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Abstract

Protein adsorption at solid surfaces plays a key role in many natural
processes and has therefore promoted a widespread interest in many research
areas. Despite considerable progress in this field reviewed in the first chapter,
there are still widely differing and even contradictive opinions on how to
study and explain observed adsorption phenomena. Thermodynamic analysis
of protein adsorption is essential for understanding the binding mechanism
and the future design of new separation processes. However, thermodynamic
data for proteins adsorption are scarcely available. This study sheds light over
the adsorption behavior of molecules onto polymeric chromatography
particles.

In the second chapter, temperature effect on the adsorption enthalpy of
polyphenols is analyzed. In this chapter, a new method developed in this
thesis allows for the enthalpy determination using a linear gradient elution
mode, instead of the more commonly used, isocratic elution mode. Resulting
in a more robust method and requiring less estimations a priori, while still
providing an accurate way to compare enthalpy of adsorption for different
molecules. Enthalpy values determined by this novel method are consisting
with the values directly measured with isothermal titration calorimetry (ITC),
with some exceptions.

In the third chapter, a more complex adsorption mechanism is analyzed.
The adsorption of model proteins is analyzed onto ion exchange
chromatography (IEC) resins by using ITC to search the answer for the
question “why do proteins adsorb?”. As a study system, two similarly charged
basic proteins with similar molecular weight, cytochrome c¢ (CytC) and
lysozyme (Lys) adsorbing onto cation-exchange chromatography resins was

chosen. In a chromatographic column, the retention volume of Lys was larger
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than that of CytC. When the temperature increased, the retention volume of
CytC slightly increased, whereas that of Lys slightly decreased. This indicates
that a more complex mechanism of adsorption may be involved. Large
exothermal enthalpies of adsorption were observed when Lys adsorbed onto
the cation exchanger. The Lys adsorption was found to be enthalpically driven.
On the other hand, endothermic enthalpies were dominant for CytC
adsorption, which was entropically driven. This indicates that structural
rearrangements, dehydration and release of counter-ions play a major role in
CytC adsorption. This is a great example that even similar proteins can have
opposite driving forces when adsorption onto the same chromatographic
surface. While trying to answer a simple question, a new, more complicated
question now emerges “why do similar proteins have different driving forces
when adsorbing?”. Each circumstance is a quite unique and we are still very
far from a general overarching hypothesis when it comes to the molecular
forces that drive protein adsorption.

In the fourth chapter, thermodynamic techniques were used to study
more recently devolved chromatography resins: surfaces with grated-layer
ligands. These surfaces were developed to increase the maximum capacity and
mass transfer properties in chromatography, with the goal of improving the
efficiency and productivity of protein purification. However, a thorough
thermodynamic study has yet to be published comparing different types of
ligand architecture. In this study, not only the thermodynamic parameters
were obtained but these were related with chromatographic data. It was found
that the salt needed for protein adsorption on a linear gradient elution is
related with the change of enthalpy upon adsorption. Data indicates that
bovine serum albumin (BSA) adsorption enthalpy in grafted-layer surfaces
varies between exothermic energies (Ah*® < 0) and endothermic (Ah2ds > 0).

Solely changing the grafted-layer ligand design, the main interactions between
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the protein and the chromatographic surface can vastly differ from being
entropic or enthalpically driven.

However, despite the extensive effort of the scientific community, the
understanding of protein adsorption remains incomplete. Discrepancies,
contradictions and even conflicting views persist concerning such
fundamental issues as the nature of driving forces of protein adsorption.
Which main reasons have been thoroughly pointed out in this study. Because
of its vital significance, protein adsorption is studied here, both experimentally
and theoretically. The present study may be useful, but not limited to, the
development of new chromatographic surfaces and develop novel

downstream processing systems.
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Chapter 1: General Introduction

For the best and safest method of philosophizing seems to be, first to inquire diligently into the
properties of things, and establishing those properties by experiments and then to proceed more slowly
to hypotheses for the explanation of them. For hypotheses should be subservient only in explaining the
properties of things, but not assumed in determining them; unless so far as they may furnish
experiments.

Excerpt from Isaac Newton'’s letter to the Editor P.Pardies. May 21+, 1672. (Bernard Cohen 1958)

In 1672, Isaac Newton’s view of science was that we should start by
observing the properties of things, and then formulate hypotheses that can
explain every or most observed facts. Almost 300 years later, Karl Popper, a
notorious science philosopher, suggested that before explanations we should
have points of view and theoretical problems. According to Popper, the researcher
should have a hypothesis or a point of view before starting experimenting to
confirm or, even more honorable, refute the same hypothesis. Problem and
hypothesis are the two links between theory and experiment. Modern science
philosophers now attempt to find a middle term between Newton’s
explanatory hypothesis and Popper’s predicting hypothesis.

To obtain an explanatory hypothesis is usually a lot more difficult than it
is to obtain a predicting one, besides its rewards are not immediately obvious.
Predicting hypothesis are paramount for scientific breakthroughs, they are of
utmost importance for the success of the scientific projects and programmes.
Although this may be true, academia and the industry focus on the predicting
one and often neglects to search for explanatory hypotheses. By understanding a
process much knowledge can be gained however, which can be turned into
several predicting hypothesis, leading to future discoveries and inventions,
and eventually changing the scientific paradigm (Pogany 1985).

All things considered, from both Newton’s and Popper’s perspective, the
current thesis aims to understand the fundamentals of protein adsorption to

better understand the intrinsic factors that affect and drive this process.
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1.1 ADSORPTION

Almost two decades ago, protein adsorption on solid surfaces was considered
a common but very complicated phenomenon (Nakanishi, Sakiyama, and
Imamura 2001). In recent years, in the face of the recent advances in the field
of protein adsorption, this phenomenon can be considered even more
complicated.

Knowledge on the binding behavior of proteins provides valuable
insight into the molecular mechanisms of protein interactions in a biological
context. Protein adsorption at solid surfaces plays an important role in a
number of fields such as biology, medicine, biotechnology and food
engineering, and has therefore promoted a widespread interest in different
research areas. Due to the nature of each field, each focuses on studying
different aspects of protein adsorption. The most significant factors in protein
adsorption, summarized in Table 1.1, have different relative significance

depending on the field of study.

Table 1.1. Various fields or events in which adsorption of proteins onto solid surfaces plays an important role. The
open circle symbol (o) indicates the factors that are primarily important in the function or efficiency of the events.
Adapted and transformed from (Nakanishi et al. 2001).

Fields or processes Significant factors
Adsorbed Selectivity for Orientation and Affinity/Distribution Mass
amount adsorption conformation of the coefficient of adsorption transfer
adsorbed proteins

Enzyme
immobilization © © ©
Enzyme-linked °
immunoassay
Design of
biocompatible (¢} [}
materials
Liquid

¢} ¢} o o o
Chromatography
Filtration o
Food manufacturing ° °
processes
Biosensors o o
Cultivation of animal
cells and tissue o o
models
Drug delivery systems o o
Reaction using soluble °
enzymes
Blood-material

o o

interactions
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While in some processes one seeks to hinder protein adsorption (e.g.
the design of biocompatible implants) because protein adsorption can trigger
adhesion of particles, bacteria or cells possibly promoting inflammation
cascades or fouling (Elofsson, Paulsson, and Arnebrant 1997; Kalasin and
Santore 2009). In immobilized enzymatic reactors, a stable and irreversible
adsorption based on covalent bounds is desirable to improve the stability of
certain type of reactors.

Further, as an example, to purify a specific protein from a pool of
different proteins, preparative liquid chromatography is widely used. In the
most common types of liquid chromatography, proteins adsorb to the solid
phase but this time via a reversible reaction and then desorb with different
conditions. These conditions depend on the type of solid phase, target protein
and the purpose of separation. In the field of liquid chromatography,
separation selectivity, affinity and mass transfer that different proteins have
with the solid phase are the most important aspects for a successful separation.
These adsorption factors may not be as relevant in the design of biocompatible
implants.

An adsorbent surface can be defined as a thermodynamic phase
boundary, where the physical and chemical properties of the adjacent phases
change abruptly. Adsorption is the adhesion of a molecule, or adsorbate, from
a liquid phase onto an adsorbent surface. Adsorption results from forces
between individual atoms, ions, or molecular regions of an adsorbate and the
adsorbent surface. Despite the accuracy of this description, this point of view
is too simple when it comes to protein adsorption in liquid chromatography.
There is an equilibrium between an adsorbed molecule and free molecule on
the liquid phase. But in addition, other relevant equilibriums are present, as
shown in Figure 1.1. Important equilibria that are often overlooked when

discussing protein adsorption include:
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e Water molecules, salt ions interact with both the solid phase and the
protein surface. These play a major role in the adsorption process and
have a high impact on the adsorption process.

e Proteins, polyclonal anti-bodies, DNA and other biomolecules due to
its size and structure, have some degree of flexibility that change upon
adsorption.

e Depending on the concentration, proteins can interact with other
proteins, adsorbed or not.

e Free ions in the solution also interact with water. Different ions interact
with bulk water properties in different ways and consequently change

protein charge, conformation and activity (Yang 2009).

Soluble protein-
soluble protein
interaction

Solvent - adsorbed
protein interactior

sorbed protein
soluble protein

Interactions

Counter-ion re formational
release upon
adsorption

Figure 1.1. Adsorption equilibria. This is a simplified scheme of the equilibriums and interactions that are present
on protein adsorption onto an anionic surface. Despite most adsorption models taking into consideration some of
the overall equilibriums, overarching general mechanistic models are still lacking.

1.2 METHODS FOR PROTEIN ADSORPTION STUDIES

Due to the diversity of applications of protein adsorption, there are several
techniques that are used to investigate this phenomenon. While some

techniques focus on simply measuring the amount of protein that was
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adsorbed, others can give us more information at the atomic level. Table 1.2

summarizes most of the techniques that have been applied to study adsorption.

Table 1.2. Summary of main techniques that can be used to study adsorption. Adapted from (Nakanishi et al. 2001).

-Search results obtained on scopus.com by searching the technique name followed by the word “adsorption” from

1989 to 2019.

Technique Principle Information to be obtained popularity References
in the last 30
years
Depletion / Mass Measurement of the Amount of adsorbed 3635 (Liu et al. 2012; Oberholzer and Lenhoff 1999; Wang et
balance decrease in solute molecule al. 2019)
concentration over time after
incubation with a solid
surface.
Radiotracer Decrease in concentration of Amount  of  molecules 1685 (Ubiera and Carta 2006)
radioisotope-labeled adsorbed from single-and
molecules in solution. multi-component solutions.
Radioactivity on surface due Amount  of irreversibly
to radioisotope-labeled adsorbed molecules.
molecules adsorbed.
Quartz crystal Change in oscillating Courses of adsorption and 3709 (Kaufman et al. 2007)
microbalance (QCM) frequency of piezoelectric desorption. Amount of
devices upon mass loading irreversibly adsorbed
molecules.
Enzyme-linked Epitope  recognition by Amount  of irreversibly 1280 (Salim et al. 2007; Zhou et al. 2012)
immunosorbent primary antibodies adsorbed molecules
assay (ELISA)
Ellipsometry Change in the state of Amount of adsorbed 2508 (Seitz, Brings, and Geiger 2005)
polarized light upon protein and thickness of the
reflection protein layer.
Total internal Fluorescence due to surface- Amount of fluorophores 253 (Arima and lwata 2007)
reflection adsorbed molecules excited adsorbed on surface
fluorescence by evanescent field
Neutron reflection Reflectivity of neutrons at Amount of adsorbed 503 (Lu, Zhao, and Yaseen 2007; Zhao, Pan, and Lu 2009)
solid-water interface protein and thickness of the
protein layer. Multi or
mono-layer adsorption.
Fourier  transform Change in infrared Conformation of protein 28716 (Tsai et al. 2011; Wang et al. 2019)
infrared absorption  spectrum  of adsorbed on surface
spectroscopy (FTIR) protein on adsorption
Fluorescence Change in fluorescence Conformation of protein 4218 (Rocker et al. 2009; Tsai et al. 2011)
correlation spectrum of protein on molecules on surface
spectroscopy adsorption
Atomic force Images the topography of a High-resolution images of 9045 (Servoli et al. 2008; Willemsen et al. 2000)
microscopy (AFM) sample surface by scanning a adsorption surfaces.
cantilever over a region of Determination of
interest. interaction forces between
biological molecules and
surfaces.
Dynamic light Measurements of particle Change in hydrodynamic 23018 (Tsai et al. 2011)
scattering size  analysis in  the radius and diffusion
nanometer range. constant. Used to study
adsorption on
nanoparticles
Nuclear  magnetic Atomic interaction between Relative distance of atoms 7871 (Hao et al. 2016)
resonance (NMR) surface and molecule compared with the native
state
Isothermal titration Heat changes upon Adsorption thermodynamic 419 (Baker and Murphy 1996; Beyer and Jungbauer 2018;
calorimetry (ITC) adsorption. Batch process parameters Blaschke et al. 2011; Blaschke, Werner, and Hasse 2013;
W. Y. Chen et al. 2007; Chen et al. 2003; Cliff, Gutierrez,
and Ladbury 2004; Gill et al. 1995; Huang et al. 2000;
Kabiri and Unsworth 2014; Lin et al. 2001a, 2001b,
2000; Mirani and Rahimpour 2015; Ueberbacher et al.
2010; Werner, Blaschke, and Hasse 2012; Werner,
Hackemann, and Hasse 2014)
Flow Heat changes upon Adsorption thermodynamic 223 (Desch, Kim, and Thiel 2014; Dias-Cabral et al. 2005;
Microcalorimetry adsorption. Dynamic process parameters Dias-Cabral, Queiroz, and Pinto 2003; Esquibel-King et
(FMC) al. 1999a, 1999b; Katiyar et al. 2010; Phillips and Pinto
2004; Rosa et al. 2018; Silva et al. 2014; Thrash and
Pinto 2001)
Monte carlo Computerized mathematical Estimation of 6305 (Ustinov 2019; Vuong and Monson 1996; Zhang et al.
simulations technique that allows the thermodynamic 2014)
calculation of one optimal parameters, equilibrium
solution. simulation and diffusion
Molecular dynamics Computational simulation at Estimation of patterns, 12535 (Ganazzoli and Raffaini 2019; Zhang et al. 2014)
simulation atomic level. properties  of  protein

behavior, conformational
changes that a protein or
molecule may undergo
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Still many problems exist at present that need to be solved or clarified,
such as the difficulties in experimental examination and regulation of protein
orientation or conformational transitions at surfaces, the effect that ligand
architecture has on adsorption, and the micro-scale elucidation of surface
transport mechanisms. The study of protein dynamics in the lab is a very
complicated, expensive, and time-consuming process. Therefore, a lot of effort
and hope lies with the computers and the in silico study of protein structure
and molecular dynamics (Vlachakis et al. 2014). We should keep in mind the
molecular dynamics view and be careful about general conclusions. Protein
behavior is very unique, and adsorption is specific to the interacting domains
of the protein and to the surface.

Some of the technological problems are being studied by using
molecular simulations combined with theoretical and experimental
investigations (Yu, Zhang, and Sun 2015). Especially in the field of liquid
chromatography, a deep combination of theoretical approaches, experimental
data and computer simulation are paramount to elucidate the mechanism of

adsorption.

1.3 PROTEIN LIQUID CHROMATOGRAPHY

Production of therapeutic proteins and monoclonal antibodies have seen a
substantial increase in productivity over the last decades. However, this rapid
development of fermentation is not being followed by development of large
scale separation and purification processes, also referred as downstream
processes. Downstream processes are now the main bottleneck of the protein
production with costs reported to account for 50 to 90% of the overall
production costs for most recombinant therapeutic proteins (Kawai, Saito, and
Lee 2003; Miiller 2005). This process requires multiple steps of filtration and

chromatography and some proteins undergo as many as ten different
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procedures to achieve its final purified form. Preparative chromatography, i.e.
chromatography used in downstream processing, is widely used as a final
separation technique in the pharmaceutical industry (Marston, Hostettmann,
and Hostettmann 1986).

Especially in preparative chromatography, the physical properties of
the chromatographic surface dictate the efficiency of the overall process. These
surfaces are designed so that the backbone is compatible with biomolecules,
and separation can be performed in aqueous buffers.

