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ABSTRACT

Ion-exchange chromatography is a powerful tool that is widely utilized in the
downstream purification of biomolecules. As the biotechnology industry continues to
grow and develop new molecules and therapeutics, resins that exhibit enhanced
chromatographic performance are widely desired to streamline purification processes
and meet production requirements. Polysaccharide-based ion-exchange adsorbents
meet many performance standards by possessing high binding capacities and enhanced
uptake rates of protein, while being highly compatible with biologics and remaining
relatively cost-efficient. The characterization of these materials is crucial for informed
decisions during stationary-phase selection and process design.

The structural characteristics of agarose-based, dextran-modified agarose-
based and cellulosic ion-exchange materials were assessed using methods to gauge the
pore dimensions and the effect of ionic strength on intraparticle architecture. Inverse
size exclusion chromatography (ISEC) analysis yielded an average pore radius on the
order of 5 nm within cellulosic and polymer-modified adsorbents, which also
presented particularly narrow pore-size distributions. Electron microscopy techniques
were used to visualize particle structure and relate it to macroscopic experimental data.
Microscopy of cellulosic anion-exchangers with varying salt-tolerances presented
qualitative differences in pore structure that can be attributed to their derivatization
using conventional quaternary ammonium and salt-tolerant ligands. The effect of ionic
strength was studied through the use of salt breakthrough experiments to determine to

what extent Donnan exclusion plays a role in restricting the accessible pore volume for

XXV



small ions. It was determined that Donnan effects were prevalent at total ionic
strengths (TIS) less than 150 mM, suggesting the presence of a ligand-containing
partitioning volume within the pore space.

Adsorption behavior in these materials was characterized using methods to
assess, quantitatively and qualitatively, the dynamics of protein uptake as a function of
ionic strength and protein concentration using several model proteins. The cellulosic
exchangers studied all presented relatively high adsorptive capacities under low ionic
strength conditions, comparable to resins containing polymer functionalization aimed
at increasing that particular characteristic. The strong cation- and anion-exchange
moieties showed higher sensitivity to increasing salt ranges, but protein affinity on the
salt-tolerant exchanger remained strong at ionic strength ranges normally used in
downstream processing to elute material fully during ion-exchange chromatography.
Fast uptake rates were observed in both batch kinetics experiments and time-series
confocal laser scanning microscopy (CLSM) for the cellulosic media, suggesting low
intraparticle transport resistances relative to external film resistance, even at higher
bulk protein concentrations where the opposite is typically observed.

The rate processes involved in elution during preparative chromatography can
affect both peak resolution and hence selectivity, as well as practical factors such as
facility fit. These processes depend on the physical structure of the adsorbent
particles, the amount of bound solute, the solution conditions for operation or some
combination of these factors. While polysaccharide-based materials possess easily
accessible microstructures that offer substantial binding capacities and fast uptake
rates, elution has sometimes been observed to be undesirably slow. In order to

determine which physicochemical phenomena control elution behavior, the materials
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were characterized by their uptake and elution profiles at various conditions, including
different degrees of loading. Elution data were analyzed under the assumption of
purely diffusion-limited control, including the role of pore structure properties such as
porosity and tortuosity. In general, effective elution rates decreased with the reduction
of accessible pore volume, but differences among different proteins indicated the roles
of additional factors. Additional measurements and analysis, including the use of
CLSM to observe elution within single chromatographic particles, indicated the
importance of protein association within the particle during elution. The use of protein
stabilizing agents was explored in systems presenting atypical elution behavior, and L-
arginine and disaccharide excipients were shown to alleviate the effects for one
protein, lysozyme, in the presence of sodium chloride. Incorporation of these
excipients into eluent buffer gave rise to faster elution and significantly lower pool
volumes in elution from polymer-modified agarose adsorbents.

Finally, thermodynamic modeling based on molecular theory was used in
conjunction with single-molecule super-resolution microscopy to further develop the
understanding of fundamental mechanisms of protein adsorption within polymer-
modified surface layers. Molecular theory and binary adsorption experiments gave
insights into preferential adsorption on charged surfaces with and without dextran
modification, analogous to the agarose-based media studied throughout this work.
Dextranized surfaces presented adsorption systems more tolerant of acidic
environments compared to their non-polymer modified counterparts due to changes in
the local pH and charge of protein close to the surface. The trajectories of tracked
single molecules on dextran-derivatized surfaces acquired via total internal reflection

fluorescence microscopy (TIRFM) were analyzed to obtain mean-squared
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displacements. The effect of solution salt concentration on the adsorption and lateral
diffusion of fluorescently-labeled lysozyme revealed characteristics that were in
agreement with protein transport in stationary phase analogues to these surfaces. The
ability to visualize protein movement directly and relating it to the environment within
porous adsorbents could have implications for future stationary phase design and

operation of these materials.
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Chapter 1

INTRODUCTION

1.1 The Role of Protein Purification in Biologics Manufacturing

Over the past few decades, the biotechnology industry has matured and
expanded rapidly, especially in the reliable manufacturing of biopharmaceutical drugs.
In 2014, the cumulative market value of all biotech companies surpassed $1 trillion
(Morrison and Léhteenmiki, 2015), a large portion of which is comprised of
biopharmaceutical manufacturing. With the advent of engineered therapeutic proteins
such as monoclonal antibodies (mAb), used to target specific epitopes for the
treatment of a multitude of cancer and autoimmune diseases, a platform process
approach has become the paradigm for downstream purification. Nevertheless,
providing optimized and efficient separation of target molecules has been a necessity
to satisfy the regulatory requirements for all types of biological drugs.

Typically, biologics such as mAbs are cultured in mammalian or bacterial host
cells, after which feedstocks containing the species of interest are clarified and
concentrated before the application of more downstream purification steps. With
components such as extraneous cell lysate, infectious agents (e.g., viruses) and protein
aggregates still being present in the feed to the purification chain, the stringent
purification process requires a significant investment of time and money to remove
these types of impurities and meet regulatory standards. In a 2010 report on the
biopharmaceutical industry, it is stated that purification costs may comprise up to 80%

of the total cost of production (Walsh, 2010).



While Protein A affinity chromatography is currently the standard for mAb
capture, providing high purity of the target protein directly following upstream
clarification, ion-exchange chromatography (IEX) is widely used in the remainder of
the purification process, being utilized in steps from capture (Gréslund et al., 2002;
Necina et al., 1998), to viral clearance (Curtis et al., 2003; Strauss et al., 2009), to
polishing. In purification platforms that are not dependent on Protein A for capture,
IEX chromatography can comprise up to 75% of the purification steps employed
(Boschetti, 1994). A distinct advantage that IEX has over affinity resins is the much
lower cost (Follman and Fahrner, 2004) as well as reusability, as Protein A resins have
a shorter cyclical lifetime due to ligand leaching (Swinnen et al., 2007).

The adsorptive mechanism in IEX chromatography is also conceptually
simple, taking advantage of differences in the charge of the protein solutes. Cation
exchangers (CEX) bind positively-charged proteins by being derivatized with
negatively-charged functional groups, such as sulfonate (CH2-SO3"), while anion
exchangers (AEX) bind negatively-charged proteins by being derivatized with
positively-charged functional groups, such as quaternary ammonium (CH2-N"-
(CHs)3). CEX materials are typical for steps requiring adsorption and retentivity of
mAbs due to the relatively high isoelectric point (pl) of those types of proteins (pl ~
7.5-8.5), while AEX materials are well suited for viral clearance operated in the flow-
through mode (Curtis et al., 2003; Strauss et al., 2009).

There is a societal need to have more effective solutions in all types of
industry. New technologies and methods are essential in realizing the changes
necessary to implement more cost-effective pharmaceutical manufacturing (Gottschalk

et al., 2012). Employing more recently developed types of purification strategies, such



as continuous chromatography and simulated moving bed technologies (Juza et al.,
2000; Migliorini C., 1998; Miiller-Spéth et al., 2010; Seidel-Morgenstern et al., 2008),
may provide an overall increase in productivity. However, the development of
optimized adsorbent materials is also critical in improving performance in such
respects as selectivity, adsorptive rates and binding capacities, which are all tied to the
overall throughput of the purification processes.

To address this concern, many novel materials for bioseparations have been
designed over the years to help improve chromatographic performance. For example,
materials that provide three-dimensional binding volumes for proteins, such as “gel-in-
a-shell” resins like HyperD, have been shown to have enhanced uptake rates as well as
increased binding capacities (Boschetti and Coffman, 2008; Lewus et al., 1998;
Weaver and Carta, 1996). However, the full extension of the binding layer to occupy
the entirety of the pore space does have the disadvantage of excluding larger proteins
or solutes that may be incompatible with finer mesh sizes. Polymer-modified
materials, or resins that possess covalently attached polymer extenders within the pore
volume, provide a compromise between the “gel-in-a-shell” type of adsorbent and
conventional macroporous resins.

In this work, characteristics of both polymer-modified and non-polymer-
modified resins were explored on matrices fully composed of natural carbohydrate
polymers, i.e., polysaccharides. The carbohydrates that typically comprise these
adsorbents are based on cross-linked agarose, dextran, cellulose, or a combination of
several polymers. The distinct advantage of polysaccharide-based adsorbents is their
compatibility with biological molecules, like mAbs, due to their low non-specific

binding (de Oliveira and Glasser, 1996; Peterson, 1970) and their highly



interconnected pore networks (Yao et al., 2006). These features provide ample surface
area for adsorption in the case of non-polymer-modified resins and ample pore
volumes for polymer extenders to occupy in the case of polymer-modified resins. The
softer and more flexible nature of these resins causes them to be somewhat more
compressible than beads composed of silica, ceramic or methacrylate. However, the
cross-linked nature still allows for mechanical as well as chemical stability, even in

conditions typical for harsh cleaning protocols.
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Figure 1.1  Schematic representation of monolayer protein adsorption on a
conventional stationary phase pore surface (top) and protein adsorption
within a polymer-modified stationary phase (bottom).

The extension of the adsorptive surface area into a volumetric partitioning
layer provides a drastic increase in dynamic and static capacities as effectively
multilayer adsorption is facilitated (Bowes et al., 2009; Kawai et al., 2003; Lenhoff,

2011; Yu et al., 2011), as shown in Figure 1.1. Uptake of protein is faster in these



adsorbents as well, as homogeneous diffusion (also called solid diffusion) is often the
dominant transport mechanism. Here, sorbed protein is able to move within the
polymeric layer at a rate that, although limited by lower mobilities in the polymer, is
increased by the high local protein concentration (Bowes and Lenhoff, 2011a; Stone
and Carta, 2007; Yu et al., 2011). Figure 1.2 shows the uptake of protein with time in
several different IEX resins, all possessing the same functional moiety. The primary
difference here is in adsorbent composition, and hence pore microstructure, a facet

that will remain an overarching theme throughout this dissertation.
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Figure 1.2 Adsorptive uptake of lysozyme on commercially available cation-
exchange adsorbents in terms of mass per unit hydrated particle volume
of resin (10 mM sodium phosphate, pH 7). The type of material and
general base matrix composition is listed to the right of each plot. SP 650
data from (Dziennik, 2002); Fractogel data collected by Rahul
Bhambure.

A special case that is explored extensively in this dissertation is the rapid

saturation observed in S HyperCel, a fully cellulosic base matrix, which is a distinctive



result that initially motivated much of this work. The polysaccharide-based resins
examined here outperform their synthetic polymer counterparts as well, with SP
Sepharose FF typically displaying higher uptake rates and capacities than SP 650 C
(both of which are non-polymer-modified) and SP Sepharose XL displaying higher
rates and capacities than Fractogel EMD SOj;™ (both of which are polymer-modified).

During bind-and-elute mode separations using these chromatographic supports,
both uptake as well as elution of protein should be considered. Often overshadowed by
loading optimization and adsorption metrics in purification process development,
optimizing the elution step can present challenges based on the operating conditions or
the characteristics of the solutes meant to be desorbed. Elution is a critical step in
process performance in that it determines separation selectivity and the pool volume
containing the product. Attention to elution is therefore necessary to maintain high
recoverability of products and enable reuse of packed beds.

The increased use of stationary phases allowing higher binding capacities, such
as polysaccharide-based media, potentially presents something of an optimization
bottleneck. Increases in the total adsorptive capacity could translate into increases in
the total elution volume due to more prevalent protein-protein association occurring
within the pore volume of the adsorbent material. Increases in pool volumes would
result in more dilute product pools and increases in processing time. Where minimal
post-processing, such as buffer exchange and concentration of products, is favored in
the downstream environment, the elution process merits some careful consideration.

Another potentially challenging problem, especially within IEX systems, is the
increase of product self-association during elution, as elution from an IEX material

typically requires an increase in the solution salt concentration. An increase in the salt



concentration of a protein solution, even with monovalent salts such as sodium
chloride, can have a strong effect on the interactions leading to aggregation (Coen et
al., 1995; Curtis et al., 1998; Dumetz et al., 2008; Lewus et al., 2014, 2011). The high
loading capacities afforded by polysaccharide-based absorbents can compound this
effect, as increases in protein-protein association are expected with increasing salt as
well as mobile-phase protein concentration.

In order to obtain a more complete understanding of the physical and
functional properties of resins of this type, macroscopic studies (similar to those for
which results are shown in Figure 1.2) may be complemented with advanced imaging
techniques performed on the microscopic scale. At this level, it is possible to
determine aspects of protein sorption and transport that are not readily obtainable on
the larger, macroscopic scale.

Scanning and transmission electron microscopy are useful for directly
visualizing surface topography and intraparticle void space, respectively, and in the
case of phases containing protein, characteristics such as protein localization may be
observed (Bowes et al., 2009; Koku, 2011). However, electron microscopy does not
enable any dynamic comparison with macroscopic studies such as protein uptake
kinetics. Confocal laser scanning microscopy (CLSM) may be used to observe protein
transport on the particle level by visualizing uptake, or elution, of fluorescently
labeled proteins in single chromatographic particles in real-time (Dziennik et al., 2005,
2003; Hubbuch and Kula, 2008; Ljunglof and Hjorth, 1996; Ljunglof and Thommes,
1998). These observations show where protein is located within the particle at any

given moment during uptake, but also provide insight into the transport mechanism via



the type of profile observed (Bowes and Lenhoff, 2011a; Dziennik et al., 2003;
Hubbuch et al., 2003; Yang et al., 2008; Zhou et al., 2006).

Single-molecule imaging on functionalized surfaces has been used to measure
lateral diffusion and kinetic parameters of adsorbing species at the liquid-solid
interface (Daniels et al., 2012; Honciuc et al., 2008; Isailovic et al., 2007; Kisley et al.,
2014; Mabry et al., 2014; Ries et al., 2008; Skaug et al., 2013). The most common
technique utilizes total internal reflection fluorescence (TIRF) in order to observe
adsorption events within a small focal volumes directly above the solid-liquid
interface. Particle tracking and autocorrelation analyses have been used in previous
work (Cooper and Harris, 2014; Daniels et al., 2012; Kihm et al., 2004; Skaug et al.,
2013; Thompson, 1981; Thompson and Axelrod, 1983) to back out kinetic and
diffusive parameters at the adsorptive interface. Through the use of molecular methods
such as these, direct observations can be made in how proteins behave along surfaces
that are analogous to chromatographic stationary phases, e.g., dextran surface layers
similar to those found in materials like Sepharose XL and Capto (both agarose-based
media with covalently attached dextran extenders). Relating protein sorption on the
macroscopic level, single-particle level and single-molecule level within
polysaccharide-based materials provides a more complete understanding of how

adsorbent structure dictates the functional characteristics of these types of exchangers.

1.2 Overview of this Work

This dissertation aims to increase our understanding in the field of
chromatographic bioseparations through the characterization and assessment of
polysaccharide-based stationary phases for IEX chromatography. Macroscopic studies

to assess both structural and functional characteristics are coupled with microscopic



observations performed via advanced imaging techniques. In this way, a thorough
investigation into how these materials adsorb, transport and elute proteins can be
conducted on the batch and column level, to the particle level, and finally, down to the
molecular level. The information gathered at each length scale helps to interpret
observations and results obtained on each other level, and therefore, increases our
fundamental understanding of the materials themselves and their mechanisms of
protein sorption and transport.

The basis of the research stems from the characteristic differences in the
particle and pore structure of the polysaccharide-based materials. Chapter 2 focuses
on structural characterization of adsorbents comprised of agarose, cellulose and
agarose modified with dextran extenders, the properties of which can be seen in
Tables 1.1 and 1.2 for CEX and AEX moieties, respectively. Microscopic
investigations were coupled with inverse size exclusion techniques in order to
interrogate the pore space and obtain parameters for the pore-size distributions in these
materials. A fundamental understanding of the adsorbent structure is essential in a
functional characterization and assessment, because, as with many biological systems,
structure often dictates function.

Chapter 3 covers an in-depth functional analysis of protein adsorption in the
IEX materials using a set of model proteins. Both static and dynamic experiments
were performed in order to obtain values such as the binding capacities and retention
parameters at different values of the total ionic strength (TIS). Batch uptake kinetics
experiments were coupled with CLSM imaging to obtain real-time uptake profiles on
the macroscopic (batch) and single-particle level, respectively. Transport models were

used to obtain quantitative parameters based on qualitative single-particle uptake



profiles. The use of both polymer-modified and non-polymer-modified adsorbents
allows a direct comparison of how the adsorptive characteristics may be enhanced in
materials with increased adsorptive capacities. The cellulosic exchangers were
emphasized as the uptake behavior in these materials deviates from that in
conventional stationary phases for IEX. While much of this work was done in single-
component systems, some binary adsorption experiments were performed on the
single-particle scale to observe displacement effects and anomalous uptake behavior,
but binary adsorption experiments performed in batch systems (to obtain static
capacities) are covered to some extent in Chapter 5.

Chapter 4 presents an analysis of the elution behavior from these materials. As
stated previously, elution in adsorbents containing polymer extenders could potentially
be troublesome due to the high binding capacities afforded by these resins. The elution
rates from step elution experiments were modeled across the set of CEX materials
with three different model proteins. Observation of single-particle elution via CSLM
helped to elucidate anomalous behavior and the use of several excipients was also
explored in determining how to ameliorate some of these drawbacks. The techniques
presented here would be readily applicable to other stationary phases in order to
compare their elution characteristics and to make informed decisions about stationary-
phase selection when looking to optimize bind-and-elute separations.

Chapter 5 focuses on two studies in which adsorption in dextran-modified
surfaces and materials is explored at the molecular level in both thermodynamic
simulation and single-molecule imaging. In a collaboration with Igal Szleifer and
Claudio Narambuena at Northwestern University, the molecular theory developed by

Fang and Szleifer (2001) was extended to represent protein adsorption on surfaces
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with and without dextran extenders in order to compare how proteins of differing
affinity would adsorb at such interfaces at varied TIS and pH conditions. This
molecular simulation is meant to represent adsorption in stationary phases such as
Sepharose FF, which does not contain polymer extenders, and Sepharose XL, its
counterpart that is modified with 40 kDa dextran extenders. The theoretical models are
corroborated in binary adsorption isotherm experiments performed at comparable
solution conditions with lysozyme and cytochrome c. The single-molecule imaging of
dextran-modified surfaces was also conducted to observe differences in the lateral
diffusion and residence time of fluorescently-labeled lysozyme though the utilization
of a TIRF super-resolution microscope. While the ionic capacity of the dextranized
surfaces was not adjusted, solution conditions were altered at varied TIS and pH
conditions. Analysis of the mean-squared displacement of tracked particles provides a
quantitative measure of protein movement on the molecular level that can be
tangentially related to more macroscopic transport parameters at the same operating
conditions.

Finally, Chapter 6 provides conclusions and recommendations for future work.
Insight is provided into how the techniques and analyses presented here are applicable
for industrial downstream processing and how this work may be built upon in the
future for the development and characterization of novel materials and methods for

large-scale chromatographic bioseparations.
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Resin

Base matrix

Functional

Particle size

Ionic capacity

group (um) (umol/mL)
SP Sepharose | Cross-linked SO3™ on 6-
FF agarose (6%) carbon spacer 45-165 180-250
Cross-linked
SP Sepharose | agarose (6%) SOs3™ on 6-
XL with dextran carbon spacer 45-165 180-250
extenders
Highly cross-
linked agarose SOs3™ on 2-
Capto S (>6%) with carbon spacer 90 (mean) 110-140
dextran extenders
S Hypercel | Crossinked g 60-90 59-84
cellulose
Table 1.1  Physical properties of CEX stationary phases as reported by
manufacturers.
Resin Base matrix Functional Particle size | lonic capacity
group (um) (umol/mL)
Q Sepharose Cross-linked Quaterqary 45-165 180-240
FF agarose (6%) ammonium
Cross-linked
0
Q Sepharose agarose (6%) Quaterqary 45-165 180-260
XL with dextran ammonium
extenders
Highly cross-
linked agarose Quaternary
Capto Q (>6%) with ammonium 90 (mean) 160-220
dextran extenders
Q HyperCel Cross-linked Quatern.ary 60-90 99-138
cellulose ammonium
STAR AX Cross-linked Pr.oprletary. 80 (mean) | n/a
HyperCel cellulose primary amine
Table 1.2 Physical properties of AEX stationary phases as reported by

manufacturers.
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Chapter 2

STRUCTURAL CHARACTERIZATION OF CELLULOSE- AND AGAROSE-
BASED ION-EXCHANGE ADSORBENTS

2.1 Introduction

Cellulosic ion-exchange materials display qualities very well suited for liquid
chromatographic processes. The fine, fibrous structure provides a large surface area
for protein adsorption (Graham and Fook, 1982; Peterson and Sober, 1956) and the
natural carbohydrates that comprise these materials give them a hydrophilic quality
that minimizes non-specific binding due to hydrophobic and other effects (Peterson,
1970). These features have led to a variety of beaded cellulosic supports (Bai and Li,
2006; Boeden et al., 1991; Du et al., 2010; Wang et al., 2007). Ion-exchange
chromatography (IEC) resins based on cellulose presumably have an open
microstructure for easily accessible transport of proteins (Peterson, 1970), and
characterization of these materials from a more quantitative standpoint has shown that
varying the cellulose concentration or the degree of cross-linking can be used to tailor
pore dimensions and interconnectivity (Bai and Li, 2006; de Oliveira and Glasser,
1996; Du et al., 2010; Wang et al., 2007). However, differences in the pore structures
of cellulosic supports can be expected to result from differences in synthesis
procedures, and additional variations may be caused by functionalization. Of
particular interest is whether significant functional differences are due solely to

differences in the ligand chemistry or also to effects on the physical structure.
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Due to the complex nature of the fibrous networks in these polysaccharidic
materials, it is difficult to quantify an average pore radius and pore-size distribution in
a way that can be related to the adsorption capacity. Inverse size-exclusion
chromatography (ISEC) may be used to estimate the pore size distribution (PSD) of a
stationary phase from experimental size-exclusion chromatography results for non-
interacting solutes of known size, such as uncharged dextran or PEG standards (Hagel
et al., 1996; Halasz and Vogtel, 1980; Knox and Ritchie, 1987). The PSD can then be
used to estimate the accessible binding area per unit pore volume (the phase ratio) and
the mean pore radius. ISEC analysis has been carried out for carbohydrate-based
resins in previous studies (DePhillips and Lenhoff, 2000; Yao and Lenhoff, 2006),
with the mathematical PSD function used to fit the calibration curves optimized for a
simplified pore model assuming a sphere-in-cylinder geometry. Comparison of data
obtained under different conditions allowed the dynamics of the internal structure,
specifically the robustness of the pore-size distribution to changes in solution
conditions, to be estimated.

