
[50]

CSH
(Charged
Surface
Hybrid)
Technology,
http://www.waters.com/waters/en_US/CSH-(Charged-Surface-Hybrid)technology/nav.htm?cid=134618101.

(2014).

[51]

F. Gritti, G. Guiochon, Effect of the ionic strength on the adsorption process of an ionic
surfactant onto a C18-bonded charged surface hybrid stationary phase at low pH.,
Journal of Chromatography. A. 1282 (2013) 46–57. doi:10.1016/j.chroma.2013.01.027.

[52]

F. Gritti, G. Guiochon, Adsorption behaviors of neutral and ionizable compounds on
hybrid stationary phases in the absence (BEH-C18) and the presence (CSH-C18) of
immobile surface charges, Journal of Chromatography A. 1282 (2013) 58–71.
doi:10.1016/j.chroma.2013.01.024.

[53]

F. Gritti, G. Guiochon, Effect of the pH and the ionic strength on overloaded band
profiles of weak bases onto neutral and charged surface hybrid stationary phases in
reversed-phase liquid chromatography., Journal of Chromatography. A. 1282 (2013)
113–26. doi:10.1016/j.chroma.2013.01.063.

[54]

U. Neue, P. Iraneta, F. Gritti, G. Guiochon, Adsorption of cations onto positively
charged surface mesopores., Journal of Chromatography. A. 1318 (2013) 72–83.
doi:10.1016/j.chroma.2013.09.038.

[55]

L.R. Snyder, J.W. Dolan, P.W. Carr, The hydrophobic-subtraction model of reversedphase column selectivity, Journal of Chromatography A. 1060 (2004) 77–116.
doi:10.1016/j.chroma.2004.08.121.

[56]

S. Bernardi, D. Gétaz, N. Forrer, M. Morbidelli, Modeling of mixed-mode
chromatography of peptides., Journal of Chromatography. A. 1283 (2013) 46–52.
doi:10.1016/j.chroma.2013.01.054.

[57]

L.G. Gagliardi, C.B. Castells, C. Ràfols, M. Rosés, E. Bosch, Static Dielectric Constants
of Acetonitrile/Water Mixtures at Different Temperatures and Debye−Hückel A and a
0 B Parameters for Activity Coefficients, Journal of Chemical & Engineering Data. 52
(2007) 1103–1107. doi:10.1021/je700055p.

[58]

A. Jouyban, S. Soltani, A. Shayanfar, A. Pappa-Louisi, Modeling the effects of type and
concentration of organic modifiers, column type and chemical structure of analytes on
the retention in reversed phase liquid chromatography using a single model., Journal
of Chromatography. A. 1218 (2011) 6454–63. doi:10.1016/j.chroma.2011.07.034.

[59]

R. Kaliszan, T. Baczek, A. Buciński, B. Buszewski, M. Sztupecka, Prediction of gradient
retention from the linear solvent strength (LSS) model, quantitative structure-retention
relationships (QSRR), and artificial neural networks (ANN), Journal of Separation
Science. 26 (2003) 271–282. doi:10.1002/jssc.200390033.

[60]

D. Gétaz, N. Dogan, N. Forrer, M. Morbidelli, Influence of the pore size of reversed
phase materials on peptide purification processes., Journal of Chromatography. A. 1218
(2011) 2912–22. doi:10.1016/j.chroma.2011.03.008.

[61]

V. Spicer, M. Grigoryan, A. Gotfrid, K.G. Standing, O. V Krokhin, Predicting retention
time shifts associated with variation of the gradient slope in peptide RP-HPLC.,
Analytical Chemistry. 82 (2010) 9678–85. doi:10.1021/ac102228a.

[62]

D. Gétaz, S.B. Hariharan, A. Butté, M. Morbidelli, Modeling of ion-pairing effect in
peptide reversed-phase chromatography., Journal of Chromatography. A. 1249 (2012)
92–102. doi:10.1016/j.chroma.2012.06.005.
132

Bibliography
[63]

B. Guélat, G. Ströhlein, M. Lattuada, L. Delegrange, P. Valax, M. Morbidelli, Simulation
model for overloaded monoclonal antibody variants separations in ion-exchange
chromatography., Journal of Chromatography. A. 1253 (2012) 32–43.
doi:10.1016/j.chroma.2012.06.081.

[64]

J.T. Edsall, Dielectric Constants and Dipole Moments of Dipolar Ions, in: E.J. Cohn, J.T.
Edsall (Eds.), Proteins, Amino Acids and Peptides, Reinhold Publishing Corporation,
New York, 1943: pp. 140–154. doi:10.1021/ed020p415.2.

[65]

a. Bartha, J. Stahlberg, Electrostatic retention model of reversed-phase ion-pair
chromatography, Journal of Chromatography A. 668 (1994) 255–284. doi:10.1016/00219673(94)80116-9.

[66]

G. Carta, A. Jungbauer, Adsorption Equilibria, in: G. Carta, A. Jungbauer (Eds.), Protein
Chromatography: Process Development and Scale-Up, Wiley-VCH, Weinheim, 2010:
pp. 145–160. doi:10.1002/9783527630158.