Alternatively, another use of chromatography relies on analytical
applications. Analytical chromatography objective is the separation of
molecules with the final goal of analysis, quantification, identification (Cherry
1988) as well as studies of the protein's structure (Alberts et al. 2002), post-
translational modifications (Huang et al. 2014) and function (Alberts et al.
2002; Matsuda et al. 2012).

The industry usually use the type of ligand to define chromatography
modes. The ones that are compatible with preparative chromatography are the
following;:

e Affinity chromatography (AC) or Biospecific chromatography (BIC)

e Jon exchange chromatography (IEC); anion (AEC) or cation (CEC)

e Hydrophobic interaction chromatography (HIC)

e Size exclusion chromatography (SEC)

e Mixed-mode chromatography or multi-modal chromatography (MMC)

e Metal chelate chromatography (MIC)

Depending on the impurities, the selectivity of each mode varies and
usually more than one chromatography mode is used in sequence in a multi-
step downstream process. For example, HIC and IEC are often used
sequentially to process complex mixtures. Moreover, purification can be
achieved by binding the protein of interest and then elute it (classic elution

chromatography) or by binding the impurities and allowing the target
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molecule to flow-through the chromatographic particles (flow-through or
frontal chromatography).

Even with the recent developments in the field of adsorption,
chromatographic surfaces have been developed mainly by trial-and-error
methods. In order to perform a rational design of new chromatographic
surfaces for biomolecule separation, researchers from different fields have
been conducting research in order to understand different parts of the
adsorption process, shown in Table 1.3. The present work focusses on the
molecular level of the adsorption process. This is essential for the rational

ligand design of new chromatographic surfaces.

Table 1.3. Adsorption mechanisms subtopics applied to chromatography

Adsorption mechanism sub-topics applied to chromatography
Molecular interactions between protein and surface
Characterization of chromatographic surfaces

Protein binding orientation

Protein conformational alterations and protein aggregation
Mass transfer

1.4 GRAFTED CHROMATOGRAPHIC SURFACES

The rational design of chromatographic surfaces applied to macromolecules
date back to 1956, when Peterson and Sober developed a cellulose bead in
which proteins could enter and diffuse (Peterson and Sober 1956). Now,
commercially available protein chromatography surfaces are usually carefully
produced porous beads with diameters between 15-200 um and pore sizes
between 20-0.003 um that are then packed into a column. Chromatography
particles, without pores or monolithic columns are occasionally used in cases
in which is difficult for the target molecule to get in/out the pore, for example,
for large proteins or macroparticles like viruses, phages or even cells. These
bead pores can be functionalized by the surface manufacturer with the desired

ligand depending on the desired chromatography mode. If the ligand is
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negatively charged this will result in cation-exchange chromatographic beads
with charged ligands covalently bound to the pore walls. Alternatively, the
beads pores can be partially or completely filled either with a cross-linked gel
or with grafted polymers, which provide a net of tentacles or “hydrogel”

features for macromolecule capture (Figure 1.2).

Figure 1.2. Pores of grafted chromatography surface beads. (A) conventional type with charged ligands covalently
bound to the pore walls, (B) grafted polymers as spacers, (C) cross-linked gel polymer network.

Verlaan, Bootsma and Challa reported the first application of a grafted
polymer on spherical beads in 1982. Although the original goal of this
functionalization was mainly heterogenous catalysis for the oxidative
coupling of phenols, it ended up being used in separation science in an attempt
to increase the maximum binding capacity of chromatographic surfaces.
Maximum binding capacities and mass transfer properties have been the main
focus point of optimizations by the chromatography industry (Miiller 2003,
2005; Verlaan, Bootsma, and Challa 1982).

Whether the protein transference from the liquid phase to the grafted
layer can be considered adsorption is the cause of some disagreement in the
field. Instead of adsorption, some authors consider this as a partition effect
from one medium to another. As an example, ionic liquid separation of
proteins is never called adsorption from one liquid phase to another. However,
since the grafted layer has distinct thermodynamic properties than the
aqueous solution, this transference will be considered adsorption in this work.
Depending on the length and density of the grafts, this can be more or less

similar with conventional adsorption onto a surface.
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Grafting is usually applied to ion exchange chromatography because
equally charged polymer chains repel each other providing a three-
dimensional space for proteins to travel into the “forest” of the extended
polymer chains. Grafts were applied to HIC surfaces but there was no
significant changes in the maximum binding capacity of these resins, because
at high salt concentrations, the hydrophobic tentacles attract each other and
collapse, leaving no water molecules or ions between the arms, preventing the
formation of an hydrogel structure and the protein penetration (Kawai et al.

2003; Miiller 2003).

Subprocesses of protein adsorption
In the present, there is no technique that single handed can explore the

dynamics of protein adsorption, which restricts not only the adsorption
mechanism understanding, but the ligand design and process optimization
(Moo-Young 2011). Nevertheless, some light has been shed on this from a
theoretical point of view. According to Yamamoto et al. and Lin et al., the
binding process of different biomolecules onto respectively, ion exchange and
hydrophobic resins are similar and can be divided into at least five
subprocesses (Ee 1996a, 1996b; Huang et al. 2000; Lin et al. 2000, 2001b; Lin,
Chen, and Hearn 2002):

1. Dehydration or/and removal of the protein electrical double layer
(EDL);
Dehydration or/and removal of the solid phase EDL;

The interaction between the protein and the solid phase;

L

The structural rearrangement of the protein upon adsorption;
5. Rearrangement of the excluded water or/and ion molecules in bulk

solution.
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Although these subprocesses are shown in order, it is hard to believe that
proteins molecules wait for other proteins to be dehydrated before adsorption.
Latest thermodynamic results indicate that there is no clear boundary of one
process to another and these subprocesses can be simultaneous and overlap

with each other (Aguilar et al. 2014; Marques et al. 2014; Silva et al. 2014).

1.5 THERMODYNAMICS ON THE STUDY OF ADSORPTION

Thermodynamics has been used successfully applied to the study of
biomolecule interactions and hence, protein adsorption studies. Table 1.2
shows some of these studies in which calorimetry is used. The main advantage
of these methods is that there is no requirement for labels or molecular
markers. The heat released, or needed, upon adsorption can be obtained with
proteins and surfaces at real adsorption conditions. However, data
interpretation can be an arduous task due to all the interconnected
subprocesses and equilibria explained above.

Thermodynamic parameters of adsorption such as change in enthalpy
AH, free energy AG, entropy AS, and heat capacity Ac, can be determined
either with direct methods or indirect methods. Direct methods are
calorimetric methods that measure the enthalpy of adsorption directly in real
time such as ITC and FMC. When the thermodynamic parameters are derived
from experiments that do not measure heat, these are called indirect methods,
i.e. indirectly applying van’t Hoff analysis to chromatographic experiments.

For a reaction to occur spontaneously like adsorption, the Gibbs free
energy of the initial state (Gip;tiq;) is necessarily higher than that Gf;pg; of the
state towards which the reaction is heading. In an equation form:
AG = Grinar — Ginitiat < 0 1)

where AG is the amount of energy available for chemically driven work. The

change in Gibbs free energy differs from the enthalpy change (AH) in that it
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does not include contributions to energy arising from volume or pressure
changes, nor does it include the entropic contributions (TAS).

In liquid chromatography of biomolecules, temperature, pressure and
chemical potential of the solvent usually remain constant. Under these
conditions, Gibbs energy of the adsorbing protein (G;) is related to its molar
concentration (C;) and protein activity coefficient (y;) by the following
equation (adapted from (Winzor and Jackson 2006a)):

AG; = AG? + RT In(Cyyy) )
where Gis the standard free energy defined under the constrains of constant
temperature and solvent chemical potential (reference state); R is the gas
constant and T is the absolute temperature.

A simple protein adsorption reaction can be written as L & S where L
and S is the free protein in liquid phase and solid phase, respectively. The free
energy change, AG = G5 — G, can be written as:

1)

AG =AGO+RT1n<
Gy

(3)
In practice the ratio of activity coefficients may be taken as unity
(¥s/v: = 1) if we use sufficiently dilute solutions for the system to approach
thermodynamic ideality. Assuming, infinite dilution conditions, in
equilibrium, AG = 0 in equations 2 and 3, the standard free energy change
under conditions of thermodynamic ideality is related to the equilibrium

concentrations of participating species by the following expression

Cs®
AG® = —RT In | = (4)
G

where the superscripts e are used to identify concentrations at adsorption
chemical equilibrium. Since the distribution coefficient K is, by definition, the
ratio of equilibrium concentrations, equation 4 can be expressed as
AG® = —RT InK (5)
On the other hand, if described with the dissociation ratio K; = C,°/C.°®,

the relationship becomes
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AG® = RT InK, (6)

Although AG'is enough to define the energetics of protein adsorption,
there are considerable advantages in its breakdown into enthalpic (AH®) and
entropic contributions (AS°) that can be represented by the generally know
Gibbs-Helmholtz equation,

AG® = AH® — TAS® 7)

The behavior of proteins in adsorption is a net result of various types of
interactions already mentioned in previous section. If the entropy term
contributes to AG in such a way that it becomes negative, the process is called
entropy driven; if exothermic enthalpy values are dominant, leading to a
negative AGY, the process is termed enthalpy driven.

From enthalpic contributions, we can gain molecular insight on the
nature of the predominant noncovalent interactions responsible for adsorption.
For example, hydrogen bonding and ionic interactions are generally
enthalpically driven (negative AH®) whereas hydrophobic interaction derive
their strength from a positive AS° that outweighs the consequences of any
enthalpic contributions.

Currently there is no list or detailed separation between enthalpically
driven events from entropically driven ones due to their inseparable nature.
The enthalpy change depends on the entropy change and vice versa. A
common outcome of thermodynamics studies is the widely discussed
enthalpy-entropy compensation, the occurrence is a conclusion in several
studies, but it is already an obligatory consequence when using equation (7)

used to calculate the thermodynamic parameters.

1.5.1 Indirect methods
Combining and rearranging expressions (5) and (7) gives:
1AH AS°

- - 8
InK TR+R (8)
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also known as the van’t Hoff equation. Considering standard entropy and
enthalpy change to be temperature independent, then allows the
determination of AH® and AS? for a combination of experiments in which K
varies with temperature. From the slope (—AH®/R) and ordinate intercept

(AS°/R) of a linear dependence of In K upon 1/T (Figure 1.3).

In K

AHO< 0

1T

Figure 1.3. van’t Hoff plot. By plotting In K versus 1/T, standard enthalpy change can be directly determined from
the slope of the obtained curve (—AH®/R), and standard entropy change from ordinate intercept (AS°/R).

In order to apply the van’t Hoff equation to biological sciences, we must
have in mind all the assumptions that were needed to derive the equation.

Table 1.4 summarizes the assumptions that were done for the obtention
of the expressions leading to the van’t Hoff equation. Especially noteworthy,
entropy-enthalpy compensation cannot be concluded or confirmed when

using van’t Hoff analysis, since it is a central prior assumption.

Table 1.4. Assumptions for linear van’t Hoff expression in chromatography

Assumptions for linear vant Hoff expression in chromatography

The system is in equilibrium AG=0

AH® is temperature independent

AS° is temperature independent

Ac,’ is temperature independent

Enthalpy and entropy are interconnected (entropy-enthalpy compensation)
Infinite dilution system (ys/y; = 1)
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On the same chromatographic surface, there are different binding sites
with different local energy minimums, i.e. not all proteins adsorb in the same
exact conditions on the same surface. The thermodynamic quantities
associated the van’t Hoff are believed to represent average values due to the
heterogeneity of the chromatographic surface (Haidacher, Vailaya, and
Horvath 1996).

Temperature affects physical properties of the chromatographic media
and the protein (Huang et al. 2000; Silva et al. 2014; Tilton, Dewan, and Petsko
1992; Werner et al. 2014). Thus, is it correct to use the linear van’'t Hoff
expression assuming AH® and AS° are temperature-independent? When AH®
and AS° are temperature dependent, the integrated form of Kirchoff’s law is

used to evaluate the thermodynamic quantities resulting in a quadratic

equation:
b ¢
— 2. 9
InK =a+=+= ©)
where
2c
AH® = —R(b + ) (10)
o c
AS® = R(a — Tz (11)
2Rc
ACpo = F (12)

Here, the linear equation assumes constant ACpO, equation (9) allows for the
determination of AH? and AS® for cases that are temperature dependent.

The quadratic fit is more commonly used in hydrophobic exchange
chromatography because it is assumed that temperature affects this mode in
more significant ways and HIC often exhibits nonlinear van’t Hoff plots (Chen
et al. 2003; Rodler et al. 2019; Rowe et al. 2008; Ueberbacher et al. 2010). But it
has also been applied to ion exchange chromatography in non-linear van’t

Hoff plots (Marques et al. 2014). It is still lacking a study on the differences
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between the thermodynamic parameters determined from linear and

quadratic expressions in the case of protein adsorption.

1.5.2 Direct methods

Direct methods for thermodynamic parameters determination include
Isothermal titration calorimetry (ITC) and Flow microcalorimetry (FMC).
Although sharing a similar goal, ITC works with two cells and measures heat
compensation as it will be explained further in this section, FMC works in a
continuous mode and does not need a reference cell and measures heat
transfer directly. Since this study uses ITC as the only direct method, FMC
mode of operation will not be extensively addressed in this chapter.

But why are these techniques capable of measuring thermodynamic
parameters of chemical reactions? The enthalpy change of a system is defined
as the sum of the change in internal energy of that system (AU) and the change
in the total volume (AV):

AH = AU + AV (13)

Protein adsorption occurs in virtually incompressible aqueous media
(AV= 0), this renders AH essentially synonymous with the change in internal
energy (AH = AU). By definition:

AU = AQ — AW (14)
where AQ is the heat exchange of the adsorption reaction and AW is the
change in work which is approximately 0 in molecular reactions. Leading to

AH = AQ (15)

ITC, which directly measures AQ, can effectively measure the change of
enthalpy of protein adsorption.

ITC application to biological systems is mostly used in studies between
proteins and ligands (Baker and Murphy 1996; Cliff et al. 2004; Connelly et al.
1994; Duff, Grubbs, and Howell 2011; Feergeman et al. 1996; Moo-Young 2011;
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Winzor and Jackson 2006b), aggregation or folding (Kabiri and Unsworth
2014; Makhatadze and Privalov 1993), conformational alterations and
adsorption. It does not rely on the presence of chromophores or fluorophores,
nor does it require an enzymatic assay. Because the technique relies only on
the detection of a heat effect upon binding by measuring the heat
compensation needed to maintain two cells at the same temperature.

Figure 1.4 shows a simplified scheme of the ITC system. In the case of
protein adsorption studies, in the beginning of the calorimetric titration
experiment, the reference cell is usually filled with distilled degassed water
(Solution B in Figure 1.4). The main cell is filled with slurry resin suspension,
i.e.,, chromatography resin mixed with buffer (Solution A in Figure 1.4). The
syringe is then filled with the protein solution (Solution C in Figure 1.4). The
system is closed and the chromatographic surface is kept under suspension by

agitation.

Titration syringe
with rotating paddle
Solution C

Reference Sample
cell cell
Solution B Solution A

Figure 1.4. Isothermal titration calorimeter scheme. reference cell is usually filled with distilled degassed water
(Solution B). The main cell is filled with slurry resin suspension, i.e., chromatography resin mixed with buffer
(Solution A). The titration syringe is containing the protein solution (Solution C) which then is injected
periodically

Approximately forty years ago, Norde and Lyklema applied ITC to the
study of protein adsorption to solid surfaces and it has been used since then.

ITC measures the heat effect when an aliquot of ligand solution is added to a
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protein solution When the binding is of moderate affinity, ITC can be used to
determine an observed binding constant, K, and an observed enthalpy
change, AH°. When the binding is of high affinity (>10°), AHcan still be
determined with high precision, even though K cannot be determined (Baker
and Murphy 1996; Freire, Mayorga, and Straume 1990; Norde and Lyklema
1979; Wiseman et al. 1989).

A typical ITC thermogram, for moderate K obtained with ITC is shown
in Figure 1.5. In the beginning, protein/ligand is injected into the cell and it
will react with the other protein/ligand suspended on the sample cell. During
the interaction, heat is released, or absorbed by the protein-ligand system. As
more injections continue, the heat released/absorbed start to decrease due to
the lack of more available binding sites. Finally, we have small constant peaks
because interaction is no longer occurring due to the lack of reaction species.
Only the dilution heat of the protein/ligand being injected in the cell is
measured. If the peak area is represented versus time, a typical thermogram

results in a curve with a sigmoidal shape.
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Figure 1.5. Typical thermogram for a reaction with a moderate K value. The enthalpy of adsorption can be directly
determined from the area of the first peaks. The area of the smaller, later peaks occur due to dilution heat.