Although ISEC provides a functional measure of the pore-size distribution, it
does not directly reflect the details of the pore architecture and geometry (Knox and
Ritchie, 1987). To complement the macroscopic structural characterization of these
resins, electron microscopy techniques may be used to gain a qualitative
understanding of the particle morphology and pore architecture. Scanning electron
microscopy (SEM) is used to image the topography of the particle surface, but it also
provides ample resolution to investigate the porous structure. Transmission electron
microscopy (TEM) is used to complement the images obtained via SEM and provide a

more detailed picture of the intraparticle space.
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Salt accessibility studies allow the extent of salt exclusion within the pore
space at low total ionic strengths to be determined. This is the regime in which the
Donnan equilibrium effect (Donnan and Barker, 1911) is most pronounced. This
effect was considered in much earlier studies of ion-exchange chromatography
(Helfferich, 1962) but has not been examined extensively as an effect in ion-exchange
of biopolymers. The effect, where present, can result in a significant difference
between the salt concentration in the ambient electrolyte solution and the actual
concentration of co- and counter-ions in the medium of interest. This medium is one
in which immobilized ionic groups are sufficiently closely spaced that the electrostatic
interaction between them is at most only partially screened by the ions in the
intervening solution. In ion exchangers this occurs when charged ligands are
immobilized on a polymer matrix, giving rise to a 3-D distribution of fixed charge. It
occurs, for instance, in polymer-derivatized ion exchangers (Bowes et al., 2012), and it
is possible that the cellulosic materials, such as HyperCel adsorbents, exhibit similar
structural characteristics to the broader class of polymer-derivatized resins if cellulose
chains span the extended pore space, acting much like grafted polymer extenders.
Cellulosic exchangers exhibiting functionalized polymer grafts have been synthesized
previously (Wang and Sun, 2007), which greatly increased adsorptive capacity but
hindered flow through pores. The inclusion of a polymer layer such as this would
greatly increase exclusion due to Donnan equilibrium at low ionic strengths, including
solutes such as proteins, but in this study only salt exclusion was assessed as protein
effects would be much more complex to analyze.

In this chapter, several cellulosic exchangers comprised of the same base

matrix with functionalities providing varying levels of salt-tolerance are compared,
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specifically materials belonging to the HyperCel family of adsorbents. This is
supplemented by additional work on agarose exchangers, specifically Sepharose
materials, which have been studied previously in a similar manner (Bowes and
Lenhoff, 2011a, 2011b; Bowes et al., 2012, 2009; DePhillips and Lenhoff, 2000;
Hubbuch et al., 2003; Langford et al., 2006; Staby et al., 2000; Stone and Carta, 2007;
Yao and Lenhoff, 2006). The characterization performed here provides structural
information that aids in the interpretation of functional characteristics of these

stationary phases, which are discussed in Chapter 3.

2.2 Materials and Methods

2.2.1 Stationary Phases

S, Q and STAR AX HyperCel (lots AU31072012-3, -4 and -5 for Q, S and
STAR AX, respectively) were provided by Pall Corporation (Northborough, MA). All
resins were synthesized from the same cellulosic base matrix with different
functionalities: sulfonate on S HyperCel, quaternary amine on Q HyperCel, and a
proprietary primary amine group on STAR AX HyperCel. The average particle size is
on the order of 75-80 um for all three resins.

The structural characteristics of agarose-based resins were also explored,
namely strong cation- and anion-exchange varieties of Sepharose Fast Flow (FF) and
Sepharose XL, which were obtained from GE Healthcare (Piscataway, NJ). The FF
material consists of a 6% cross-linked agarose base matrix with either a quaternary
ammonium (Q) or sulfopropyl (SP) functionality while the XL material consists of the
same base matrix but carries 40 kDa dextran extenders that are grafted to the agarose

prior to functionalization (Berg, 2003). Structural details of these resins have
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previously been determined by electron microscopy (Bowes et al., 2009; Koku, 2011;
Staby and Jensen, 2001; Yao et al., 2006) and inverse size exclusion techniques
(DePhillips and Lenhoff, 2000; Yao and Lenhoff, 2006). Manufacturer-reported

properties of these resins and HyperCel materials can be found in Tables 1.1 and 1.2.

2.2.2 Buffers

Monobasic sodium phosphate (NaH2POa4) and bis-tris were purchased from
Fisher Scientific (Fair Lawn, NJ) and Sigma-Aldrich (St. Louis, MO), respectively,
and used to prepare buffer solutions at pH 7. The packing buffers used were 20 mM
bis-tris with 1 M NacCl for use with the anion-exchange (AEX) resins and 10 mM
monosodium phosphate with 1 M NaCl for the cation-exchange (CEX) resins. The
running buffers for the ISEC experiments contained 20 mM bis-tris or 10 mM
monosodium phosphate with 0 mM, 100 mM or 1 M NaCl added. The running
buffers for the salt exclusion experiments consisted of 50 mM bis-tris with the total
ionic strengths (TIS) adjusted with NaCl to 50, 100 and 200 mM. Buffers containing
10-200 mM sodium phosphate were also used to determine phosphate exclusion in

separate experiments.

2.2.3 Inverse Size Exclusion Chromatography

2.2.3.1 Standards
A set of dextran standards ranging from 180 to 3,000,000 Da was purchased
from Polymer Standards Service (Silver Spring, MD). PEG standards (Sigma
Aldrich) ranging from 100 to 35,000 Da were also used in complementary ISEC
experiments. Characteristics of the dextran and PEG standards used are shown in

Tables 2.1 and 2.2, respectively.
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Dextran | Mw Mp Mn PDI | Ry
(kDa) | (kDa) | (kDa) (nm)
dxtpl 0.18 |0.18 |0.18 |1.00 |0.36
dxtp2 0.342 | 0.342 | 0.342 | 1.00 | 0.50
dxtln 1.35 1.08 |1.16 |1.16 | 0.88
dxt5 5.2 4.4 33 1.58 | 1.77
dxt12 116 |99 8.1 1.43 | 2.65
dxt25 23.8 |214 |183 | 1.30 |3.89
dxt50 48.6 | 435 |356 |1.37 |5.53
dxt150 148 124 100 1.48 |9.32
dxt270 273 196 164 1.66 | 11.71
dxt410 410 277 236 1.74 | 13.91
dxt3000k | 3000 | 2800 | 1230 | 2.44 | 44.02

Table 2.1  Dextran characteristics, including weight-average molecular weight
(Mw), number-average molecular weight (Mn), molar mass at peak
maximum (Mp), polydispersity index (as reported by Polymer Standards
Service) and viscosity radius (Ry, derived from Equation 2.2 (Kremer et

al., 1994)).

Table 2.2  PEG characteristics; viscosity radii derived from Equation 2.3 (Kremer et

al., 1994),

PEG Muw Ry
(kDa) | (nm)
100 0.1 0.29
400 0.4 0.60
2000 |2.05 |1.40
3000 |3.35 |1.80
4000 |4 1.97
8000 8 2.82
20000 |20 4.54
35000 |35 6.06

18




Standard solutions were prepared by dissolving dextran or PEG standards in
running buffer to a concentration of 1 mg/mL and storing them at 4 °C for at least 24
hours prior to their use in ISEC experiments. All samples were filtered through 0.22
um syringe filters prior to injection to remove any higher molecular weight

aggregates.

2.2.3.2 ISEC Procedures

Resin was slurried in a 75/25 resin-to-buffer ratio and poured into a graduated
cylinder to a volume of 180-200 mL. Packing buffer was added and the resin was
suspended and then allowed to settle to a target volume of 135-140 mL. Packing
buffer was added and decanted a total of three times. Packing buffer was then added
to produce a suspension of 50% v/v resin. The suspension was poured along the
inside wall of a vertical GE Healthcare XK 16/70 (i.d. 1.6 cm) column with attached
reservoir column. The column was topped off with packing buffer and the top flow
adapter attached. The flow of packing buffer was initiated and gradually increased to
4 mL/min (120 cm/hr). The top flow adapter was repeatedly lowered to the top of the
bed every hour while packing continued until no noticeable further drop in bed height
was observed. The final packed bed height was 50 + 3 cm in all cases (total column
volume 100.5 £ 6.0 mL). Properties of the individual columns are shown in Table 2.3.
Intraparticle void fractions, €p, were determined based on the retention of glucose
injections, and interstitial void fractions, €, were determined based on the retention of
dxtb3000k (3,000,000 Da dextran) injections. Chromatography was performed using a
Waters 2695 separation module equipped with a Waters 2414 RI detector. Solute

injections of 100 pL. were used at a flow rate of 1.5 mL/min (45 cm/hr).
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€ €p &t L (cm)

S HyperCel 0.35 0.74 0.83 49.5
STAR AX 0.35 0.66 0.78 47.6
HyperCel

SP Sepharose XL. | 0.34 0.65 0.77 51.4
(no added NaCl)

SP Sepharose XL. | 0.36 0.70 0.81 51.4
(1500 mM NacCl)

Table 2.3  Column characteristics, including interstitial, intraparticle and total
porosities and the bed height of each packed column.

2.2.3.3 ISEC Analysis
Following methods described in DePhillips and Lenhoff (2000) and Yao and
Lenhoff (2004), analysis of the ISEC measurements was carried out in order to
determine quantitative characteristics of the stationary phases. ISEC data are presented
in the form of a calibration curve of distribution coefficients, or Kd values, determined

by

— Vr_VO
Kq =32 2.1)

where V: is the elution volume of the solute, Vo is the interstitial void volume
determined from an excluded solute (such as dxtb3000k), and Vt is the total mobile-
phase volume determined from a glucose injection.

The Ka calibration curve, expressed as a function of the size of each standard
probe, is used to estimate the pore-size distribution of the resin, from which the mean
pore size and the accessible pore area can also be estimated. The probe size is most
often expressed as the viscosity radius, Ry, based on empirical correlations (Kremer et

al., 1994). For dextran standards the form used is
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R, = 0.0271Mp*® (2.2)
where M is the peak molecular weight of the dextran standard, in Daltons, and the

radius is in nm. For PEG standards the correlation used was
R, = 0.0271Mp>* (2.3)

The ISEC procedure fits the experimental K4 values to a PSD function. Since
this regression is based on a finite number of data points, it is best carried out using a
suitable functional form characterized by a small number of parameter values. We
generally use the log normal distribution

fr) = %exp _%<@> (2.4)

Sp

where the two parameters directly characterize the shape of the distribution: rp is a
measure of the mode of the distribution and s, a measure of the width. The PSD is

related to the distribution coefficients by

oo F@[1—(rm/0]?dr

Ka J& r@dr

(2.5)

where rm is the solute viscosity radius for one particular standard. This relationship
simply represents Kd as a ratio of accessible pore volume to total pore volume, with
partitioning represented as that of a sphere in a cylindrical pore. This partitioning
model is highly idealized, and although it provides a reasonable estimate of the
characteristic size distribution of the pore space, the limitations of the model should be
borne in mind.

Although the sensitivity to pore size is much greater than that to pore shape,
we also explored PSD fits for the Ogston model (Ogston, 1958), which is more

plausible as a physical representation of the fibrous nature of the natural carbohydrate
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polymer networks. An adaptation of the Ogston model was derived from the work of
Laurent and Killander (1964) and Slater et al. (1988) that describes the available
volume by assuming that the cellulosic matrices are comprised of a network of
straight, rigid fibers that are infinitely long and distributed at random, and assuming
that the solute radius is much greater than the radius of the cellulosic fibers:

r

2rmean P [_ T (rmzan)z] (2.6)

Here rmean is simply the mean pore radius provided by the distribution. Dividing the

fr) =

K values obtained from this PSD by the total column porosity (&) provides a more
accurate model prediction by accounting for empirical interstitial and intraparticle
porosities of the materials.

Fitting of the experimental data was performed in Matlab using the ‘quadgk’
function to evaluate the integrals and ‘nlinfit’ to fit the PSD parameters using
nonlinear least-squares regression. Once the PSD was determined, values for the

mean pore radius were found from the first moment

- [y rf@dr
mean — fooof(r)dr

(2.7)
Area based phase ratios, i.e., surface area available for adsorption per unit pore
volume, were calculated for the materials but determined to not hold much weight as
these calculations do not take into account the volume of polymer layers (since the

uncharged dextrans do not partition into this volume) and become convoluted with

materials that exhibit pore sizes that exclude dextran standards of intermediate size.
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2.2.4 Electron Microscopy

2.2.4.1 Scanning Electron Microscopy

Samples were prepared by dehydrating resin in ethanol and placing the
particles in 30 pm microporous capsules. Samples were critical-point dried using a
Tousimis Autosamdri-815B critical-point drier and mounted on aluminum stubs using
double-sided carbon tabs. Samples were then sputter-coated with gold-palladium in a
Denton Bench Top Turbo III coater for 4 minutes at a current of 30 mA and an argon
pressure of 65 mtorr. Several samples were left uncoated in order to observe the
effects of electron charging on the materials while imaging was performed.

Additional samples were temporarily fixed with 1% glutaraldehyde and 1%
paraformaldehyde before being chemically fixed with 1% osmium tetroxide (OsO4) in
DI water. Samples were washed with DI water and dehydrated in ethanol before the
same processing method was followed as for the samples that were not chemically
fixed, to allow for a qualitative comparison between particles with and without
chemical fixation. All SEM imaging was performed using a Hitachi S4700 FESEM
operated in secondary electron mode with a voltage of 3.0 kV and a working distance

of 2-3 mm.

2.2.4.2 Transmission Electron Microscopy
Resin particles were temporarily fixed with 1% glutaraldehyde and 1%
paraformaldehyde before being chemically fixed with 1% osmium tetroxide in DI
water. Samples were dehydrated into 100% acetone and infiltrated with Embed-812
resin in increasing fractions of resin in acetone. Samples were cured at 65 °C for 72

hours before being sectioned via microtome into slices 50-70 nm in thickness.
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Sections were post-stained with uranyl and lead acetate and placed on 200-mesh
formvar-carbon supported copper grids.

Q and STAR AX HyperCel were also stained using 1% glutaraldehyde and 1%
tannic acid followed by the remainder of the standard sample processing. This fixation
method, referred to as the TAGO method (tannic acid-glutaraldehyde-osmium
tetroxide) (Hayat, 2000), provides increased contrast in samples with fewer binding
sites for osmium, e.g., amine functional groups, as the tannic acid acts as a mordant
between the heavy metal and the sample. All TEM imaging for particle sections was
performed on a Zeiss LIBRA 120 transmission electron microscope operated at 120

kV.

2.2.5 Salt Exclusion

Apart from steric exclusion effects of the kind measured by ISEC, there may
also be electrostatic exclusion effects for proteins (Harinarayan et al., 2006; Zydney et
al., 2009). However, small ions may also be excluded due to the Donnan equilibrium
effect (Donnan and Barker, 1911) within a 3-D volume bearing fixed charges; the
effect is apparent at ambient salt concentrations lower than the local volumetric
density of fixed charge (Figure 2.1). When the material is regenerated using high salt
concentrations and then equilibrated with a running buffer with a relatively low salt
concentration, a higher counterion concentration will be present within the polymer
layer than in the bulk fluid. Conversely, because of the presence of the fixed charges,
the free co-ion concentration in the polymer is lower than that in the bulk fluid. The
resulting concentration gradients tend to drive counterions into the bulk fluid and co-
ions into the polymer layer. However, these opposing fluxes would disrupt the

required electroneutrality within the polymer, so the exchange would give rise to an
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electrical potential difference between the polymer interior and the bulk fluid. The
energetic cost of the potential difference gives rise to an equilibrium that prevents the
exchange from occurring. As a result, at low bulk salt concentrations the effective salt
concentration inside the polymer is appreciably below that in the bulk fluid, and it is
only when the bulk salt concentration approaches the local volumetric density of fixed
charge inside the polymer that the intrapolymer salt concentration approaches the bulk
value (Helfferich, 1962).

Donnan exclusion measurements were performed as described by Bowes et al.
(2012). Resin was packed into 5 mm i.d. Waters AP Minicolumns with a bed height
of 10 + 1.0 cm. Salt breakthrough experiments were carried out on a GE Healthcare
AKTA Purifier system equipped with a conductivity meter to measure salt
concentration. Low-salt buffer was fed through pump A and high-salt buffer (either
50, 100 or 200 mM TIS buffer) was fed through pump B. Starting at 10% B, the
concentration of high-salt buffer was increased stepwise by 5% every 20 minutes until
70% B was achieved. Mixtures below 10% B and above 70% B were omitted as those
ranges produced the least accurate mixing by the AKTA. All steps were conducted at
a linear velocity of 120 cm/hr. Steps were performed with and without the column in
place in order to find the mixture-dependent dead volume for each step and subtract it
from the integrated area for salt breakthrough on the column at the same concentration
steps. Column properties were determined in a similar manner to that used in the ISEC

experiments.
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decreasing cation concentration
increasing anion concentration

increasing electric potential

Figure 2.1  Schematic representation of Donnan equilibrium in a cation exchanger.
Salt counter- and co-ions exchange between the bulk fluid and
functionalized polymeric layer, developing a concentration difference
(top) after initial equilibration. The electric potential gradient that is
created by co-ions partitioning into the functionalized layer (bottom) is
what gives rise to Donnan equilibrium and the exclusion of salt at low
ionic strengths.
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The analysis of the data is in terms of apparent partitioning behavior. The
interstitial porosity is given by € = Vo/V., where Vo is the intraparticle void volume
determined from dxtb3000k injections and Ve is the total column volume. The
intraparticle porosity is gp = (V1/Ve- €)/(1- €), where VT is the total mobile phase
volume determined from glucose injections. The apparent pore volume fraction
accessed by salt at each step is (VBT-VaB1-¢Vc)/[€p(1-€) V], where VB is the column
breakthrough volume for a single concentration step, determined by the integrated area
under the conductivity breakthrough curve, and Vasr is the dead volume for the same

step determined by the integrated area without a column in place.
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2.3 Results and Discussion

2.3.1 Inverse Size Exclusion Chromatography

Figure 2.2 shows chromatograms for the dextran standards in STAR AX
HyperCel, in units of column volumes. These raw SEC data readily elucidate which
standards are on the order of the mean pore size of the material. Total exclusion and
inclusion are clearly apparent at the extremes of probe size, while dextran standards of
intermediate size show the transition between the two extremes. The peaks with
intermediate retention appear non-ideal in both shape and width, but their first
moments were still calculated in order to estimate the retention volumes. The non-
ideal peak shapes appear to be due to the chemical character of the interaction between
dextran and cellulose, as PEG standards of intermediate size show much more

symmetric peak shapes (Figure 2.3).
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Figure 2.2 Dextran retention volume chromatograms in STAR AX HyperCel (20
mM bis-tris, 100 mM NaCl, pH 7).

28



6.1-28nm 2nm 1.8nm 1.4nm 0.6 nm 0.29 nm
/ glucose
c 1.0 4
S s
8 :
ol
[0]
o
2
©
9]
N
© 0.54
£
o
=z
0.0 r = T
0.2 0.3 0.7

Figure 2.3  PEG retention volume chromatograms in STAR AX HyperCel (20 mM
bis-tris, 100 mM NaCl, pH 7).
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Figure 2.4  Dextran retention volume chromatograms in S HyperCel (10 mM sodium
phosphate, 100 mM NaCl, pH 7).

29



Figure 2.4 shows the chromatograms for the dextran solutes in S HyperCel.
Again, non-ideal peak shapes are seen for some of the dextran solutes of intermediate
sizes, presenting some fronting and tailing behavior for solutes that have more
accessibility and less accessibility, respectively. As with the STAR AX material, the

first moment analysis was necessary to discern the retention volumes for each solute.
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Figure 2.5 Dextran calibration curves for S HyperCel (ll), STAR AX HyperCel
(O1), Q Sepharose FF (@), and Q Sepharose XL (O); PEG calibration
curve for STAR AX HyperCel (A) also shown. Log-normal (---) and
Ogston (—) models are applied to the dextran calibration curve for
STAR AX HyperCel (100 mM NaCl, pH 7).

30



The ISEC calibration curves, developed using raw data such as those shown in
Figures 2.2-2.4, are shown in Figure 2.5 for four IEC materials: S HyperCel, STAR
AX HyperCel, Q Sepharose FF and Q Sepharose XL (Yao and Lenhoff, 2004).
Manufacturer information suggests that the only difference between Q and SP type
Sepharose materials is the functional group, so it is understood that these curves are
similar in shape to those of the SP variants. Consistent with the qualitative
interpretation of the data in Figures 2.2-2.4, the set of dextran standards shows Kad
values ranging from almost 1 (completely included) to near zero (completely
excluded). It is clear that the two HyperCel materials and the dextran-modified
Sepharose XL have very similar pore space dimensions. Q Sepharose FF presents a
pore space with a much larger characteristic size, implying that the pore structure of
HyperCel shares characteristics with regard to pore size with the polymer-modified
variant, Sepharose XL, but not Sepharose FF, which lacks polymer derivatization.
Pore dimension parameters for the Q Sepharose materials have previously been
evaluated by ISEC (Yao and Lenhoff, 2006) and are shown in Table 2.4.

The sensitivity of the Kd data to several experimental parameters was
investigated. First, the large differences apparent in the peak shapes of dextran and
PEG probes of intermediate size (Figures 2.2 and 2.3) are not reflected in appreciable
differences in the K4 values for STAR AX HyperCel (Figure 2.5). Indeed, the small
offset may be due to uncertainties in the empirical correlations used for determining
the viscosity radii of PEGs and dextrans, as well as to contributions of the
polydispersity of both sets of probes.

The effect of ionic strength had on pore size was studied by using running

buffers with different concentrations of sodium chloride. Figure 2.6 shows the dextran
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calibration curves of STAR AX and S HyperCel at 0 M NaCl, 100 mM NaCl and 1 M
NaCl. For the salt-tolerant AEX resin, the small shift in Ka with salt concentration
indicates a more open structure with increasing salt, which may be interpreted as a
collapse of the polymer. However, the effect is small, leading to the conclusion that
different ionic strengths do not significantly alter the pore structure, and hence the
pore volume. This appears not to be implicated in the mechanism for the salt
tolerance. Calibration curves for S HyperCel at various salt concentrations also show
similar curvature, so it can be inferred that changes in solution ionic strength do not
severely affect the pore structure of the standard derivatizations along with the salt-
tolerant material. The apparent insensitivity to ionic strength that the HyperCel
materials display is most likely due to the high degree of cross-linking within the

particle structure.
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Figure 2.6  Dextran calibration curves for (a) STAR AX HyperCel and (b) S
HyperCel at different NaCl concentrations (20 mM bis-tris, pH 7).
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This is contrary to the behavior of some other ion-exchange materials,
including polymer-modified resins, that show an expansion in pore size at elevated
salt, presumably due to contraction or collapse of the polymer layer (DePhillips and
Lenhoff, 2000; Miiller, 2005). Figures 2.7 and 2.8 show just how pronounced this

contraction is in SP Sepharose XL at conditions with no added NaCl and with 1500

mM NaCl added.
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Figure 2.7 Dextran retention volume chromatograms in SP Sepharose XL with no

added NacCl (solid) and 1500 mM NacCl added (dotted) (10 mM sodium
phosphate, pH 7).
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Figure 2.8  Dextran calibration curves for SP Sepharose FF (®) (DePhillips and
Lenhoft, 2000), SP Sepharose XL ('¥) and SP Sepharose XL at 1500
mM NaCl (m) (10 mM sodium phosphate, pH 7).

It is evident in both the raw chromatograms and the calibration curves that the
dextran solutes of intermediate size, i.e., solutes that are on the order of the mean pore
size, have greater retention volumes and hence much more accessibility at the higher
ionic strength. Figure 2.9 shows a schematic representation of the differences in pore
size for SP Sepharose materials based on a cylindrical-pore model. The results of
DePhillips and Lenhoft (2000) revealed the mean pore radius of SP Sepharose FF to
be 24.7 nm. With SP FF comprising the base matrix of SP XL (omitting the dextran
extenders), we may estimate the thickness of the dextran layer to be approximately 19
nm and 15 nm under low salt conditions and high salt conditions, respectively. Of
course, because of the nature of the ISEC experiment, only the pore lumen may be
probed in polymer-modified resins as the larger uncharged dextran solutes presumably

do not partition into the narrow mesh of the polymer layer. This would inevitably
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skew some results of polymer-modified adsorbents, but it is still undeniable in this

case that there is a significant alteration of the pore microstructure that is not apparent

in the cellulose-based resins.
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Figure 2.9  Schematic representation of mean pore sizes for SP Sepharose FF and SP
Sepharose XL based on inverse size exclusion chromatography analysis.
The rightmost image displays the contraction of the polymer layer within
Sepharose XL at high ionic strengths of solution.

Figure 2.5 also shows fits of the log-normal and Ogston PSD models to the
STAR AX HyperCel dextran calibration curve. The poor fit at high K4 (small probes)
for the log-normal model appears to be a result of the narrowness of both the pores
and the PSD, engendering inaccuracies in the sphere-in-cylinder model for the log-
normal distribution. Applying the Ogston model to the calibration curve gives a good
quality fit. It was developed to estimate the pore size distribution in a network of
randomly placed fibers, such as a gel (Laurent and Killander, 1964; Slater et al.,

1988), but this does not affect the intrinsic conclusions regarding the effective pore

size.
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Cylindrical pore model Ogston
model
Ip Sp mean (NM) | Imean (NM)
S HyperCel 4.4 1.1 4.4 3.6
STAR AX 5.0 1.2 5.1 4.7
HyperCel
SP Sepharose FF | 24.2 0.82 | 24.7 NA
SP Sepharose XL | 5.7 0.88 5.8 NA
(no added NaCl)
SP Sepharose XL | 8.6 0.64 9.5 NA
(1500 mM NacCl)
Q Sepharose FF | 25.8 0.47 28.8 NA
Q Sepharose XL. | 5.9 0.006 |5.9 8.6

Table 2.4  Pore size distribution parameters and mean pore radii for HyperCel and
Sepharose materials determined by ISEC analysis; Q Sepharose
parameters were taken from Yao and Lenhoff (2006) and SP Sepharose
FF parameters were taken from DePhillips and Lenhoff (2000).