[67]

P. DePhillips, A.M. Lenhoff, Pore size distributions of cation-exchange adsorbents
determined by inverse size-exclusion chromatography, Journal of Chromatography A.
883 (2000) 39–54. doi:10.1016/S0021-9673(00)00420-9.

[68]

P. Debye, E. Hückel, The theory of electrolytes I. The lowering of the freezing point
and related occurrences, Physikalische Zeitschrift. 24 (1923) 185–206.

[69]

B. Cordero, V. Gómez, A.E. Platero-Prats, M. Revés, J. Echeverría, E. Cremades, et al.,
Covalent radii revisited., Dalton Transactions (Cambridge, England : 2003). (2008)
2832–2838. doi:10.1039/b801115j.

[70]

M. a Quarry, R.L. Grob, L.R. Snyder, Prediction of precise isocratic retention data from
two or more gradient elution runs. Analysis of some associated errors., Section Title:
Organic Analytical Chemistry. 58 (1986) 907–917. doi:10.1021/ac00295a056.

[71]

L.R. Snyder, Gradient Elution, in: C. Horvàth (Ed.), High-Performance Liquid
Chromatography, ACADEMIC PRESS, INC., 1980: pp. 207–316. doi:10.1016/B978-0-12312201-8.50009-8.

[72]

P.L. Zhu, L.R. Snyder, J.W. Dolan, N.M. Djordjevic, D.W. Hill, L.C. Sander, et al.,
Combined use of temperature and solvent strength in reversed-phase gradient elution.
I. Predicting separation as a function of temperature and gradient conditions, Journal
of Chromatography A. 756 (1996) 21–39. doi:10.1016/S0021-9673(96)00721-2.

[73]

P. Jandera, K. Krupczyńska, K. Vynuchalová, B. Buszewski, Combined effects of mobile
phase composition and temperature on the retention of homologous and polar test
compounds on polydentate C8 column., Journal of Chromatography. A. 1217 (2010)
6052–60. doi:10.1016/j.chroma.2010.07.019.

[74]

a Pappa-Louisi, P. Nikitas, K. Papachristos, C. Zisi, Modeling the combined effect of
temperature and organic modifier content on reversed-phase chromatographic
retention. Effectiveness of derived models in isocratic and isothermal mode retention
prediction.,
Journal
of
Chromatography.
A.
1201
(2008)
27–34.
doi:10.1016/j.chroma.2008.05.083.

[75]

W.R. Melander, B.-K. Chen, C. Horvàth, Mobile phase effects in reversed-phase
chromatography, Journal of Chromatography. 185 (1979) 99–109. doi:10.1016/S00219673(00)85600-9.

[76]

T. Galaon, V. David, Deviation from van’t Hoff dependence in RP-LC induced by
tautomeric interconversion observed for four compounds., Journal of Separation
133

Chapter 9
Science. 34 (2011) 1423–8. doi:10.1002/jssc.201100029.
[77]

F. Gritti, G. Guiochon, Adsorption mechanisms and effect of temperature in reversedphase liquid chromatography. meaning of the classical Van’t Hoff plot in
chromatography., Analytical Chemistry. 78 (2006) 4642–53. doi:10.1021/ac0602017.

[78]

H. Naghibi, A. Tamura, J. Sturtevant, Significant discrepancies between van’t Hoff and
calorimetric enthalpies, in: Proceedings of the National Academy of Sciences of the
United States of America, 1995: pp. 5597–5599.

[79]

T.L. Chester, J.W. Coym, Effect of phase ratio on van’t Hoff analysis in reversed-phase
liquid chromatography, and phase-ratio-independent estimation of transfer enthalpy,
Journal of Chromatography A. 1003 (2003) 101–111. doi:10.1016/S0021-9673(03)00846X.

[80]

W.R. Melander, B.K. Chen, C. Horváth, Mobile phase effects in reversed-phase
chromatography. VII. Dependence of retention on mobile phase composition and
column temperature., Journal of Chromatography. 318 (1985) 1–10. doi:10.1016/S00219673(01)90659-4.

[81]

H.J. Issaq, S.D. Fox, M. Mahadevan, T.P. Conrads, T.D. Veenstra, Effect of experimental
parameters on the HPLC separation of peptides and proteins., Journal of Liquid
Chromatography & Related Technologies. 26 (2003) 2255–2283. doi:10.1081/JLC120023246.

[82]

C. a Doyle, T.J. Vickers, C.K. Mann, J.G. Dorsey, Characterization of C18-bonded liquid
chromatographic stationary phases by Raman spectroscopy: The effect of temperature,
Journal of Chromatography A. 877 (2000) 41–59. doi:10.1016/S0021-9673(00)00174-6.

[83]

D. Gétaz, G. Ströhlein, M. Morbidelli, Peptide pore accessibility in reversed-phase
chromatography., Journal of Chromatography. A. 1216 (2009) 933–40.
doi:10.1016/j.chroma.2008.12.019.

[84]

A. Tchapla, S. Heron, H. Colin, G. Guiochon, Role of Temperature in the Behavior of
Homologous Series in Reversed-Phase Liquid Chromatography, Anal. Chem. 60 (1988)
1443–1448. doi:10.1021/ac00165a019.