In the case of protein adsorption in ionic exchange surfaces, K is usually
very high. Figure 1.6 shows a thermogram obtained in a reaction with a high
K. This leads to high peaks that never reach a saturation of the total binding
sites. Making the obtention of a curve with sigmoidal shape more difficult.
However, it is also possible to obtain dilution heat and adsorption heat in
different experiments as also shown in Figure 1.6. After subtracting the
dilution heat, also called blank trials, from protein into surface injections, we
can determine the effective adsorption heat that is released or used upon
adsorption. Finally, assuming infinite dilution conditions, we can determine

the molar enthalpy change of adsorption for any given protein/surface system.
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Figure 1.6. Typical thermogram for a reaction with a high K value. Thermograms obtained titrating BSA monomer
at 20 mg/mL onto Toyopearl Q600AR and the respective blank trials. Buffer was 10 mM TRIS, 30 mM NaCl at
pH 7, 25°C.

1.5.3 Infinite dilution and reference state
As explained in beginning on this section, infinite dilution conditions are a
main assumption of most thermodynamic equations used for data
interpretation. The following well known fundamental thermodynamic
relation is used in the subsequent derivations already derived by previous
authors (Atkins and De Paula 2010; Blaschke et al. 2011):

6 (@) __n

aT “\ar T2 (16)

pn pn

where the subscripts p and n refer to constant pressure and constant
composition (closed system). The chemical potential in aqueous solutions (u)
can be described by

u=u’+RTIn(Cyy) (17)

For infinte dilution (y; = 1), this equation formally reduces to
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u® =pu’+RTInC? (18)
where

C” = lim (; (19)

Ci—0

Dividing equation 18 by T results in

[ed] 0
ue ©
T=?+RlnCi (20)

And differentiating with respect to the respect to T under consideration of

equation 16, it follows

o 0
_B”__H (1)
T? T?
And thus,
H*® = H° (22)

Hence, if the enthalpy obtained calorimetrically was obtained in infinite

or close to infinite dilution equals the enthalpy in the reference state we have:
AH® = AH® (23)

In practice, this means that in order to use and compare thermodynamic

parameters with enthalpy obtained using van’t Hoff analysis we should

determine the adsorption enthalpy at low concentrations (Cs — 0, C; — 0) or

take data points at several concentrations and extrapolate the observed AH to

infinite dilution (Werner et al. 2012, 2014).

1.5.4 Discrepancies between direct and indirect calorimetric methods
Theoretically, thermodynamic parameters, being state properties, should not
depend on the method of determination. Nevertheless, discrepancies between
direct and indirect calorimetric methods are extensively reported in the
literature. Table 1.5 summarizes most of these studies. However, the reason of
the discrepancy is still subject of some controversy. The main hypotheses on
the reason why direct methods vary from indirect are as follows.

Direct methods include more contributions. Some authors state that direct

methods includes other contributions of buffer protonation and desolation
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that are not considered in van’t Hoff analysis (Castellano and Eggers 2013;
Chen et al. 2003; Feergeman et al. 1996; Liu and Sturtevant 1995). Nevertheless,
Liu et al. (Liu and Sturtevant 1995, 1997) associated the calorimetric methods
with the true enthalpy value and associated the van’t Hoff analysis results
with the apparent enthalpy value because the Gibbs free energy and K, lacks
contributions to the system thermodynamics. They also mentioned the
possible role of desolation, which is not included in van’t Hoff analyses, while
noting the inherent difficulty in measuring changes in hydration. On the other
hand, Feergeman, et al. also noted a discrepancy between Ah2dT™Cand AhadsvH,
and chose to refer to Ah*¥svH as the intrinsic value instead. Also stating that
Ah?ITC a5 being the sum of AhdsvH and all possible concomitant reactions
which may accompany the binding reaction but do not directly influence the
intrinsic binding constant K (Feergeman et al. 1996).

Different experimental conditions. Horn et al. concluded that
discrepancies between Ah#s!T¢ and Ah*dsvH arise from different experimental
conditions, and that for closed systems, in theory, Ah21TC and AhadsvH should
be the same, regardless of the type or degree of linked equilibrium (e.g.,
conformational changes, ion binding, dehydration) (Horn, Brandts, and
Murphy 2002)

Protein conformational changes. Protein conformational changes upon
adsorption which are not accounted for by van’t Hoff analysis in liquid
chromatography but are accounted in ITC experiments (Chen et al. 2003;
Rodler et al. 2019; Ueberbacher et al. 2010).

The thermodynamic equilibrium is not reached. In order to determine
enthalpy changes with indirect methods we have to assume that the system is
in equilibrium, this assumption is not needed when using calorimetric
methods. There is no guarantee that the thermodynamic equilibrium is

reached, hence the deviation between these two methods (Werner et al. 2014);
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Linear van’t Hoff equation does not account for heat capacity. The linear form
of van’t Hoff equation (equation 8) does not account for changes in enthalpy
with different temperatures (Chaires 1997; Liu and Sturtevant 1995).

Indirect methods do not correctly determine changes in entropy. van’t Hoff
equation overlooks the contribution for total entropy of the system (Weber

1996).
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Table 1.5. Summary of discrepancies found in literature between indirect and direct methods for enthalpy
determination. Note that not all of them apply to adsorption studies.

Reference Analysis method Model system  Simple description of results and hypothesis
(Werner et Van't Hoff Lysozyme, Pegylated lysozyme adsorption onto HIC media is endothermic. Van't Hoff analysis was
al. 2014) (chromatography), ~ HIC conducted using K determined with two different techniques, chromatography and
Van't Hoff equilibrium isothermal adsorption curves. Resulting AH agreed well, but there were
(adsorption discrepancies when comparing with direct methods (ITC). AH%™*¢* was higher than
equilibrium AHdirect The discrepancies were higher for longer and more PEG chains on the protein.
isotherms), ITC Despite the absolute values were different, trends with increasing PEG size were similar.
Discrepancies were because thermodynamic equilibrium is not reached.
(Ueberbacher ~ Van't Hoff BSA, p- BSA and p-Lactoglobulin adsorption onto HIC media is endothermic. The discrepancies
et al. 2010) (adsorption Lactoglobulin,  between AH™*°* and AH™®"e¢t were higher at higher temperatures, where the thermal
equilibrium HIC destabilization of proteins is higher. Both absolute AH%™*°* and AH™#™***values and trends
isotherms), ITC with increasing temperature were discrepant.
Discrepancies were explained by the protein conformational changes. For this reason, ITC
is the superior method to van’t Hoff analysis when analyzing enthalpy envolving protein
conformational changes.
(Chen et al. ITC vs Van't Hoff Lysozyme, Higher the temperature, more endothermic adsorption enthalpy between protein and HIC
2003) (isotherms) myoglobin media. AH4"*%* was 10-15 kJ/mol larger than AH™direet,
and a-
amylase The discrepancy was explained by possible conformational changes, heat capacity changes
adsorption on with temperature, and that direct methods include more contributions.
HIC
(Freiburger, 1TC Acetyl- In ITC, equilibrium is not fully reached, hence, results of van’t Hoff analysis, based on
Auclair, and coenzyme A equilibrium isotherms, cannot the same.
Mittermaier
2012)
(McCann, Van't Hoff and Carbate AH®7eet was compared with AH™ ¢t from previous literature, the results were in good
Maeder, and ITC formation agreement despite some minor discrepancies.
Hasse 2011) reaction
(Naghibi, Van't Hoff and Interaction AH®7eet and AH™Areet was slightly different, especially at lower temperatures. The
Tamura, and 1TC between discrepancy was explained as the measured enthalpy values include additional
Sturtevant between 2'- contributions from buffer interactions (temperature-dependent ionization of buffer ions
1995) CMP and etc.).
ribonuclease
(Liuand Van’t Hoff and 18-crown-6 Nonlinear least-squares fitting of the binding constants to the integrated van’t Hoff
Sturtevant 1TC ether reaction equation, including a temperature-independent change in heat capacity, leads to van’t Hoff
1995) with BaClz enthalpies that differ significantly from the observed calorimetric enthalpies. This
discrepancy appears at present to be very widely occurring.
(Liu and Van't Hoff and Reactions of AH™ATeet was higher than AH™*" at all tested temperatures. The discrepancies led the
Sturtevant ITC heptylamine authors to conclude that chemical reactions are quite generally more complex than
1997) with indicated by the simple chemical equation (that does not account for entropy or water
heptanoic acid ~ molecules). The authors decided not to choose between AH"*? and AH*"** methods.
and a-
cyclodextrin
with sodium
heptanoate
(Haidacher Van't Hoff Aminoacids Vant Hoff analysis was successfully applied to chromatography of aminoacids. Linear
et al. 1996) adsorption on equation X and quadratic equation X were compared and the differences between the
HIC resulting enthalpy change were small.
(Chaires Monte carlo na. Even small heat capacity (Ac,) values make a hidden contribution to the van’t Hoff plots. It
1997) simulation is difficult to analyze with the human eye if van't Hoff plots have curvature or not for small

values of heat capacity. The apparent differences between AH"*°* and AH™?**are most
likely a result of the difficulty in the determination of statistically reliable AH and Ac,values
from van’t Hoff plots that cover a narrow temperature range, and are unlikely to indicate
physically significant differences in the two quantities.

ITC measures the heat effect when an aliquot of ligand solution is

added to a protein solution. When the binding is of moderate affinity, ITC can

be used to determine K, and an observed enthalpy change, AH. When the

binding is of high affinity (K>10%), AH can still be determined with high

precision, even though K cannot be determined (Baker and Murphy 1996).
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Chapter 2. Thermodynamic study of small molecular weight compounds
adsorption on chromatographic surfaces: Comparison of adsorption
enthalpy obtained by isothermal titration calorimetry and by van't Hoff
plots using isocratic and linear gradient elution

eVan’t Hoff’s linear equation application to isocratic and gradient elution chromatography

eTemperature influence on the adsorption of catechin and EGCG on hydrophobic exchange
chromatography

Chapter 3. Adsorption thermodynamics of proteins with similar charge
and size onto conventional cation exchange chromatography resins

eTemperature effect on the adsorption of Lysozyme and Cytochrome c on ion exchange
chromatography

*Determination of the adsorption driving force of similar proteins adsorbing onto negatively
charged surface

eDiscussion on the original reasons that may rule if adsorption is entropically or enthalpically
driven

Chapter 4. Grafted ligand architecture effect on protein adsorption
enthalpy

*Spatial disposition of ligands effect on BSA monomer adsorption enthalpy
*Mass transfer of BSA monomer on chromatography resins with grafted layer
*Comparison of ligand attachment technologies effect on BSA monomer adsorption at different pH

*Relation between driving force of adsorption of proteins and difference on the ligand structural
design

*Novel relation between salt at elution concentration and energy released upon adsorption

Figure 1.7. Flow chart of the present study

Chapter 1: General Introduction 25



Chapter 2

ad ) e

Chapter3 Chapt

erd

|

Figure 1.8. Summary schematics of the present study
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Chapter 2: Thermodynamic study of small
molecular weight compounds
adsorption on chromatographic
surfaces

2.1 INTRODUCTION

Chromatography separation processes are important for both
biopharmaceutical and food industry. Although temperature is one of the
important parameters affecting the chromatographic separation (Aguilar and
Hearn 1996; Haidacher et al. 1996; Ladisch 2001), it is not examined in detail
in most cases. This is because most biopharmaceutical products such as
protein drugs are not stable at higher temperatures. Similarly, food industries
are concerned with the quality loss at high temperature processes.
Consequently, most cases chromatography processes are carried out at or near
room temperature.

Understanding the temperature dependence of chromatography
processes is important not only for process understanding/optimization but
also for thermodynamic analysis of interaction between solute and ligand of
the stationary phase, which is the basic principle of chromatography.
Thermodynamic analysis is essential for understanding and enlighten
complex adsorption mechanisms in liquid chromatography based on
adsorption enthalpy (Blaschke et al. 2013; Lin et al. 2001a).

There are direct and indirect ways to determine the enthalpy of
adsorption, Ah*¥. The most commonly used indirect method is to use van’t
Hoff (vH) plots (Lin et al. 2002; Ueberbacher et al. 2010; Werner et al. 2014)
with the retention data as a function of temperature. This can be done as
follows, the distribution (partition) coefficient K values are determined from

the retention volume in isocratic elution at different temperatures. Then, In K
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is plotted against at 1/T where T is the absolute temperature. Thermodynamic
quantities such as the enthalpy and the entropy can be determined from the
slope and the intercept of In K vs. 1/T curves, respectively. As a direct method,
Isothermal titration calorimetry (ITC) is known to provide accurate
information on binding energies between a molecule and the ligand (Blaschke
et al. 2013). Although ITC is usually used to study homogeneous systems,
several researchers applied ITC to measure the adsorption enthalpies between
a molecule and chromatography packing materials (Blaschke et al. 2013; Chen
et al. 2003; Lin et al. 2001a; Ueberbacher et al. 2010; Werner et al. 2014). ITC
measurements are carried out at a specific temperature in order to determine
the enthalpy AhadsITc,

Discrepancies between Ah2ds!T€ and Ah*svH have however been widely
reported in the literature (Castellano and Eggers 2013; Chaires 1997; Chen et
al. 2003; Freiburger et al. 2012; Haidacher et al. 1996; Liu and Sturtevant 1995;
Mizoue and Tellinghuisen 2004; Naghibi et al. 1995; Ueberbacher et al. 2010;
Weber 1995; Werner et al. 2014; Winzor and Jackson 2006b) with respect to the
interactions involving macromolecules such as proteins and also small
molecule compounds (Castellano and Eggers 2013; Naghibi et al. 1995; Winzor
and Jackson 2006b). Therefore, a chromatographic approach which allow
reasonably estimation of the thermodynamic parameters for the adsorption
processes needs to be developed. We have shown that the K values can be
determined by linear gradient elution (LGE) chromatography experiments
(Hosono et al. 2012). This method of analysis using so-called GH-Ir curves (GH:
normalized gradient slope, Ir: retention modulator concentration), is useful
because one can precisely predict the K values at various modulator (salt for
ion-exchange chromatography, ethanol in this study) concentrations without
performing multiple chromatographic runs. Until now, LGE experiments at

different temperatures for Van't-Hoff plots have not been carried out.
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In this study, we compare the adsorption enthalpy values obtained by
ITC experiments with those determined by LGE as well as isocratic elution
experiments. The model separation system in this study was polyphenols
separation by polymer-based resin chromatography with an ethanol-water
mobile phase. Catechin and epigallocatechin gallate (EGCG) were used as
model polyphenol samples. The stationary phase was composed of porous

beads composed of polystyrene-divinylbenzene resins.

2.2 MATERIAL AND METHODS
2.2.1 Chemicals
The polyphenol samples were catechin hydrate (Catalog no. C1251, CisH14Os,
MW = 290 g/mol) from Sigma (St. Louis, MO, USA) and epigallocatechin
gallate (Catalog no. 059-05411, C2HisO11, MW = 458 g/mol) abbreviated as
EGCG from Wako (Osaka, Japan). As the solid phase, polystyrene-
divinylbenzene (PS-DVB) resin particles (Diaion HP20SS, Mitsubishi
Chemicals, Tokyo, Japan) were used. HPLC grade ethanol (Wako, Osaka,
Japan) and Mili-Q pure water were employed as the mobile phase solutions.
There are indications in the literature that catechin structure becomes
unstable at temperatures higher than 352 K (Komatsu et al. 1993). Since this
temperature was not reached, it is assumed that the polyphenols structure was

stable throughout the experimental procedure.

2.2.2 Chromatography experiments

The chromatographic experimental setups and protocols were essentially the
same as in our previous studies (Yamamoto and Kita 2006). Standard HPLC
setups (JASCO PU980 pumps and a 6-way injection valve) were employed
with the UV detection at 280 nm (JASCO UV970, Tokyo, Japan). HP20SS resins

were packed into a column having an adjustable flow-adaptor (Millipore,
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Vantage, diameter d=1.1 cm). Since the packed bed height changes with the
mobile phase compositions (ethanol-water mixture), the top flow adaptor was
adjusted in order to minimize the dead volume between the top of the packed
bed and the flow adaptor. The packed bed height was between 4 and 5 cm for
isocratic elution and 4.1 cm for linear gradient elution mode.