Fitting parameters and derived characteristics of the S and STAR AX
HyperCel materials and SP Sepharose XL at different ionic strengths are shown in
Table 2.4, including rp, sp, and the mean pore radii determined by the ISEC analyses,
I'mean, by application of the log-normal cylindrical pore and Ogston models. Small-
angle neutron scattering (SANS) (Koshari et al., 2015) on HyperCel resin revealed a
radius of gyration in the intermediate-q region of 3.5 nm, providing very good
agreement in measures of the mean pore size between ISEC and SANS. The relatively
narrow pore structure of the HyperCel material is comparable to those of dextran-
modified Sepharose XL or other polymer-grafted resins (Jerabek et al., 1993; Yao and
Lenhoff, 2006). However, on such resins, the access (or lack thereof) of uncharged
probe molecules can provide a misleading indication of accessibility. The exclusion of

large biomolecules such as monoclonal antibodies would not likely be an issue due to
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the presence of an electrostatic driving force (Bowes et al., 2009; Perez-Almoddvar et
al., 2011), which has no effect on the retention or partitioning of the uncharged

dextrans used for ISEC.

2.3.2 Scanning Electron Microscopy

Whole-particle SEM was performed on particles with and without chemical
fixation by OsOs, and with no adsorbed protein and with adsorbed protein (in which
the samples were required to be chemically fixed beforehand). Results for only
protein-free materials are presented here for the purpose of structural characterization,
but TEM images of phases containing protein are presented in Chapter 3.
Corresponding results are presented in Figures 2.10 and 2.11, which differ only in the

magnification.
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Figure 2.10 SEM images of Q (a and b) and STAR AX (c and d) HyperCel at
35000x. a and ¢ show the resin chemically fixed with OsOas; b and d
show resin without chemical fixation.
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Figure 2.11 SEM images of Q (a and b) and STAR AX (c and d) HyperCel at
70000x. a and ¢ show the resin chemically fixed with OsOs; b and d
show resin without chemical fixation.

As shown in Figures 2.10-2.11a and b, there is little difference between Q
HyperCel samples that are and are not chemically fixed. The fibrous network shown
is characteristic of natural carbohydrate polymer adsorbents (Bowes et al., 2009;
Koku, 2011), and appears to contain "pores" on the order of 10-50 nm in characteristic
dimension. Small-angle neutron scattering on HyperCel shows an intermediate fractal
region that corresponds to dense fractal structures of approximately 16-42 nm

(Koshari et al., 2015), closely in line to what is observed microscopically.
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STAR AX HyperCel appears to include a finer network of fibers within the
larger pore volume when chemical fixation is performed (Figures 2.10-2.11c), but
appears qualitatively similar to Q HyperCel without any prior fixation (Figures 2.10-
2.11d). This suggests that fixation of the material either alters the inner pore structure
or locks the native structure in place, revealing the true nature of the pore volume and
suggesting that this structural characteristic is lost without performing chemical
fixation.

That the observed pore space has features noticeably larger than suggested by
the results from ISEC could stem from several factors. First, cellulose, being very
hydrophilic, may have its native structure significantly altered when undergoing
sample processing, specifically critical-point drying. While this would suggest that the
microscopy results are unreliable, the micrographs still provide a qualitative
comparison between the materials and display these materials’ significant pore
connectivity due to the fibrous nature of the carbohydrate base matrix. Second, the
resolution of the microscopy images may not have been high enough to visualize
structural details that were postulated, such as the possibility of freely bound cellulosic
chains that extend into the pore space, similarly to how grafted functionalized
polymers comprise the porous space in “tentacle”-type exchangers. The conditions
required for sample processing may have caused a collapse of this layer. Figure 2.12
shows images (Koku, 2011) of Q Sepharose FF and XL. While the XL exhibits
slightly smaller pore radii than the FF material due to the addition of dextran
extenders, the pore shapes of the two stationary phases remain qualitatively similar,
even though it was previously reported that the dextran occupies a significant portion

of the pore space (Bowes et al., 2009), suggesting a collapse of the polymer layer in
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the case of the XL. material. Finally, the EM methods may simply not resolve pore
dimensions of order 5 nm as suggested by ISEC, leaving the larger features as the

more visible ones.
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Figure 2.12 SEM images of Q Sepharose FF (left) and Q Sepharose XL (right) at
60000x (Koku, 2011).

Based on the theoretical assessment of pore size via ISEC, the pore dimensions
for S and STAR AX HyperCel are quantitatively similar. Also, Q and S HyperCel are
assumed to have almost identical architecture, as the only fundamental difference is in
the ion-exchange ligands. The ligand chemistry in the STAR AX material differs in
character from that of both the S and Q adsorbents, and is the most likely reason for
the difference in pore structure seen in the SEM images when the material was
chemically fixed with OsOs. However, without more detailed knowledge of the ligand

chemistry it is not possible to draw further conclusions.
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2.3.3 Transmission Electron Microscopy

2.3.3.1 Effect of Preparation Buffer

All TEM was performed on sections 50 nm thick. All sample preparation was
done using 10 mM sodium phosphate buffer at pH 7 for the initial fixation, as the
amine groups in bis-tris can cause undesired artifacts by reacting with glutaraldehyde
(Hayat, 2000). Figure 2.13 shows a comparison of Q HyperCel initially prepared in
10 mM sodium phosphate, 50 mM bis-tris and 10 mM sodium cacodylate (a
commonly used TEM buffer). The sample prepared in bis-tris lacks the generally
fibrous appearance that is apparent in the sodium phosphate and cacodylate buffers.
These artifacts are likely present due to residual bis-tris buffer not being completely
washed from the sample prior to osmication, leaving excess positively charged
functional groups within the pore space of the sample and acting as a mordant for the
heavy-metal stain. Therefore, for all TEM imaging experiments, sodium phosphate

buffer was used in lieu of bis-tris buffer for the anion-exchange adsorbents.

Figure 2.13 TEM images of Q HyperCel prepared in (a) 10 mM sodium phosphate,
(b) 50 mM bis-tris and (¢) 10 mM sodium cacodylate buffers during
fixation.
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2.3.3.2 Q HyperCel

Two different methods of chemical fixation were used: the standard method
using 1% glutaraldehyde and 1% paraformaldehyde to temporarily fix the material,
followed by OsOs, and the TAGO method, which utilizes 1% tannic acid instead of
1% paraformaldehyde. Tannic acid acts as a mordant for the OsOs4, binding to the
cellulosic backbone of the material as opposed to attaching only to the functionalized
ligands of the ion exchangers. This increases the contrast provided by the OsOs as
well as allowing the staining of material without a moiety with specific affinity for the
heavy metal stain (e.g., sulfonated resins).

Figure 2.14 shows TEM images of Q HyperCel at 10000x and 31500x
magnification using both methods of fixation. The TAGO method yields images
showing a more disconnected pore network within the material. Pore diameters
appear to be on the order of 50 nm, similar to those of other natural carbohydrate
polymer matrices, e.g., Sepharose FF (DePhillips and Lenhoff, 2000; Yao and
Lenhoff, 2004) and to some of the pore space seen in SEM. Possible reasons for the
difference between these pore dimensions and those based on ISEC were discussed
above. In the case of TEM, dehydration into solvent prior to resin infiltration may
have been the culprit, as the cellulosic materials are highly hydrophilic, but the
resolution of the microscope may also have been a factor. Since the heavy metal stain
adheres to the positively-charged functional groups on the surface of the material, it
may not give significant contrast to these extenders as they may have far less
functionalization than the cellulosic backbone.

The dark spots present in the TAGO-fixed samples are probably deposits of

OsOs4 that aggregated during osmication. It was verified that these were not artifacts
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of the post-staining procedure by imaging sections that had undergone fixation but not

post-staining.

Figure 2.14 TEM images of Q HyperCel prepared using standard aldehyde fixation (a
and c¢) and TAGO fixation (b and d); 10000x (a and b) and 31500x (c and
d) magnification.

44



2.3.3.3 STAR AX HyperCel

Images of STAR AX HyperCel (Figure 2.15) differ from those of Q HyperCel
in that the structure seems to be more homogeneous, with less definition between pore
space and cellulose. The TAGO fixation method does not seem to change the result
much from the standard aldehyde fixation, albeit there is more contrast in these
samples since tannic acid acts as a mordant for the OsOa. There is little to no
heterogeneity in the structure, implying a much smaller and more complex pore
network than the Q and S HyperCel moieties. Pore dimensions cannot be determined
using either method of fixation and dark spots are most likely OsOa4 deposits (which
are also seen for Q HyperCel) and do not signify any particular structural

characteristic.
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Figure 2.15 TEM images of STAR AX HyperCel prepared using standard aldehyde
fixation (a and ¢) and TAGO fixation (b and d); 10000x (a and b) and
31500x (c and d) magnification.
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2.3.3.4 Intraparticle Voids

A recurring feature that appeared in TEM and SEM images was intraparticle
voids in sections of the HyperCel materials. These seemed to be areas of lower
cellulosic content that may have been formed during the manufacturing process.
These voids were also visible when protein uptake and elution were imaged by
confocal microscopy (Section 3.3.4.4), so the possibility that they may have been
formed by the sample processing methods or microtome sectioning can be ruled out.
Although these voids were present in all HyperCel materials, they most likely do not
contribute to any negative effects on protein sorption or transport; they do not
contribute to the extraparticle volume as the large dextran probes used to determine
the extraparticle porosity cannot access the pore space and they do not seem to hinder
the adsorptive capacity or protein uptake rates (see Chapter 3). These voids were also
imaged in two-dimensional slices, so the portion of intraparticle space they occupy is
much less in a real three-dimensional volume.

Figure 2.16 shows some examples of the low-density voids within Q and
STAR AX HyperCel, but similar formations were present in S HyperCel as well. It is
easy to see from Figures 2.16a and b that the voids are lower in cellulosic content than
the bulk of the material, but still appear functionalized. Figure 2.16¢ shows a low-
magnification image of STAR AX HyperCel to display the distribution and relative
sizes of these voids within the entire particle; Q and S HyperCel show a similar
distribution of voids. Void sizes seem to range from approximately 100 nm to several
hundred nanometers in diameter. Figure 2.16d shows protein-adsorbed STAR AX
HyperCel, as voids were not apparent in the unadsorbed phase due to the increased
level of homogeneity. If regions with higher contrast are assumed to be the cellulosic

backbone, the voids in this case are actually higher in density than the surrounding
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cellulose in the STAR AX material. If the regions of higher contrast are areas of more
abundant protein localization, these voids could still be sparse in terms of cellulose

content, but the ligand chemistry would still allow adsorption of protein.

Figure 2.16 Micrographs of HyperCel materials showing void regions. a) TEM image
of Q HyperCel without protein adsorbed (8000x); b) TEM image of Q
HyperCel with 50% of maximum loading of -lactoglobulin (4000x); c)
SEM image of STAR AX HyperCel section (1000x); d) TEM image of

STAR AX HyperCel with 50% of maximum loading of -lactoglobulin
(4000x).
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2.3.4 Salt Exclusion

Data collected from salt step gradient experiments are shown in Figure 2.17 for
Q and STAR AX HyperCel. The different symbols in Figures 2.17a and 2.17b
correspond to the values of TIS for the high-salt buffers used in conjunction with the
50 mM bis-tris (13 mM TIS) low-salt buffer to generate feeds of different ionic
strengths.

The STAR AX material displayed more scattered data for the same salt
concentration steps than for Q, so these experiments were run in triplicate; the reason
for the higher degree of scatter is not known. In both resins, salt exclusion is clearly
apparent at low salt, but it becomes insignificant at TIS values greater than about 150
mM TIS. This similarity implies that the two resins have similar charge densities,
despite their differing ligand chemistries.

In a standard polymer-modified material, SP Sepharose XL, the salt exclusion
was found to become insignificant above about 300 mM TIS (Bowes et al., 2012), i.e.,
double the value found for AEX HyperCel materials. This presumably reflects
differences in the local ligand charge density in the media concerned. The ligand
density as reported by the manufacturers for SP Sepharose XL, 0.18-0.25 mmol/mL, is
higher than that in the HyperCel media (0.099-0.138 mmol/mL for Q HyperCel and
0.059-0.084 mmol/mL for S HyperCel). However, a direct comparison is complicated
by the dependence of the Donnan behavior on the local charge density within the
polymer, not the value averaged over the whole particle, which is what is reported by

the manufacturers.
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Figure 2.17 Salt exclusion in Q HyperCel (a) and STAR AX HyperCel (b, c).

Solution conditions for (a) and (b) were 50 mM bis-tris, pH 7, with TIS
adjusted with NaCl. Symbols denote maximum TIS of buffer used for
each range of ionic strengths: 200 (®), 100 (W), and 50 (4) mM TIS.
Solution conditions for (¢) were 10-100 mM sodium phosphate, pH 7.
Symbols denote the maximum concentration of sodium phosphate used
for each range of ionic strengths: 100 (®) and 30 (4 ) mM sodium

phosphate.
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That the behavior seen is indeed a Donnan exclusion effect and not just the
result of a reduction in double-layer thickness is indicated especially by the relatively
steep approach to unity of the pore fraction accessed in each of the plots. Since the
double-layer thickness varies inversely with the square root of ionic strength, a much
slower approach would be expected if that were the basis for exclusion; such a slow
approach is indeed seen for SP Sepharose FF (Bowes et al., 2012). It therefore
appears appropriate to consider the ligand distribution within the HyperCel media to
be a volumetric one, with the charges relatively closely spaced within the ligand-
containing regions. In the case of the HyperCel media the possibility also exists of
having ligands fairly uniformly distributed throughout the particle interior.

In addition to investigating the effect of salt exclusion in a bis-tris/NaCl
buffering system, salt exclusion was assessed in a monobasic sodium phosphate
buffering system for STAR AX HyperCel (Figure 2.17¢c). Using 30 and 100 mM
sodium phosphate as the upper limits in the step gradients, salt exclusion was found to
be insignificant above 50 mM TIS, 100 mM less than for the bis-tris/NaCl buffering
system. This is consistent with the direction of change expected (Helfferich, 1962) for
the multivalent phosphate ions, as opposed to the monovalency of CI', although a

direct quantitative comparison is not readily performed.

2.4 Conclusions

The structural characteristics of the polysaccharidic resins studied in this
chapter are of interest because they directly dictate functional characteristics, such as
protein sorption and transport within the porous network. The use of both macroscopic
(column-level) and microscopic techniques was aimed at gleaning as much of a

physical understanding of these materials as possible. The picture that emerges from
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our results is of materials with a much greater degree of homogeneity of structure than
is the case for another class of highly cross-linked carbohydrate-based adsorbents,
namely those on agarose base matrices. Although electron microscopy shows apparent
pores of dimension 10-50 nm and therefore approaching the typical mean pore size of
agarose media such as Sepharose FF, the intrinsic pore space in the HyperCel
cellulosic media is closer to 5 nm in dimension, as indicated by ISEC. EM imaging
did reveal, however, significant apparent differences in pore structure between the
salt-tolerant and non-salt-tolerant moieties, presumably due to the unique ligand
chemistry of STAR AX HyperCel.

A specific aspect of interest here was whether the known differences in salt-
tolerance between STAR AX and Q HyperCel are apparent in any of the structural
characteristics probed. Although differences are seen in EM appearance, they may be
due to the effects of ligand chemistry on EM sample preparation, and it is likely that
differences in salt tolerance are simply due to the presence of the primary amine group
on the STAR AX ligand.

Another structural characteristic that can have a direct impact on functional
characteristics of the HyperCel media is the ligand distribution. Salt exclusion
experiments suggest that, like the structure generally, the ligand distribution is
relatively homogeneous, resulting in an effectively 3-D distribution of ligands. That
the overall ligand density, based on the whole particle volume, is already somewhat
low would result in a low local ligand density, which may have implications for

protein transport in these media, as discussed in the following chapter.
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Chapter 3

ADSORPTIVE AND TRANSPORT BEHAVIOR OF PROTEINS WITHIN
CELLULOSE- AND AGAROSE-BASED ION-EXCHANGE ADSORBENTS

3.1 Introduction

Cellulosic TEX materials exhibit several advantages for the adsorption of
proteins during chromatographic processes. The hydrophilic nature of cellulose
minimizes non-specific binding (Peterson, 1970) and the intricate, yet open,
microstructure provides a large surface area for protein adsorption (Angelo et al.,
2013; Graham and Fook, 1982; Peterson and Sober, 1956). These characteristics give
rise to transport rates higher than commonly observed in traditional, macroporous
adsorbents under favorable binding conditions, which help facilitate rapid diffusion
along with high adsorptive capacities. In this regard, cellulosic media have
characteristics similar to those of polymer-modified adsorbents, namely high binding
capacities and rates of uptake (Angelo et al., 2016; Bowes and Lenhoff, 2011a; Bowes
et al., 2009; Fernandez and Carta, 1996; Lewus et al., 1998; Wang and Sun, 2007,
Weaver and Carta, 1996), which typically exceed those of related conventional
chromatographic media. That cellulosic media may be able to achieve comparable
results without the use of end-grafted polymers (Wang and Sun, 2007) or covalently
attached extenders (Bowes and Lenhoff, 2011b; Stone and Carta, 2007) makes them
functionally attractive while being more homogeneously structured than conventional

media.
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In this chapter, a functional characterization of the family of HyperCel ion
exchangers was performed in order to elucidate the principal features of their
chromatographic performance. This work complements the previous chapter
regarding the structural characterization of the same group of materials, allowing any
clear structure—function relationships to be identified. As the adsorptive properties of
dextran-grafted agarose materials have been extensively described previously (Bowes
and Lenhoff, 2011a; Bowes et al., 2012, 2009; Hubbuch et al., 2003; Stone et al.,
2009; Ubiera and Carta, 2006), more of a focus will be placed upon the cellulosic
media as an in-depth analysis of these materials’ functional characteristics remains to
be performed. This chapter also includes additional structural characterization of
protein-loaded media, as opposed to the bare stationary phases investigated in the
preceding chapter.

The functional characteristics are studied via several experimental and
analytical techniques. Adsorption isotherm measurements provide static binding
capacities of each resin-protein system over a range of total ionic strength values.
They are complemented by isocratic retention experiments to allow determination of
protein binding affinity at different solution conditions. Apart from their value in
interpreting adsorption behavior, the relative values of the retention factor for any pair
of solutes provide a direct measure of selectivity.

In chromatographic practice, the dynamic binding capacity (DBC) is of greater
interest than the static binding capacity, making measurement of protein transport
rates essential (Miiller, 2005; Shi et al., 2010). These measurements are confounded
by the coupling between adsorption and transport, so mechanistic studies are of value.

We pursue these here qualitatively, and to some extent quantitatively, using time-
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series confocal laser scanning microscopy (CLSM) and quantitatively using batch
uptake kinetic measurements in an agitated bath. The determination of intraparticle
resistances encountered by solutes being taken up into these adsorbents is important in
the predictive modeling of behavior, and the overall efficiency of processes in scaled-
up applications.

As with many chromatographic systems with unconventional bead
morphologies, structure often dictates functional characteristics, specifically with
regard to transport and protein localization. Electron microscopy imaging of protein-
adsorbed phases can help elucidate aspects of this behavior, as has been illustrated
previously for agarose-based IEX materials (Bowes et al., 2009; Koku, 2011).
Comparison of stationary phases with and without protein provides a qualitative
understanding of how the particle structure, and therefore the space available for
protein movement and binding within these materials, changes under different loading
and operating conditions.

In this chapter, these techniques are put to use to characterize the adsorption of
protein on three adsorbents. The roles of protein size, TIS of the solution, functional
moieties, protein concentrations, and other operational factors are examined in order to
assess characteristics of adsorptive behavior. The adsorbents are based on the
HyperCel base matrix for standard strong cation- and anion-exchange, as well as a
salt-tolerant anion exchanger, STAR AX HyperCel, developed to allow for high
protein affinities and capacities under moderate to high conductivities (Angelo et al.,
2016; Champagne et al., 2013). This allows for processing of feedstocks with high
salt concentrations without the need for buffer exchange or dilution, resulting in more

efficient downstream separations. Mechanisms of protein transport within these types
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of materials and comparisons with strong IEX counterparts have yet to be studied

extensively.

3.2 Materials and Methods

3.2.1 Buffers, Protein Solutions and Stationary Phases

Monobasic sodium phosphate (NaH2POs) and bis-tris were obtained from
Fisher Scientific (Fair Lawn, NJ) and Sigma-Aldrich (St. Louis, MO), respectively,
and used to prepare 10 mM sodium phosphate (for CEX resins) and 50 mM bis-tris
(for AEX resins) buffer solutions at pH 7. Acetic acid and sodium acetate were
obtained from Fisher Scientific and used to prepare 10 mM sodium acetate buffer at
pH 5 for monoclonal antibody adsorption. The TIS of solutions was adjusted using
NaCl. Each resin was washed successively with DI water and 1 M NaCl and then
equilibrated with the desired TIS-controlled buffer.

Hen egg white lysozyme (L6876, lot: 100M1897V), bovine serum albumin
(BSA) (A0281, lot: 075K7545) and bovine B-lactoglobulin (L0130, lot: SLBF4545V)
were purchased from Sigma-Aldrich and bovine lactoferrin was obtained from DM V-
International. Solutions were prepared by dissolving lyophilized protein in the desired
TIS-controlled buffer and concentrated using 10K Amicon centrifugal filters.
Concentrated samples were rediluted with buffer and reconcentrated three times, and
the final protein solutions were filtered using 0.22 pum syringe filters. Lactoferrin was
first purified to remove impurities by using a sodium chloride gradient on a 56 mL SP
Sepharose FF cation-exchange column and collecting the primary elution peak. A
monoclonal antibody was obtained from Amgen, Inc. (Thousand Oaks, CA) in

formulation buffer concentrated at approximately 35 mg/mL. Protein concentrations

56



were determined using UV spectrophotometry on a Shimadzu UV-1700 or a Thermo

Scientific NanoDrop 2000. Target protein concentrations for stock solutions were 4-6

mg/mL. Protein properties, including isoelectric point, molecular weight, effective

radius and extinction coefficient at 280 nm, are shown in Table 3.1.

Protein pl My (kDa) r (nm) & (cm?*/mg)
Lysozyme 11.4 (Wetter | 14.3 (Canfield, | 1.6 (Bowesetal., |2.64
and Deutsch, | 1963) 2009) (Sophianopoulos
1951) et al., 1962)
Lactoferrin 8.8 (Plate et | 78 (Moore et 2.8 (Bowes et al., | 1.51 (Groves,
al., 2006) al., 1997) 2009) 1960)
mAb ~8 144 (Ahamed et | 3.4 (Bowes etal., | 1.47
al., 2007) 2009)
B-lactoglobulin | 5.4 (Nozaki | 18.3 (Sawyer 1.8 (Sawyer and | 0.962 (Sawyer
etal., 1959) | and Kontopidis, | Kontopidis, 2000) | and Kontopidis,
2000) 2000)
BSA 4.7 (Peula- 66.5 2.7 (Akiyoshi and | 0.659 (Peters,
Garcia et al.,, | (Dhubhghaill et | Sunamoto, 1996) | 1985)
1997) al., 1992)
Table 3.1  Physical characteristics of proteins used in adsorption experiments; r =

radius of sphere of equivalent volume.

S, Q and STAR AX HyperCel, along with S and Q moieties of Sepharose FF

and XL, were used for this work and previously described in Section 2.2.1. Capto Q

(GE Healthcare, Piscataway, NJ) was also investigated, which consists of a highly

cross-linked agarose based matrix (>6%) with 40 kDa dextran surface extenders, akin

to the Sepharose XL material. However, Capto Q possesses a quaternary ammonium

group on a shorter spacer arm than in Sepharose XL (Axen et al., 2008).