[85]

P.J. Schoenmakers, H. a H. Billiet, R. Tijssen, L. Degalan, Gradient Selection in
Reversed-Phase Liquid-Chromatography, Journal of Chromatography. 149 (1978) 519–
537. doi:10.1016/s0021-9673(00)81008-0.

[86]

J. Gant, J. Dolan, L. Snyder, Systematic approach to optimizing resolution in reversedphase liquid chromatography, with emphasis on the role of temperature, Journal of
Chromatography. 185 (1979). doi:10.1016/S0021-9673(00)85603-4.

[87]

Y. Liu, J.M. Sturtevant, Significant discrepancies between van’t Hoff and calorimetric
enthalpies. II., Protein Science : A Publication of the Protein Society. 4 (1995) 2559–61.
doi:10.1002/pro.5560041212.

[88]

G. Carta, A. Jungbauer, Design of Chromatographic Processes, in: G. Carta, A.
Jungbauer (Eds.), Protein Chromatography, Wiley-VCH, Weinheim, 2010: pp. 309–339.
doi:10.1002/9783527630158.ch10.

[89]

S. Heinisch, J.L. Rocca, Sense and nonsense of high-temperature liquid
chromatography, Journal of Chromatography A. 1216 (2009) 642–658.
doi:10.1016/j.chroma.2008.11.079.

[90]

A. Staby, J. Nielsen, J. Krarup, M. Wiendahl, T.B. Hansen, S. Kidal, et al., Advances in
134

Bibliography
Resins for Ion-Exchange Chromatography BT - Advances in Chromatography, in:
Advances in Chromatography, 2010: p. 422. doi:10.1080/10826079808001956.
[91]

B. Coquebert de Neuville, A. Tarafder, M. Morbidelli, Distributed pore model for biomolecule chromatography., Journal of Chromatography. A. 1298 (2013) 26–34.
doi:10.1016/j.chroma.2013.04.074.

[92]

B. Coquebert de Neuville, H. Thomas, M. Morbidelli, Simulation of porosity decrease
with protein adsorption using the distributed pore model, Journal of Chromatography
A. 1314 (2013) 77–85. doi:10.1016/j.chroma.2013.08.102.

[93]

W. Muller, New ion exchangers for the chromatography of biopolymers, Journal of
Chromatography. 510 (1990) 133–140. doi:10.1016/S0021-9673(01)93746-X.

[94]

G. Vanecek, F.E. Regnier, Macroporous high-performance anion-exchange supports for
proteins., Analytical Biochemistry. 121 (1982) 156–169. doi:10.1016/00032697(82)90570-X.

[95]

A.J. Alpert, Cation-exchange high-performance liquid chromatography of proteins on
poly(aspartic acid)-silica., Journal of Chromatography. 266 (1983) 23–37.
doi:10.1016/S0021-9673(01)90876-3.

[96]

A.M. Lenhoff, Protein adsorption and transport in polymer-functionalized ionexchangers., Journal of Chromatography. A. 1218 (2011) 8748–59.
doi:10.1016/j.chroma.2011.06.061.

[97]

K. Yang, Y. Sun, Structured parallel diffusion model for intraparticle mass transport of
proteins to porous adsorbent, Biochemical Engineering Journal. 37 (2007) 298–310.
doi:10.1016/j.bej.2007.05.011.

[98]

B.C. de Neuville, A. Lamprou, M. Morbidelli, M. Soos, Perfusive ion-exchange
chromatographic materials with high capacity, Journal of Chromatography A. 1374
(2014) 180–188. doi:10.1016/j.chroma.2014.11.066.

[99]

P. DePhillips, A.M. Lenhoff, Determinants of protein retention characteristics on
cation-exchange adsorbents, Journal of Chromatography A. 933 (2001) 57–72.
doi:10.1016/S0021-9673(01)01275-4.

[100] J. Xie, M.I. Aguilar, M.T. Hearn, High-performance liquid chromatography of amino
acids, peptides and proteins. CXXXVIII. Adsorption of horse heart cytochrome c onto
a tentacle-type cation exchanger., Journal of Chromatography. A. 691 (1995) 263–271.
[101] J. Xie, M. Aguilar, M.T.W. Hearn, Studies on the adsorption capacities of proteins with
a tentacle-type ion exchanger and their relationship to the stoichiometric retention
parameter Zc 1, Journal Of Chromatography. 711 (1995) 43–52. doi:10.1016/00219673(95)00143-B.
[102] N. Tugcu, S.S. Bae, J. a. Moore, S.M. Cramer, Stationary phase effects on the dynamic
affinity of low-molecular-mass displacers, Journal of Chromatography A. 954 (2002)
127–135. doi:10.1016/S0021-9673(02)00164-4.
[103] D. Pfister, F. Steinebach, M. Morbidelli, Linear isotherm determination from linear
gradient elution experiments, Journal of Chromatography A. 1375 (2015) 33–41.
doi:10.1016/j.chroma.2014.11.067.
[104] M.A. Hashim, K.H. Chu, P.S. Tsan, Effects of ionic strength and pH on the adsorption
equilibria of lysozyme on ion exchangers, Journal of Chemical Technology and
Biotechnology. 62 (1995) 253–260. doi:10.1002/jctb.280620307.
135

Chapter 9
[105] GE
Life
Sciences,
(2015).
http://www.gelifesciences.com/webapp/wcs/stores/servlet/productById/en/GELifeSci
ences-ch/17507301.
[106] Merck
Millipore,
http://www.merckmillipore.com/CH/en/products/biopharmaceuticalmanufacturing/downstream-processing/chromatography/ion-exchangechromatography/jOab.qB.TKgAAAFAb.ZkiQpx,nav.