The column void volume Vo was determined from the peak retention
volume of a completely excluded solute. Dextran of 2,000,000 molecular
weight (Sigma-Aldrich) was used. The column bed void fraction (e = Vo/V: was
ca. 0.39). The sample (catechin and EGCG) was dissolved in the mobile phase
(ethanol-water mixture). The flow-rate was 1mL/min throughout all
experiments and it was assumed that the columns were operated under the

linear zone of the adsorption isotherm.

2.2.3 Isocratic elution

The sample was dissolved in the 20% ethanol mobile phase with a
concentration of 1.0 mg/mL and 0.1 mL were injected. Each chromatographic
run was repeated twice. Experiments were performed with a column oven
(JASCO CO1560, Tokyo, Japan) maintained at a specified temperature (283,
293, 298, 303, 308 and 318 K).

2.2.4 Linear gradient elution (LGE)

The column was equilibrated with mobile phase A (10% ethanol). The sample
was dissolved in the mobile phase A. The concentration was 0.25 mg/mL
(Catechin) and 0.125 mg/mL (EGCG). LGE experiments were performed by
changing the ethanol concentration linearly [from mobile phase A to B (40%
ethanol solution)]. Experiments were carried out using at least four different
gradient slopes. Each chromatographic run was repeated twice at 288, 298, 308
K.
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2.2.5 Isothermal Titration Calorimetry (ITC)

ITC experiments were carried out by using ITC SV (TA Instruments, New
Castle, DE, USA). The specification of this equipment was as follows. At the
beginning of the ITC experiment, the reference cell was filled with previously
degassed pure water. The sample cell with a total volume of 1.3 mL was filled
with the slurry-resin suspension (1.225 mL of 20% ethanol and 0.075 mL of
solid phase). The ITC syringe was filled with catechin or EGCG solution in a
concentration of 1 mg/mL in 20% ethanol. After resin sedimentation by gravity
in the sample cell, the excess liquid was removed, and the cell was closed and
agitated at 300 RPM at 288, 293 and 298K. After a 5400 second timeout, for the
thermal equilibrium, ten injections of 10 puL were titrated with a 100 uL
Hamilton syringe. Injections of 1 mg/mL were carried out with a 600 seconds’
interval from each other, after which the baseline was reached again. The
temperature fluctuations indicated by the instrument were below 0.0002 K.
Both resin slurries and sample solutions were previously degassed in a

degassing station at 420 mm Hg for 10 minutes (TA Instruments).

2.3 THEORY

One of the most important parameters in liquid chromatography is the

distribution coefficient, K of a solute defined as
k=2 (24)
where Cis is the solute concentration in the stationary phase and C is that in the
mobile phase.
When the stationary phase is divided into the pore and the surface of
the pore, Cs is given by
Cs =g,Ch+ (1—¢,)(, (25)
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where ¢pis the particle porosity, Cp is the solute concentration in the pore and
Cq is the solute concentration on the solid surface of the pore. The distribution

coefficient between C, and Cq is defined as Kpq. Similarly, Ky=Cp/C is defined.

Then,
G G+ (L)Co =Gy + (1)Ko ~lep + (1)Kl G
[epKp + (1-6p)KpeKp]C = KC
when there is no adsorption (interaction), Kpq=0,
K=¢Kp=Kc (27)

Here, Kc is due to size exclusion by the pore diameter. Kads = (1-£p)KpqKp is due
to adsorption. Then, K is given by

K= KC+ Kads (28)

2.3.1 Isocratic elution
From the retention volume VR (mL) measured by isocratic elution

experiments, K is determined by

V=V
R 7AA

K (29)

where Vi is the total packed bed column volume (mL) and Vo is the column
void volume (mL). Kc was determined as the K value at non-binding
conditions (>40% ethanol as a mobile phase). Kc values obtained

experimentally were 0.7 for both columns used in isocratic elution mode.

2.3.2 Linear gradient elution

Our LGE model was originally developed for ion-exchange chromatography
of proteins where the modulator, which controls the distribution between a
sample and the stationary phase is a salt such as NaCl. The peak retention
modulator concentration (Ir) increases with increasing normalized gradient

slope (GH) which can be defined as (Hosono et al. 2012):
Ve = Vo

GH = (Vo) (<) = g(Ve = Vo) (30)
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Here, g is the gradient slope in %, v/v)/mL defined by g=(Ir-10)/ V. It is the final
ethanol concentration (%), Io is the initial ethanol concentration (%) and V; is
the gradient volume (mL). In this separation system, the modulator is ethanol.
The experimental GH-Irk data can be commonly expressed by the following

equation (Yamamoto, Hakoda, et al. 2007; Yamamoto and Kita 2006):
IRB+1

TAB+ 1 61

GH

The distribution coefficient of a molecule as a function of I can be then
calculated by the following equation (Yamamoto 2005) with the A and B values
determined from LGE experiments.

Kige =A.T"B + K, (32)
Although K calculated by equation 32 is the same as the value measured by IE
experiments, in this study the subscript LGE is added in order to indicate the

value determined by LGE experiments.

2.3.3 Van’t Hoff analysis
The distribution coefficient K is related with the change in Gibbs free energy
(Ag**) by the following thermodynamic relation.

Ag*S = —RTInK (33)
where R is the universal gas constant (8.314 J. K.mol™) and T is the absolute
temperature in Kelvin. With the Gibbs-Helmholtz equation,

Ag®s = Ah%ds — TAsads (34)
the following van’t Hoff equation is derived.

_Ahads As ads
- 35
InK RT + R (35)

Based on this equation, Ah*¥and As** can be determined. The most common
method is to prepare a plot In K against 1/T, from which Aha¥ is obtained from
the slope (-Ah2ds/R).
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2.3.4 Isothermal titration calorimetry

During an ITC experiment, the incremental heat changes, from each injection
are accurately measured and recorded. The heat data (heat change versus
time) is usually a tailed Gaussian curve and called “thermogram”. Although a
large number of thermograms can be used for the analysis, typical obtained

thermograms are as shown in Figure 2.1.

11000 12000 13000 14000 15000

Figure 2.1. Typical thermograms. EGCG in 20% (ethanol-water) injection into PS-DVB resin particles (full line);
20% ethanol injection into PS-DVB (dashed line); and EGCG into 20% ethanol (dotted line). The experiment
consists of a total of 10 injections of 10 uL each, the sample cell was stirred at 250 rpm at 288 K.

The first peak of each run was not used in any calculation due to the
well-known phenomenon, named “first-peak anomaly” in previous studies
(Werner et al. 2012). Thus, the total area under the following nine peaks was
averaged and the enthalpic contribution was determined.

During the ITC experiments, a small peak is observed upon injecting
the same solution onto itself. This is considered to be due to friction, dilution,

dissipation and other effects such as a small mismatch of temperature of the
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cell and that of the injected solution. Considerable attention must be given to
the design of adequate control experiments to disregard these contributions
(Winzor and Jackson 2006b). The enthalpy measured by ITC is divided into
several origins:
AH®® = AHS + AHY + AHSOW (36)

Here AH"* is the effective total heat contribution from the adsorption of the
solute into resin. AH“is the contribution of the titrant dilution heat that can be
measured by injecting the sample solution into the liquid without resins.
Another blank value AH*" is obtained by injecting the liquid into the resin
slurry.

Furthermore, the average heat correspondent to these blank trials that
consisted in a complete set of 9 injections were subtracted from the one
obtained titrating the molecule into the resins, and effective heat was obtained.

Ah?# was then calculated by the following equation,

ads
apats = 21 (37)
Am

where Am is the amount of molecule adsorbed upon injection, which was

calculated using the K value from isocratic experiments.

2.4 RESULTS

2.4.1 Elution curves

Typical linear gradient elution curves of catechin and EGCG are shown in
Figure 2.2 at 288, 298 and 308 K. Catechin eluted prior to EGCG at all
temperatures, indicating a lower retention and affinity with the PS-DVB resin
stationary phase. When the temperature increased, the retention of both
molecules decreased, and the peaks became sharper due to faster pore

diffusion.
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Figure 2.2. Linear gradient elution curves as a function of temperature. Mobile phase A: 10% ethanol; mobile phase
B: 40% ethanol; Vy= 100mL. Column size: Z =4.1 cm, dc=1.1 cm, € = 0.390

From LGE experimental data for different gradient slopes at specified
temperatures, GH-Ir plots were prepared (Figure 2.3). A and B values
determined from GH-Ir curves are summarized in Table 2.1. EGCG showed
slightly higher binding site (B) values when compared with the values for
catechin. This can be explained by their molecular structures. EGCG molecule
is slightly bigger and possesses an extra benzyl group capable of more binding
sites with the resin. This will be discussed later with the thermodynamic data.
Dong et al. showed that EGCG could bind more strongly to
polyvinylpolypyrrolidone (PVPP) than catechin possibly due to the presence
of more hydroxyl groups (8 versus 5) (Dong et al. 2011). The temperature effect
is much more prominent on A. The A value decreased sharply with increasing
temperature whereas the B value did not change considerably. The B value

was almost constant for catechin.
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Figure 2.3. GH-IR curves for (A) catechin and (B) EGCG. Note that both axes have a logarithmic scale. The
experimental data were fitted to eq. 31 by the least square fitting method, and A and B terms were calculated.
Mobile phase A: 10% ethanol; mobile phase B: 40% ethanol; Column size: Z=4.1 cm, de=1.1 cm, £ = 0.390

Figure 2.4 represents the isocratic elution curves obtained for both

molecules. The peak width became narrower and the retention volume

decreased with increasing temperature.
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Figure 2.4. Isocratic elution curve profile on HP20SS. Injected sample was (A) catechin, Z=4.9 cm, € = 0.378 and
(B) EGCG, Z =4.6 cm, & = 0.384. Injected sample volume was 100 uL with a concentration of 1 mg/mL. Mobile
phase was 20% ethanol with a flow rate of 1 mL/min.

2.4.2 Thermodynamics of adsorption

vH plots were prepared with K from two different elution modes (IE and LGE).
Kice can be obtained as a function of Ix easily by eq. 32 with the A, B and
Isocratic elution curve profile on HP20SS. Injected sample was (A) catechin, Z
=4.9 cm, £¢=0.378 and (B) EGCG, Z =4.6 cm, ¢ = 0.384. Injected sample volume

was 100 uL with a concentration of 1 mg/mL. Mobile phase was 20% ethanol
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with a flow rate of 1 mL/min. Kice values calculated for I = 20% are shown in

Table 2.1.

Table 2.1. A and B values obtained from LGE experiments. 'Calculated at 20% ethanol using eq. 32

Catechin EGCG
T (K) A x104 B Kice! A x106 B Kice!
288 4.66 2.93 6.49 26.0 4.62 24.5
298 2.10 2.82 3.75 1.43 3.91 11.1
308 1.81 2.99 2.74 0.29 3.53 6.75

The obtained van’t Hoff plots were linear as shown in Fig 5. The K
values of EGCG determined by IE and LGE were similar. Therefore, the
enthalpy values were comparable. For catechin, we noticed a difference
between Kice and Kie at the highest temperature (308 K). This discrepancy is
likely due to the fact that at this temperature, the retention of catechin is so
low that Ir is close to the initial ethanol concentration Io=10%. At 308 K, Ir was

between 12.9 and 20.8% as shown in Figure 2.5.

)

>chin (K, .,.)

1M x10% (K™

Figure 2.5. van’t Hoff plots with KIE and KLGE calculated from isocratic elution curves at 20% ethanol
concentration for (®) Catechin and (0) EGCG. Squares represent van’t Hoff plots with KLGE calculated from
GH-IR curves, () Catechin and (o) EGCG. The solid and dashed lines represent the linear regressions for
obtaining KIE, and KLGE respectively.
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In order to derive equation 31 it is assumed that Iz is significantly higher
than Io (Yamamoto 2005). This assumption allows for the linearization of GH-
Ir plots but in this case, due to the lower distribution coefficient at higher
temperatures, this assumption may no longer be valid. This possibly
influenced the resulting Kicr and consequently the catechin adsorption
enthalpy. At lower temperatures, no significant differences were observed as
catechin Iz values are considerably higher than lo.

Figure 2.6 and Table 2.2 show Ah#!TC for both molecules at different
temperatures. Temperature did not have a very significant effect in the
adsorption enthalpy, already suggested by the linearity of the classic van’t
Hoff plot. When comparing both molecules, Ak value was slightly more
exothermic for the stronger retained solute (EGCG) indicating a stronger
interaction. Although the absolute values are slightly different, this trend was

observed also for Ah2dsVH in both isocratic and gradient elution modes.
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Figure 2.6. Comparison of adsorption enthalpy values determined by isothermal titration calorimetry of EGCG and
catechin in 20% ethanol-water onto Polstyrene-divinylbenzene (PS-DVB) resin particles at 288, 293 and 298 K.
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Thermodynamic parameters obtained by van’t Hoff analysis are shown
in Table 2.3. It is clearly shown that the process is exothermic (Ah# < 0) with
negative change in adsorption entropy (As®*< 0). It can be suggested that
enthalpy change alone can drive the adsorption. Other researchers also
reported an exothermic adsorption enthalpy when studying phenol
adsorption onto a polymer adsorbent (Dong et al. 2011; Maity, Payne, and
Chipchosky 1991).

Exothermic enthalpy of adsorption together with negative entropy
change indicates that the adsorption occurs due to the hydrogen bounding
between the polyphenols and the polymeric resin. We can also notice that
EGCG adsorption is slightly more exothermic than catechin, indicating that it
is capable of more hydrogen bounding with the surface. Molecular dynamic
simulations found on the literature indicates that EGCG shows a higher
number of formed hydrogen bonds (Sirk et al. 2008, 2009).

Higher temperatures accelerate the movement of the polyphenols into
the pores by increasing its diffusion rate in solution, as indicated by sharper
peaks in Figure 2.3. However, higher temperatures also decrease adsorption
spontaneity (Ag® is less negative), and consequently K decreases. This might
be due to an increased rate of desorption at higher temperatures. Ag values
on Table 2.3 clearly show that adsorption is favored at lower temperatures.

ads yalues. At lower

Isocratic elution profiles clearly substantiate these Ag
temperatures, the retention was higher due to adsorption being more

exergonic.

Table 2.2. Enthalpy of adsorption obtained with isothermal titration calorimetry at different temperatures.

Ah#ds (kJ/mol)
T (K)
Catechin EGCG
288 -289+0.8 -35.4+3.6
293 -288+2.1 -37.8+0.3
298 -32.6+2.8 -399+25
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Table 2.3. Thermodynamic parameters for adsorption of Catechin and EGCG onto PS-DVB determined using the
van’t Hoff equation

EGCG C
Isocratic Gradient Isocratic Gradient
Ah%%s (kJ.mol") -45.24 -48.43 -30.82 -41.59
As?s (kJ.mol1.K) -0.13 -0.14 -0.09 -0.13
289 K -7.28 -7.56 -4.27 -4.49
A g (iJ.mol) 298 K -6.03 -6.22 -3.40 -3.27
308 K -4.69 -4.77 -2.46 -1.96
318 K -3.39 -3.37 -1.55 -0.69

Table 2.4. Average enthalpy values obtained by chromatography data (van’t Hoff analysis and by ITC) from
catechin and EGCG adsorbing onto PS-DVB. Ah*TC values are averaged for all temperatures for comparison.

Ah#ds (kJ/mol)
Method
Catechin EGCG
Van't Hoff analysis (KicE) -41.6+5.0 -484+6.4
Van't Hoff analysis (Kik) -30.8+1.2 -452+1.9
Isothermal titration 301+1.8 377418
calorimetry

The average Ah*d!TC and Ah2dH values and compared in Table 2.4. In
the case of catechin adsorption, Ah?VHIE agree well with the Ah2%'™ but LGE
and IE show quite different enthalpy values. The reason for this was already
discussed in the beginning of this section.