Manufacturer-reported properties of these resins can be found in Tables 1.1 and 1.2.
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3.2.2 Capillary Tube Calibration

Resin was drawn into Wiretrol IT 100 and 200 pL capillary tubes (Drummond
Scientific, Broomall, PA) to measure a given hydrated particle volume. For the AEX
materials, capillary tubes were silanized using 4% 3-aminopropyltriethoxysilane
(APTES) (Fisher Scientific) in acetone in order to reduce electrostatic interactions
between the positively-charged resin and the inherently negatively-charged glass
surfaces. Tubes were treated in an agitated vessel of aminosilane solution for 2.5 hours
before being generously washed with pure acetone, followed by DI water three times.
Tubes were then sonicated in DI water for 30 minutes to remove loosely physisorbed
species and dried using high-pressure air.

Columns were packed by adding particles via capillary tubes after recording
the gravity-settled height. The column was then allowed to gravity-settle and the top
flow adapter was adjusted to sit at the top of the gravity-settled bed without any
further compression. Bed heights of approximately 5 cm were targeted. Injections of 1
mg/mL blue dextran were used to measure the fully excluded volume. Volumes of 10
ML were injected on a Waters 2695 separations module equipped with a Waters 2996
photodiode array detector to measure the absorbance at 280 nm. A flow rate of 0.05
mL/min was used to limit further compression of the bed. The hydrated particle
volume, Vhyd, was calculated from
Vhya = Ve = (Vv = V) (3.1)
where V. is the gravity-settled column volume, V: is the retention volume of the solute
and Vq is the dead volume found by performing an injection without a column in
place. Resin-specific calibration factors were determined by dividing the hydrated

particle volume by the gravity-settled capillary tube height and are tabulated in Table

58



3.2 for the HyperCel materials. Calibration factors for Sepharose and Capto resins

have been reported previously (Bowes, 2011).

Calibration factor
(mL hyd. part. vol./mm)
S HyperCel 0.00182

Q HyperCel 0.00197
STAR AX HyperCel 0.00182

Table 3.2  HyperCel calibration factors to convert resin height in Wiretrol 11
capillary tubes into hydrated particle volume.

3.2.3 Adsorption Isotherms

A series of protein dilutions were prepared in 1.6 mL Eppendorf tubes at
concentrations ranging from 100% to 6.25% of that of the protein stock; the dilutions
used the same TIS-controlled buffer in which the protein solutions were prepared.
Small amounts of resin were dispensed into each tube via Wiretrol II capillary tubes
after the gravity-settled height of the resin and the additional buffer volume added in
each capillary tube were recorded. Samples were allowed to equilibrate by rotation
for 5 days to 14 days (in the case of STAR AX HyperCel). In most cases, an
equilibration time of 5 days was sufficient in order to observe no appreciable further
decrease in the supernatant concentration (C). Final protein concentrations in the
supernatant were determined by absorbance measurements at 280 nm. The amount

adsorbed at the end of each experiment is determined by mass balance

s
a=7=(Co— ) (3:2)
where V is the total liquid volume, Vi is the hydrated particle volume, Co is the initial

protein concentration, and the adsorbed concentration, g, is expressed in terms of mass
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per unit volume of hydrated particle volume. Points were fit to the Langmuir isotherm

model

maxbc
= dnm= 33

in order to obtain maximum static binding capacities (qmax) and affinity coefficients
(b) that characterize the softness of the isotherm. The Langmuir isotherm was used
purely to obtain a curve to describe the data, with no assumptions made regarding the
consistency of adsorption on HyperCel media with the assumptions underlying the

derivation of the Langmuir isotherm.

3.2.4 Isocratic Retention

Isocratic retention measurements were made in 10 mM sodium phosphate
buffer, pH 7, for S HyperCel and 50 mM bis-tris buffer, pH 7, for Q and STAR AX
HyperCel, with NaCl added to adjust the TIS of the solution. A TIS of 1.5 M was
used to obtain retention times of protein under unretained conditions. Various protein
concentrations were used between roughly 0.25 mg/mL and 5 mg/mL for higher and
lower TIS runs, respectively, in order for elution peaks of sufficient height to be
developed. The measured retention time was not found to depend on the injection
concentration for any of the cases examined. Samples of 20 pLL were injected into 1
mL prepacked PRC HyperCel columns (Pall Life Sciences) at a flow rate of 0.2
mL/min (interstitial velocity ~ 60 cm/hr). Samples were run in triplicate, and the first
moments of the resulting peaks were used to determine the retention times. The

retention factor, k', was calculated by

k' = tr—ths (34)

ths—tq
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where t: is the retention time of the sample of interest, tns is the retention of that
sample under unretained conditions (1.5 M TIS), and t4 is the system dead time
without a column in place. While ths as used here provides a functional measure of the
retention time in the absence of binding to the resin, there is some uncertainty
regarding the mechanistic interpretation because of the questions regarding
partitioning of the protein into the resin in the absence of binding. However, our
principal interest is in strongly retained conditions, where k' as calculated in Equation

3.4 provides an adequate measure.

3.2.5 Batch Uptake Kinetics

Batch uptake experiments were performed in a 100 mL baffled beaker agitated
at 450 rpm by an impeller with a blade radius of 1 cm. A schematic representation of
the apparatus is shown in Figure 3.1. The supernatant solution was continuously
pumped at 20 mL/min, using an AKTA P960 sample pump (GE Healthcare), via an
intake filter placed in the beaker directly above the impeller, through a UV detector on
a GE Healthcare AKTA Explorer system, and back into the base of the beaker through
a side port. The protein concentration was measured by UV absorbance at 280 nm and

the dead volume of the loop was less than 2.5 mL.
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Protein concentration

Time

Figure 3.1 Schematic representation of apparatus for measuring batch uptake
kinetics. UV detection is truncated to when the bath is dosed with resin
particles and adjusted to account for system dead time.

Concentrated protein solutions were prepared in a similar fashion to those in
the adsorption isotherm experiments. Aliquots of a concentrated protein solution and
a buffer solution were then added to the beaker to bring the final volume to 60-70 mL
at the desired initial protein concentration. Enough resin was measured using Wiretrol
I capillary tubes to adsorb approximately 50% of the total protein in the beaker. The
resin was quickly added and the protein concentration was recorded until there was
little additional protein depletion. The remaining solution and resin were collected
into Nalgene bottles and rotated for 24-48 hours in order to measure the final protein

concentration after allowing a much longer time for adsorption to be complete.
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To estimate the uptake rate parameters, the experimental data were fit to
different analytical relations describing transport into a spherical particle using the
nonlinear least-squares regression routine, ‘nlinfit’, in Matlab. The simplest transport
model is for external mass transfer control, in which the intraparticle resistance is
neglected and the uptake rate depends on an external mass transfer coefficient, ks, via

(Carta and Jungbauer, 2010; Weaver and Carta, 1996)

C-C¢ __ _ 3keVt
Co—Cr eXp( RpV ) (3-5)

for the bulk solution protein concentration, or

a_ Ve [1__exp<__§&Y££)] (3.6)

Omax VmAmax RpV

for the adsorbed protein concentration, where Cr is the final concentration in the bath
once uptake is complete, g is the average protein concentration adsorbed within the
material, Rp is the particle radius and V and Vm are the volumes of the bulk solution
and the resin respectively. If intraparticle transport is primarily by homogeneous
diffusion with a near-rectangular isotherm, this limit would be expected to apply in the
limit of low initial protein concentration. Conversely, in the case of high initial protein
concentrations, the intraparticle resistance would be expected to be controlling
(Fernandez and Carta, 1996; Helfferich, 1962; Weaver and Carta, 1996), and in the
asymptotic limit of negligible external resistance, the homogeneous intraparticle

diffusion model may be expressed as (Carta and Jungbauer, 2010; Weaver and Carta,

1996)
T 1S3, Rexp (- R (3.7)
Amax 2 &i=1 42 p Rlz) .

where Dn is the homogeneous diffusivity.
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Alternatively, for the case of dominant intraparticle resistance where transport
is by pore diffusion, the analytical solution for the high-affinity limit (rectangular
isotherm) is the shrinking-core model (Teo and Ruthven, 1986), for which the solution

can be expressed as

%t=(1—%)12—11 (3.8.1)
= gz [ () T+ s (59) - (52)] (382)
L = =In 2 (3.8.3)
n=(1- q:ax)% (3.8.4)
A = Vntoe (3.8.5)
A= (% - 1)§ (3.8.6)

where De is the effective pore diffusivity. The Biot number, Bi = kfRp/De, can be
estimated by finding the external mass transfer coefficient ks either from a suitable
correlation or by fitting uptake data under conditions for which the external resistance
is dominant. In the limit of negligible external resistance 1/Bi approaches zero,
simplifying the form of Equation 3.8.1. This modeling strategy applied only to
systems that presented the characteristic shrinking-core behavior when observed via
confocal microscopy (see Section 3.3.4).

Numerical solutions to the models were employed for external mass transfer
control and homogeneous diffusion in order to compare fit diffusivity and transport
parameters to those obtained assuming complete dominance of a single transport

regime, which were determined via explicit analytical solutions. The numerical
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solution for homogeneous diffusion incorporates the external mass transfer coefficient
for the respective system, a distinct advantage to using this form over the simpler
analytical form, which lacks this term. This was achieved by employing the partial
differential equation solver routine within Matlab, ‘pdepe’, utilizing the conservation
equations and boundary conditions for one-dimenstional homogenous diffusion within

a spherical geometry

99 _Dnd (209
gt~ r2or (I‘ ar) (3'9'1)
t=0, q=0 (3.9.2)
_q 9%a_
r=0 —==0 (3.9.3)
a
r=R,, Dha—j = ke(C — C)) (3.9.4)

where Ci is the solution concentration at the bulk solution-particle interface related by
the adsorption isotherm. The Langmuir isotherm was used for simplicity and its
accurate description of the equilibrium concentrations. Equation 3.9.4, the convective
boundary condition, incorporates the external mass transfer coefficient into the model,
allowing the fit homogeneous diffusivity value to be decoupled from the film

resistance.

3.2.6 Protein Uptake Profiles via Confocal Microscopy Imaging

Particles were packed into a flow cell designed for use in a confocal
microscope (Dziennik et al., 2003). Reservoirs of equilibration buffer, protein
solution, and high-salt buffer (1 M NaCl) were connected to an LKB Bromma
positive-displacement pump equipped with a multi-port valve to allow switching
among buffer/protein solutions to be pumped through the flow cell. A schematic

representation of the setup can be seen in Figure 3.2. Flow rates used ranged from 0.25
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to 1 mL/min, corresponding to linear velocities of 525-2100 cm/hr. The proteins used
were fluorescently labeled with either DyLight 650 (62266) or 488 (46403) NHS Ester
(Thermo Scientific) in a 1-2% labeling ratio following protocols supplied by the
manufacturer. Particles were imaged using a Zeiss 5 LIVE DUO high-speed confocal
microscope equipped with a 40x C-Apochromat (NA 1.2) water-immersion lens (Carl
Zeiss), with images collected approximately every 5 seconds. The microscope was
also equipped with a piezoelectric motor for fast scanning in the z (vertical) direction.
In order to allow comparison of intensities, the laser intensity and gain were kept
constant for each experiment involving uptake of the same protein and were set to the
highest setting possible without saturating the detector once nearly full saturation was

achieved.

Switching
valve Flow cell

N rump N2

Waste/recycle

iy

t Cover slip —
. ' Bufferfpf‘?tem 40x water
reservoirs objective

Figure 3.2  Schematic representation of confocal microscopy flow cell and setup.
Resin particles were packed into the channel via capillary tubes and a
high linear flow rate of 2100 cm/hr was used to hold particles in place
against the 0.2 micron stainless steel frit.

Frit
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Packed particles were washed with high-salt buffer and equilibrated at 1
mL/min before imaging began. A single particle was selected for continuous
observation so as to capture the uptake and elution profiles in the xz plane using the z-
stack functionality of the microscope. The time point at which feeding of the protein
solution through the flow cell was started was marked in order to correct for the
system dead volume (< 0.75 mL), and the protein solution was allowed to flow until
apparent full particle saturation was achieved. The valve was then switched to feeding
of high-salt buffer in order to observe elution behavior. Imaging was performed until
no fluorescently-labeled protein remained visible inside the particle or no appreciable

decrease in fluorescence was observed.

3.2.7 Electron Microscopy

3.2.7.1 Sample Preparation
Particle samples for SEM and TEM were prepared using similar methods to
those described previously in Section 2.2.4. Samples of resin with adsorbed lysozyme
(for S HyperCel) or B-lactoglobulin (for Q and STAR AX HyperCel) were prepared in
the same manner as for the adsorption isotherms (Section 3.2.3). A target loading of

50% of the maximum static binding capacity for each resin was used.

3.2.7.2 Scanning Electron Microscopy
Samples were temporarily fixed with 1% glutaraldehyde and 1%
paraformaldehyde before being chemically fixed with 1% osmium tetroxide (OsOs) in
DI water. Samples were then washed with DI water and dehydrated in ethanol before
following the same processing method as for the samples without adsorbed protein

(Section 2.2.4.1). Several samples without adsorbed protein were also chemically
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fixed using this procedure to allow a qualitative comparison between phases. All
particle samples were palladium-gold sputter-coated for 4 minutes at a current of 30
mA and an argon pressure of 65 mtorr. SEM imaging was performed using a Hitachi
S4700 FESEM operated in secondary electron mode with a voltage of 2.0 kV and a

working distance of 2-3 mm.

3.2.7.3 Transmission Electron Microscopy

All samples were prepared using 10 mM sodium phosphate buffer at pH 7 for
the initial fixation, as amine groups in bis-tris cause undesired imaging artifacts
(Section 2.3.3.1). Samples were temporarily fixed using 1% glutaraldehyde and 1%
paraformaldehyde before being chemically fixed using 1% osmium tetroxide in DI
water. Samples were then washed with DI water and dehydrated in acetone before the
same processing method was followed as for the samples without adsorbed protein
(Section 2.2.4.2). Q and STAR AX HyperCel materials were also stained using 1%
glutaraldehyde and 1% tannic acid, followed by the remainder of the standard sample
processing; this is the so-called TAGO fixation method (tannic acid-glutaraldehyde-
osmium tetroxide) (Hayat, 2000). Tannic acid acts as a mordant for the OsO4, binding
to the cellulosic backbone of the material as opposed to only the functionalized ligands
of the ion exchangers. This increases contrast provided by the OsO4 as well as
allowing the staining of material without a favorable affinity to the heavy metal stain
(e.g., sulfonated resins). All particle samples were microtomed into sections
approximately 50 nm in thickness and imaging was performed on a Zeiss LIBRA 120

transmission electron microscope operated at 120 kV.
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3.3 Results and Discussion

3.3.1 Adsorption Isotherms

Adsorption isotherms of B-lactoglobulin and BSA on STAR AX and Q
HyperCel are shown in Figure 3.3. Isotherms at 20, 50, and 100 mM TIS were
measured for both resins, but only for STAR AX at 200 mM TIS since the 100 mM
TIS data set on the Q resin revealed relatively low static capacity. The typical
hyperbolic shape is seen for all the plots, and the fits to the Langmuir isotherm model
are reasonable; values of the maximum static binding capacity and the affinity
coefficient from the fits are given in Table 3.3. These results verify that the ligand
chemistry of the STAR AX material allows a significantly increased maximum static
binding capacity compared to that on Q HyperCel with increasing TIS, with STAR
AX having more than double the capacity of Q at 100 mM TIS. Examination of these
results also suggests that protein size is not a significant factor affecting adsorptive
capacity for Q HyperCel, since B-lactoglobulin and BSA have molecular weights that
differ by approximately 50 kDa. However, STAR AX HyperCel shows higher
sensitivity to TIS of the static capacity for BSA compared to B-lactoglobulin. The
increased scatter in the data at lower TIS values for STAR AX HyperCel may be due
to variability in measuring resin volumes in the capillary tubes, where increased

adhesion of STAR AX to the tube wall was noted.
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Figure 3.3  Adsorption isotherms for B-lactoglobulin (a, b) and BSA (c, d) on Q (a,

¢) and STAR AX (b, d) HyperCel. Performed in 50 mM bis-tris, pH 7 at
20 (m), 50 (@), 100 (A), and 200 (¥) mM TIS. Data are shown with fits
to the Langmuir isotherm for each condition.
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Isotherms of lysozyme, lactoferrin and mAb on S HyperCel are shown in
Figure 3.4 at 20, 50 and 100 mM TIS. Despite the difference in the protein sizes,
capacities for lysozyme and lactoferrin at 20 mM TIS are very similar. The two-lobed
structure of lactoferrin may contribute to this, as the highly positively charged lobe
could orient the protein in the adsorbed state (Bowes et al., 2009). Alternatively, if
adsorption on HyperCel materials is similar to that on polymer-functionalized media,
the maximum capacity may be limited by the available volume for partitioning, which
would result in similar capacities for different proteins. Another noteworthy feature is
the sharper decline of the maximum capacity for lactoferrin with increasing salt
concentration. This may reflect an exclusion effect similar to that seen on polymer-
modified media for larger proteins (Bowes and Lenhoff, 2011a) or could be due, as
above, to the surface charge distribution on lactoferrin, which may make it more
susceptible to electrostatic screening (Kisley et al., 2014). The results for mAb
adsorption show a similar trend in that raising the TIS from 20 to 50 mM is enough to
halve the static capacity from approximately 200 to 100 mg/mL. The monoclonal
antibody is roughly double the molecular weight of lactoferrin, so it is apparent that
the increased size does not affect its binding capacity at these low to intermediate

ionic strength conditions to any significant degree.
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Figure 3.4  Adsorption isotherms for lysozyme (top), lactoferrin (middle) and mAb
(bottom) on S HyperCel. Experimental conditions: 10 mM sodium
phosphate, pH 7, for lysozyme and lactoferrin and 10 mM sodium
acetate, pH 5, for mAb at 20 (m), 50 (@) and 100 (A ) mM TIS. Data are
shown with fits to the Langmuir isotherm for each condition.
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. . TIS (max b
Resin Protein (mM) (mg/mL) | (mL/mg)
20 250 37
lysozyme 50 197 28
100 170 2
20 247 41
S HyperCel lactoferrin 50 109 25
100 23 2
20 230 12
mAb 50 115 35
20 326 28
B-lactoglobulin 50 261 7
100 144 1
Q HyperCel 20 283 173
BSA 50 176 10
100 86 1
20 338 121
. 50 335 80
B-lactoglobulin 100 307 30
STAR AX 200 160 121
HyperCel 20 244 1479
50 260 333
BSA 100 202 215
200 157 3

Table 3.3  Langmuir isotherm parameters for model proteins on HyperCel
adsorbents.

The relatively high binding capacities across all three materials are particularly
noteworthy as capacities of these magnitudes have, for the most part, been achievable
only on materials with polymer extenders used to expand the adsorptive surface area
into a three-dimensional volume (Bowes and Lenhoff, 2011a, 2011b; Bowes et al.,
2009; Stone and Carta, 2007; Wang and Sun, 2007; Weaver and Carta, 1996; Yu and

Sun, 2013; Yu et al., 2013). Our investigation into the pore structure of HyperCel
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resins (Angelo et al., 2013) discussed how these materials exhibit characteristics
similar to those of polymer-modified stationary phases, although they are not polymer-
modified themselves, as the base matrix does not undergo polymer grafting or
covalent attachment during manufacturing. The gel-like quality of the cellulosic
beads, narrow pore space and high pore interconnectivity permitted by the
carbohydrate structure may provide a large enough surface area or volume for sorption

to be comparable to that on this class of adsorbents.

3.3.2 [Isocratic Retention

Results of the isocratic retention experiments for the three HyperCel materials
are shown in Figure 3.5 for lysozyme and lactoferrin on S HyperCel and for [3-
lactoglobulin and BSA on Q and STAR AX HyperCel, as a function of TIS.
Retention factors below 0.1 were truncated because of the uncertainties in these values
under weakly-retained conditions, while retention factors greater than about 100 are
difficult to determine because of the very long retention times and broad peaks.

Retention was found to be strongest on STAR AX HyperCel and weakest on Q
HyperCel. This result was expected for the salt-tolerant primary amine ligand
chemistry at higher TIS values and is consistent with the high static capacities that
were determined from the adsorption isotherms. The high retention factors are also
consistent with the highly-favorable near-rectangular isotherms that were obtained, as
k' values are directly related to the slopes of the linear portions of the corresponding
isotherms. Despite the differences between the k' values on the two anion exchangers,
the slopes of the respective curves for the two proteins are very similar. This is

consistent with previous results (Bowes et al., 2009; DePhillips and Lenhoff, 2001;
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Traylor et al., 2014) that show the slope to be a strong function of the protein,

independent of the adsorbent, at a given pH.
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Figure 3.5 Isocratic retention data for HyperCel resins: BSA (O) and B-

lactoglobulin (O) on Q HyperCel, BSA (M) and B-lactoglobulin (®) on
STAR AX HyperCel, lactoferrin (V) and lysozyme (A) on S HyperCel.
Measurements were performed using 1 mL prepacked PRC columns
operated at 60 cm/hr in 10 mM sodium phosphate, pH 7, for S HyperCel
and 50 mM bis-tris, pH 7, for Q and STAR AX HyperCel; injection
volume, 20 pL.

Retention data on S HyperCel show stronger retention of lysozyme than of

lactoferrin. This is consistent with the results for the anion-exchange materials in

which the larger model protein (BSA) exhibited lower strengths of adsorption than the

smaller model protein (B-lactoglobulin). However, if the slopes of these curves were
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extrapolated to lower TIS values (< 100 mM TIS), one would expect an intersection
between the lysozyme and lactoferrin data, with lactoferrin then presenting higher k’
values in this range. This may be related to its charge distribution, which exhibits a
dense cluster of positively-charged residues on one of the lobes of the molecule
(Bowes et al., 2009). At TIS values above 20 mM TIS, the electrostatics of this lobed
region appear to be sufficiently screened to greatly reduce its strength of adsorption on
the material, and possibly thereby the transport characteristics, differentiating it from
the other model proteins investigated. The large decrease in the strength of adsoption
for lactoferrin in the range of 20 to 100 mM TIS is illustrated in the adsorption

isotherms discussed in Section 3.3.1.

3.3.3 Uptake Kinetics

Batch uptake kinetics were measured for lysozyme and lactoferrin on S
HyperCel, B-lactoglobulin on Q and STAR AX HyperCel and BSA on Q HyperCel.
Experiments were performed at 20 and 100 mM TIS for B-lactoglobulin and lysozyme
and at 20 mM TIS for BSA and lactoferrin, all at pH 7. Two initial protein
concentrations were also used in all cases, 2 £ 0.2 mg/mL and 0.2 + 0.02 mg/mL, in
order to exploit regimes where intraparticle and external mass transfer resistances
respectively are expected to be dominant. Judgment of the applicability of particular
mass transfer models was aided by CLSM observations of intraparticle intensity
profiles, with diffuse profiles indicating a homogeneous diffusion mechanism and
sharp uptake fronts a pore diffusion mechanism (Bowes and Lenhoff, 2011a; Dziennik
et al., 2005, 2003; Hubbuch et al., 2003; Tao et al., 2011c; Yang et al., 2006). The

former are generally seen at high TIS and the latter more often at low TIS, but the
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distinction may sometimes be uncertain. Similarly, distinguishing whether the
dominant resistance is intraparticle or extraparticle may also be uncertain.

Figure 3.6 shows the uptake of lysozyme and lactoferrin on S HyperCel. For a
high initial concentration of lysozyme, the added particles reach full saturation in less
than three minutes, which is very rapid when compared to other conventional
materials (Dziennik et al., 2003; Weaver and Carta, 1996) and even to polymer-
modified adsorbents (Bowes and Lenhoff, 2011a; Shi et al., 2010; Weaver and Carta,
1996). Fits to the rapid uptake are shown to both the homogeneous diffusion model
and the external mass transfer model, as uptake this fast is indicative of very low
intraparticle resistance.