(2015).

[107] Tosoh
Bioscience,
(2015).
http://www.separations.us.tosohbioscience.com/Products/ProcessMedia/ByMode/IEC
/.
[108] C. Chang, A.M. Lenhoff, Comparison of protein adsorption isotherms and uptake rates
in preparative cation-exchange materials, Journal of Chromatography A. 827 (1998)
281–293. doi:10.1016/S0021-9673(98)00796-1.
[109] R. Janzen, K.K. Unger, W. Müller, M.T.W. Hearn, Adsorption of proteins on porous and
non-porous poly(ethyleneimine) and tentacle-type anion exchangers, Journal of
Chromatography A. 522 (1990) 77–93. doi:10.1016/0021-9673(90)85179-Y.
[110] N. Welsch, J. Dzubiella, A. Graebert, M. Ballauff, Protein binding to soft polymeric
layers: a quantitative study by fluorescence spectroscopy, Soft Matter. 8 (2012) 12043.
doi:10.1039/c2sm26798e.
[111] A. Wittemann, B. Haupt, M. Ballauff, Adsorption of proteins on spherical
polyelectrolyte brushes in aqueous solution, Physical Chemistry Chemical Physics. 5
(2003) 1671–1677. doi:10.1039/b300607g.
[112] A. Wittemann, M. Ballauff, Interaction of proteins with linear polyelectrolytes and
spherical polyelectrolyte brushes in aqueous solution, Physical Chemistry Chemical
Physics. 8 (2006) 5269. doi:10.1039/b609879g.
[113] P. Uhlmann, N. Houbenov, N. Brenner, K. Grundke, S. Burkert, M. Stamm, In-situ
investigation of the adsorption of globular model proteins on stimuli-responsive binary
polyelectrolyte brushes., Langmuir : The ACS Journal of Surfaces and Colloids. 23
(2007) 57–64. doi:10.1021/la061557g.
[114] T. Fornstedt, G. Guiochon, Comparison between experimental and theoretical profiles
of high concentration elution bands and large system peaks in nonlinear
chromatography, Anal. Chem. 66 (1994) 2686–2693.
[115] H. Thomas, B. Coquebert de Neuville, G. Storti, M. Morbidelli, M. Joehnck, M. Schulte,
Role of tentacles and protein loading on pore accessibility and mass transfer in cation
exchange materials for proteins., Journal of Chromatography. A. 1285 (2013) 48–56.
doi:10.1016/j.chroma.2013.01.104.
[116] B. Jaquet, D. Wei, B. Reck, F. Reinhold, X. Zhang, H. Wu, et al., Stabilization of polymer
colloid dispersions with pH-sensitive poly-acrylic acid brushes, Colloid and Polymer
Science. 291 (2013) 1659–1667. doi:10.1007/s00396-013-2900-6.
[117] G. Carta, A. Jungbauer, Adsorption Kinetics, in: G. Carta, A. Jungbauer (Eds.), Protein
Chromatography,
Wiley-VCH,
Weinham,
2010:
pp.
161–199.
doi:10.1002/9783527630158.ch6.
[118] B. Guélat, G. Ströhlein, M. Lattuada, M. Morbidelli, Electrostatic model for protein
adsorption in ion-exchange chromatography and application to monoclonal antibodies,
lysozyme and chymotrypsinogen A., Journal of Chromatography. A. 1217 (2010) 5610–
136