When comparing Ah2d!1T¢ and Ah2dsvHin the case of EGCG, discrepancies
of about 9.1 kJ/mol were observed between enthalpies (difference between
average EGCG’s Ah®'TC¢ and the average between Ah?%'M). Discrepancies
between vH and ITC methods have been extensively reported in the literature and
these are discussed in section 5. We speculate that since ITC directly measures
the adsorption enthalpy these might include other equilibria that are not
accounted for vH analyses. For example, the equilibria between ethanol and
EGCG, water molecules and EGCG, water molecules and PS-DVB, ethanol and
PS-DVB, interactions between EGCG molecules and other EGCG molecules
are not accounted or assumed to be negligible in Ah2dsvH, All these equilibria

are, however, accounted for and contribute to Ah#!™, When compared to
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catechin, EGCG molecule has more hydroxyl groups that make it more prone
to form hydrogen bridges with solvents.

Nevertheless, despite the discrepancy in the absolute values of EGCG
Ahas, the signal of both Ah*® and As*®is always negative. On top of that, in a
relative comparison, EGCG Ah*® is always more negative than Catechin Ahad,
This is in good accordance when using both vH or ITC. The signals and
relative comparison of Ah*® values were the most important aspects when
interpreting the thermodynamic driving forces of adsorption in this study. The
discrepancy in EGCG’s absolute Ah*® values did not have any effect on
interpretation of the mechanism of the data because it had no effect on the

tendencies and signal of Ah*® determined in this work.

2.5 DISCUSSION

Microcalorimetric techniques have the ability to investigate the driving force
of adsorption on liquid chromatography and agree well with retention data.
Although Ah?ds1T€ and AhadsvH showed similar trends, the values were slightly
different. Previous authors have extensively reported discrepancies between
these two methods. However, the reason of the discrepancy is different from
study to study. In general, most authors state that Ah*ds'C includes other
contributions of buffer protonation and desolvation that are not considered in
AhadsvH (Castellano and Eggers 2013; Chen et al. 2003; Feergeman et al. 1996; Liu
and Sturtevant 1995). Liu et al. (Liu and Sturtevant 1995, 1997) associated
Ah?ITC with the true enthalpy value and associated the van’t Hoff analysis
results with the apparent enthalpy value because the Gibbs free energy, from
which AhadsvH js  determined, lacks contributions to the system
thermodynamics. They also mentioned the possible role of desolvation, which
is not included in van’t Hoff analyses, while noting the inherent difficulty in

measuring changes in hydration. On the other hand, Feergeman, et al. also
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noted a discrepancy between Ah*#s™and Ah*ds¥H, and chose to refer to AhadsvH
as the intrinsic value instead (Feergeman et al. 1996). Also stating that Ahads!TC
as being the sum of Ah*¥s*Hand all possible concomitant reactions which may
accompany the binding reaction but do not directly influence the intrinsic
binding constant K. Horn et al. (Horn et al. 2002) concluded that discrepancies
between Ahds!1T€ and Ah2dsvH arise from different experimental conditions, and
that for closed systems, in theory, Ah2!™C and Ah*dsvH should be the same,
regardless of the type or degree of linked equilibrium (e.g., conformational
changes, ion binding, dehydration). Other origins of discrepancy between
AhadsvH and Ah24s1€ found in the literature include: Protein conformational
changes upon adsorption which are not accounted for by van’t Hoff analysis
in liquid chromatography but are accounted in ITC experiments (Chen et al.
2003; Ueberbacher et al. 2010); that there is no guarantee that the
thermodynamic equilibrium is reached, hence the deviation between Ah2ds!TC
and ApadsvH (Werner et al. 2014); that the usual form of van’t Hoff equation does
not account for changes in heat capacity with different temperatures (Chaires
1997; Liu and Sturtevant 1995); and that van’t Hoff equation overlooks the
contribution for total entropy of the system (Weber 1996).

Currently, we are conducting experiments with more complex and
bigger molecules, in order to evaluate if these discrepancies are significant to

change the mechanism of adsorption data interpretation.

2.6 CONCLUSIONS

Obtaining Kit from isocratic experiments can be an arduous task due to the
need of trial and error runs to try to find adequate elution conditions. For
example, if the ethanol concentration is too high, there is no retention. If it is
too low, the retention becomes so strong that the peak is not observed or

broadened very widely. Obtaining Kice from gradient experiments could be
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more straightforward and lowers the need of trial and error runs. This method
can still provide an accurate way to compare enthalpy of adsorption using vH
curves. Additionally, in this study, Kice was calculated using GH-Ir curves by
interpolation at 20% ethanol (Ir=20), but could be calculated at, in theory, any
ethanol concentration desired. Allowing the study of the thermodynamic
parameters at different ethanol concentrations with the same set of
experiments. However, we acknowledge the fact that this would need further
comparisons and validation using ITC or IE experiments using different buffer
compositions.

In summary, the adsorption of two polyphenols, catechin and EGCG,
was found to have an exothermic nature and was enthalpically driven. EGCG,
the higher retention molecule, shows slightly more exothermic adsorption
enthalpy change. Ah?d!TC and AhadsvH were similar despite a minor difference in
EGCG adsorption. Since K can be correctly obtained from isocratic elution
experiments as well as gradient elution experiments, it is also possible to apply
van’t Hoff plots to accurately determine the adsorption enthalpy change using

both elution modes.

2.7 SUMMARY

Temperature effect on the adsorption enthalpy of polyphenols was analyzed
with van’t Hoff plots using the distribution coefficient, K, determined with
isocratic and gradient elution chromatography. Catechin and epigallocatechin
gallate were used as model polyphenols. The stationary phase was
polystyrene-divinylbenzene resin particles, and the mobile phase was an
ethanol-water mixture. The values of adsorption enthalpy determined by
chromatography and isothermal titration calorimetry obtained between the
temperature range of 283 and 318 K. The results obtained by van’t Hoff plots

were consistent with the ones obtained with the isothermal titration
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calorimetry (ITC). The interaction between PS-DVB particles and the
polyphenols was found to be exothermic with negative values of enthalpy, —

30.1 and -37.7 kJ/mol for catechin and EGCG, respectively.
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Chapter 3: Adsorption thermodynamics of
proteins with similar charge and
size onto conventional cation
exchange chromatography resins

3.1 INTRODUCTION

Several chromatographic steps are involved in the separation and purification
processes of recombinant proteins. The understanding of chromatographic
adsorbents is crucial to obtaining a high capacity, selectivity and throughput.
These benefits are connected to the nature of protein-resin adsorption
mechanism. The mechanism of adsorption is broadly understood and the
protein adsorption process at the molecular level as proven to be highly
complex (Delgado-Magnero et al. 2014; Dieterle, Blaschke, and Hasse 2008;
Gill et al. 1995; Latour 2011; Liang and Fieg 2013; Yu et al. 2015; Zhang and
Sun 2010), because protein adsorption involves various interactions between
the protein and surface or the ligands attached to the surface (Lin et al. 2001a;
Rabe, Verdes, and Seeger 2011; Yu et al. 2015).

Experimental data, mechanistic modeling and computational
simulation of chromatography are of utmost importance for a better
understanding of the adsorption mechanism, and the rational design of new
chromatographic resins, optimization and scale-up of current biotechnology
processes. Nowadays, there is a lack of fundamental understanding of the
retention mechanisms in ion exchange chromatography (IEC) which leads to
an inefficient process design. Only a thorough understanding of the
underlying physics will allow the extension of knowledge on the proteins

binding behavior (Dieterle et al. 2008).
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Microcalorimetric techniques have already proven the ability to directly
measure the enthalpy of adsorption, and with that, investigate and enlighten
complex adsorption mechanisms in liquid chromatography based on acquired
thermodynamic parameters (Blaschke et al. 2013; Ee 1996a; Katiyar et al. 2010;
Korfhagen, Dias-Cabral, and Thrash 2010; Lin et al. 2001b; Marques et al. 2014;
Thrash and Pinto 2002; Werner et al. 2012).

The design of IEC processes in downstream processing can be very
complex, since there are many parameters that affect protein retention. Most
studied parameters include ionic strength, temperature (Lin et al. 2001a;
Winzor and Jackson 2006b), pH and also protein parameters, like protein size,
protein flexibility (Hao et al. 2016), charge and structure (Yao and Lenhoff
2005). Ion exchange chromatography is usually addressed as a technique that
can separate proteins based on their charge. However, it was reported that
even proteins with similar charge and size can have different adsorption
behaviors and retain differently in ionic exchange chromatography
(DePhillips and Lenhoff 2001; Yao and Lenhoff 2005). A typical case is that of
lysozyme (Lys) and cytochrome c (Cyt). Lys retention volumes were
consistently higher than Cyt on a large set on cation exchangers (DePhillips
and Lenhoff 2001). Underlying retention mechanisms, and the basis for
retention differences among such proteins, remains incompletely understood.
The present work aims to extend the knowledge on thermodynamics of this
phenomenon by studying the adsorption of Cyt and Lys on two strong cation
exchanger resins. We pretend to relate chromatography retention data of both
proteins, together with ITC trials, to further elucidate the fundamental
adsorption mechanism. Temperature dependence and particle size effect were
evaluated. Adsorption energies and adsorption isotherms near the isoelectric
point of each protein adsorbing into SPFF in the presence of salt and near the

isoelectric point were also evaluated to further investigate the phenomenon.
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3.2 MATERIALS AND METHODS

3.2.1 Chemicals

The selected model stationary phases were SP Sepharose Fast Flow (SPFF), SP
Sepharose High Performance (SPHP), and SP Sepharose XL (SPXL), these
resins are commercially available (GE Healthcare Life Sciences, Sweden). The
physical properties of the chromatographic surfaces used in this study are

summarized in Table 3.1.

Table 3.1. Summary of the chromatography surfaces used in this study along with the physical properties disclosed
by the manufacturer.

Commercial name SP Sepharose FF SP Sepharose HP SP Sepharose XL

Ligand Sulphopropyl Sulphopropyl Sulphopropyl

Base matrix Cross-linked 6% Cross-linked 6% Cross-linked 6%

structure agarose agarose agarose

Particle size [um] 45-165 24 -44 45 - 165

Ion Exchange

capacity [mmol 0.18-0.25 0.15-0.20 0.18-0.25

H+/mL]

Ligand attachment . . Grafted ligands.
. Conventional type Conventional type .

chemistry Dextran chains

Cytochrome c from bovine heart (Cyt) Lot# SLBK4245V was obtained
from Sigma-Aldrich (St. Louis, MO, USA). Lysozyme from egg white (Lys)
Lot# SAH3680 was purchased from Wako (Osaka, Japan). Proteins solvent
accessible area were obtained from PDBePISA from Protein Data Bank in
Europe. The calculations for the dipole moment for Cyt (PDB-ID: 1THRC) and
Lys (PDB-ID:2LYZ) were done according to previous authors (Bharti 2012) by

Protein Dipole Moments Server from Weizmann Institute (Felder et al. 2007).
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Table 3.2. Summary of model proteins used in this study together with their physical properties. “Determined with
PDBePISA bioinformatics tool from Protein Data Bank in Europe. *Determined with Protein Dipole Moments
Server, according to previous authors (Bharti 2012). “from the literature (Yao and Lenhoff 2005).

Cytochrome c Lysozyme
Molecular weight (Da) 12384 14307
pl 10.0-10.5 11.35
aSolvent-accessible area A2 6364.3 6500.2
Number of residues in 102 117
surface
Arginine residues 2 11
Lysine residues 19 6
bDipole moment (Debye) 267 130
‘Net charge at pH 7 +8.3 +8.1

Two buffers were used as mobile phase in salt gradient elution
experiments. 10mM phosphate buffer, 30 mM NaCl at pH 7 was used as the
starting buffer (buffer A). The same buffer solution containing 1M NaCl was
used as final elution buffer (buffer B).

There is one major difference between ITC conditions and
chromatography conditions that cannot be controlled. In the ITC experiments,
we study protein adsorption at strong binding conditions, i.e., lower salt
conditions. On the other hand, in chromatography experiments, protein
adsorbs at lower salt concentrations, but it elutes at higher salt concentrations.
By using linear gradient elution chromatography to study protein adsorption,
one cannot clearly separate adsorption from desorption. In addition to
adsorption conditions, ITC experiments at higher salt concentrations (typical
concentrations at elution) were used to find out if there were significant
differences in the thermodynamic parameters. In the ITC experiments of
proteins near their isoelectric point, 10 mM boric acid with 75 mM NaCl at pH
11 was used in the case of lysozyme. Cytochrome c experiments were carried
out with 10 mM boric acid with 200 mM NaCl at pH 10. Salt concentration was
chosen based on a normalized value for K=17 for both proteins using K-Ir
curves explained by previous papers by our group (Yamamoto 2005) and pH

were set near the isoelectric point of the proteins.
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All salts and buffers used in this work were purchased from Wako

(Osaka, Japan) and dissolved in ultrapure deionized water.

3.2.2 Linear Gradient Elution

Chromatography experiments were carried out on a fully automated liquid
chromatography system AKTA purifier (GE Healthcare Life Sciences,
Sweden). Column physical characteristics were the following: column length
was 20 cm; porosity was 0.34; and the column internal diameter was 0.9 cm.
The column was equilibrated with buffer A. Proteins were dissolved in buffer
A at 1 mg/mL and 0.1 mg/mL for Lysozyme and Cytochrome c, respectively.
The injection volume was 0.5 mL. The linear gradient was performed by
changing the buffer composition linearly from buffer A to buffer B with time.
Namely, the salt concentration was increased with time at a constant
temperature and pH. Flow rate was kept constant at 1.6 mL/min. Mobile
phases, column, sample loop, and injection valve were kept at 15 °C, 25 °C and

35 °C throughout the experiments. The experiments were done in duplicate.

3.2.3 Adsorption isotherm experiments

The resins were washed with ultrapure water and later with the respective
buffer solution by decantation. The resins were used in a 50% resin/buffer
slurry. Equilibrium adsorption experiments were carried out in falcon
centrifuge tubes. First, the tubes were filled with 4 mL of different dilutions of
the protein solution. Initial protein concentration was measured by
spectrophotometry at 280 nm and 300 nm in a multi-well plate reader
PowerWave XS (Biotek, United States of America). Then, 200 pL of resin slurry
(50% resin-buffer) was added in each tube and stirred inside a temperature
controlling chamber for at least 120 min at 15 °C, 25 °C and 35 °C. Preliminary

experiments, in the whole range of tested concentrations, showed that
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equilibrium was reached after only 15 minutes (data not shown). After
equilibration, tubes were centrifuged at 10 000 RPM for 5 minutes and the
liquid equilibrium concentration was determined. From the equilibrium
concentration and initial concentration, the surface concentration could be
determined by a mass balance. Equilibrium concentration was plotted against
the surface concentration calculated. The experiments were done in triplicate.

The curves were then fitted with the well-known Langmuir model,

qm (KC)
=—= 38
$ 14 (KO) (38)
where C; is the surface concentration of protein in the resin surface, gn is the
maximum static binding capacity, K is the equilibrium coefficient and C is the

bulk concentration after equilibrium.

3.2.4 Isothermal titration calorimetry

Microcalorimeter used in this work was ITC SV obtained from TA Instruments
(New Castle, DE, USA). The specification of this equipment was as follows. At
the beginning of the ITC experiment, the reference cell was filled with
previously degassed pure water. The sample cell with a total volume of 1.3 mL
was filled with 1.3 mL of the slurry-stationary phase suspension (1.225 mL of
buffer A and 0.075 mL of stationary phase). The ITC syringe was filled with
protein solution in a concentration of 1 mg/mL in buffer A. After resin
sedimentation by gravity in the sample cell, the excess liquid was removed,
and the cell was closed and agitated at 300 RPM at 288, 293 and 298K. After a
5400 second timeout, for the thermal equilibrium, ten injections of 10 uL were
titrated with a 100 pL Hamilton syringe. Injections of 1 mg/mL were carried
out with a 600 seconds’ interval from each other, after which the baseline was
reached again. The temperature fluctuations indicated by the instrument were

below 0.0002 K. Both resin slurries and sample solutions were previously
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degassed in a degassing station at 420 mm Hg for 10 minutes obtained from
TA Instruments (New Castle, DE, USA).

It has been already shown that even small pH differences between the
ITC cell and titration solution affects quite significantly the calorimetric results
as artifacts in the enthalpy can arise due to buffer protonation effects(Duff et
al. 2011). Prior to the experiment, Lys and Cyt solutions were prepared in the
respective buffers and exhaustively washed with the respective buffer using
AmiconR Ultra-4 10000MW obtained from MilliporeSigma, (Burlington, MA,
USA), for 15 min at 7000 RPM. This step was repeated until the conductivity
of the buffer solution and protein solution was the same (around 4 to 5 times).
Conductivity was checked after every washing step with a portable
conductivity meter B-173 Twin Cond acquired from Horiba (Kyoto, Japan).