There is much better agreement with the homogeneous diffusion model than
the pure external control model, but both give reasonable descriptions of the data. The
numerical solution of the homogeneous diffusion model that was utilized in these
cases includes the external mass transfer resistance in the boundary conditions, which
explains its closer fit than the analytical form of the external resistance model. The
value of kr was obtained from the experiments at the lower initial concentration, in

which the external mass transfer model is appropriately applied.
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Figure 3.6
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Batch uptake kinetics for lysozyme (a, b) and lactoferrin (c) on S
HyperCel in 10 mM sodium phosphate, pH 7. a) Co =2 mg/mL; TIS of
solutions are shown on plot; data fit with external mass transfer (—) and
homogeneous diffusion (---) models. b) Co = 0.2 mg/mL; TIS of solutions
are shown on plot; data fit with external mass transfer model. ¢) Co values
are shown on plot; data fit with external mass transfer (—) and
homogeneous diffusion (---) models for low and high initial protein
concentrations, respectively. Note of different time scale for each plot.
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Lysozyme uptake at the lower initial protein concentration requires an
increased time to achieve saturation under the stronger binding condition (20 mM
TIS), and the external mass transfer model adequately describes the uptake behavior.
The lower protein concentration in the bulk solution would decrease the extraparticle
flux but not affect the intraparticle transport rate appreciably if this latter contribution
is predominantly homogeneous. In this case, the bulk protein concentration becomes
the driving force for the mass transfer as opposed to the adsorbed concentration in the
case of homogeneous diffusion. Extremely good agreement between the external
control model and the data was observed whenever it was applied to uptake curves
obtained using a lower initial protein concentration.

Lactoferrin uptake was much slower than that of lysozyme (note the
differences in time scale), indicating significant intraparticle resistance. The data were
fit to the numerical solution of the homogeneous diffusion model and the external
resistance model for the high and low initial protein concentrations, respectively. Both
models provide good fits to their respective data sets. The increased time for apparent
full saturation to occur for this system could be due to several factors, including steric
hindrance for the larger lactoferrin molecule or the higher adsorption affinity and
hence lower contribution from homogeneous diffusion inferred for lactoferrin under
strong-binding conditions (Section 3.3.2). The propensity for homogeneous diffusion
is thought to be related to the ability of adsorbed protein to diffuse and hence to the
protein-surface affinity (Lenhoff, 2008; Wesselingh and Bosma, 2001). The analytical
form of the pore diffusion model (i.e., the shrinking-core model) also provides a good

fit to the high initial protein concentration data (not shown), indicating some
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uncertainty in the transport mechanism for lactoferrin; this is addressed further in
Section 3.3.4.

The external mass transfer coefficients and diffusivities gathered from these
fits are shown in Tables 3.4 and 3.5, respectively, along with the results for the anion-
exchange adsorbents discussed further below. Fitted kr values are comparable to those
predicted by standard correlations for mass transfer coefficients in stirred vessels
(Armenante and Kirwan, 1989; Levins and Glastonbury, 1972). Homogeneous
diffusivities (found numerically) are given for only the high initial protein
concentration systems (Co = 2 + 0.2 mg/mL) as external mass transfer control is
dominant for low initial protein systems and homogeneous diffusivity values would
misrepresent the resistances present. However, the external mass transfer resistance
was accounted for in all the systems studied in view of the rapid uptake and hence
relatively low intraparticle resistance. The fact that there are only small differences in
the fitted values of kr between low and high initial protein concentrations for similar
systems indicates that the external mass transfer resistance is a significant factor
regardless of bulk solution concentration. The homogeneous diffusivities are, as
expected, orders of magnitude lower than for the free-solution diffusivities (Chang and
Lenhoff, 1998; Chen et al., 2002), and the generally increased values at higher salt
concentrations are consistent with the relationship to strength of adsorption noted

above (Lenhoft, 2008; Wesselingh and Bosma, 2001).
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Co=2+0.2 mg/mL Co=0.2 + 0.02 mg/mL
. . 100 mM 100 mM
Resin Protein 20 mM TIS TIS 20 mM TIS TIS
lysozyme 3.02+0.03 | 1.49+0.05 | 3.40+0.04 | 1.49+0.03
S HyperCel lactoferrin n/a n/a 0.71+0.01 | n/a
Q HyperCel B-lactoglobulin | 2.03 £ 0.04 | 1.02+0.05 | 2.67+0.03 | 1.03 £ 0.04
7P BSA 1.73£0.08 | n/a 1.76 £ 0.07 | n/a
STAR AX B-lactoglobulin | 1.53 £0.04 | 1.45+0.03 | 2.51 £0.07 | 2.07 £ 0.05
HyperCel
Table 3.4  External mass transfer coefficients for protein uptake in HyperCel
materials (10~ cm/s); 95% confidence intervals are shown for all values.
Co=2+0.2 mg/mL
Resin Protein 20 mM TIS 100 mM TIS
lysozyme 4.72 +0.01 7.92+£0.18
S HyperCel lactoferrin 0.18 +.0001 n/a
B-lactoglobulin | 2.68 + 0.002 5.77+0.01
Q HyperCel pga 1.44 £ 0.03 n/a
STAR AX .
- + +

HyperCel B-lactoglobulin | 2.87 = 0.001 1.88 £ 0.001

Table 3.5 Homogeneous diffusivities for protein uptake in HyperCel materials (10

cm?/s); 95% confidence intervals are shown for all values.
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Discrepancies between the plateau concentrations in the uptake experiments
and capacities found from the adsorption isotherms may be due to errors in measuring
resin volumes in the capillary tubes, the inability to remove all fluid and resin material
from the agitation vessel, leading to an improper final mass balance, or to a slow mode
of uptake in the isotherm measurements. However, even the largest discrepancies in
these values did not exceed 15% error, and capacities obtained for each individual
uptake experiment were used for model fitting where appropriate.

Figure 3.7 shows protein uptake on Q HyperCel, and much as in the case of
lysozyme on S HyperCel, all plots reflect very fast uptake and good fits to the external
resistance model. That this is the case for both B-lactoglobulin and BSA indicates that
protein size is not as significant in determining the mechanism of transport as protein
affinity, with only lactoferrin uptake reflecting a dominant intraparticle resistance.
Transport parameters for the B-lactoglobulin data are of the same order of magnitude
as values for the lysozyme data, albeit somewhat slower transport is observed. The
BSA data present even slower uptake, but only marginally. While this can again be
inferred as a function of protein size relating to its mobility, it is also dependent on the

protein-surface affinity for each protein-adsorbent system.
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Figure 3.7 Batch uptake kinetics for B-lactoglobulin (a, b) and BSA (¢) on Q
HyperCel in 50 mM bis-tris, pH 7. a) Co =2 mg/mL; TIS of solutions are
shown on plot; data fit with external mass transfer (—) and
homogeneous diffusion (---) models. b) Co = 0.2 mg/mL; TIS of solutions
are shown on plot; data fit with external mass transfer control model. c)
Co are shown on plot; data fit with external mass transfer (—) and
homogeneous diffusion (---) models. Note different time scale for each
plot.
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Figure 3.8 shows the uptake of B-lactoglobulin on STAR AX HyperCel.
Unlike uptake in the other two adsorbents, STAR AX exhibits a counterintuitive trend
in the apparent capacity between 20 and 100 mM TIS. For both the high and low
initial bulk concentrations, the uptake of B-lactoglobulin at 100 mM TIS overtakes the
uptake at 20 mM TIS, although both have similar maximum static binding capacities
based on isotherm measurements (Figure 3.3). However, the kinetic experiments were
carried out for a period no longer than 45-75 minutes for either case, while the
isotherm measurements had up to 14 days to equilibrate (which was the case for
protein adsorption on STAR AX HyperCel at low TIS).

While uptake remains fairly rapid using a high initial bulk protein
concentration, the apparent equilibrium reached was far below the maximum static
capacity for each system, suggesting bimodal uptake that includes a period of slow
uptake beyond the time range shown. This bimodal uptake behavior could be
explained by a rapid superficial loading of protein that saturates particles to one- to
two-thirds of the total capacity, followed by a slower contribution that may reflect
protein rearrangement within the particle. This type of uptake has been modeled
conceptually using a partial shrinking-core model (Bowes and Lenhoft, 2011a),
characterized by rapid but incomplete shrinking-core uptake preceding a backfilling of
additional free capacity over a longer time scale. During normal operation in a
downstream purification setting, a nominal salt concentration (greater than 20 mM
TIS, approximately a 2 mS/cm conductivity) may be present, in which case this

unfavorable uptake behavior would become negligible.
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Figure 3.8
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It has been shown that the ligand chemistry of STAR AX has some effect on
the nature of the pore architecture and may hinder fast transport of protein to some
extent (Angelo et al., 2013, Chapter 2). The structural differences in conjunction with
the much higher affinity for B-lactoglobulin on the salt-tolerant material could be what
slows initial uptake to only a fraction of the total adsorptive capacity. Previous studies
have shown that small relative pore sizes and strong retention contribute to hindering
the diffusion of adsorbed species with slow kinetic off-rates, especially at higher
loadings (Traylor et al., 2014). However, over longer time scales this behavior
becomes less significant.

A mechanistic model that describes transport of this type is difficult to specify
in detail, as the diffusion of protein is slowed by unfavorable binding kinetics and/or
steric hindrance in the pore; an alternative interpretation is in terms of single-file
diffusion in multicomponent systems (Perez-Almoddévar et al., 2012; Tao et al., 2012).
However, the initial uptake (< 200 seconds) is still very rapid for high bulk protein
concentrations, where it can be assumed that external mass transfer resistance is still

dominant in the case of low bulk solution concentrations.

3.3.4 Protein Uptake Profiles via Confocal Microscopy Imaging

Confocal microscopy was used for real-time observation of intensity profiles
of fluorescently-labeled protein in order to obtain information on the mechanism of
protein transport within the stationary phase (Bowes and Lenhoff, 2011a; Bowes et al.,
2012; Dziennik et al., 2005, 2003; Ljungl6f and Hjorth, 1996; Ljungl6f and Thommes,
1998; Tao et al., 2011¢). Batch uptake experiments allowed a quantitative analysis of
uptake rates, as well as determination of the appropriate rate model to apply to the

data. The qualitative form of the concentration profile that may be seen from confocal
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microscopy can reveal two limiting cases, one consistent with homogeneous diffusion
and the other consistent with pore diffusion, in the shrinking-core limit (see Section
3.2.5). A homogeneous uptake mechanism exhibits concentration profiles that are
diffuse, and a shrinking-core mechanism gives rise to a sharp protein front that moves
toward the center of the particle (Bowes and Lenhoff, 2011a; Dziennik et al., 2005,
2003; Hubbuch et al., 2003; Tao et al., 2011c; Yang et al., 2006).

All the confocal microscopy figures show uptake under a high linear flow rate
0f 2100 cm/hr (1 mL/min). This flow rate was required in order to reduce particle
movement within the flow cell, as lower flow rates could allow particles to shift
during elution, thereby providing inadequate axial profile data. Flow packing using
both high-salt and equilibration buffer was used to ensure optimal packing. Intensity
plots for uptake profiles at high and low superficial velocities were compared to
determine that the intraparticle transport of protein was independent of the flow rates

used for these systems.

3.3.4.1 HyperCel Materials

The very fast uptake seen in HyperCel under most conditions (Section 3.3.3)
leads to the hypothesis that HyperCel displays a homogeneous diffusion mechanism;
this is consistent with its similarities to hydrogels (Lewus and Carta, 1999; Weaver
and Carta, 1996) and other natural polymers. Figure 3.9 shows the uptake of DyLight
650-labeled lysozyme in S HyperCel resin at 20 and 100 mM TIS. The value shown
in the lower left of each image indicates the time elapsed after switching to the feed
stream, corrected for the system dead time. Uptake is qualitatively homogeneous,
with the images presenting no sharp uptake front that would indicate pore diffusion

being the dominant mechanism of protein transport. Apparent full saturation of the

87



particle was achieved before three minutes had elapsed, in agreement with the batch

uptake data for lysozyme on S HyperCel under similar conditions.

Figure 3.9 Uptake of DyLight 650-labeled lysozyme on S HyperCel at 20 (top) and
100 (bottom) mM TIS (10 mM sodium phosphate, pH 7). Feed solution
contained 2 mg/mL protein flowing at 2100 cm/h.

The differences in fluorescence intensity between 20 and 100 mM TIS
correspond to the lower overall binding capacities that are seen at higher TIS values,
as with the batch uptake and adsorption isotherms. Relative adsorbed concentrations
can be inferred from the differences in intensity, as laser power and gain settings were
kept the same across runs at different operating conditions.

Much slower uptake is observed for lactoferrin uptake in S HyperCel (Figure
3.10), again consistent with the batch data. The fluorescence intensity profiles are

sharp, consistent with a shrinking-core mechanism, indicating a strong pore-diffusion
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contribution. As noted in Section 3.3.3, the batch uptake curves could be adequately
described by either a pore- or a homogeneous-diffusion model, so the confocal images
highlight the significance of obtaining real-time profiles to allow for more informed
model discrimination. The homogeneous diffusion model was used in this case for

consistency with the other uptake modeling that was performed.

Figure 3.10 Uptake of DyLight 650-labeled lactoferrin on S HyperCel at 20 mM TIS
(10 mM sodium phosphate, pH 7). Feed solution contained 2 mg/mL
protein flowing at 2100 cm/hr.

Application of the shrinking-core model to batch uptake data gives an effective
pore diffusivity value of 1.5x10”7 cm?/s. Following an analysis described previously to
determine shrinking-core diffusivities from the radial position of the sharp uptake
front (Bowes and Lenhoff, 2011a; Dziennik et al., 2005), an apparent shrinking-core
diffusivity of 4.9x10”7 cm?/s was determined. Both the acquired diffusivities are of the
same order of magnitude as for lactoferrin uptake on Capto S (Bowes and Lenhoff,
2011a), a polymer-modified material that presents higher uptake rates than its agarose-
based counterparts (SP Sepharose XL and SP Sepharose FF) at similar conditions. The
discrepancy between the two values for the effective shrinking-core diffusivity can be

explained by the faster apparent saturation that is observed via confocal microscopy,
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but the slower overall uptake that is described quantitatively by batch uptake. Due to
this, it can be determined that uptake for this system can be described by the partial
shrinking-core model, in which a significant portion of the particle saturation takes
place after a rapid, but incomplete, shrinking-core type uptake (Bowes and Lenhoff,
2011a). A gradual increase in the fluorescent intensity throughout the particle after the

sharp front reaches the center also validates the presence of a backfilling mechanism.

Figure 3.11 Uptake of DyLight 650-labeled B-lactoglobulin on Q HyperCel at 20
(top) and 100 (bottom) mM TIS (50 mM bis-tris, pH 7). Feed solution
contained 2 mg/mL protein flowing at 2100 cm/h.

The uptake of Dylight 650-1abeled B-lactoglobulin in Q HyperCel at 20 and
100 mM TIS (Figure 3.11) presented results very similar to those for lysozyme uptake

in S HyperCel at the same operating conditions. The rapid apparent full particle
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saturation again suggests low intraparticle resistance and a homogeneous-diffusion

mechanism, as with lysozyme in S HyperCel.

Figure 3.12 Uptake of DyLight 650-labeled B-lactoglobulin on STAR AX HyperCel
at 20 (top) and 100 (bottom) mM TIS (50 mM bis-tris, pH 7). Feed
solution contained 2 mg/mL protein flowing at 2100 cm/h.

Figure 3.12 shows uptake of DyLight 650-labeled B-lactoglobulin in STAR
AX HyperCel at 20 and 100 mM TIS. The uptake front, while still diffuse, appears
slightly sharper than for the other cases apart from lactoferrin, suggesting a reduced
contribution from homogeneous diffusion. Rapid saturation, as with the S and Q
moieties, is still observed, however. The lower fluorescence intensity at 20 mM TIS
than at 100 mM TIS is consistent with the batch uptake results at the same operating
conditions. For the time scale of these uptake experiments, STAR AX HyperCel has a
higher capacity for protein at higher TIS and shorter time scales, presumably caused

by attenuation of homogeneous diffusion caused by the strong affinity for protein at
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low salt conditions. Despite the strong attraction for protein on this salt-tolerant resin,

regeneration at 1 M NaCl was adequate to remove all protein from the system.

3.3.4.2 Displacement Effects in HyperCel Materials
The effect of displacement of protein was briefly investigated for the HyperCel
resins in two different scenarios: displacement by a species of a higher affinity and
displacement by the same species conjugated with a different fluorophore. Figure 3.13
shows the displacement of DyLight 650-labeled lysozyme by DyLight 488-labeled

lactoferrin in S HyperCel at 20 mM TIS.

Figure 3.13 Displacement of DyLight 650-labeled lysozyme (top) by DyLight 488-
labeled lactoferrin (bottom) on S HyperCel at 20 mM TIS, pH 7.
Loading performed using 2 mg/mL lysozyme, and displacement
performed using lysozyme/lactoferrin mixture in a 1:1 ratio flowing at
2100 cm/h. Displacement initiated at time t = 0 s (minus the dead time).
Scale bar represents 25 microns.
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Particles were preloaded with 2 mg/mL DyLight 650-labeled lysozyme until
particles were well saturated (approximately 10 minutes), at which point the loading
was switched to a mixture of DyLight 650-labeled lysozyme and DyLight 488-labeled
lactoferrin in a 1:1 mass ratio (total protein concentration remained at 2 mg/mL). The
choice was made to use a mixture with the preloaded species in order to limit the
amount of kinetically-controlled exchange that would normally occur when the feed
stream is switched. Performing the experiment in this manner allowed all
displacement effects to be governed by the increased electrostatic affinity of
lactoferrin to the S HyperCel material over lysozyme.

The displacement effect appears to be relatively slow when compared to
single-component uptake of both lysozyme and lactoferrin on the same material, with
the diffuse lactoferrin front taking on the order of 2500 seconds to reach the center of
the particle, while lysozyme and lactoferrin took on the order of 200 and 800 seconds,
respectively, to achieve apparent single-component saturation. This is consistent with
previous work showing displacement to be characteristically slow compared to uptake
onto protein-devoid stationary phases (Bowes et al., 2012; Perez-Almodoévar et al.,
2012; Tao et al., 2012, 2011c¢). This may be partly due to the fact that the space
occupied by protein in a previously saturated particle can introduce steric hindrance
effects, slowing the subsequent uptake of protein (Tao et al., 2011c¢) and limiting
homogeneous transport. However, the overall 650 nm fluorescence intensity decreased
steadily across the particle over the course of the displacement, indicating that the
expulsion of the preloaded DyLight 650-labeled lysozyme is not transport-limited and
that exchange kinetics may be the dominant factor. Even though the lactoferrin could

initially be seen localized around the periphery of the particle, the overall profile is
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very diffuse, also consistent with exchange-limited kinetics as opposed to the
shrinking-core effect that is observed in dextran-modified Capto S (Traylor, 2013),
although a displacement feed stream containing only lactoferrin without any additional
lysozyme was used in that case. After imaging ended, there remained a uniform
increase in the overall 488 nm fluorescence as additional displacement occurred, but

the experiment was ended due to insufficient protein mixture stock.

Figure 3.14 Uptake of DyLight 650-labeled B-lactoglobulin (top) following a 10
minute pre-load of DyLight 488-labeled B-lactoglobulin on STAR AX
HyperCel at 20 mM TIS, pH 7; 488 nm channel is shown on the bottom.
Pre-loading was performed using 2 mg/mL DyLight 488-labeled -
lactoglobulin, and subsequent loading was performed using 650/488
mixture in a 1:1 ratio flowing at 2100 cm/h. Mixture stream initiated at
time t = 0 s (minus the dead time). Scale bar represents 25 microns.
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Figure 3.15 Normalized intensity profiles during uptake of DyLight-labeled (-
lactoglobulin on STAR AX HyperCel, corresponding to the frames
shown in Figure 3.14. The top row shows the gradual increase in 488 nm
intensity along with the uniform increase of 650 nm intensity on the
bottom row at times of 0, 310, 1090 and 1840 seconds after switching to
the mixture feed stream, from left to right, respectively.

Attempted displacement by the same molecule with a different conjugated
fluorophore was also investigated in order to elucidate the slow apparent uptake of
protein at low ionic strength in STAR AX HyperCel. Figure 3.14 shows the uptake of
a mixture of 2 mg/mL B-lactoglobulin labeled with DyLight 488 and DyLight 650 in a
1:1 mass ratio following the preloading of just DyLight 488-labeled B-lactoglobulin on
STAR AX HyperCel at 20 mM TIS. Previous adsorption studies showed very slow
uptake of protein at this condition on STAR AX HyperCel when compared to its
strong ion-exchange counterpart, both in the equilibration time necessary for obtaining
adsorption isotherms (Section 3.3.1) and in batch uptake kinetics measurements
(Section 3.3.3). In both of these cases, an apparent bimodal uptake mechanism was
observed, wherein a significant portion of the capacity was reached within a short

period (similar to uptake on the S and Q HyperCel materials) followed by a slow
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increase in the adsorbed capacity. Here, it is clear that the DyLight 650-1abeled [3-
lactoglobulin does not displace the previously loaded DyLight 488-labeled -
lactoglobulin following the 10 minute preload as there is no appreciable decrease in
the fluorescence intensity of the 488 nm channel during the time the imaging was
performed; in fact, the 488 nm intensity continued to rise due to the feed stream
containing a 1:1 ratio of the 488 and 650 labeled protein. This was confirmed by
comparison of the fluorescence intensity plots between the channels as well (Figure
3.15). The uniform increase in the fluorescence intensity of the 650 nm channel
indicates a gradual backfilling of labeled B-lactoglobulin, confirming that a bimodal
adsorption process takes place on a long time scale. Since the overall combined
fluorescence intensity increases throughout the adsorption process, and no decrease is
seen in either channel, it can be determined that neither a displacement nor a kinetic
exchange between the two species seems to be apparent due to the incomplete
saturation of the particle following the 10 minute preloading period. This provides

additional support for the proposed partial shrinking-core mechanism.

3.3.4.3 Sepharose and Capto Materials
Figures 3.16, 3.17 and 3.18 show the uptake of Dylight 650-1abeled -

lactoglobulin in Q Sepharose FF, Q Sepharose XL. and Capto Q, respectively, at 20
and 100 mM TIS. These results are qualitatively similar to those for previous work
performed on SP Sepharose and Capto S with lysozyme (Bowes, 2011; Bowes et al.,
2012), except that B-lactoglobulin uptake in Q Sepharose FF at 20 mM TIS does not
show the shrinking-core type behavior seen for lysozyme uptake in SP Sepharose FF
from 2-50 mM TIS (Dziennik et al., 2005, 2003). This is presumably due to the higher

retention and affinity for lysozyme on cation-exchange materials than for -
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lactoglobulin on anion-exchange adsorbents. The general trend in the three figures is
the more complete, as well as more rapid, saturation that is observed at 100 mM than
at 20 mM TIS. Capto Q shows this effect to a great extent, displaying a much higher
fluorescence intensity at 100 mM TIS in approximately half the time as at 20 mM TIS.
Laser and gain settings were kept consistent for all these runs to allow for comparison
of their adsorbed capacities, which are generally proportional to the fluorescence

intensity.

Y .Y o

Figure 3.16 Uptake of DyLight 650-labeled B-lactoglobulin on Q Sepharose FF at 20
(top) and 100 (bottom) mM TIS (50 mM bis-tris, pH 7). Feed stream
contained 2 mg/mL protein flowing at 2100 cm/h.

The generally diffuse profiles are consistent with a homogeneous diffusion
mechanism, as previously reported for lysozyme adsorption in the CEX counterparts
(Bowes, 2011; Bowes et al., 2012; Dziennik et al., 2005). This is expected for the

higher TIS of 100 mM, but the results show that even under very strong binding
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conditions, B-lactoglobulin still displays homogeneous transport, unlike lactoferrin and
mADb in the sulfonated varieties (Bowes et al., 2012), which are indicative of pore
diffusion. This is an effect of the lower overall retentivity of B-lactoglobulin (see
Figure 3.5 as an example), the small size of the protein molecule, and could possibly
be due to the effectiveness of the quaternary ammonium ligand in adsorbing protein
that Q-type resins possess when compared to the sulfonate functionality in S-type
resins, even though the two strong ion-exchange varieties have about the same ionic

capacity (Tables 1.1 and 1.2).

Figure 3.17 Uptake of DyLight 650-labeled B-lactoglobulin on Q Sepharose XL at 20
(top) and 100 (bottom) mM TIS (50 mM bis-tris, pH 7). Feed stream
contained 2 mg/mL protein flowing at 2100 cm/h
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Figure 3.18 Uptake of DyLight 650-labeled B-lactoglobulin on Capto Q at 20 (top)
and 100 (bottom) mM TIS (50 mM bis-tris, pH 7). Feed stream
contained 2 mg/mL protein flowing at 2100 cm/h.