Bibliography
21. doi:10.1016/j.chroma.2010.06.064.
[119] M. Rytomaa, P. Mustonen, P.K.J. Kinnunen, Reversible, nonionic, and pH-dependent
association of cytochrome c with cardiolipin-phosphatidylcholine liposomes, Journal
of Biological Chemistry. 267 (1992) 22243–22248.
[120] K. Mihlbachler, M. a. De Jesús, K. Kaczmarski, M.J. Sepaniak, A. Seidel-Morgenstern,
G. Guiochon, Adsorption behavior of the ( ±)-Tröger’s base enantiomers in the phase
system of a silica-based packing coated with amylose tri(3,5-dimethyl carbamate) and
2-propanol and molecular modeling interpretation, Journal of Chromatography A. 1113
(2006) 148–161. doi:10.1016/j.chroma.2006.02.001.
[121] G. Ströhlein, L. Aumann, M. Mazzotti, M. Morbidelli, A continuous, counter-current
multi-column chromatographic process incorporating modifier gradients for ternary
separations,
Journal
of
Chromatography
A.
1126
(2006)
338–346.
doi:10.1016/j.chroma.2006.05.011.
[122] D. Gétaz, A. Butté, M. Morbidelli, Model-based design space determination of peptide
chromatographic purification processes., Journal of Chromatography. A. 1284 (2013)
80–7. doi:10.1016/j.chroma.2013.01.117.
[123] T. Müller-Späth, G. Ströhlein, L. Aumann, H. Kornmann, P. Valax, L. Delegrange, et al.,
Model simulation and experimental verification of a cation-exchange IgG capture step
in batch and continuous chromatography., Journal of Chromatography. A. 1218 (2011)
5195–204. doi:10.1016/j.chroma.2011.05.103.
[124] G. Guiochon, A. Felinger, D. Shirazi, A. Katti, Linear Chromatography, in: G. Guiochon,
A. Felinger, D. Shirazi, A. Katti (Eds.), Fundamentals of Preparative and Nonlinear
Chromatography, Second, Academic Press, 2006: pp. 281–345.
[125] G. Carta, A. Jungbauer, Effects of Dispersion and Adsorption Kinetics on Column
Performance,
in:
Protein
Chromatography,
2010:
pp.
237–276.
doi:10.1002/9783527630158.ch8.
[126] R.-M. Nicoud, Mass Transfer, in: Chromatographic Processes: Modeling, Simulation,
and Design, Cambridge University Press, 2015: pp. 216–316.
[127] D. Pfister, M. Morbidelli, Mass transfer coefficients determination from linear gradient
elution experiments., Journal of Chromatography. A. 1375 (2015) 42–8.
doi:10.1016/j.chroma.2014.11.068.
[128] T.C. Velickovic, J. Ognjenovic, L. Mihajlovic, Separation of Amino Acids, Peptides, and
Proteins by Ion Exchange Chromatography, in: Ion Exchange Technology II, Springer
Netherlands, Dordrecht, 2012: pp. 1–34. doi:10.1007/978-94-007-4026-6_1.
[129] U. Gottschalk, Bioseparation in antibody manufacturing: The good, the bad and the
ugly, Biotechnology Progress. 24 (2008) 496–503. doi:10.1021/bp070452g.
[130] L. a. Khawli, S. Goswami, R. Hutchinson, Z.W. Kwong, J. Yang, X. Wang, et al., Charge
variants in IgG1, mAbs. 2 (2010) 613–624. doi:10.4161/mabs.2.6.13333.
[131] B. Guélat, L. Delegrange, P. Valax, M. Morbidelli, Model-based prediction of
monoclonal antibody retention in ion-exchange chromatography., Journal of
Chromatography. A. 1298 (2013) 17–25. doi:10.1016/j.chroma.2013.04.048.
[132] H. Liu, G. Gaza-Bulseco, D. Faldu, C. Chumsae, J. Sun, Heterogeneity of monoclonal
antibodies, Journal of Pharmaceutical Sciences. 97 (2008) 2426–2447.
doi:10.1002/jps.21180.
137

Chapter 9
[133] T. Linke, J. Feng, K. Yu, H.J. Kim, Z. Wei, Y. Wang, et al., Process scale separation of an
anti-CD22 immunotoxin charge variant., Journal of Chromatography. A. 1260 (2012)
120–5. doi:10.1016/j.chroma.2012.08.061.
[134] T. Müller-Späth, M. Krättli, L. Aumann, G. Ströhlein, M. Morbidelli, Increasing the
activity of monoclonal antibody therapeutics by continuous chromatography
(MCSGP),
Biotechnology
and
Bioengineering.
107
(2010)
652–662.
doi:10.1002/bit.22843.
[135] A. Gerster, F. Rudolph, M. Dieterle, High-throughput chromatography screenings for
modulating charge-related isoform patterns, BioProcess International. 11 (2013) 46–53.
[136] G. Teshima, M.X. Li, R. Danishmand, C. Obi, R. To, C. Huang, et al., Separation of
oxidized variants of a monoclonal antibody by anion-exchange, Journal of
Chromatography A. 1218 (2011) 2091–2097. doi:10.1016/j.chroma.2010.10.107.
[137] M. Weitzhandler, D. Farnan, J. Horvath, J.S. Rohrer, R.W. Slingsby, N. Avdalovic, et al.,
Protein variant separations by cation-exchange chromatography on tentacle-type
polymeric stationary phases, Journal of Chromatography A. 828 (1998) 365–372.
doi:10.1016/S0021-9673(98)00521-4.
[138] F. Herve, J.-C. Duche, N. Sportes, J.-P. Tillement, High-performance anion-exchange
chromatographic study of desialylated human α1-acid glycoprotein variants, Journal
of Chromatography A. 539 (1991) 405–416. doi:10.1016/S0021-9673(01)83949-2.
[139] G. Carta, A. Jungbauer, Protein Chromatography: Process Development and Scale-up,
Wiley-VCH, Weinheim, 2010. doi:10.1002/9783527630158.
[140] N. Jakobsson, M. Degerman, E. Stenborg, B. Nilsson, Model based robustness analysis
of an ion-exchange chromatography step., Journal of Chromatography. A. 1138 (2007)
109–19. doi:10.1016/j.chroma.2006.10.057.
[141] D. Gao, D.-Q. Lin, S.-J. Yao, Measurement and Correlation of Protein Adsorption with
Mixed-Mode Adsorbents Taking into Account the Influences of Salt Concentration and
pH, Journal of Chemical & Engineering Data. 51 (2006) 1205–1211.
doi:10.1021/je050528p.
[142] J.C. Bosma, J. a. Wesselingh, pH dependence of ion-exchange equilibrium of proteins,
AIChE Journal. 44 (1998) 2399–2409. doi:10.1002/aic.690441108.
[143] Q. Shi, Y. Zhou, Y. Sun, Influence of pH and ionic strength on the steric mass-action
model parameters around the isoelectric point of protein, Biotechnology Progress. 21
(2005) 516–523. doi:10.1021/bp049735o.
[144] H. Shen, D.D. Frey, Effect of charge regulation on steric mass-action equilibrium for
the ion-exchange adsorption of proteins, Journal of Chromatography A. 1079 (2005)
92–104. doi:10.1016/j.chroma.2005.02.086.
[145] M.R. Oberholzer, A.M. Lenhoff, Protein adsorption isotherms through colloidal
energetics, Langmuir. 15 (1999) 3905–3914. doi:10.1021/la981199k.
[146] X.-L. Su, Y. Sun, Thermodynamic model for nonlinear electrostatic adsorption
equilibrium of protein, AIChE Journal. 52 (2006) 2921–2930. doi:10.1002/aic.10900.
[147] A. Xu, A.M. Lenhoff, A predictive approach to correlating protein adsorption isotherms
on ion-exchange media, Journal of Physical Chemistry B. 112 (2008) 1028–1040.
doi:10.1021/jp0754233.
[148] J.C. Bosma, J. a. Wesselingh, Available area isotherm, AIChE Journal. 50 (2004) 848–
138