During the calorimetric measurements, a small signal is observed upon
injecting the same solution onto itself. This signal was previously considered
to be due to friction, dissipation and other effects like a small mismatch of
temperature of the cell and that of the injected solution (Dieterle et al. 2008).
Additional contributions to the calorimetric signal can arise from buffer
interactions that are independent of the adsorption interactions. These
contributions that reflect temperature dependence of buffer ionization as well
as of water structure, need to be subtracted from the total measured signal.
Considerable attention must be given to the design of adequate control
experiments to clarify these contributions (Winzor and Jackson 2006b). The
contribution of heat of a protein injection into a resin mixture using ITC can
be divided into several origins:

AH®*P = AH%4S + AH3 4 AHSOW (39)
where AH®® is the total enthalpy measured by the ITC. AH*¥ is the enthalpy
contribution from the adsorption of the protein into resin. AH4! is the
contribution of the protein solution dilution heat, measured by titrating

protein solution into the same buffer that it was diluted into. AH*" is caused
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by the adsorption of buffer ions and it was determined titrating buffer into the
resin slurry. Furthermore, the area correspondent to these blank trials that
consisted in a complete set of 10 injections were subtracted from the one
obtained titrating the protein into the resins, and effective enthalpic
contribution from the protein adsorption was obtained.

The first peak of every trial is not shown and it was not used in any
calculation due to the well-known phenomenon, named “first-peak anomaly”
in previous studies (Werner et al. 2012). Protein injections and all blank trials
were done in duplicate.

Adsorption heats were measured directly by ITC, and molar enthalpy
of adsorption Ah*® was then calculated by the following equation:

AHadS

i (40)

Ah®ds =

where Am is the amount of molecule adsorbed upon each injection (mol),
which was calculated using a combination of the equilibrium adsorption

isotherm and a mass balance.

3.3 THEORY

3.3.1 Thermodynamic analysis

The difference of the molar Gibbs energies in the reference state (Agads rf)
resulting from the transfer of a molecule from the mobile to the stationary
phase is related with the corresponding equilibrium coefficient K at a specific
temperature by the following equation,

Ag@sTeS = —RT x In(K) (41)
where R is the ideal gas constant (8.314 J.Kl.mol™) and T is absolute
temperature.

Blaschke et al. (Blaschke et al. 2011, 2013) proposed a simple method to
extend the thermodynamics analyses to any state on the equilibrium

adsorption isotherm at the concentration of interest. The equilibrium
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coefficient K can be determined from the slope of the equilibrium adsorption
isotherm at the concentration of interest, previously used by other authors

(Blaschke et al. 2011), or by linear gradient elution experiments:
0C;
K==
ac

Thus, allowing Ag®®s "¢/ to be determined for each concentration of interest by

(42)

equation 41.

By assuming infinite dilution, constant pressure and a closed system,
the specific enthalpy of adsorption in the reference state Ah%457¢/ is equal to
the value determined in ITC experiment Ah®? at the studied concentrations.
In addition, entropic effects As**s "¢/ can be determined at each concentration
using Gibbs-Helmholtz relation:

Agadsref = Apadsref _ Tpgadsref (43)
where Ah*®S el and As®®S7ef are the specific molar enthalpy and entropy of
adsorption of the adsorption process in reference state, respectively. The

reference state (") superscript is omitted for the sake of convenience.

3.4 RESULTS AND DISCUSSION

3.4.1 Gradient elution retention

As shown in Figure 3.1, Figure 3.2 and Figure 3.3, Lys retention was higher
than Cytin all tested surfaces and this phenomenon has already been observed
before (DePhillips and Lenhoff 2001; Hao et al. 2016). More importantly, we
found that the difference between Cyt and Lys peaks (resolution) decreased
with increasing temperatures i.e, when the temperature increases, the
retention volume of Cyt slightly increases, whereas that of Lys slightly

decreased.

Table 3.3 clearly shows these differences with temperature. This behavior was

observed for all the three surfaces, despite some differences in the peak shape
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when comparing different surfaces. Resulting peaks obtained with SPHP were
sharper than the ones obtained with SPFF and SPXL, showing less mass
transfer limitations, caused by the smaller particle size. In addition, SPXL
showed a higher resolution when compared with the conventional non-
grafted resins. At 35 °C, Cyt and Lys peak overlap with each other when using
SPFF and SPHP but not when using the dextran modified grafted resin SPXL.
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Figure 3.1. Overlapped chromatograms obtained at 15 °C, 25 °C and 35 °C injecting lysozyme and cytochrome c,
onto a SP Sepharose FF column. The absorbance was measured at 420 nm and 280 nm in the case of cytochrome ¢
and lysozyme, respectively. The operational parameters were the following: Salt gradient length vg =300 mL; flow
rate 1.6 mL/min; column length Z =20 cm.
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Figure 3.2. Overlapped chromatograms obtained at 15 °C, 25 °C and 35 °C injecting lysozyme and cytochrome c,
onto a SP Sepharose XL column. The absorbance was measured at 420 nm and 280 nm in the case of cytochrome c
and lysozyme, respectively. The operational parameters were the following: Salt gradient length vg =300 mL; flow
rate 1.6 mL/min; column length Z = 20 cm.

Absorbance (mAU)
Conductivity (mS/cm)

Figure 3.3. Overlapped chromatograms obtained at 15 °C, 25 °C and 35 °C injecting lysozyme and cytochrome c,
onto a SP Sepharose HP column. The absorbance was measured at 420 nm and 280 nm in the case of cytochrome
c and lysozyme, respectively. The operational parameters were the following: Salt gradient length vg = 300 mL;
flow rate 1.6 mL/min; column length Z =20 cm.
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Table 3.3. Retention volumes obtained for cytochrome c and lysozyme. These were determined by linear gradient
elution at a constant salt gradient slope of 400 mL.

Cytochrome c Lysozyme
T (°C) Retention volume (mL)
15 77.52 92.11
SPFF 25 79.25 89.87
35 81.14 87.94
15 77.97 88.57
SPHP 25 79.36 85.29
35 81.75 84.47
15 69.85 96.29
SPXL 25 71.98 94.20
35 73.53 92.53

3.4.2 Equilibrium adsorption isotherms

Equilibrium adsorption isotherms were used to calculate more precisely the
amount of protein adsorbed in each ITC. As indicated in Figure 3.4, the
temperature effect on the shape of adsorption isotherms curves is not very
noticeable except for the case of lysozyme adsorbing onto SPFF. We believe
that temperature had small effect on the equilibrium adsorption isotherm
shape due to the small range of temperatures tested. However, the
temperature effect on adsorption could be clearly seen when looking at
chromatographic retention volumes. This indicates that, in this case, the use of
salt gradient elution chromatography was more sensitive to study
temperature effect on adsorption.

Figure 3.4 shows the equilibrium isotherms obtained at pH 7 with
30mM NaCl with lysozyme (top) and Cytochrome C (bottom) adsorbing onto
SPFF, SPHP and SPXL at 15 °C, 25 °C and 35 °C. The chromatographic surfaces
were placed in contact with protein solutions and the equilibrium

concentration was determined after 16 hours.
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Figure 3.4. Equilibrium isotherms obtained at pH 7 with 30mM NaCl with lysozyme (top) and Cytochrome C
(bottom) adsorbing onto SPFF, SPHP and SPXL at 15 °C, 25 °C and 35 °C. The chromatographic surfaces were
placed in contact with protein solutions and the equilibrium concentration was determined after 16 hours.

Both proteins have similar molecular weights, and are considered small
proteins (Lyz 14307 Da, Cyt 12327 Da). However, lysozyme showed an
approximate 60% higher maximum capacity. This difference in the binding
capacity was also observed by previous authors, and it was considered that it
was due to different amino acid composition (Martin et al. 2005) and protein
structural flexibility (Hao et al. 2016). However, due to the different
composition and surface location of residues, there is also a significant
difference in the dipole moment of both proteins at pH 7 (Lys: 72 Debye, Cyt:
325 Debye (DePhillips and Lenhoff 2001)). Previous studies (Zhou, Zheng, and
Jiang 2004) show that the dipole moment of Cyt proved to be an important
factor in its binding orientation in adsorption in charged surfaces. Whereas for
lysozyme, the patches of positive and negative charge are distributed
uniformly on its surface (low dipole moment), the higher dipole moment of
Cytimplies a bipolar distribution of the charge. Hence there will be a tendency
for the Cyt molecules to adsorb in an orientation with the positive patches

pointing toward the negative surface and the negative charge pointing
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outwards (Bharti 2012). Our hypothesis is that due to lysozyme’s more
uniform charge distribution, the protein-protein repulsion is less likely,
leading to a higher packing of the protein in the pores. On the other hand, the
higher Cyt-Cyt repulsion, protein orientation and lesser Cyt structural

flexibility, seem to be responsible for its lower static binding capacity.

3.4.3 Driving force of adsorption

It can be seen in Figure 3.5, Figure 3.6, Figure 3.7 that the specific enthalpy of
adsorption of both Cyt and Lys remains constant along the studied surface
concentrations, which is not surprising since the studied surface
concentrations were in the very beginning of the linear region of the
adsorption isotherm. Studying the effect of surface concentration on Ah%4S was
not the aim of this study. This clearly shows that we are indeed working in
infinite dilution conditions, a premise for the use of thermodynamic
fundamental equations 41 and 43. Since the surface concentration showed no
significant effect on Ah®?, the average values are presented in Table 3.4 along

with the other thermodynamic parameters.
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Figure 3.5. Specific thermodynamic parameters of adsorption of both cytochrome c¢ (Right) and lysozyme (Left) onto
SPHP at 15 °C, 25 °C and 35 °C with 30mM NaCl pH7. Symbols represent Ah%?S (O), Ag®%* (A) and T As®4S
(®). Enthalpy values was considered constant along the studied concentrations.
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Figure 3.6. Specific thermodynamic parameters of adsorption of both cytochrome c (Left) and lysozyme (Right) onto
SPEF at 15 °C, 25 °C and 35 °C with 30mM NaCl pH7. Symbols represent Ah%%S (O), Ag®?S (A) and TAs%%
(®). Enthalpy values was considered constant along the studied concentrations.
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Figure 3.7. Specific thermodynamic parameters of adsorption of both cytochrome c (Left) and lysozyme (Right) onto
SPXL at 25 °C with 30mM NaCl pH7. Symbols represent AR (O), Ag?®®S (A) and TAs*?S (e ). Enthalpy
values was considered constant along the studied concentrations.

Gibbs free energy was found to be, negative as expected, and very
similar between all systems studied. Since the adsorption isotherms initial
slopes were similar and very high.

We found that Lys adsorption is an exothermal process (Ah** < 0) in
both resins at these conditions. The adsorption process is enthalpically driven
which is in agreement with previous authors” data with lysozyme adsorbing
onto other cation exchangers (Blaschke et al. 2011; Silva et al. 2014). This
suggests that the major contribution for the adsorption mechanism is
electrostatic interaction between the protein and the resin (Blaschke et al. 2013;
Lin et al. 2002; Rosa et al. 2018).

Latest nuclear magnetic resonance data (Hao et al. 2016) shows that,
during ion exchange chromatography, both Lys and Cyt show structural
flexibility, but it was found to be slightly more significant in the case of Lys
adsorption. It is known that temperature can affect protein flexibility (Tilton
et al. 1992). Temperature increases lead to less energy release upon adsorption
i.e. Ah*® is less negative. We believe this happens due to Lys structural

flexibility at higher temperatures and there is a slight reduction of the ionic
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interactions between the solid phase and protein. This is consistent with the

lower retention times of Lys when temperature increases.

Table 3.4. Average of Ah®%S, Ag®®Sand T As®?S obtained for the adsorption of cytochrome c and lysozyme at pH 7
with 30mM NaCl, phosphate buffer. The equilibrium constant K was obtained using equation 42.

Lysozyme Cytochrome c
I o) Ahads Ag®s TAss Ah%ds Ag®®s T A9
(kJ/mol) (kJ/mol)  (kJ/mol)  (kJ/mol) (kJ/mol) (kJ/mol)
15 -46.39 -18.3 -28.09 33.46 -16.90 50.35
SPFF 25 -43.95 -19.05 -24.91 32.38 -14.87 47.24
35 -37.15 -16.35 -21.41 30.89 -18.38 49.27
15 -31.44 -17.45 -14.00 10.27 -16.46 26.88
SPHP 25 -28.96 -18.83 -10.13 11.72 -15.21 26.93
35 -26.73 -20.34 -6.40 8.55 -16.33 24.97
SPXL 25 -43.08 -14.69 -28.39 9.46 -21.99 31.44

On the other hand, the enthalpy of adsorption of Cyt is endothermic
(Aho¢s > 0) which means that, according to equation 7, entropic contribution
plays a much more important role. Adsorption of Cyt into SPFF and SPHP is
entropically driven. Despite entropically driven adsorption being generally
unexpected in ion exchangers, this was reported in literature for different
protein ion-exchangers combinations (Blaschke et al. 2013; W.-Y. Chen et al.
2007; Lin et al. 2001a). Entropic increases are often related to protein structural
rearrangements (Lin et al. 2002; Norde 1994) and, more importantly, the
release of water molecules and counter-ions (Blaschke et al. 2011; Bowen and
Moran 1995; Desch et al. 2014; Dias-Cabral et al. 2005; Werner et al. 2012) from
the protein and solid phase surface. The disruption of water structures and the
subsequent release of the disordered water molecules to the bulk solution is
responsible for the large entropy increases in the ion exchange processes.
When a reversible equilibrium interaction prevails, for an entropically driven
process, the binding strength of the protein with the resin is generally expected,
to be enhanced by increases in temperature. When temperature increases, the

ordered water molecules structure is diminished (Bowen and Moran 1995;
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Duboue-dijon and Laage 2015), making the release of water molecules and
counter ions requiring less energy, resulting in a higher protein retention.
Nevertheless, this does not mean that electrostatic interactions are not present
in Cyt adsorption process. In this case, the entropic effects overlapped the
enthalpic ones and the net enthalpy of all present interactions was positive.

In addition, due to the interaction of the grafted layer with water
molecules and counter ions, the presence of dextran grafted chains in the SPXL
surface affects Cyt adsorption mechanism more than Lys because it is driven
by entropy. Table 3.4 shows a 3-fold decrease on Ah*s when comparing Cyt
adsorption on SPFF and SPXL, while in Lys case there was no perceptible
change in the enthalpy of adsorption.

Given these points, the driving force of adsorption of both proteins is
different. Despite Lys and Cyt’s charge being similar at these conditions,
temperature affects retention in an opposite way. Lysozyme adsorption is
enthalpically driven while cytochrome c adsorption is entropically driven.
However, given that these proteins are similar in net charge and size, what are
the physical properties that are responsible for opposite thermodynamic
driving forces of adsorption? Our hypothesis is that the different driving
forces are due to an interplay of (1) tertiary structure mobility and (2) partial
secondary structure denaturation and (3) amino acid composition of the
protein. Effect (1) and (2) are undoubtedly correlated with effect (3) because a
change in the protein primary structure will likely translate into changes in
secondary and tertiary structure. The balance of entropic and enthalpic
contributions has been determined to vary significantly between amino acids
(Bowen and Moran 1995).

Since the chromatographic surfaces are negatively charged, we assume
that basic amino acids play a more important role in the adsorption
mechanism. At pH 7, arginine and lysine are mainly responsible for positive

charges at protein surface. As shown in Table 3.2, there are significant
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difference in the basic amino acid composition of both proteins. In Lys there
are 11 arginine residues (while only 2 in Cyt). On the other hand, Cyt has 19
lysine residues (while Lys has 6). Recently, combined molecular Monte Carlo
and molecular dynamics simulations have indicated that lysine residues (Lys-
25, Lys-27, Lys-72 and Lys-79) are responsible for the electrostatic interactions
of Cyt with the negatively charges surfaces (Zhou et al. 2004). On the other
hand, three arginine residues (Arg-5, Arg-125 and Arg-128) play a critical role
on the binding of Lys in cation exchange surfaces (Steudle and Pleiss 2011).
There is a quite big difference in the main amino acids involved in these
proteins solid phase interaction.