3.3.4.4 Intraparticle Voids
Intraparticle voids were visible in sections of all HyperCel materials when

imaged using different microscopy techniques. The presence of the voids has been
shown in the previous chapter, mostly in electron microscopy of these adsorbents. In
this work, the voids could also be seen during the uptake of protein during real-time
confocal imaging. During uptake, the voids are much lower in florescence intensity
than the rest of the cross-section of the particle, most likely due to lower ligand
density, as the cellulosic density is also assumed to be lower in these regions.
Conversely, during protein elution, these spots have a higher fluorescence intensity
than the rest of the particle, presumably because the lower backbone density facilitates
pooling of fluorescently-labeled protein before it fully leaves the particle. The narrow

pore size of these materials acts as a bottleneck, retarding full elution of protein to
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some degree when compared to other, more open, stationary phases, but the overall

effect is minimal.

3.3.5 Electron Microscopy

3.3.5.1 Scanning Electron Microscopy

Figure 3.19 shows whole-particle SEM images of Q and STAR AX HyperCel
containing adsorbed protein. B-lactoglobulin was loaded to 57% of the maximum
static binding capacity on Q HyperCel and to 45% of the maximum static binding
capacity on STAR AX HyperCel. It is apparent that the protein gives rise to globular
structures on the surfaces of the material, giving it a rough topography as opposed to
the open fibrous network described previously for phases devoid of protein (Angelo et
al., 2013, Chapter 2). The globular formations on Q HyperCel appear too large to be
individual protein molecules or even small clusters, but the texture is much finer on
the STAR AX resin, where the formations could be single protein molecules or
clusters of molecules.

Comparison of these images to SEM micrographs of other stationary phases on
carbohydrate base matrices (i.e., Sepharose materials) (Bowes et al., 2009; Koku,
2011) sheds light on what can be inferred about the protein localization. These images
are qualitatively similar to those of dextran-modified Sepharose XL, which presents a
volumetric layer engulfed with protein molecules under similar loading conditions.
Sepharose FF, an agarose base structure lacking polymer extenders, does not exhibit
any sort of volumetric swelling when loaded with protein, as can be seen in the

comparison in Figure 3.20.
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Figure 3.19 SEM images of Q (a, b) and STAR AX (c, d) HyperCel at 35000x (a, ¢)
and 70000x (b, d) magnification. Both materials were adsorbed with
approximately 50% of the maximum capacity of f-lactoglobulin and
chemically fixed with OsOas.
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Figure 3.20 SEM images of Q Sepharose FF (left) and Q Sepharose XL (right) loaded
to 50% of static capacity of a-lactalbumin at 60000x (Koku, 2011).

HyperCel may have cellulosic extenders akin to a polymer-grafted resin,
suggesting that the HyperCel materials exhibit structural characteristics similar to
those of polymer-modified stationary phases. Small-angle neutron scattering on these
systems suggests that protein adsorbs fairly uniformly within the particle (Koshari et
al., 2015), including the possibility of protein partitioning throughout most of the
particle volume. The globular formations that can been seen in the electron
micrographs makes the determination of other structural characteristics somewhat
difficult. The use of a lower protein loading may be better for distinguishing the

presence of extenders.

3.3.5.2 Transmission Electron Microscopy
TEM images of Q HyperCel with and without adsorbed protein chemically
fixed to the material are shown in Figure 3.21. The protein loading on the protein-
adsorbed samples was 52% of the maximum static binding capacity. Each figure

shows the results of the two methods of fixation as well as the protein-free and
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protein-adsorbed phases. With both methods of fixation, the protein-loaded phases
seem to be less fibrous and open, suggesting that protein is filling the negative space
and swelling the material. The TAGO fixation method presents a more disconnected
pore network within the material without protein adsorbed, but does allow for sharper
resolution and clearer delineation between the positive and negative spaces in the
protein-adsorbed phase. The dark spots in the TAGO fixed samples are most likely
deposits of OsOs4 that had aggregated during osmication. It was verified that these
were not artifacts from the post-staining procedure by imaging sections that had

undergone fixation but not post-staining.

Figure 3.21 TEM images of Q HyperCel prepared using standard aldehyde fixation
(a, b, e, f) and TAGO fixation (c, d, g, h); no protein adsorbed (a, c, e, g)
and with approximately 50% of maximum loading of B-lactoglobulin (b,
d, f, h). Magnification 10000x (a, b, ¢, d) and 31500x (e, f, g, h).
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STAR AX HyperCel (Figure 3.22) differs from Q HyperCel in that the
structure seems to be more homogeneous, with poorer discrimination between pore
space and the cellulose backbone. The protein loading on the protein-adsorbed
samples was 49% of the maximum static binding capacity. The TAGO fixation
method does not seem to change the result much from the standard aldehyde fixation,
albeit the contrast in these samples is better since tannic acid acts as a mordant for the
OsOs. In the case of the protein-free samples, there is little to no heterogeneity in the
structure, implying a much smaller and complex pore network. When protein is
adsorbed, the presence of pores becomes more apparent, especially in the TAGO-fixed
case. Protein seems to localize in homogeneous pockets, and the fibrous nature of the
cellulose becomes more apparent, as may be seen on the edges of these areas; it would
seem that there are areas for protein localization interspersed with more vacant areas,
which could be the pores. The dark spots are most likely OsO4 deposits as seen in Q

HyperCel and do not signify any particular structural characteristic or protein cluster.
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Figure 3.22 TEM images of STAR AX HyperCel prepared using standard aldehyde
fixation (a, b, e, f) and TAGO fixation (c, d, g, h); no protein adsorbed (a,
¢, e, g) and with approximately 50% of maximum loading of -
lactoglobulin (b, d, f, h). Magnification 10000x (a, b, ¢, d) and 31500x (e,
f, g, h).
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S HyperCel (Figure 3.23) was stained using standard aldehyde fixation only.
Because OsOs4 has an affinity for positive charges, such as amines, it did not stain the
protein-devoid S HyperCel phase very well since not much definition in the image is
apparent. The lysozyme itself in the protein-adsorbed phase acted as a mordant for the
Os04, resulting in a much sharper image of the intraparticle morphology. Much like
Q HyperCel, it shows a fibrous pore architecture with definite vacant pore spaces
interspersed between regions of denser protein localization. This result suggests that
the alternative ligand chemistry in STAR AX HyperCel in some way alters the pore
structure and adsorption behavior within the material, even though the materials are

based on the same cellulosic base matrix.

Figure 3.23 TEM images of S HyperCel with no protein adsorbed (a) and with
approximately 50% of maximum loading of lysozyme (b). Magnification
12500x.
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3.4 Conclusions

This work presents the adsorptive characteristics of protein onto both strong
ion-exchange cellulosic adsorbents and a salt-tolerant moiety using changes in total
ionic strength of solution as a variable condition in all cases. The cellulosic HyperCel
materials allowed for a high static binding capacity of protein, especially in strong
binding conditions (i.e., low salt concentrations), as well as very rapid uptake of
protein, apparent via both batch kinetics and confocal microscopy. Analysis of the
adsorptive protein uptake indicated that the intraparticle diffusion resistances, which
are normally rate-controlling in most porous beaded materials, were near-negligible in
comparison to external film transfer resistances. This exceptionally fast transport
occurs by a homogeneous diffusion mechanism that is aided by protein-sorbent
affinity that is not excessively high. The very fast uptake allows very efficient column
loading and suggests that particles of the same composition but larger in total diameter
would be feasible without a significant loss in uptake rate, allowing reduced pressure
drop and the possibility of larger packed beds.

While the structure of these adsorbents has been studied previously (Angelo et
al., 2013, Chapter 2), observing changes in the surface topography and TEM
micrographs under protein-adsorbed conditions helps to elucidate the nature of the
pore microstructure. Further evidence that HyperCel displays polymer-modified-like
characteristics is apparent from small-angle neutron scattering (Koshari et al., 2015)
and from SEM imaging of adsorbed phases, in which the pore architecture could be
more clearly seen in STAR AX HyperCel when protein was adsorbed, a system where
definite structural characteristics could not be resolved via TEM in a phase devoid of
protein. The work presented provides a good complement to the investigation of the

structural characteristics for the same materials, as adsorption of protein has a definite
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impact on the native architecture of the beads, and by extension, the transport

mechanisms that govern the movement of solutes through these stationary phases.
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Chapter 4

DETERMINANTS OF PROTEIN ELUTION RATES FROM PREPARATIVE
ION-EXCHANGE ADSORBENTS

4.1 Introduction

Elution is a critical step in process performance in that it determines separation
selectivity and the pool volume containing the product. Attention to elution is
therefore pivotal to maintain high recoverability of products and enable reuse of
packed beds. However, few previous reports have focused directly on analyzing
effective rates of elution. Concentration profiles in affinity-based separations have
been modeled for desorption-controlled elution (Arnold et al., 1986, 1985), but the
application of such methods to analyzing experimental data remains sparse, and
diffusion-controlled elution appears not to have been investigated explicitly for bind-
and-elute processes.

The elution process can depend on the composition of the eluent, the physical
particle structure of the adsorbent, the nature and amounts of the adsorbates, or some
combination of these factors. With the advent of polymer-modified materials, the
protein capacities achievable can be considerably higher than for conventional
adsorbents (Bowes et al., 2012; Lenhoff, 2011; Perez-Almoddévar et al., 2011). In both
polymer-modified and cellulosic media, the matrix acts as a three-dimensional volume
for sorption in a gel-like structure. A common feature these resins share is the
reduction in size of the pore lumen, in which protein is able to diffuse freely. It has

been shown that charged polymer extenders grafted on a surface tend to collapse
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toward that surface in environments of increased total ionic strength due to screening
of repulsion between like charges (DePhillips and Lenhoft, 2000; Yu and Sun, 2013).
This would increase the size of the pore lumen in polymer-modified phases during
elution carried out at increased TIS, making the dimensions of the lumen uncertain.

The addition of polymer extenders to macroporous adsorbents has been shown
to increase protein transport rates during loading and hence dynamic capacities of
proteins. This has been shown for comparisons between UNOsphere S and Nuvia S, a
polymer-derivatized version of UNOsphere (Perez-Almodoévar et al., 2012, 2011), and
between SP Sepharose FF and SP Sepharose XL (Bowes and Lenhoff, 2011a; Bowes
et al., 2009). In these studies it was observed that both the adsorptive capacity and the
rate of uptake were significantly higher in the polymer-modified material than in the
non-polymer-modified counterpart. This rapid transport has been explained by
diffusion of protein sorbed in the polymer phase, described as solid or homogeneous
diffusion, even under relatively strong binding conditions where uptake would be
dominated by pore diffusion in conventional non-polymer-modified adsorbents
(Lenhoft, 2011; Stone and Carta, 2007). However, in the absence of an electrostatic
driving force retaining the protein in the polymer layer, such transport is unlikely
during elution from these stationary phases, with the protein likely to be released into
in the pore lumen. Diffusion of macromolecular solutes has been measured through
pores lined with polyelectrolytes even in the absence of a direct electrostatic attraction
(Kim and Anderson, 1991, 1989), but such behavior in chromatographic materials has
received less attention.

In this chapter, the elution behavior of three model proteins from cation-

exchange media with and without polymer modification was investigated. Our
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underlying hypothesis was that sorbed protein is desorbed rapidly in the presence of
the eluent, with the rate-limiting step determining the overall elution rate being simple
pore diffusion out of the particle. While the data appear to support the hypothesis in
general, the biophysical properties of the protein are found to have an appreciable
influence in some cases and warrant careful consideration in optimizing elution

procedures.

4.2 Materials and Methods

4.2.1 Buffers and Protein Solutions

Monobasic sodium phosphate (NaH2PO4) and sodium bicarbonate (NaHCO3)
were purchased from Fisher Scientific (Fair Lawn, NJ) and used to prepare 10 mM
sodium phosphate and 50 mM sodium bicarbonate buffer solutions at pH 7 and pH 9,
respectively. The total ionic strengths of different solutions were adjusted using NaCl.
L-arginine and trehalose were purchased from Fisher Scientific (Fair Lawn, NJ) and
used to make buffer solutions containing 500 mM of either excipient in addition to 1
M NaCl and 50 mM sodium bicarbonate at pH 9.

Solutions of hen egg white lysozyme and bovine lactoferrin were prepared as
previously described in Chapter 3. A monoclonal antibody was obtained from
Genentech, Inc. (South San Francisco, CA) in formulation buffer concentrated to 30-
40 mg/mL. Target protein concentrations for stock solutions were 2.5 + 0.2 mg/mL for
binding capacity and protein elution studies and 200-300 mg/mL for phase behavior
experiments. Physical properties of the model proteins, namely the isoelectric point,
molecular weight, effective hydrodynamic radius, and free-solution diffusion

coefficient, are shown in Table 4.1.
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Property pl My (kDa) Stokes Do (cm?/s)
radius (nm)
Lysozyme | 11.4 (Wetter | 14.3 2.0 1.1x10® (Fuh et
and Deutsch, | (Canfield, al., 1993)
1951) 1963)
Lactoferrin | 8.8 (Plateet | 78 (Mooreet | 2.3 9.6x10”7 (Chaufer
(monomer) | al., 2006) al., 1997) et al., 2000)
Lactoferrin | - 312 4.4 4.9x107
(tetramer)
mAb ~8 144 (Ahamed | 5.7 3.8x107(Tao et
et al., 2007) al., 2011a)
Table 4.1  Physical characteristics of proteins used in elution experiments.

4.2.2 Stationary Phases

Prepacked 25 mm x 7 mm i.d. HiTrap columns containing SP Sepharose FF,
SP Sepharose XL and Capto S, all strong cation exchangers, were purchased from GE
Healthcare Life Sciences. A prepacked 50 mm x 5 mm i.d. S HyperCel column was
obtained from Pall Life Sciences. The physical properties of the resins are presented
in Table 1.1. All matrices carry a sulfonate functionalization, while Sepharose XL and
Capto materials possess dextran extenders, substantially expanding the volume
available for adsorption within this material as compared to their non-polymer-
modified counterpart, Sepharose FF, but concomitantly reducing the pore space
available for transport. The higher cross-linking density of the agarose base matrix
that is present in Capto (Axen et al., 2008) results in a slightly smaller pore lumen
(Tao et al., 2011b). S HyperCel is comprised of a fully cellulosic base matrix without
any defined polymer modification (Chapter 2), but it exhibits properties comparable to
those seen in polymer-modified stationary phases, including increased capacity and

enhanced uptake rates (Chapter 3).
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4.2.3 Dynamic Binding Capacity Measurements

Breakthrough experiments were performed on an AKTA Explorer 100 system
(GE Healthcare) for each resin-protein system for which elution behavior was to be
analyzed. All DBC measurements were performed at a linear velocity of 120 cm/hr,
pH 7 and 20 mM TIS. To ensure consistency, DBC measurements were compared to
values obtained previously for lysozyme and lactoferrin at these conditions on SP FF,
SP XL and Capto S (Bowes and Lenhoff, 2011a).

Protein loading was continued until at least 25% of the feed concentration was
measured in the eluate, monitored by absorbance at 280 nm. Protein was eluted using
buffered solutions at 1 M TIS for lysozyme and mAb and at 1.5 M TIS for lactoferrin,
due to an increased affinity of the latter protein on cation exchangers. Collection and
spectroscopic measurement of eluted fractions showed close to 100% recovery of
loaded protein in all cases.

DBC values were determined by integrating the area above the breakthrough
curve up to 10% breakthrough and subtracting the system dead volume obtained by
performing a breakthrough run without a column in line. Loadings for elution
experiments followed the same procedures but were based on a fraction of the DBC

values determined, depending on the system.

4.2.4 Column Elution and Determination of Apparent Elution Diffusivities
Columns were loaded with protein using the same operating conditions as in
the determination of the DBCs. Multiple loading factors were employed,
corresponding to 10, 60 and 100% of the DBC value at 10% breakthrough for each
system. A 5-column volume wash step preceded a 100% step elution to an elevated

TIS condition (1 M TIS, 1.5 M TIS, or 1 M NaCl + 500 mM excipient). Due to the
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high protein concentrations in the eluate, the UV detector was saturated at times,
causing a cutoff of the elution curve around 3000 mAU. Therefore, mass balances
could not be performed by integration under the UV curve and instead were carried

out by collecting and analyzing eluate fractions.

4.2.4.1 Theory

The hypothesized mechanism for elution at the single-particle level is a simple
diffusional one. Upon desorption, which is assumed to occur instantaneously att =0,
all the protein loaded into the particle is assumed to become desorbed and to be
present in a protein solution of effective concentration co in the particle; the
concentration is expressed per unit particle volume and so the effective concentration
is lower than the actual local concentration in the pore space. This protein then leaves
the particle by simple pore diffusion to the particle surface (radial position r = Ry),
from where it enters the mobile phase. The elution rate from the particle can depend
on the rate of mass transfer from the particle surface to the bulk mobile phase, as
described by the concentration difference between that at the particle surface and that
in the bulk and by a mass transfer coefficient at the particle surface, k, which was
obtained from the correlation of Carberry (1960) for flow in a packed bed

115023

= (2R/w)/2y1/6 (4.1)
where Do is the free-solution diffusivity of the protein, u is the linear velocity of the
interstitial fluid and v is the kinematic viscosity, taken to be 10° m*/s. Values of k of

2x 10 to 6 x 10 cm/s were predicted for the systems studied.
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For the situation in which the bulk protein concentration is negligible, the
transient behavior of the effective intraparticle concentration, cs, is described by the
following conservation equation, boundary condition, and initial condition:

9 _p L9295

at  “©r2ar  or 42.1)

%s—0,r=0 422

ar r= (422)
dcs

—Dea—cr =kcs, r=R, (4.2.3)

Cs=¢Co t=0 (4.2.4)

where De is the apparent effective pore diffusivity of elution to be estimated and, in
this formulation, the intraparticle porosity is not explicitly accounted for. The solution

is found as (Crank, 1975)

C .R 1 sinBj r __pg2 2
S = opjeye 1 SBi X —pFDe/RE (4.3)
Co r Bf +Bi(Bi-1) sinBj Rp

The Biot number, Bi = kRy/De, reflects the relative importance of intraparticle and
extraparticle transport resistances; high values (Bi > 10) indicate that the intraparticle
resistance is dominant (Sherwood et al., 1975), as is usually the case in preparative
chromatography of proteins. The Bi values are the eigenvalues determined as the roots
of the characteristic equation for the unsteady-state diffusion problem
BcotB+Bi—1=0 (4.4)
The eigenvalues tabulated in Crank (1975) were integrated into a cubic spline
interpolation in Matlab to order to determine roots for different Biot number values.
Equation 4.3 can be used to calculate an instantaneous flux at the particle

surface that will be for the form

Js = X2, a; e PitDe/RE (4.5)
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which, for long-time behavior (t >> Rp*/De), reduces to a monoexponential form that

accurately describes the decreasing tail of the elution curve, expressed as

Cetuate = aze”P1Pet/s (4.6)
in which only the leading eigenvalue from Equation 4.4, B1, plays a role. The effective
elution pore diffusivity, De, was extracted by using the nonlinear least squares fitting
routine, ‘nlinfit’, in Matlab to solve Equations 4.4 and 4.6 simultaneously. The data
were placed on a logarithmic scale for ease in assessing the goodness-of-fit, which
was also determined by the mean squared error.

In the presence of flow past the particle, the elution rate can be monitored by
measuring the mobile-phase concentration. Since the diffusional problem is linear, the
time-dependence of the mobile-phase concentration leaving the system will mirror that
of the elution rate, as long as the mobile-phase concentration remains very small
relative to that in the particle. Therefore if these conditions are satisfied at long times,
the mobile-phase concentration should decay exponentially, which should allow
estimation of De if Rp and k are known.

The more challenging situation is that of the behavior of a full column of
particles, where the presence of multiple particles and the additional axial dimension
are appreciable complicating factors. Three approaches of increasing complexity are
presented in Appendix B; that they all yield similar results, albeit subject to different
assumptions, provides reassurance that the method used to analyze the experimental

data is reasonable
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L11

Ep.ace Mean €p,acc,high salt

Mean pore

pore radius in

radius lactoferrin | lactoferrin high salt lactoferrin | lactoferrin
Resin (nm) | lysozyme | (monomer) | (tetramer) | mAb | (nm) lysozyme | (monomer) | (tetramer) | mAb
EE Sepharose | 54 7 | 0.71 0.67 0.64 0.60 |24.7 0.69 0.67 0.54 0.47
)S(lisephamse 58 1030 0.24 0.07 0.03 | 9.6 0.44 0.40 0.20 0.14
Capto S 4.8 0.19 0.14 0.02 0.01 |7.1 0.34 0.30 0.10 0.06
S HyperCel 4.4 0.18 0.14 0.03 0.01 |44 0.19 0.14 0.02 0.01

Table 4.2  Intraparticle porosities for different proteins, and mean pore radii, based on ISEC analysis. Data obtained at

high salt concentrations, [NaCl] = 1-1.5 M.




4.2.5 Inverse Size Exclusion Chromatography and Size Exclusion
Chromatography

ISEC experiments using dextran probes were carried out to determine apparent
intraparticle porosities during elution for specific resin-protein systems. The
procedures followed those used previously (Chapter 2) using the same experimental
setup and similar methods to assess pore dimensions, by analysis of the calibration
curves relative to the distribution coefficients for each dextran solute. ISEC data for
SP FF (DePhillips and Lenhoft, 2000), Capto S (Tao et al., 2011b) and S HyperCel
(Angelo et al., 2013, Chapter 2) have previously been investigated using this technique
under different solution conditions. ISEC data for SP XL under low- (20 mM TIS) and
high-salt (1.5 M TIS) conditions can be found in Section 2.3.1. Mean pore radii were
determined from the first moment of the fitted pore size distributions and are reported
in Table 4.2, along with accessible particle volumes for each resin-protein pairing
(Section 4.3.1.2). Retention volumes of uncharged dextran standards were used to

determine the accessible fraction of particle volume, &pacc, from

Vp-V
€pacc = VZ—VZ 4.7

where V: is the retention volume of a given solute, V. is the total column volume and
Vo is the column void volume determined using a 3000 kDa dextran standard, which is
fully excluded from all the stationary phases used here.

Standard size exclusion chromatography was also performed on lactoferrin
fractions on a 24 mL Superdex 75 column (GE Healthcare) to determine if protein
oligomerization occurs at high salt, as lactoferrin has previously been shown to form
tetramers above sodium chloride concentrations of about 200 mM TIS (Chaufer et al.,

2000). Dextran standards of known radii were used as molecular size markers to

118



determine size differences for lactoferrin under low- (20 mM TIS) and high-salt (1 M

TIS) running conditions.

4.2.6 Instantaneous Phase Behavior of Lysozyme in Sodium Chloride Solutions
Experiments were performed to determine the instantaneous phase boundary
for lysozyme in the presence of sodium chloride in a manner similar to that reported
previously (Dumetz et al., 2008; Lewus et al., 2014). Samples were prepared by
mixing appropriate amounts of low- and high-salt buffered solutions (between 0 and 3
M NaCl in 10 mM sodium phosphate at pH 7 or in 50 mM sodium bicarbonate at pH
9) in 0.5 mL tubes to a volume of 170-190 pL. Ten to thirty pL. of concentrated
lysozyme solution (200-300 mg/mL.) was pipetted into the tubes for a final volume of
200 pL and aspirated for at least 30 seconds afterward; in most cases, samples were
then vortexed for an additional 30 seconds. At sufficiently high protein concentrations
instantaneous precipitation was observed, but at intermediate concentrations the
precipitate redissolved after vortex mixing. The boundary for instantaneous phase
separation was taken as the highest protein concentration in which the precipitate that

formed began to resolubilize into solution following vortex mixing.

4.2.7 Confocal Laser Scanning Microscopy Imaging of Single-Particle Elution
SP FF or XL particles were packed into a flow cell designed for use in a
confocal microscope (Dziennik et al., 2003) and the formation of elution fronts of
fluorescently-labeled protein was observed as described previously (Section 3.3.4).
Lysozyme was fluorescently labeled with DyLight 650 in a 1-2% labeling ratio
following protocols supplied by the manufacturer. Reservoirs of equilibration buffer

(10 mM sodium phosphate, pH 7), of a solution of fluorescently-labeled protein (2 +
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0.2 mg/mL), high-salt buffer (1 M TIS), and high-salt buffer containing excipient (1 M
NaCl, pH 9, 500 mM L-arginine) were used to load and elute protein successively, in
order to allow imaging of elution behavior using a Zeiss 5 LIVE DUO high-speed
confocal microscope equipped with a 40x C-Apochromat (NA 1.2) water-immersion
lens (Carl Zeiss). The protein solution was recirculated through the flow cell for 40-
45 minutes at 1 mL/min to ensure full saturation and the particles were then washed
for one minute with equilibration buffer before the high-salt eluent was fed. Images
were captured every 5 seconds from the time of switching to the eluent feed until no
fluorescently-labeled protein remained visible inside the particle or no appreciable

decrease in fluorescence was observed.