Bibliography
853. doi:10.1002/aic.10080.
[149] R.C. Chatelier, a P. Minton, Adsorption of globular proteins on locally planar surfaces:
models for the effect of excluded surface area and aggregation of adsorbed protein on
adsorption equilibria., Biophysical Journal. 71 (1996) 2367–2374. doi:10.1016/S00063495(96)79430-4.
[150] P.C. Hiemenz, R. Rajagopalan, Principles of colloid and surface chemistry, Third Edit,
Marcel Dekker, Inc., New York, 1997.
[151] C.M. Roth, A.M. Lenhoff, Electrostatic and van der Waals contributions to protein
adsorption: computation of equilibrium constants, Langmuir. 9 (1993) 962–972.
doi:10.1021/la00028a015.
[152] V.A. Parsegian, Van der Waals Forces: A Handbook for Biologists, Chemists, Engineers,
and Physicists, Cambridge University Press, Cambridge, 2006.
[153] B.-T. Liu, J.-P. Hsu, Analytic expressions for electrical energy and electrical force of
two spheres., The Journal of Chemical Physics. 130 (2009) 044106.
doi:10.1063/1.3067877.
[154] D. Gétaz, G. Stroehlein, A. Butté, M. Morbidelli, Model-based design of peptide
chromatographic purification processes., Journal of Chromatography. A. 1284 (2013)
69–79. doi:10.1016/j.chroma.2013.01.118.
[155] T.M. Pabst, G. Carta, pH transitions in cation exchange chromatographic columns
containing weak acid groups, Journal of Chromatography A. 1142 (2007) 19–31.
doi:10.1016/j.chroma.2006.08.066.
[156] A. Tarafder, L. Aumann, M. Morbidelli, Improvement in industrial re-chromatography
(recycling) procedure in solvent gradient bio-separation processes, Journal of
Chromatography A. 1195 (2008) 67–77. doi:10.1016/j.chroma.2008.04.079.
[157] A. Tarafder, L. Aumann, T. Müller-Späth, M. Morbidelli, Improvement of an
overloaded, multi-component, solvent gradient bioseparation through multiobjective
optimization,
Journal
of
Chromatography
A.
1167
(2007)
42–53.
doi:10.1016/j.chroma.2007.07.086.
[158] E.J. Close, J.R. Salm, D.G. Bracewell, E. Sorensen, Modelling of industrial
biopharmaceutical multicomponent chromatography, Chemical Engineering Research
and Design. (2013) 1–11. doi:10.1016/j.cherd.2013.10.022.
[159] D. Baur, M. Angarita, T. Müller-Späth, M. Morbidelli, Pareto-optimal design of the
twin-column CaptureSMB process improves capacity utilization and productivity in
protein A affinity capture, Biotechnology Journal. (2015). doi:10.1002/biot.201500223.
[160] A. a. Shukla, B. Hubbard, T. Tressel, S. Guhan, D. Low, Downstream processing of
monoclonal antibodies—Application of platform approaches, Journal of
Chromatography B. 848 (2007) 28–39. doi:10.1016/j.jchromb.2006.09.026.
[161] A.S. Rathore, R. Bhambure, High-Throughput Process Development: I. Process
Chromatography, in: Protein Downstream Processing, Humana Press, 2014: pp. 29–37.
doi:10.1007/978-1-62703-977-2_3.
[162] R. Bhambure, a. S. Rathore, Chromatography process development in the quality by
design paradigm I: Establishing a high-throughput process development platform as a
tool for estimating “characterization space” for an ion exchange chromatography step,
Biotechnology Progress. 29 (2013) 403–414. doi:10.1002/btpr.1705.
139