Petrauskas et al. (Petrauskas, Maximowitsch, and Matulis 2015), in a
thermodynamic study of positive amino acids binding to negatively charged
aspartame, found out that arginine was bound with a more exothermic
enthalpy and higher affinity than lysine. The hydrogen bounding formation
enthalpy of arginine binding was -6.4 k].mol*! whereas with lysine was 3.8
kJ.mol". This is correlated with the adsorption energies observed for lysozyme
(negative enthalpy, more arginine residues) and cytochrome c (positive
enthalpy, more lysine residues). We conclude that positive charges in proteins
should not be considered entirely equivalent if carried by lysine or arginine.
The effect of the surface particle size on Ah** was also evaluated. It was
observed that enthalpy absolute values slightly decrease when SPHP is used,
due to the lower particle sized resin. This indicates that the particle size can
interfere with access of the protein to the functional groups and decrease
accessibility. The physical structures of resins are quite complex, the pore
network contained within are typically a poorly defined collection of spaces
of which the shape, cross-section and connectivity that may vary substantially.
These structures may have an influence of the patches that proteins have in
contact with the resins and subsequently slightly alter the adsorption enthalpy.

The decrease of enthalpy absolute value with decrease particle size is observed
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for both proteins but it is more notorious for Cyt case (from 30 kJ/mol to 10
kJ/mol). This difference is possibly due to higher repulsion caused the
heterogenous charge distribution of Cyt previously explained. Also, when the
pore is smaller, the frequency of interaction of proteins in the solution between
themselves and with the ones already adsorbed increases, leading to a higher

repulsion.

3.4.4 Effect of salt and pH conditions near protein isoelectric point

Adsorption energies and adsorption isotherms near the isoelectric point of
each protein adsorbing into SPFF was also evaluated at 25 °C in order to
further understand the charge effect on Ah**. Table 3.5 and Figure 3.7 show
that Ag?®?s is less exergonic for both molecules (Lys: from -19.05 to -7.98 k].mol
L, Cyt: from -14.87 to -6.01 k].mol?). Adsorption is less spontaneous and
energetically less favorable, which is expected when working with high salt
concentrations in cation exchange chromatography.

Table 3.5. Average of AR*®S, Ag®“Sand T As®?S obtained for the adsorption of cytochrome c with 10 mM boric acid
with 200 mM NaCl at pH 10. In the case of lysozyme, 10 mM boric acid with 75 mM NaCl at pH 11 was used.

Lysozyme Cytochrome c
T (OC) Ahads Agads TAsuds Ahuds Agads TASads
kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol
SPFF 25 -31.26 -7.98 -23.28 0.2 -6.19 4.88

Adsorption enthalpy absolute value decreases, which indicates that
ionic interactions between the protein and resin are less energetic or masked
by the presence of higher salt concentrations. This decrease on Ah%% has
already been observed before with lactoglobulin (Lin et al. 2001b) and
lysozyme (Silva et al. 2014) adsorption. This is possibly due to: (1) a reduction
in the energy necessary for dehydration and release of counter-ions at higher
salt concentrations; and (2) the electrostatic attractive force was screened by an

increment of the salt concentration leading to a decrease in the exothermic
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amount of heat. While effect (1) is more significant in Cyt adsorption, effect (2)
is more significant in Lys adsorption mechanism due to their respective
difference of the driving forces of adsorption.

All things considered, Lys and Cyt were used in this study as model
molecules with the hope that they would represent well what could happen in
the adsorption of other proteins. However, we can conclude that is probably
too soon to make general theories regarding protein adsorption. Even similar
proteins may show completely opposite behaviors in a chromatographic
column. There is a need of further fundamental thermodynamic studies on
protein adsorption without forgetting molecular dynamics simulations that
consider often neglected phenomena, such as, structural rearrangements,
release of water molecules and counter-ions. These are needed to address the
protein-solvent interaction so that adsorption phenomena can be understood

more completely.

3.5 CONCLUSION

In conclusion, the presented study aims to further contribute to the
understanding of different behavior Cyt and Lys in cation exchangers from a
thermodynamic viewpoint. This is study relates thermodynamic parameters
with chromatography parameters in order to further understand protein
behavior at charged surfaces. Lys adsorption was exothermic while Cyt
showed an endothermic adsorption despite the fact that these proteins share
several common characteristics. Our data indicates that even when proteins
are considered similar, conclusions on their molecular driving force of
adsorption should not be generalized.

Each protein behaves differently when adsorbing onto a surface, and
more protein adsorption studies are needed in order to have an overarching

general model capable of predicting protein behavior in these surfaces.
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3.6 SUMMARY

Understanding of the adsorption mechanism of proteins onto
chromatography resins is essential for modeling and developing efficient
chromatographic processes. In this study, we analyzed the adsorption of
model proteins onto ion exchange chromatography (IEC) resins by using
isothermal titration calorimetry (ITC) in order to further understand the
adsorption mechanism. As a model system, two basic proteins, equine
cytochrome c (CytC) and chicken egg-white lysozyme (Lys) adsorbing onto
cation-exchange chromatography resins [SP Sepharose Fast Flow and SP
Sepharose High Performance] was chosen. In linear gradient elution (LGE) the
retention volume of Lys was larger than that of CytC for both SPFF and SPHP.
When the temperature increased, the retention volume of CytC slightly
increased, whereas that of Lys slightly decreased. The protein binding site
values determined by using LGE experimental data (GH-IR plots) did not
change with temperature. This indicates that a more complex mechanism of
adsorption may be involved. Large exothermal enthalpies of adsorption were
observed when Lys adsorbed onto the cation exchanger. The Lys adsorption
was found to be enthalpically driven. On the other hand, endothermic
enthalpies were dominant for CytC adsorption, which was entropically driven.
This indicates that structural rearrangements, dehydration and release of

counter-ions plays a major role in CytC adsorption.
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Chapter 4: Grafted ligand architecture
effect on protein adsorption
enthalpy

4.1 INTRODUCTION

One of the most challenging factors on the biomolecule production is its
purification from cell culture and most importantly its separation from other
similar proteins that are present in the expression systems. Protein
chromatography, a technique based on selective adsorption, is able to
successfully purify proteins for therapeutic use while following the guidelines
required by drug regulatory agencies. Downstream protein processing is now
routinely found to be the bottleneck in biopharmaceutical manufacturing
because it has not kept pace with upstream production latest improvements.
In some cases, the lack of downstream processing capacity can seriously affect
the profitability of a new pharmaceutical product and even result in its failure.

In order to increase the capacity and performance of chromatographic
surfaces, new ligand types and new technologies have been developed.
Maximum binding capacities and mass transfer properties have been the main
focus point of optimizations by the chromatography industry (Miiller 2005).
Chromatography surfaces with grafted ligands have equally charged polymer
chains that repel each other providing a three-dimensional space for proteins
to travel into the “forest” of the extended polymer chains (Kawai et al. 2003).
Hence, increasing the space available for proteins to adsorb and consequently
having higher capacity. However, surface with grafted ligands have been
commercially available and are used for protein separation but not much
attention has been given on the molecular interactions and thermodynamics

of the protein adsorption process.
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Thermodynamic studies on protein adsorption onto chromatographic
resins mainly focus on the molecular and sometimes atomic level interaction
between proteins and ligands. Yet, not much attention is given to the relation
between chromatographic parameters with thermodynamic parameters. This
results in a difficult interpretation of thermodynamic data when applied to
protein adsorption studies. If present, these relations would be important to
directly make thermodynamic parameters more practical with direct
applications to protein chromatography. Important the development of novel
adsorption surfaces.

In this work, relations between thermodynamic parameters, in this case,
the change in standard molar adsorption enthalpy ( AR ), and
chromatography operational parameters were investigated. Four grafted layer
surfaces with different base matrixes were studied. Isothermal titration
calorimetry, together with equilibrium adsorption isotherms, were used to
directly determine the adsorption enthalpy change (Ah®?) of a model protein,
bovine serum albumin (BSA). In addition, a conventional non-grafted surface
(Q-Sepharose FF), was also used in order to serve as a comparison to the

obtained thermodynamic data with a conventional surface.

4.2 EXPERIMENTAL

4.2.1 Ion exchange chromatography

The selected model stationary phases were Toyopearl GigaCap Q-650M,
Toyopearl SuperQ-650M, Toyopearl Q-600C AR (Tosoh Biosciences, Japan)
and Q Sepharose FF, Q Sepharose XL (GE Healthcare, USA). The physical
properties of the chromatographic adsorption surfaces used in this work are
summarized in Table 4.1. Bovine serum albumin Lot#037K0765 was
purchased from Sigma-Aldrich (USA). Commercial protein composition was

approximately 10% dimer and 90% monomer. Before the use of BSA on
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isothermal titration calorimetry and equilibrium adsorption isotherms
experiments, dimers and monomers were separated using a preparative size
exclusion chromatography column Superdex Hiload 26/600, 200 pn (GE
Healthcare, USA). BSAm was selected because its protein characteristics are
well known and it is extensively used in previous literature as a model protein.
All salts and buffers used in this work were purchased from Wako (Japan) and

dissolved in ultrapure deionized water.

Table 4.1. Summary of physical properties of chromatographic resins used in this study. Information was given by
the manufacturers.

Q Toyopearl Toyopearl
Q SeI;};arose Sepharose SuperQ GigaCap T(;)(;(())I():ezrll{
XL 650M Q650M Q
Manufacturer GE GE Tosoh Tosoh Tosoh
Healthcare Healthcare Biosciences Biosciences  Biosciences
. . Cross-
Base matrix Cross-linked linked 6%  Methacrylic =~ Methacrylic ~Methacrylic
structure 6% agarose
agarose
Mean pore
size of base n.d. n.d. 100 100 75
matrix [nm]
Mean
particle Size 90 90 65 75 100
of base
matrix [um]
Ion Exchange
capacity 0.18-0.25 0.18-0.26 0.25 0.10-0.20 0.14-0.23
[eq/L gell
Ligand Grafted Grafted Grafted Grafted
Conventional ligands. ligands. ligands. ligands.
attachment
chemistry type Dext.ran 2nd ' 3rd ' 3rd '
chains Generation Generation  Generation

Chromatography experiments were carried out on a fully automated
liquid chromatography system AKTA purifier (GE Healthcare Life Sciences,
Sweden). Two buffers were used as mobile phase in salt gradient elution
experiments. 10 mM TRIS, 30 mM NaCl at pH 7 (or pH 8.5) was used as the
starting buffer (buffer A). The same buffer solution containing 1M NaCl was

used as final elution buffer (buffer B). The column was equilibrated with buffer
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A. BSA was dissolved in buffer A at 5 mg/mL. The linear gradient was
performed by changing the buffer composition linearly from buffer A to buffer
B with time. Namely, the salt concentration was increased with time at a
constant pressure, temperature and pH. Experiments were done in the linear
region of the adsorption isotherm. The experiments were done in duplicate.

For Toyopearl resins the column properties and operational paramteres
were the following: 1 mL pre-packed Toyoscreen columns were used with a
constant flow rate of 1 mL/min. The injection volume was 0.01 mL. The
porosity values of the columns were measured with an unretained solute
(Vitamin B12) at the same flow rate, these were € =0.34, 0.33, 0.37 for GigacapQ,
SuperQ and Q600, respectively. On the other hand, Q Sepharose resins were
packed with a total column volume of 9.5 mL. 0.1 mL BSA samples were
injected and eluted at a constant 3 mL/min. Porosity values were ¢ = 0.37 and
0.32 for Q Sepharose FF and Q Sepharose XL, respectively.

Since the columns have different dimensions, GH-Izr model was applied
in order to normalize the gradient slopes and to determine inherent adsorption
parameters. GH-Iz model was originally developed for ion-exchange
chromatography of proteins by our group where the modulator, NaCl, is used
to elute proteins from a chromatographic surface. The peak retention
modulator concentration (Ir) increases with increasing normalized NaCl
gradient slope (GH) which can be defined as (Hosono et al. 2012):

Vi =V
Vo

6H = (Vo) ((5=2) = g (Ve = Vo) (44)

here, Vtis the total column volume (mL), Vo is the retention volume of a totally

unretained solute (mL), and g is the gradient slope defined by

_Ir—1y

Y

g (45)

where Ir is the final NaCl concentration (M), 10 is the initial NaCl concentration
(M) and V; is the gradient volume (mL). The experimental GH-Ir data can be

commonly expressed by the following equation, detailed in previous

74 Chapter 4: Grafted ligand architecture effect on protein adsorption enthalpy



publications (Yamamoto 2005; Yamamoto, Hakoda, et al. 2007; Yamamoto and

Kita 2006):

B+1
I

CH =3B+ D

(46)

In this expression, I is the elution salt concentration, B is the protein binding
site number, and A is given by the following expression:

A=K, AP (47)
where K. is the reaction constant for ion exchange reaction and A is the
effective ionic capacity of the surface. Using GH-Iz model, protein
adsorption/desorption parameters can be compared using chromatographic
columns with different physical characteristics and Iz can be determined at any

given GH.

4.2.2 Equilibrium adsorption isotherms

Batch equilibrium adsorption isotherms were obtained to determine more
accurately the amount of protein adsorbed with each isothermal titration
injection, explained later in this section. The chromatographic resins were
washed with ultrapure water and later with the respective buffer solution by
decantation. Equilibrium adsorption experiments were carried out in 96-well
acrylic plates. First, each well was filled with 0.3 mL of BSA monomer (BSAm)
at concentration varying from 0 to 20. Initial protein concentration was
measured by spectrophotometry at 280 nm and 300 nm in a multi-well plate
reader PowerWave XS (Biotek, USA). BSA calibration curves were determined
in preliminary experiments using 0.2 and 0.3 volume in each well. Then, 20 pL
of resin slurry (50% resin-buffer) was added in each well and stirred inside a
temperature controlling chamber for at least 8 hours at 25 °C. Preliminary
experiments, in the whole range of tested concentrations, showed that
equilibrium was reached after only 15 minutes (data not shown). After

equilibration, the contents of the wells were transferred to a 96-well filter plate
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and centrifuged for 3 minutes at 2000 RPM onto a new acrylic 96-well plate.
0.2 mL of the filtered solution was transferred to analogous wells in order to
keep the solution pathlength constant in each well. The equilibrium
concentration was determined using the same method as the initial
concentrations. From the equilibrium concentration and initial concentration,
the surface concentration could be determined by a mass balance. Equilibrium
concentration was plotted against the surface concentration calculated. The
experiments were done in duplicate. The adsorption equilibrium isotherms
were not obtained to study the fitted parameters, but to determine the
adsorbed amount in each isothermal titration injection. For this goal, any
equation can be used, even lacking physical meaning, as discussed by
previous authors (Blaschke et al. 2011; Hackemann and Hasse 2017). In this

study, the curves were fitted with the well-known Langmuir model,

c _quC
S 1+KC

where C; is the surface concentration of protein in the resin surface, g is the

(48)

maximum static binding capacity, K is the equilibrium coefficient and C is the

bulk concentration after equilibrium.

4.2.3 Isothermal titration calorimetry

Microcalorimeter used in this work was Nano ITC from TA Instruments
(Delaware, USA). It has been already shown that even small pH mismatches
between the ITC cell and titration solution affects quite significantly the
calorimetric results as artifacts in the enthalpy can arise due to buffer
protonation effects (Duff et al. 2011). Prior to the experiment, BSAm solutions
were prepared in the respective buffers and exhaustively washed with the
respective buffer using AmiconR Ultra-4 10000MW (Milipore Sigma, USA), for
15 min at 7000 RPM.
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In the beginning of the calorimetric titration experiment, the reference
cell was filled with distilled degassed water. The main cell was filled with 1.8
mL of a 50% (buffer/resin) slurry suspension. The syringe was filled with
BSAm solution at 20 mg/mL. The cell was closed and agitated at 300 RPM at
25 0C. After a 5400 seconds’ timeout, for the thermal equilibrium can be
reached, ten injections of 10 uL were titrated with the 100 uL syringe from the
ITC equipment. Injections were carried out with a 600 seconds” interval from
each other. The temperature fluctuations indicated by the instrument were
below 0.0002 K. Both resin slurries and protein solutions were previously
degassed in a degassing station at 400 mmHg for 10 minutes (TA Instruments,
Delaware, USA).