4.3 Results and Discussion

4.3.1 Apparent Elution Diffusivities

4.3.1.1 Estimation from Elution Data

Protein concentration profiles in the eluate following step elution were used to
determine both the number of column volumes necessary for near-complete recovery
and the apparent pore diffusivities during elution by application of Equations 4.4 and
4.6. Figures 4.1-6 display both the raw elution chromatograms and adjusted data for
lysozyme, lactoferrin and mAb elution from SP Sepharose FF, SP Sepharose XL,
Capto S, and S HyperCel. The number of column volumes necessary for near-
complete elution (when the UV signal returned to 100 mAU above the baseline) is
obtained directly from the raw data for each curve, and the values obtained are shown
in Table 4.3. For most cases, three loading factors, namely 10, 60 and 100% of the

DBC for each system (also given in Table 4.3), were used to determine if the extent of
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column loading affected elution rates and volumes. Altering this factor had a
significant impact on the elution pool volume as expected, due to the larger amounts
of protein to be eluted. Only lysozyme was used at 100% loading factors for all
systems due to constraints in protein availability. In general, for equivalent loadings,
near-complete elution was achieved much sooner in the non-polymer-modified SP FF,
while more column volumes were required for recovery in polymer-modified and
cellulosic media. Solute size also appears to affect this metric, with mAb eluting from
the Capto S adsorbent displaying the longest elution time at 60% loading factor, for
instance.

The adjusted data in Figures 4.2, 4.4 and 4.6 were truncated to just after the
end of detector saturation (the plateau region in the raw data at approximately 3000
mAU) and plotted on semilog axes, with linearity, at least at longer times, indicating a
satisfactory fit to the model. The elution model was fit to only regions of < 85% of the
maximum (saturated) UV signal to ensure linearity between detection measurements
and true protein concentrations in the eluate. Despite the appreciable differences in
elution volume with different column loadings, the fits to the post-saturation portion of
the elution profile show only slight differences in the effective diffusivities. The
diffusivities determined by analysis of the elution profiles are tabulated in Table 4.4.
Similarly to the column volumes required for near-complete elution, the general trend
remains in which the non-polymer-modified material shows the fastest elution,
followed by, for the most part, an order of magnitude reduction in the rate for

polymer-modified and cellulosic media.
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Figure 4.1 Lysozyme elution profiles on SP Sepharose FF (a), SP Sepharose XL (b),

Capto S (c), and S HyperCel (d) using a 1 M TIS step elution for
different loading factors: 10% ( ), 60% (----) and 100% (----) of the
dynamic binding capacity at 120 cm/hr; take note of the difference in

time scale for elution on the S HyperCel resin.
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Lysozyme elution profiles truncated and time-shifted to just after the
absorbance begins to decay from its maximum at the detection limit.
Elution is shown on a logarithmic scale for SP Sepharose FF (a), SP
Sepharose XL (b), Capto S (c), and S HyperCel (d) using a 1 M TIS step
elution for different loading factors: 10% (: ), 60% (----) and 100%
(+--) of the dynamic binding capacity at 120 cm/hr; take note of the
difference in time scale for elution on the S HyperCel resin.
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Lactoferrin elution profiles on SP Sepharose FF (a), SP Sepharose XL
(b), Capto S (c), and S HyperCel (d) using a 1.5 M TIS step elution for
different loading factors: 10% ( ) and 60% (----) of the dynamic
binding capacity at 120 cm/hr; take note of the difference in time scale
for elution on the S HyperCel resin.
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Figure 4.4 Lactoferrin elution profiles truncated and time-shifted to just after the
absorbance begins to decay from its maximum at the detection limit.
Elution is shown on a logarithmic scale for SP Sepharose FF (a), SP
Sepharose XL (b), Capto S (c), and S HyperCel (d) using a 1.5 M TIS
step elution for different loading factors: 10% ( ) and 60% (----) of
the dynamic binding capacity at 120 cm/hr; take note of the difference in
time scale for elution on the S HyperCel resin.
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Figure 4.5 Monoclonal antibody elution profiles on SP Sepharose FF (a), SP
Sepharose XL (b) and Capto S (¢) using a 1 M TIS step elution for
different loading factors: 10% ( ) and 60% (----) of the dynamic
binding capacity at 120 cm/hr.
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Figure 4.6 Monoclonal antibody elution profiles truncated and time-shifted to just
after the absorbance begins to decay from its maximum at the detection
limit. Elution is shown on a logarithmic scale on SP Sepharose FF (a), SP
Sepharose XL (b) and Capto S (c) using a 1 M TIS step elution for
different loading factors: 10% ( ) and 60% (----) of the dynamic
binding capacity at 120 cm/hr.
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8C1

Dynamic binding capacity 10% loading factor 60% loading factor 100% loading factor

(mg/mL)
Resin lysozyme | lactoferrin | mAb | lysozyme | lactoferrin | mAb | lysozyme | lactoferrin | mAb | lysozyme | lactoferrin | mAb
o Sepharose g 25 17 |22 2.0 12 |31 40 28 |39 na n/a
iPLsephamse 211 45 28 |28 1.9 15 |49 3.1 31|70 n/a n/a
Capto S 175 94 91 3.7 2.8 4.7 5.2 4.9 9.4 7.2 n/a n/a
S HyperCel 133 158 n/a 4.6 3.1 n/a 52 4.6 n/a 6.2 n/a n/a

Table 4.3  Dynamic binding capacities and eluent volume, in units of column volumes, required for elution (to 100 mAU)

for each protein, resin and loading condition (loading performed at pH 7, 20 mM TIS).




6Cl

Effective elution diffusion coefficient, D. (10" cm?/s)

10% loading factor 60% loading factor 100% loading factor
Resin lysozyme lactoferrin | mAb lysozyme lactoferrin mAb lysozyme lactoferrin | mAb
EE Sepharose | 13,050 [ 5.6=0.047 | 9.6+0.73 | 15£042 |5.9+0.043 | 824041 |13£094 |n/a n/a
;PLsephamse 87+020 |64+0.13 [9.1+£096 |6.5+028 |6.0+0.13 |6.1+036 |50+030 |n/a n/a
Capto S 5.1+0.13 5.3+0.15 29+0.25 | 4.5+0.16 3.8+ 0.087 2.0+0.053 | 3.3+0.11 n/a n/a
S HyperCel 1.0£0.079 | 1.5+0.051 |n/a 1.3+£0.029 | 1.2+0.032 |n/a 1.3£0.029 | n/a n/a
Table 4.4  Fitted elution diffusivities for each protein, resin and loading condition (loading performed at pH 7, 20 mM

TIS). Best fit results shown along with 95% confidence intervals.



Values of the Biot number, calculated using the fitted diffusivities, for the
different resin-protein systems were of order 10 to 200, the high values indicating
dominance of the intraparticle transport resistance. While the Biot numbers for all
resins were of a similar order of magnitude, those for SP FF were generally the lowest,
reflecting the generally higher pore diffusivities in the very open agarose structure.

The fitting of the effective diffusivities to Equation 4.6 is premised on their
being pore diffusivities, as the high-salt conditions of elution would make adsorption
on the pore walls or the polymer extenders negligible. What is less clear for the
polymer-modified media is whether desorbed protein is totally excluded from the
polymer, but this seems a reasonable assumption given ISEC results that show all but
the smallest dextran probes being excluded from the polymer layer in the absence of
an electrostatic driving force for adsorption. It may also be that the partitioning of
uncharged solutes in a charged pore deviates from the purely steric limit as a result of
the electrical double layer caused by the introduction of the uncharged solute (Deen,
1987; Stone and Carta, 2007). Indeed, the results for lysozyme and lactoferrin are
similar in magnitude to shrinking-core (pore) diffusivities previously determined for
SP FF during protein uptake (Traylor, 2013). However, the elution diffusivities are
slightly higher than the uptake values, which were determined at low ionic strengths,
where diffusion is coupled to adsorption that is strong enough to be considered

irreversible.

4.3.1.2 Interpretation of Apparent Pore Diffusivity Values
The values obtained for the pore diffusivities can be interpreted within the
theoretical framework in which the values are related to the corresponding free-

solution diffusivities, Do, by (Carta and Jungbauer, 2010)
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De _ Zo¥e 4.8)

D_o B Tp
where ¢&p is the intraparticle porosity, yp is the diffusional hindrance coefficient and 1,
is the tortuosity factor. The dependence on porosity, which more strictly reflects the
accessible porosity epacc and therefore depends on solute size, simply captures the
space available for diffusion. The hindrance coefficient accounts for hydrodynamic
drag as a solute diffuses in a narrow pore and is related to the relative sizes of the
solute and the pore (Anderson and Quinn, 1974; Brenner and Gaydos, 1977; Deen,
1987), with a tighter fit giving rise to lower values. Most of the theoretical
relationships that have been derived are for spherical particles in cylindrical pores, but
especially for polymer-derivatized materials, in which the "pore wall" is in fact a
polymer containing solvent, these values are highly questionable. Although transport
through such pores has been modeled (Kim and Anderson, 1991), considerable
uncertainty surrounds suitable values of yp other than that they are of order unity. The
tortuosity factor, while being a function of the pore geometry, is not necessarily
explicitly dependent on solute or pore size, although the change in pore accessibility
with solute size introduces such a dependence, again with considerable uncertainty.
Values of gp.acc Were measured directly by inverse SEC for both polymer-
modified and non-polymer-modified adsorbents. Figure 4.7 shows results for SP FF at
low ionic strength and SP XL at high and low ionic strengths. Figure 2.8 shares the
same raw data but is plotted against the distribution coefficient as opposed to the
accessible porosities of the solutes (Section 2.3.1). These data clearly show a higher
pore accessibility of SP FF than of SP XL for any individual dextran probe, due
directly to the effect of the polymer extenders in SP XL. The results also show the

greater accessibility of SP XL at high than at low TIS due to screening of charge
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repulsion between ligands and consequent collapse of the extenders (DePhillips and
Lenhoft, 2000; Stone and Carta, 2007). This collapse of the polymer layer due to
increased salt concentration fundamentally alters the intraparticle architecture which
translates to larger pore volumes that the dextran solutes may access. The sensitivity to
even moderate salt concentrations is a common trait among polymer-derivatized

media (Bowes et al., 2009; Lenhoff, 2011; Yu and Sun, 2013).
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Figure 4.7 Dextran calibration curves for SP Sepharose FF (®) (DePhillips and
Lenhoft, 2000), SP Sepharose XL ('¥) and SP Sepharose XL at 1500

mM NacCl (m). Effective accessible intraparticle porosities for model
proteins were interpolated based on exponential fits to these data sets.

Accessible particle volumes for the proteins studied are given in Table 4.2,
determined by the calibration curves obtained from ISEC and the Stokes radius for

each protein seen in Table 4.1. Accessible particle volumes were also found for Capto
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S (Tao et al., 2011b) and S HyperCel (Chapter 2) based on previously generated ISEC
data.

Figure 4.8 shows the dependence of the normalized apparent pore diffusivities
during elution on the accessible particle volume at high salt. Different plot markers
represent the different stationary phases and connected lines represent data for the
same protein. The general trend is one of increasing normalized diffusivities with
increasing accessible particle volumes, but the dependence is not uniformly linear as
suggested by Equation 4.8. This may reflect experimental uncertainties but also more
fine-grained architectural differences among the different media, including differences
in pore-size distribution as distinct from just the porosity values, which may affect the
hindrance and tortuosity factors.

Despite these uncertainties, one trend in Figure 4.8 that seems counterintuitive
is that the normalized diffusivities increase with increasing protein size. Lysozyme
has a molecular weight approximately 10 times smaller than that of a monoclonal
antibody, and one would assume that a smaller molecule such as this would encounter
less hindrance in pore diffusion during elution (Anderson and Quinn, 1974), but the
opposite effect is suggested by the data.

Additionally, the lactoferrin tetramer displays faster relative diffusivities than
the monomer relative to their respective free solution diffusivities. The slower free
solution diffusivity that the tetramer complex displays (due to the increased
size/molecular weight) increases the normalized diffusivity in turn, as the same
effective elution diffusivity was used in both cases. The faster rates of the larger

molecular species could also be attributed to an increase in intermolecular repulsions
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these protein experience within the pore during elution as they occupy a greater

fraction of the available pore space.
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Figure 4.8 Normalized effective elution diffusivities based on the fit diffusivities
and free-solution diffusivities at infinite dilution for lysozyme, lactoferrin
and mAb as a function of the accessible porosity for the corresponding
resin-protein system for SP Sepharose FF (m), SP Sepharose XL (A),
Capto S (@), and S HyperCel (#). The lines corresponding to lactoferrin
in tetramer and monomer forms reflect the difference in the free-solution
diffusivities and accessible porosities.

The additional dependence on yp and tp is more problematic and is
investigated by a more absolute comparison of the values of the ratio tp/yp (Figure
4.9), determined from Equation 4.8 using the normalized elution diffusivities and
therefore reflecting the high salt concentrations used for elution. The hindrance

coefficients are difficult to estimate, especially when the protein size and mean pore
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radius are very close together, e.g., mAb in dextran-modified media. However,
especially in cases involving polymer-derivatized media, the hindrance coefficients
would be expected to be much closer to unity than expected from the theoretical
results for solid pore walls (Anderson and Quinn, 1974; Brenner and Gaydos, 1977,
Deen, 1987), so the ratio plotted in Figure 4.9 can be expected to reflect primarily the
trends in the tortuosity factor, where values of 2 to 6 are reported to be reasonable
(Satterfield, 1970). The values for mAb are at the low end of this range, but those for
lactoferrin and lysozyme appear somewhat high for consistency with the diffusional

model, especially in light of the much lower values for mAb in the same adsorbents.
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Figure 4.9  Ratio of tortuosity and hindrance factors for elution based on the fit
diffusivities for lysozyme, lactoferrin and mAb, as a function of the
accessible porosity for the corresponding resin-protein system for SP
Sepharose FF (m), SP Sepharose XL (A), Capto S (®), and S HyperCel
(®). The lines corresponding to lactoferrin in tetramer and monomer

forms differ because of differences in the free-solution diffusivities and
accessible porosities.
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The result for lactoferrin can be explained by the formation of tetramers at and
above sodium chloride concentrations of 200 mM (Chaufer et al., 2000), which
increases the size of the eluting species and hence the free-solution diffusivity, Do
(Table 4.1). Additional sets of normalized data for lactoferrin, accounting for the
revised Do value and the adjusted accessible porosity €p.acc at high salt, are shown in
Figures 4.8 and 4.9. The trend lines based on the tetramer are much more consistent
than the monomer case with those for mAb. SEC measurements performed on
Superdex 75 on unpurified and purified lactoferrin at high and low concentrations of
sodium chloride (Figure 4.10) suggest that the formation of tetramer is reversible and
hence that the true trendlines for lactoferrin in Figures 4.8 and 4.9 may lie somewhere
between the tetramer and monomer lines. However, at the high lactoferrin
concentrations in the pore after desorption, mass-action considerations would be

expected to favor tetramer formation.
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Figure 4.10 Size-exclusion chromatograms of eluted lactoferrin fractions on
Superdex 75 for isocratic running conditions of 20 mM TIS (gray) and 1
M TIS (black); the lower retention time at the high-salt condition
indicates formation of oligomer under elution conditions.

For both mAb and lactoferrin, Figure 4.9 shows a slight increasing trend of
Tp/Wp With gpace. This may reflect differences in the pore structures of the different
adsorbents, but if anything one might expect a decreasing tortuosity with the more
open structures encountered at high porosities, particularly for SP FF. A possible
explanation emerges from the combination of the overall protein loading and porosity
for each material, which together determine the estimated local pore concentration
immediately following desorption, i.e., when the high-salt front penetrates a protein-
loaded particle. Using lysozyme as an example, the resulting values for this
concentration, plotted against the accessible intraparticle porosity for each material

(Figure 4.11), suggest that in the cellulosic and polymer-modified media, where
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average porosities are the smallest and the binding capacities are high, there is a

transient period when the local pore concentration can be on the order of several

hundred mg/mL. This concentration would decay as elution proceeds and protein

leaves the stationary phase to enter the interstitial mobile phase, but the dependence of

protein diffusivities on concentration (Anderson et al., 1978) may explain the higher

diffusivities at lower porosities implied by the counterintuitive trends for mAb and

lactoferrin in Figure 4.9.
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Figure 4.11 Estimated local pore concentrations of lysozyme at the moment of elution
(teltion = 0 s) as a function of accessible intraparticle porosities under
high-salt conditions corresponding to the respective resins.
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The results for lysozyme remain anomalous, based on the inconsistent trends
for the elution diffusivity (Figure 4.8) and the high apparent tortuosity (Figure 4.9).
One possible explanation is that lysozyme, the smallest of the model proteins used,
can access micropores in these resins that are inaccessible to mAb or lactoferrin and
that these pores have higher tortuosities. However, the very high absolute values seen
for lysozyme in Figure 4.11 and the relatively high value in as open a structure as SP
FF makes this seem unlikely. An alternative explanation is explored in the next

section.

4.3.2 Phase Behavior of Lysozyme Under Elution Conditions

Maintaining protein solubility is crucial in preventing on-column aggregation
and fouling, as well as ensuring product stability. Salting-out characteristics of
proteins, such as lysozyme and monoclonal antibodies, have been studied outside of
the column environment (Dumetz et al., 2008; Lewus et al., 2011; Muschol and
Rosenberger, 1997), but not extensively in conditions that would mimic those of a
typical elution from an ion-exchange material. The transient conditions that exist in
the early stages of elution are somewhat similar in nature to these studies, even though

phase separation cannot be readily observed directly on-column.
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Figure 4.12 Elution of DyLight 650-labeled lysozyme from (a) SP Sepharose FF and
(b) SP Sepharose XL at pH 7. Loading was performed using a
recirculating stream of protein for 45 minutes and the particles were then
washed with equilibration buffer for 5 minutes before a step change to
the elution condition. Imaging was carried out until no additional
decrease in fluorescence was observed.

Figure 4.12 shows the confocal microscopy profiles gathered during elution of
DyLight 650-labeled lysozyme from SP FF and XL. The higher intensity at the center
of the particle at t = 0 s can be explained as an overshoot attributed to differences in
retention of labeled and unlabeled lysozyme (Teske et al., 2007); if loading were
carried out for a longer period, the intensity would have become more uniform
throughout the particle cross-sections (Dziennik et al., 2005). The sequences show the
initial reservoir of protein in each particle gradually depleted from the outer edge, but
there are clear differences between the results for the two materials. For SP FF, the

outside edge of the intensity profile during exit of protein from the particle is diffuse,
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as would be expected for diffusive transport of protein in solution. For SP XL, the
profile is very different, with a sharp retreating front that can be described as a
shrinking-core profile, with the very center of the particle retaining a relatively high
fluorescence intensity until the last captured frames of elution. The time required for
apparent full elution of protein from SP XL is also more than 5 times longer than what
was required for SP FF. Similar elution behavior of lysozyme to that in SP XL was
observed in S HyperCel, which is not polymer-derivatized but shares similar
characteristics with SP XL, such as high binding capacity and low accessible porosity.
As was seen in Figure 4.11, such conditions would result in extremely high protein
concentrations in the pore space at the start of elution, and this is further compounded
by the presence of a high salt concentration. This may lead to very rapid phase
separation in which the protein in the pore, instead of being in free solution, is present
as a dense phase, presumably a precipitate or gel. Elution from the particle would then
first require redissolution of the dense phase, which would occur at its outer edge,
giving rise to the kind of elution profiles seen for SP XL in Figure 4.12. The data in
Figure 4.11 indicate that this kind of behavior is least likely in SP FF among the
materials studied, consistent with the diffuse edges seen for this material in Figure
4.12.

Lysozyme tends to form chain-like aggregates, growing in a “head-to-tail”
manner (Norton and Allerhand 1977, Banerjee et al. 1975). Small-angle neutron
scattering work has shown that the aggregation of lysozyme occurs in both small
(approximately 3 nm in radius) and large formations (approximately 20-60 nm in
radius) (Niimura 1995). Obviously, the larger formations (deemed Type I aggregates)

could pose an issue if the aggregate is formed within a pore of smaller radius than 20-
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60 nm, effectively occupying a large fraction of the pore space. However, it is difficult
to determine if lysozyme tends to aggregate in this manner within the pore
environment when compared to free solution as molecular crowding could have an
effect on the structure of the dense phase.

High salt and high protein concentrations (as well as pH approaching the
isoelectric point of the protein) are of course prime conditions for phase separation,
and lysozyme has previously been shown to phase-separate instantaneously under
comparable conditions to those used here for elution (1-2 M sodium chloride, > 70
mg/mL protein) (Dumetz et al., 2008). Additional such measurements were made here,
with instantaneous phase boundaries for lysozyme in sodium chloride solutions (at pH
9) shown in Figure 4.13. The leftmost curve is the aggregation boundary
representative of normal elution conditions, which lies at around 60 mg/mL lysozyme
for a sodium chloride concentration of 1 M, the condition used for elution
experiments. Protein concentrations of higher than 60 mg/mL were difficult to
achieve in the phase separation measurements due to the nature of the experiments and
the limit to which the protein could be concentrated. Again, it is difficult to determine
if these phase boundaries remain consistent when lysozyme is confined to the pore
space within a stationary phase as opposed to free solution, such as in these

experiments.
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Figure 4.13 Instantaneous aggregation lines for lysozyme in sodium chloride without
the use of an excipient (®), with 500 mM trehalose ('), and with 500
mM L-arginine (m).

That behavior similar to that of lysozyme was not seen for the other two
proteins presumably reflects the different physicochemical properties of different
proteins. Even for lysozyme in SP XL, elution is complete after 2-3 minutes (Figure
4.12), so the effect would require instantaneous or near-instantaneous phase
separation. Different proteins have different protein- and salt-concentration thresholds
for such phase separation, and even where phase separation occurs it may do so only

via a relatively slow nucleation step (Dumetz et al., 2008; Lewus et al., 2011).
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4.3.3 Elution Using Excipients

The kind of behavior seen for lysozyme and the mechanism proposed above
raise the question of whether any remedy is available to improve elution rates in such
systems. Excipients, such as disaccharides and amino acids, are commonly used for
formulation applications to stabilize proteins and prevent aggregation, e.g., trehalose
and L-arginine have been shown to have stabilizing effects in protein systems (Baynes
et al., 2005; Lins et al., 2004; Tsumoto et al., 2004; Xie and Timasheff, 1997). L-
arginine has also been used to enhance elution behavior of antibodies in Protein A
(Arakawa et al., 2004; Ejima et al., 2005), hydrophobic interaction and cation-
exchange systems (Arakawa et al., 2007b), showing a reduction in eluted aggregates.

The mechanisms by which excipients such as disaccharides (e.g., trehalose and
sucrose) and amino acids (e.g., arginine) stabilize proteins have still not been
completely elucidated (Arakawa et al., 2007a). Most organic substances are known to
lower the surface tension of water, but disaccharides and arginine appear to be an
exception to this rule. The increase in surface tension has an unfavorable effect on the
structure of water surrounding proteins in aqueous solution, as an increase in the
exclusion volume of water is associated with an increase in surface tension. Therefore,
the addition of these excipients to aqueous protein solutions results in an unfavorable,
or positive, free-energy change for the system (Arakawa and Timasheff, 1982). This in
turn causes proteins to become preferentially hydrated, which is understood to be the
prevailing mechanism of action for protein stabilization in the presence of these

excipients, even though there may be other molecular interactions at play.
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Arginine is a special case, as the amino acid should be excluded from the
protein surface, but it must have an affinity for the protein surface (presumably with
amino acid side chains possessing negatively charged functional groups), which
causes it to overcome the unfavorable surface tension effect (Breslow and Guo, 1990).
However, since this is still a relatively weak interaction, arginine binding to the
protein surface is expected to be fairly limited, which is significant in its ability to
suppress aggregation but not totally destabilize the protein (Arakawa et al., 2007a).
Regardless, the addition of an excipient such as arginine results in a positive change in
the protein chemical potential, which should cause the system to favor the native state
or conformation, as the free-energy of the system would be larger for a protein in a
denatured state which is more thermodynamically unstable.

Additional data also included in Figure 4.13 show that the addition of 500 mM
trehalose or L-arginine causes a significant shift in the aggregation boundary to higher
sodium chloride concentrations. Due to the pKa of the primary amino group and the
buffering effect of the relatively high concentration of L-arginine, a pH of 9 was used
for all the excipient experiments to ensure consistency. While this pH is atypical for
IEX chromatography, adjustment of the pH to a value closer to the isoelectric point of
the adsorbed species helps to promote desorption even in difficult-to-elute systems
like the salt-tolerant STAR AX HyperCel (Appendix C).