Chapter 9
[163] K.M. Łącki, High-throughput process development of chromatography steps:
Advantages and limitations of different formats used, Biotechnology Journal. 7 (2012)
1192–1202. doi:10.1002/biot.201100475.
[164] R. Bhambure, K. Kumar, A.S. Rathore, High-throughput process development for
biopharmaceutical drug substances, Trends in Biotechnology. 29 (2011) 127–135.
doi:10.1016/j.tibtech.2010.12.001.
[165] S. Chhatre, D.G. Bracewell, N.J. Titchener-Hooker, A microscale approach for
predicting the performance of chromatography columns used to recover therapeutic
polyclonal antibodies., Journal of Chromatography. A. 1216 (2009) 7806–15.
doi:10.1016/j.chroma.2009.09.038.
[166] S. Chhatre, N.J. Titchener-Hooker, Review: Microscale methods for high-throughput
chromatography development in the pharmaceutical industry, Journal of Chemical
Technology and Biotechnology. 84 (2009) 927–940. doi:10.1002/jctb.2125.
[167] S. Sommerfeld, J. Strube, Challenges in biotechnology production - Generic processes
and process optimization for monoclonal antibodies, Chemical Engineering and
Processing: Process Intensification. 44 (2005) 1123–1137. doi:10.1016/j.cep.2005.03.006.
[168] A. Ladiwala, K. Rege, C.M. Breneman, S.M. Cramer, A priori prediction of adsorption
isotherm parameters and chromatographic behavior in ion-exchange systems.,
Proceedings of the National Academy of Sciences of the United States of America. 102
(2005) 11710–11715. doi:10.1073/pnas.0408769102.
[169] L. Xu, C.E. Glatz, Predicting protein retention time in ion-exchange chromatography
based on three-dimensional protein characterization, Journal of Chromatography A.
1216 (2009) 274–280. doi:10.1016/j.chroma.2008.11.075.
[170] L. Hagel, Gel-Filtration Chromatography, in: Current Protocols in Molecular Biology,
John Wiley & Sons, Inc., Hoboken, NJ, USA, 2001: pp. 10.9.1–10.9.32.
doi:10.1002/0471142727.mb1009s44.
[171] M. Rüdt, F. Gillet, S. Heege, J. Hitzler, B. Kalbfuss, B. Guélat, Combined Yamamoto
approach for simultaneous estimation of adsorption isotherm and kinetic parameters
in ion-exchange chromatography, Journal of Chromatography A. 1413 (2015) 68–76.
doi:10.1016/j.chroma.2015.08.025.
[172] M. Wiendahl, P.S. Wierling, J. Nielsen, D. Fomsgaard, C.J. Krarup, A. Staby, et al., High
throughput screening for the design and optimization of chromatographic processes Miniaturization, automation and parallelization of breakthrough and elution studies,
Chemical Engineering and Technology. 31 (2008) 893–903. doi:10.1002/ceat.200800167.
[173] W.R. Keller, S.T. Evans, G. Ferreira, D. Robbins, S.M. Cramer, Use of MiniColumns for
linear isotherm parameter estimation and prediction of benchtop column performance,
Journal of Chromatography A. 1418 (2015) 94–102. doi:10.1016/j.chroma.2015.09.038.
[174] A. Osberghaus, K. Drechsel, S. Hansen, S.K. Hepbildikler, S. Nath, M. Haindl, et al.,
Model-integrated process development demonstrated on the optimization of a robotic
cation exchange step, Chemical Engineering Science. 76 (2012) 129–139.
doi:10.1016/j.ces.2012.04.004.

140

141

Curriculum Vitae

Curriculum Vitae
Birchstrasse34

Rushd
Khalaf

8057 Zurich
+41 79 8517867
rushdkhalaf@gmail.com
Canadian, born 03/09/1988

Working Experience
03/2012-Present

ETH Zurich, Researcher, Institute for Chemical and Bioengineering, Morbidelli
Group
 Developed and implemented experimental and computational tools to
describe and design ion-exchange, reversed-phase and mixed-mode
chromatographic processes
 Managed scientific collaborations with Merck and Zeochem AG
 Managed several scientific collaborations with visiting professors and
scientists
 Trained and supervised master thesis and research project students
 Served as IT responsible within the Morbidelli group

03/2014-03/2015

Merck, Fenil-sur-Corsier, Visiting PhD Student, Downstream Process
Development
 Designed and implemented experimental procedures for robotic highthroughput chromatography experiments
 Developed and applied a modular, model-based, high-throughput
design tool for the QbD optimization of ion-exchange chromatography
polishing steps
 Transferred scientific data and knowledge between collaborators,
managers and technical experts at internal meetings

05/2009-06/2009

McGill University, Montreal, Qc, Canada, Researcher, Prof. Juan Vera’s
Laboratory
 Measured the liquid junction potential between two liquids
 Built, maintained and operated the apparatus used for measuring the
liquid junction potential
 Created the relationships between the researchers and the chemical
store for a constant supply of the required chemicals
 Trained the follow up researchers

Education
03/2012-01/2016

Doctor of Science in Chemical and Bioengineering, ETH Zurich
Thesis: Model-Based Design and Description of Chromatographic Processes

09/2010-03/2012

Master of Science in Chemical and Bioengineering, ETH Zurich
Thesis: Experimental Study and Modeling of a Peptide Purification Process
Research Project: Isolation of mAb Fragments Using Preparative Ion-Exchange
Chromatography