During the calorimetric measurements, a small signal is observed upon
injecting the same solution onto itself. This signal was previously considered
to be due to friction, dissipation and other effects like a small mismatch of
temperature of the cell and that of the injected solution (Dieterle et al. 2008).
Additional contributions to the calorimetric signal can arise from buffer
interactions that are independent of the adsorption interactions. These
contributions that reflect temperature dependence of buffer ionization as well
as of water structure, need to be subtracted from the total measured signal.
Considerable attention must be given to the design of adequate control
experiments to clarify these contributions (Winzor and Jackson 2006b). The
contribution of heat of a protein injection into a resin mixture using ITC can
be divided into several origins:

AH®*P = AH%4S + AH3 4 AHSOW (49)
where AH®*? is the total enthalpy measured by the ITC. AH** is the enthalpy
contribution from the adsorption of the protein into resin. AH% is the
contribution of the protein solution dilution heat, measured by titrating
protein solution into the same buffer that it was diluted into. AH*"*is caused

by the adsorption of buffer ions and it was determined titrating buffer into the
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resin slurry. Table 4.1 shows a typical thermogram and the respective blank
trials. Furthermore, the area correspondent to these blank trials that consisted
in a complete set of 10 injections were subtracted from the one obtained
titrating the protein into the resins, and effective enthalpic contribution from

the protein adsorption was obtained.

—— Buffer onto resin

Protein onto buffer
Protein onto resin

Corrected Heat Ra

1000 2000 3000 5000 6000

Time [s]

Figure 4.1. Typical thermogram obtained titrating BSA monomer at 20 mg/mL onto Toyopearl Q600AR and the
respective blank trials. Buffer was 10 mM TRIS, 30 mM NaCl at pH 7, 25°C.

The first peak of every trial is not shown and it was not used in any
calculation due to the well-known phenomenon, named “first-peak anomaly”
in previous studies (Werner et al. 2012). Protein injections and all blank trials
were done in duplicate.

Adsorption heats are measured directly by ITC, and molar enthalpy of
adsorption Ah**was then calculated by the following equation:

AH ads
Am

Ah4ds = (50)
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where Am is the amount of molecule adsorbed upon each injection (mol). Since
ITC is a closed system, it is impossible to measure the concentration in real
time. Hence, the amount of adsorbed BSAm in each injection was calculated
using a combination of the equilibrium adsorption isotherm and a mass
balance.

Since protein adsorption can be considered a reversible spontaneous
reaction in these conditions, Gibbs-Helmoltz relation is valid to be used in
protein adsorption:

Ag?4s = Ah44S — TAs%S < 0 (51)
where T is the absolute temperature, Ag??S and As®? are the standard molar
change in Gibbs free energy and standard molar change in entropy,

respectively.

4.3 RESULTS AND DISCUSSION

4.3.1 Linear gradient chromatography and equilibrium adsorption isotherms

Chromatography was conducted using a linear gradient elution to understand
the retention profiles of BSAm onto these anion exchangers. GH-Iz model
allows for the elucidation and comparison of the molecular mechanism of
protein adsorption (Ridt et al. 2015; Urmann et al. 2010; Yamamoto,
Nakamura, et al. 2007). From the slope of these curves we can determine the
protein binding sites number (B-number). After the application of the GH-Ir
model, Figure 4.2A clearly shows that changing the chromatographic surface
did not drastically change the B number as the slopes of GH-Ir plots were quite
similar. Table 4.2 shows that the B-number appears to be constant when using
different grafted resin, indicating that the protein binding sites did not change
significantly between chromatographic resins. The B-number is more sensitive
to protein changes than changes in the surface physical properties. In addition,

since BSAm isoelectric point is approximately pl = 4.7, when increasing pH
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from 7 to 8.5 we are inducing more charges on the surface amino acids by
getting further from the pl, leading to a modest increase in the B-number with

pH.

Normalized salt gradient slope, GH [M]
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Figure 4.2. GH-Ir curves for all the tested chromatographic surfaces at pH 7 (A) and pH 8.5 (B).; Q Sepharose FF
(A), Q Sepharose XL ('V), Toyopearl Q600-AR (O), Toyopearl SuperQ-650M ( &), Toyopearl GigacapQ 650M
( ®). Note that both axes have a logarithmic scale. The experimental data were fitted using GH-Ir model equation
(Yamamoto 2005), and A and B values were calculated. Mobile phase A: 10 mM TRIS, 30 mM NaCl; mobile phase
B: 10 mM TRIS, 1M NaCl.

80 Chapter 4: Grafted ligand architecture effect on protein adsorption enthalpy



Although Toyopearl resins share the same base metacrylate base matrix,
A-values suggest that the disposition of the ligands (or ligands themselves)
are different between these resins. When considering equation 47, A-
parameter is directly proportional to the specific surface ligand density. The
ligand density obtained from retention data will of course be different from
the values disclosed by the manufacturers due to inherent differences in the
method of determination. While the prior is determined from elution profiles
and it is specific for each condition and adsorbed molecule, the former is
measured with a direct pH titration not specifying the adsorbed molecule. The
second-generation grafted ligand, Toyopearl SuperQ 650M, shows the lowest
A-value, i.e. lowest specific ligand density, when compared with the other
chromatography surfaces. The disposition of ligands capable of protein
adsorption appear to be lower than the others, if we consider the ligand
density from the protein point of view. However, the ionic capacity values
published by the manufacturer are quite similar to other grafted ligand resins,
this suggests that some ligands may be forming a denser “forest” inside pores
that are hardly accessed by BSAm and do not contribute for protein adsorption.
This also results in a lower binding capacity of SuperQ.

When pH increases from 7 to 8.5, A-value decreases for all resins, but
this decrease is more significant in Q600 and SuperQ (more than 500-fold
decrease), than in GigaCapQ (around 3-fold decrease). This suggests that
despite all possessing quaternary amine ligands (as indicated by the
manufacturer), there are significant differences in the Q-ligand structure of
both resins probably induced by the chemical modifications of the grafted
chains. This pH effect on toyopearl resins was also observed in the equilibrium
adsorption isotherms.

Equilibrium adsorption isotherms were mainly used to determine the
protein adsorbed amount in the ITC cell. Nevertheless, important information

can be derived from these curves. Surprisingly, despite being grafted, SuperQ
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shows a very low capacity when compared to other grafted ligand surfaces
showing slightly lower capacities than the conventional model surface Q
Sepharose FF (Figure 4.3A). With the exception of SuperQ, grafted ligand
surfaces show higher binding capacities for BSAm when compared with the
non-grafted surface. Our data suggests that SuperQ behaves similarly with a
resin without grafted chains. Pezzini et al.(Pezzini, Cabanne, and Santarelli
2009), by analyzing the profile of breakthrough curves, consider Toyopearl
SuperQ 650M as a non-grafted chromatographic surface despite the
manufacturers catalog indicating that it is a 2" generation ligand with a carbon

spacer network between the bead surface and the ligand.
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Figure 4.3. Equilibrium adsorption isotherms obtained at 25 °C at pH 7 (A) and pH 8.5 (B); Q Sepharose FF (A),
Q Sepharose XL (V¥ ), Toyopearl Q600-AR (O), Toyopearl SuperQ-650M (M), Toyopearl GigacapQ 650M (@ ).
10 mM TRIS, 30 mM NaCl.

Ordered from higher to lower maximum binding capacities: Sepharose
XL, Q600, GigaCapQ, Sepharose FF and SuperQ. When pH increases from 7 to
8.5, SuperQ)’s maximum binding capacity increases significantly more than the

other chromatography surfaces. If this would be solely due to changes in the
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protein, then the change in capacity would be comparable between different
resins. As it is not, and due to SuperQ)’s ligands being more dependent on pH
than other methacrylate resins, as shown by the A-value 550-fold decrease at
pH 8.5, it can be suggested that the resins ligands responsible for the protein

adsorption may not be composed of solely quaternary amines.

Table 4.2. Summary of chromatographic retention data and change in adsorption enthalpy.

Toyopearl Toyopearl Toyopearl Q Q
SuperQ650M  Q600C AR GigaCap Sepharose Sepharose
Q650M XL FF
pH 7.0 8.5 7.0 8.5 7.0 8.5 7.0 7.0
7
A (x107) 072 00013 5800 11 15 172 11 28
B 7.7 12.5 6.7 9.4 8.3 10.5 9.5 8.7
Salt needed to
cause
desorption 0127 0171 0307 0291 0227  0.283 0.191 0.182
[mol/L]
ads
AR (k]/mol) 49.65 14.73 -134.06  -25.45  -55.55 -18.91 -25.06 73.43

lat GH =0.025

4.3.2 Thermodynamic analysis

Isothermal titration calorimetry shows that BSAm adsorption was exothermic
(Ah?S < 0) for almost all grafted ligand resins (Table 4.2). Exothermic
enthalpies of adsorption are commonly found when studying protein
adsorption onto ion exchange chromatography surfaces (Blaschke et al. 2011;
Bowes et al. 2012; Dieterle et al. 2008; Lin et al. 2001b; Silva et al. 2014),
indicating that the major driving force of adsorption are attractive ionic
interactions between the ligands and the protein. The most exothermic values
were observed for Q600, followed by GigaCapQ and lastly Q Sepharose XL.
On the other hand, SuperQ, once again, shares more properties with the
conventional model resin. Both SuperQ and Q Sepharose FF adsorption is

endothermic, indicating that the enthalpy change itself is not promoting
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adsorption spontaneity (i.e. a positive effect on Ag*? in equation 51). In these

surfaces, BSAm adsorption is entropically driven indicating that the entropy
gains overcome the gain in enthalpy and are likely to drive the adsorption
process. This does not mean, however, that ionic interactions don’t play a role
in this mechanism but that these interactions were masked by the higher
entropically driven subprocesses. In protein adsorption, the subprocesses that
are characterized by increases in entropy are (1) dehydration and release of
counter-ions from the ligands and grafted chains, (2) dehydration and release
of counter-ions from the protein surface, (3) conformational changes of the
protein. Protein conformational changes may differ with different ligand
attachment technologies, being more likely to occur in some surfaces more
than others. Since ITC only measures the total change of enthalpy, it is
impossible to isolate the energetics of the complex subprocesses of protein
adsorption. However, it is clear that the ligand attachment technique affects
how the ligand and chain interact with counter-ions and water molecules, thus
confirming the existence and importance of water release in ion-exchange
adsorption applications. Assuming that SuperQ surface possesses a grafted
layer, Toyopearl SuperQ)’s grafted ligand layer may hold a higher number of
orders water molecules and counter-ions. The increased degrees of freedom
gained by these small molecules upon release, i.e., entropic gains, are the main
driving force for the adsorption.

GH-Ir plots allow us to normalize the salt gradient slope of any column
size using any flow rate. Although columns used in this experiment have
different sizes, porosity and they were operated in slightly different conditions,
the salt required for BSAm elution (Iz) can be determined by interpolation of
the GH-Ir model at any given salt gradient slope. Table 4.2 shows the Iz value
for each surface at GH = 0.025. A new relation as been found between the
change of adsorption enthalpy Ah%%s and Ix, represented in Figure 4.4A. It is

clear that this relation was only true for the grafted layer resins as Sepharose
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FF, the only resin without grafted chains, is the clear outlier for this trend. This
linear trend was also observed at pH 8.5 (Figure 4.4B), despite not showing
the same slope. This new relation is very significant for the future
interpretation of adsorption thermodynamics parameters, it is a small step to

the demystification of thermodynamics applied to the study of protein

adsorption.
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Figure 4.4. Linear relations between the change in adsorption enthalpy (Ah®*®S) directly measured by ITC and the
BSAm elution salt concentration (Ir) determined with linear gradient chromatography. (A) pH 7, (B) pH 8.5.
Grafted layer chromatographic surfaces are represented with black circle while the model conventional non-grafted

surface is represented with an open circle.
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44 CONCLUSION

Linear gradient elution chromatography and isothermal titration calorimetry
have been applied to the study of BSAm adsorption onto chromatography
surfaces with grafted layer ligands.

Different ligand architectures changed the signal of Ah2¢. The adsorption
of BSAm was endothermic indicating that the entropic events like dehydration,
release of counter-ions, conformational changes are more important for
adsorption in second generation grafted ligands (Toyopearl SuperQ 650M).
On the other hand, the other two grafted surfaces display exothermic signals
indicating attractive ionic interactions.

A new linear relation as been found between Iz and Ah2%, proving there
is a strong correlation between attractive forces during adsorption and the salt
required for protein desorption. This may provide new resources to the
rational design of future chromatographic surfaces and new downstream
process units.

ITC is a powerful technique that can be successfully applied to
chromatography. However, nowadays, the obtention of the thermodynamic
parameters by itself is not enough in order to further help us understand
adsorption mechanisms. Also, these relations between measured
thermodynamic quantities and properties with a physical meaning are

necessary for the future application of ITC in more fields.

4.5 SUMMARY

Thermodynamic studies on protein adsorption onto chromatographic surfaces
mainly focus on the molecular level interaction between proteins and ligands.
Yet, not much attention is given to the study of grafted ligand architecture
effect on thermodynamic parameters, nor to the relation between

chromatographic parameters with the directly obtained thermodynamic
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parameters. These relations are needed in order to confer meaning and to ease
future data interpretation of thermodynamic studies of protein adsorption. In
this study, bovine serum albumin monomer (BSAm) was adsorbed onto
chromatographic surfaces with grafted ligands and adsorption was studied
from a thermodynamic point of view together with chromatographic data.
Isothermal titration calorimetry (ITC) results showed that BSAm adsorption is
exothermic (Ah* < () when adsorbs onto Toyopearl GigaCapQ 650M,
Toyopearl Q600AR, and Q Sepharose XL, but endothermic (Ah*%> 0) when
adsorbs onto Toyopearl SuperQ and Q Sepharose FF, showing clear
differences in the adsorption driving forces caused by different ligand
architectures. In addition, we found a new linear relation between the salt
required for protein elution and the change in adsorption enthalpy (Aha®),

intrinsically connecting both adsorption and desorption mechanisms.
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General conclusions

Despite the controversy surrounding the discrepancies found between
indirect and direct methods for thermodynamic parameters determination,
this study did not find significant discrepancies. This was probably due to the
fact that the model system was too simple, as the molecules were too small
when compared to proteins.

van’t Hoff analysis is usually applied to the chromatography using
isocratic elution data. However, this mode can be quite time consuming
because the optimal K values are searched based in trial and error. In addition,
van’t Hoff application to IE only allows for the calculation of thermodynamic
parameters at once salt concentration. Further experiments are needed at
different salt concentrations to re-calculate those parameters.

This thesis, more precisely in chapter 2, shows that is also possible to
apply van’t Hoff analysis to linear elution data. This mode of operation not
only does not require trial and error searches for optimal K values but
theoretically allows for the determination of the thermodynamic parameters
at any given salt concentration with the same set of experiments.

Another important conclusion in this study is that the amino acid
composition of proteins seems to be the cause for different driving forces of
adsorption. Even two very similar proteins, like lysozyme and cytochrome c,
show opposite temperature-dependent behaviors. Proteins like, lactoalbumin,
serum albumin, cytochrome, lysozyme, ribonuclease and so on, are often used
as model proteins in adsorption studies. However, our data suggests that the
use of model proteins in thermodynamic studies has its merit. It allows us to
compare and compile large amounts of data obtained from different
techniques. But, at the time of the writing of this thesis, it is still impossible to

find an overarching model that explains every single protein adsorption
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mechanism. In our study, we hypothesize that lysozyme and cytochrome c
adsorption onto charged sepharose beads is connected with the protein amino
acid sequence. This complicates any theory or model that tries to predict the
binding energetics based on protein physical properties. In thermodynamic
studies of adsorption, each case is a different one, and it is too soon to make
general conclusions about all proteins.

In addition, tthermodynamic studies on protein adsorption onto
chromatographic surfaces mainly focus on the molecular level interaction
between proteins and ligands. However, not much attention is given to the
relation between chromatographic operational parameters with the directly
obtained thermodynamic parameters. These relations are needed to confer
meaning and to ease future data interpretation of applied thermodynamic
studies of protein adsorption.

In this study we present a novel linear relation between the salt
concentration needed for protein elution (Ir) and the adsorption enthalpy
(Ahads). This intrinsically connects both adsorption and desorption mechanisms
and allows a more rational design of new chromatographic surfaces and
downstream processes.

We hope this study helps to shed more light into the fundamental

properties of protein adsorption.
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