142

Curriculum Vitae
09/2006-04/2010

Bachelor of Engineering in Chemical Engineering, McGill University
Design Project: Design of a Kraft Recovery System, Part I: Evaporation Plant

09/2004-05/2006

French Baccalaureate in Sciences (Physics and Chemistry specialty),
Collège Français Stanislas de Montréal

Languages
English, French

Native speaker

Arabic, Spanish

Conversational knowledge

German

Beginner (level A1.2)

Computer Skills
Programming

Matlab, Fortran, C

Engineering

Autodesk AutoCAD, Aspen HYSYS, WinGEMS

Office

Adobe Photoshop, Microsoft Office, Microsoft Visual Studio, OriginPro

Biotechnology Courses
2012

Protein Chromatography- Engineering Fundamentals and Measurements for
Process Development and Scale up, BOKU Vienna, Austria

2012

Quality by Design in API Purifications. Making the Right Things, SPICA 2012,
Brussels, Belgium

Miscellaneous
Sports

Hockey, hiking, snowshoeing, soccer

Hobbies

Reading (fiction, satire, fantasy), cooking, cinema (drama, science fiction,
experimental)

143

Conference Proceedings, Publications and Patents

Conference Proceedings, Publications and Patents
Conference Proceedings
R. Khalaf, M. Morbidelli, Poly-electrolyte brushes and adsorption isotherms, PREP 2015,
Philadelphia, PA, USA.
R. Khalaf, J. Heymann, M. Costioli, F. Monard, M. Morbidelli, Combined approach for quick
and easy design of a chromatographic polishing step, PREP 2015, Philadelphia, PA, USA
(poster).
R. Khalaf, M. Costioli, F. Monard, M. Morbidelli, Optimizing the separation of mAb charge
variants using deterministic models, SPICA 2014, Basel, Switzerland.
G. Buffolino, R. Khalaf, A. Butté, N. Forrer, M. Morbidelli, Peptide purification via ionexchange doped reversed phase chromatography: a combined experimental and modeling
approach, SPICA 2014, Basel, Switzerland.
G. Buffolino, R. Khalaf, M. Morbidelli, A. Butté, Peptide purification via ion-exchange doped
reversed phase chromatography: a combined experimental and modeling approach, PREP
2014, Boston, MA, USA.
R. Khalaf, M. Costioli, M. Morbidelli, Predicting protein adsorption equilibria on ionexchange resins, PREP 2013, Boston, MA, USA.
N. Forrer, R. Khalaf, M. Morbidelli, Novel ion-exchange doped reversed-phase material for
peptide purification, PREP 2013, Boston, MA, USA
N. Forrer, D. Gétaz, R. Khalaf, S. Bernardi, M. Morbidelli, New trend in material
development for peptide purification, SPICA 2012, Brussels, Belgium.
R. Khalaf, M. Morbidelli, Using Van’t Hoff equation with non-constant phase ration, SPICA
2012, Brussels, Belgium (poster).
R. Khalaf, D. Gétaz, S. Bernardi, N. Forrer, M. Morbidelli, New ion-exchange doped materials
for peptide purification, PREP 2012, Boston, MA, USA (poster).

144

Conference Proceedings, Publications and Patents
Publications
R. Khalaf, J. Heymann, X. LeSaout, F. Monard, M. Costioli, M. Morbidelli, High throughput,
model based, operating space determination for an ion exchange polishing step, Submitted.
B. Guélat, R. Khalaf, M. Lattuada, M. Costioli, M. Morbidelli, Protein adsorption on ion
exchange resins and monoclonal antibody charge variant modulation, Journal of
Chromatography A, in press. doi:10.1016/j.chroma.2016.04.018
R. Khalaf, B. C. de Neuville, M. Morbidelli, Protein adsorption in poly-electrolyte brush type
cation-exchangers, submitted.
R. Khalaf, D. Baur, D. Pfister, Optimization of reversed-phase chromatography methods for
peptide analytics, Journal of Chromatography A, 1425 (2015) 198-203.
doi:10.1016/j.chroma.2015.11.042
R. Khalaf, N. Forrer, G. Buffolino, A. Butté, M. Morbidelli, Model-based description of
peptide retention on doped reversed-phase media, Journal of Chromatography A, 1407
(2015) 169-175. doi:10.1016/j.chroma.2015.06.055
R. Khalaf, N. Forrer, G. Buffolino, D. Gétaz, S. Bernardi, A. Butté, M. Morbidelli, Doping
reversed-phase media for improved peptide purification, Journal of Chromatography A,
1397 (2015) 11-18. doi:10.1016/j.chroma.2015.04.014
I. Perçin, R. Khalaf, B. Brand, M. Morbidelli, O. Gezici, Strong cation-exchange
chromatography of proteins on a sulfoalkylated monolithic cryogel, Journal of
Chromatography A, 1386 (2015) 13-21. doi:10.1016/j.chroma.2015.01.075

Patents
N. Forrer, M. Erdmann, D. Gétaz, M. Morbidelli, S. Bernardi, R. Khalaf, Doped Materials For
Reversed Phase Chromatography, WO 2013143012 A1, 2013

145

146

147