Although the data in Figure 4.13 are limited to protein concentrations below
about 60 mg/mL., extrapolation of these lines down to 1 M sodium chloride suggests
that phase separation would still occur following desorption since the local protein
concentrations would still be about 300-400 mg/mL for polymer-derivatized and

cellulosic absorbents. However, the pronounced shift in the boundaries suggests that
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the addition of excipients can still assist in reducing protein association within the

pores following elution.

Figure 4.14 Elution of DyLight 650-labeled lysozyme from SP Sepharose FF (a)
without the use of excipient at pH 9 and (b) with 500 mM L-arginine at
pH 9. Loading was performed using a recirculating stream of protein for
45 minutes and the particles were then washed with equilibration buffer
for 5 minutes before a step change to the elution condition. Imaging was
carried out until no additional decrease in fluorescence was observed.

This conjecture was tested by confocal microscopy observations similar to
those shown in Figure 4.12. Figure 4.14 shows time-series images for elution of
DyLight-650-labeled lysozyme from SP FF with and without the inclusion of 500 mM
L-arginine at pH 9. The L-arginine case shows diffuse edges similar to those without

excipient at pH 7 (Figure 4.12), as would be expected for simple diffusive transport.
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The shrinking-core profile seen at pH 9 without excipient is presumably due to phase
separation allowed by the lower net charge of lysozyme at the higher pH. The
addition of 500 mM L-arginine completely eliminates this effect, even though the pH

remains at 9 in both cases.

Figure 4.15 Elution of DyLight 650-labeled lysozyme from SP Sepharose XL (a)
without the use of excipient at pH 9 and (b) with 500 mM L-arginine at
pH 9. Loading was performed using a recirculating stream of protein for
45 minutes and the particles were then washed with equilibration buffer
for 5 minutes before a step change to the elution condition. Imaging was
carried out until no additional decrease in fluorescence was observed.

Figure 4.15 shows time-series images for elution of DyLight-650-1abeled
lysozyme from SP XL with and without the inclusion of 500 mM L-arginine at pH 9.

Both cases display a shrinking-core profile during elution. While elution without the
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use of L-arginine at both pH 7 (Figure 4.12) and pH 9 shows a very sharp front
bounding a high-intensity core, a more diffuse front is observed around the periphery

for elution with L-arginine.
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Figure 4.16 Normalized intensity profiles during elution of DyLight 650-labeled
lysozyme from SP Sepharose XL without the use of excipient (top) and
with 500 mM L-arginine (bottom) at pH 9.

Figure 4.16 shows radial intensity profiles during lysozyme elution from SP
XL with no excipient and with 500 mM L-arginine at pH 9, all normalized to the same
relative intensity scale. Comparison of the third panel for each case (105 seconds in
the excipient-free case and 50 seconds in the L-arginine case) shows a broader
intensity “peak” and a wider baseline in the L-arginine case, indicative of a more
diffuse area around the sharp front. Qualitatively, this is the only indication that the

use of the excipient is aiding in the elution of lysozyme by providing additional
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protein stabilization and resistance to association. However, a very large difference is
seen in the time scales of elution for each case. While elution at pH 9 and pH 7 takes
approximately 250 seconds and approximately 160 seconds for completion
respectively, elution with the use of L-arginine is complete after about 80 seconds,

about half of what was observed for the base case of pH 7 and no excipient.
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Figure 4.17 Lysozyme elution profiles on (a) SP Sepharose FF and (b) SP Sepharose
XL using a 1 M NaCl step elution at pH 9 without the use of an excipient
( ), with 500 mM trehalose (—-—+) and with 500 mM L-arginine
(--+). Loadings in all cases were to 60% of the total DBC at 120 cm/hr.

A practical test of the potential benefit of using an excipient during elution for
a system such as that of lysozyme is to perform column elution experiments directly.
Figure 4.17 shows lysozyme step elution experiments conducted in the presence of 1
M NaCl and 500 mM trehalose or L-arginine at pH 9 on SP FF and XL. Conditions
such as the loading and flow rate were kept the same in each case as those in the prior
column elution experiments. Apparent elution diffusivities as well as the pool volumes
needed for near-complete elution are shown in Table 4.5. While excipients had little

to no effect on apparent elution diffusivities or volumes for SP FF, apparent
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diffusivities were increased and elution volumes were significantly reduced for SP

XL, consistent with the presence of a significant phase-separation effect in this system

in the absence of excipient.

SP Sepharose FF SP Sepharose XL
Elution Column Elution Column
diffusivity, De volumes diffusivity, De volumes
(107 cm?/s) required for (10 cm?/s) required for
elution elution
(to 100 mAU) (to 100
Condition mAU)
pH 7, no
excipient 1.5+ 0.042 3.1 6.5+ 0.28 4.9
pH 9, no
excipient 1.5+ 0.35 3.1 3.3+ 0.045 7.1
pH 9, 500
mM trehalose | 1.1+ 0.081 3.1 4.0+ 0.086 6.3
pH 9, 500
mM
L-arginine 1.6 +0.29 2.6 6.7+ 0.39 4.8
Table 4.5  Elution characteristics for lysozyme on SP Sepharose materials (60%

loading factor) with and without the use of excipients.

The confocal data in Figures 4.15 and 4.16 show that the addition of L-arginine

is not sufficient to fully eliminate phase separation during elution in stationary phases

with constricted pore volumes, as the sharp intensity front was not eliminated.

However, it still provides a significant benefit in the reduction of pool volumes as

observed in the column elution results, presumably because of a significant shift in the

distribution of protein between dense and solution phases.
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4.4 Conclusions

Protein elution is a critical step in preparative separations that merits similar
attention to that of its counterpart, protein uptake. As with the design of protein
loading, the ease and rate of elution depend on the structure of the adsorbent material
and the operating conditions. In the absence of anomalous effects, elution appears to
be controlled simply by pore diffusion out of individual particles. However, our
results show that for some systems elution can also depend very strongly on the
physicochemical properties of the proteins themselves. Slow elution rates and larger
pool volumes are undesirable for bind-and-elute separations, but by tailoring elution
schemes for certain systems, such as modifying elution operating conditions or
utilizing protein stabilizing agents, the overall processing step can be improved
greatly.

The results presented in this chapter show that polymer-derivatized and
cellulosic cation-exchange adsorbents may present poorer elution performance than
materials with higher accessible intraparticle porosities, such as SP FF. While these
materials with higher binding capacities and uptake rates than traditional macroporous
resins do have benefits with respect to efficiency and overall throughput, there is a
tradeoff between optimization of uptake and elution. The results reported here may
aid in elucidating poor elution performance and may offer pathways to ameliorating
such issues. In addition to the use of excipients explored in this work, elution using
pH steps with lower salt concentrations may help to reduce the possibility of phase
separation such as that inferred here for lysozyme. Other approaches may include
reducing column loadings and using shallower salt gradients. Such strategies can be
assessed during stationary-phase selection to keep necessary downstream steps and

processing time to a minimum.
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Chapter 5

PROTEIN ADSORPTION ON DEXTRAN-DERIVATIZED SURFACES

5.1 Introduction

Taking a molecular approach to the investigation of protein adsorption and
transport within systems resembling those encountered in downstream processing is
the final echelon in building our understanding of these processes. Of course, both
molecular theory and single-molecule experiments are widely used, yet they are rarely
applied to chromatographic stationary phases, as high-throughput screening and
industrial scaling normally take precedence. To understand the basic nature of these
phenomena can clearly aid our understanding of more macroscopic operations. The
aim of this chapter is to provide means for developing this understanding, and how it
relates to the functional characterization described earlier in this dissertation. This
chapter can be broken down into two distinct parts: a theoretical study of competitive
adsorption on charged surfaces with and without dextran modification, and an
exploration of visualizing single molecules adsorbing onto such surfaces at commonly
utilized conditions for IEX by using advanced super-resolution microscopic
techniques.

The molecular modeling presented was developed in a collaboration with Igal
Szleifer and Claudio Narambuena at Northwestern University, and is still in progress
(Narambuena et al., in preparation). The molecular theoretical approach used in
previous work to study adsorption on charged surfaces (Fang and Szleifer, 2001) as

well as lysozyme adsorption on thin films (Narambuena et al., 2015) was employed
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here in an effort to understand the competitive adsorption between lysozyme and
cytochrome c on charged surfaces with and without dextran modification. Similar
studies of competitive adsorption on charged, planar surfaces (Fang and Szleifer,
2003; Gong and Szleifer, 2004) and single-component adsorption within polymer
layers (Carignano and Szleifer, 2002; Szleifer, 1997) have been conducted, but we
wish to extend that to understanding competitive adsorption within surface layers that
mimic the inside of a pore within stationary phases such as Sepharose XL or Capto,
which contain functionalized dextran extenders. Findings from these investigations
can potentially aid in optimizing a separation process early in the planning stage.

As stated earlier in this dissertation, the use of advanced imaging techniques
can provide important physical insights into how protein is adsorbed and transported.
These empirical observations have been performed on relatively macroscopic scales
when compared to the single-molecule resolution one can obtain with super-resolution
microscopy. One such technique, total internal reflection fluorescence microcopy, or
TIRFM, allows observation of a very thin layer above a surface (typically a glass
coverslip) of approximately 100 nm. An incident laser is angled so that it is totally
reflected back though the substrate due to the differences in the refractive index of the
substrate and the medium beyond the surface boundary. This effect causes an
evanescent wave to form just above the boundary that may excite fluorophores within
the focal volume for fluorescent imaging on a confocal microscope. Previous studies
using this technique have reported observation of intermolecular interactions (Isailovic
et al., 2007), adsorption kinetics (Kwok et al., 2007) and real-time dynamics (Kang et
al., 2001) and even what implications these have on capillary liquid chromatography

(Kang and Yeung, 2002). TIRFM imaging has also been employed to observed protein
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movement within small, reversed-phase chromatographic particles fixed to a substrate
(Cooper et al., 2013). Fluorescence correlation spectroscopy (FCS) is often coupled
with this type of imaging in order to further resolve the dynamic interactions (Cooper
and Harris, 2014; Daniels et al., 2012; Ries et al., 2008), but requires the microscope
to be outfitted with a correlator. We aim to extend these applications to an
environment in which protein may bind and diffuse in a covalently-attached dextran
surface layer in order to represent the interior pore walls in materials such as
Sepharose XL and Capto. By obtaining both visuals of the adsorption events as well as
quantitative data via particle-tracking algorithms, we can relate the observed states to

interpretation of protein mobility on a more macroscopic scale.

5.2 Materials and Methods

5.2.1 Buffers, Proteins and Stationary Phases

Monobasic sodium phosphate (NaH2POs), sodium acetate and citric acid were
purchased from Fisher Scientific (Fair Lawn, NJ) and used to prepare 10 mM buffer
solutions at pH 7, pH 4 and pH 3, respectively. Addition of NaCl was used to create
buffers at 20, 100, 250 and 1000 mM TIS. No NaCl was added to the 10 mM citric
acid buffer at pH 3, leaving the solution TIS to be 4 mM.

Solutions of hen egg white lysozyme and cytochrome ¢ from bovine heart
(C3131, lot: SLBB6437V) were prepared as described in Chapter 3 from lyophilized
proteins purchased from Sigma-Aldrich (St. Louis, MO). Stock solutions were
prepared to target protein concentrations of 4-6 mg/mL and were stored at 4 °C. The

stationary phases for binary adsorption studies were SP Sepharose FF and SP
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Sepharose XL, which have previously been characterized, structurally and
functionally, in Chapters 2 and 3, respectively.

Lysozyme for TIRF imaging was conjugated with DyLight 550 (62263) NHS
Ester dye in a 3-4% labeling ratio following protocols supplied by the manufacturer
(Thermo Scientific). Initial fluorescently-labeled protein concentrations were
determined using UV spectrophotometry on a Thermo Scientific NanoDrop 2000.
Serial dilutions of the labeled stock were performed to achieve a calculated labeled
protein concentration of 10 pM for each TIS of buffer (20, 100 and 250 mM TIS); the
labeling ratio from initial conjugation to the dye was kept the same throughout.
Solutions of BSA at the appropriate TIS were used in half of the stocks to achieve a
final concentration of 1.5 uM BSA, in addition to the 10 pM of DyLight 550-labeled
lysozyme, to act as a blocker of non-specific adsorption sites on the dextranized

surfaces.

5.2.2 Binary Adsorption Isotherms

A series of protein dilutions were prepared in 1.6 mL Eppendorf tubes at
concentrations ranging from 100% to 6.25% of that of the protein stock; each dilution
used the same buffer in which the protein solution was prepared. Relatively high
concentrations (4-5 mg/mL for each protein) were chosen to ensure that the plateau
regions could be studied so that maximum static capacities could be determined.
Measurements were made for both single-component systems and binary mixtures of
lysozyme and cytochrome c in a 50:50 mass ratio. Small amounts of resin were
dispensed into each tube after the gravity-settled height of the resin and the additional
buffer volume added in each capillary tube were recorded. Samples were allowed to

equilibrate by rotation for at least 72-96 hours. Concentrations were again measured in
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the 24 hours following the initial reading to ensure that each sample had been
adsorbed to completion. Final protein concentrations were determined by absorbance
measurements at 280 and 405 nm. The extinction coefficients of lysozyme and
cytochrome ¢ at 280 nm (280) are 2.64 cm*/mg (see Table 3.1) and 1.96 cm?/mg
(Chang and Lenhoft, 1998), respectively. The UV absorbance at 405 nm is due solely
to the heme group of cytochrome c, which has an extinction coefficient of 8.23
cm?/mg (Xu and Lenhoff, 2009) at 405 nm (g405), so the cytochrome ¢ concentration
could be determined straightforwardly. Lysozyme concentrations in the supernatant
could then be found by difference using the UV absorbance at 280 nm (and using a 1

cm corrected path length)

280
Clys = 280 (5.1

Elys

The amount of protein adsorbed at the end of each experiment could then be

determined by mass balance from

\
i = (Coi = C) (5.2)
where Co, is the initial protein concentration of a given species, and Ci is the final

protein concentration of that species in the supernatant.

5.2.3 Preparation of Dextran-Derivatized Surface

Glass coverslips (no. 1.5, 22 x 22 mm) were used as substrates for the dextran-
derivatized surfaces prepared for TIRF microscopic imaging. Silicon wafers were also
used to characterize the surfaces through methods that were difficult to achieve on

non-reflective surfaces like glass, such as ellipsometry. The same dextranization
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method was performed on both types of substrate to ensure consistency in the

protocol.

5.2.3.1 APTES Surface Preparation

Surfaces were treated following methods described in Miksa et al. (2006) and
Vandenberg et al. (1991). Substrates were first etched by immersion in piranha
solution (3:1 v/v sulfuric acid:hydrogen peroxide) for 20 minutes at 80 °C. Hydrogen
peroxide was stored at 4 °C and allowed to equilibrate to room temperature before
preparation of the piranha solution. Etched substrates were then washed with DI water
at least 3 times and allowed to sonicate in DI water for 30 minutes. A solution of 1%
(v/v) 3-aminopropyltriethoxysilane (APTES) was prepared in pure acetone.
Substrates were rinsed with pure acetone 3 times and allowed to react with the 1%
APTES solution on an orbital shaker for 1.5 hours. Then, substrates were again
washed with acetone, followed by a thorough rinsing of DI water, and sonication in DI
water for an additional 30 minutes. At this point, substrates were cleaned and dried

with a pure nitrogen stream and were ready for dextran attachment.

5.2.3.2 Dextran Immobilization
Solutions of oxidized dextran were prepared previously following methods
detailed in Miksa et al. (2006). Dextran from Leuconostoc spp. with a mean molecular
weight of 40 kDa (68084) was obtained from Sigma-Aldrich (St. Louis, MO). A 2
mg/mL solution was prepared by dissolving 50 mg in 25 mL of DI water. 148 mg of
sodium periodate (NalO4) was dissolved in 25 mL of DI water as well. The two
solutions were slowly mixed using a magnetic stir plate and left to react for 1.5 hours

while protected from light with aluminum foil. The oxidized dextran solution was
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then transferred to regenerated cellulose dialysis tubing with a molecular weight cutoff
of 6-8 kDa and allowed to dialyze in DI water for at least 24 hours to remove excess
sodium periodate.

The solution was then mixed with 65 mg of sodium cyanoborohydride
(NaBH3CN) and filtered with a 0.22 um sterile syringe filter. The presence of sodium
cyanoborohydride with oxidized dextran and the APTES treated substrates initiates a
reductive amination reaction that covalently attaches the dextran to the substrate.
Cleaned substrates (with DI water and pure nitrogen) were placed on an orbital shaker
with the reaction mixture overnight (at least 18 hours), while being protected from
light with aluminum foil. Substrates were again washed with DI water, sonicated for
30 minutes to remove loosely physisorbed reactants and dried with pure nitrogen.

Dextranized surfaces were stored under vacuum at room temperature.

5.2.3.3 Dextran Functionalization via Vinyl Sulfonic Acid

Some dextranized surfaces underwent an additional step to apply sulfonate
moieties to the dextran layer using methods similar to those used to functionalize some
polymer-modified resins. Previous methods using sodium metabisulfite have been
used to functionalize stationary phases for CEX (Berg et al., 2002; Stone and Carta,
2007), but the use of vinyl sulfonic acid (VSA) has been shown to provide a more
robust and higher capacity adsorbent, while also having a much simpler protocol
(Axen et al., 2008). Dextran-derivatized surfaces were washed with 25 wt. % vinyl
sulfonic acid solution (278416, Sigma-Aldrich) and immersed in a staining dish
containing 135 mL of VSA solution and 105 mL of 50 wt. % NaOH solution at 45 °C.
The staining dish was partially submerged in a water bath to maintain temperature. A

coverslip rack was used to allow up to 24 surfaces to be treated at once by vertically
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orienting them within the staining dish. The surfaces were treated with the
VSA/NaOH solution for 6 hours with intermittent agitation to the bath. Surfaces were
then removed, rinsed with DI water, sonicated in DI water and dried with pure

nitrogen before being stored under vacuum at room temperature.

5.2.4 Total Internal Reflection Fluorescence Microscopy

Total internal reflection fluorescence microscopy (TIRFM) was used in order
to observe the thin region above a polymer derivatized substrate immersed in solution
where surface interactions occur at the liquid-solid interface. A schematic
representation of the TIRFM setup can be seen in Figure 5.1. TIRFM imaging was
performed on a custom-built TIRF system assembled upon a Zeiss Axio Observer Al
body. The system uses four diode lasers used to excite fluorescence: 50mW Coherent
Cube at 404 nm, 30 mW Coherent Sapphire at 488 nm, 50mW Coherent Sapphire at
561 nm, and a 50 mW Coherent Cube at 642 nm. For a majority of this work, only the
50 mW Coherent Sapphire at 561 nm was utilized. The laser intensity was modulated
by an acousto-optic modulator (MDS4C, AA Opto-Electronic, Orsay, France) to 17.6
dBm. The laser lines were expanded 5x and diverted to the objective back aperture
with a quad dichroic filter (Semrock Inc., Di01-R405/488/561/635. A movable
achromatic doublet lens was used to focus the expanded beam onto the back focal
plane of a 100x NA 1.46 Zeiss Plan Apo objective.

The total internal reflection condition was achieved by translating the lens to
the periphery of the back aperture such that the emerging beam exceeds the critical
angle at which total internal reflection occurs. As the light travels from the optically

denser medium (glass coverslip) to a less optically dense medium (buffer), the laser
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beam cannot pass the boundary and is totally reflected back through the substrate
medium. The critical angle of the interface may be determined by Snell’s law

n;sin6; = n,sin0, (5.3)
where 02 equals 90° and n1 and n2 are the refractive indices of glass and water (or

buffer), respectively (n1 = 1.51 and n2 = 1.33). Equation 5.3 can then be expressed as

Ocpie = sin~1 =2 (54)
nq

The critical angle of incidence for the system in which total internal reflection occurs
is therefore 61.7°.

An evanescent wave is formed beyond the boundary surface that results from the
total internal reflection phenomenon, and is responsible for excitation of the
fluorophores within the focal volume of the TIRF imaging, which is approximately
100 nm above the surface. Excitation light is removed by a quad notch filter (Semrock
Inc., FF01-446/523/600/677-25). The field of view is magnified 2x after the tube lens
and projected onto an electron multiplying CCD camera (ProEM512, Princeton
Instruments). Focus in the z-direction was then adjusted on the scope in order to obtain
a highly resolved images which were acquired with software provided by the camera
manufacturer.

The sample position was translated using a Physik Instrument C867 stage
controller. An acrylic flow cell was used to situate the surface on the stage above the
microscope and allowed different buffer and protein conditions to be flowed over the
surface by drawing these solutions using a syringe. The flow cell accommodates a 22
x 22 mm coverslip that is placed with the functionalized surface facing upwards
towards the inner chamber of the cell, and is separated from the top acrylic piece of

the apparatus by a 0.03125 inch thick silicone spacer.

160



_— o——]

> \\\ flow cell // drawing syringe

¢ /
D m prepared substrate
(functionalized surface up)

buffer/protein
reservoirs

confocal e
w/ 100x oil objective

evanescent wave

\amission
excitation

Figure 5.1 Schematic representation of total internal reflection fluorescence
microscopy setup. Dextranized 22x22 mm no. 1.5 glass coverslips were
placed functionalized surface up inside the flow cell apparatus. Buffer
and protein mixtures were flowed over the surface using a drawing
syringe. The incident laser used to excite fluorophores at the liquid-
surface interface was adjusted to the critical angle to allow total internal
reflection, producing an evanescent wave that excites a focal volume
approximately 100 nm above the surface. Focus of the 100x objective
(with an additional 2x magnification) was adjusted to observe adsorption
events at the dextranized surface.
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5.3 Results and Discussion

5.3.1 Preferential Adsorption of Lysozyme and Cytochrome C on Non-Modified
versus Modified Surfaces

The results presented in the section are compiled from collaborative work with
Igal Szleifer and Claudio Narambuena at Northwestern University. The experimental
data were acquired as part of the work towards this dissertation to complement the

molecular and thermodynamic modeling performed by Dr. Narambuena.

5.3.1.1 Theoretical Molecular Modeling

In IEX chromatography, the surface-protein electrostatic interaction is the
driving force for adsorption, but the protein excluded volume also has significance.
Since lysozyme and cytochrome ¢ have comparable sizes, it is expected that the
protein with the higher net charge would adsorb preferentially. The net charge depends
on the ionization state of the titratable residues, which in turn depends on the acid-base
equilibrium of their functional groups. It also depends on the electrostatic
environment (salt concentration, charged ligands) and local concentration of protons
(H"). The net charge as a function of pH for lysozyme and cytochrome ¢ shown in
Figure 5.2 was calculated based on the charges of the titratable residues. The net
charges are mostly positive, with lysozyme predicted to have a higher net charge at
higher pH values. However, below pH 3 cytochrome c is predicted to have a higher
positive charge than lysozyme. Cytochrome c also shows a steeper charge loss with
increasing pH. The isoelectric points resulting from these predicted curves are in good

agreement with empirical values.
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Figure 5.2  Net charge (Z) of lysozyme and cytochrome c as a function of solution
pH determined by charge of their titratable residues.

A generalized molecular theoretical approach was employed that has been used
previously to study competitive adsorption on charged surfaces (Fang and Szleifer,
2001) and lysozyme adsorption in pH-responsive thin-films (Narambuena et al.,
2015). The minimization of the total free energy of the charged surface in contact
with a solution of proteins provides the local molar concentration of the molecular
species. The surface coverage of protein on a charged surface as a function of distance

from the surface (z) is defined as
I} = My f, (Ci(z) — CPY'K) dz (5.5)
where My is the molar mass of the adsorbing species. This gives the total mass per

unit area of proteins located on the charged surface and in the interfacial region.

163



Figures 5.3 and 5.4 show the theoretical modeling results of the competitive
adsorption on a charged surface without and with dextran extenders, respectively, as a
function of pH. The two scenarios are meant to represent competitive adsorption on a
non-modified stationary phase, such as SP Sepharose FF, and one with dextran
modification, such as SP Sepharose XL. Results for the non-modified surface show
how changes in surface charge density (osuf) (Figure 5.3a) and salt concentration
(Figure 5.3b) affect the surface coverage of lysozyme and cytochrome c. The
lysozyme is preferentially adsorbed on the surface in a broad range of pH values (from
approximately pH 4 to pH 10), but close to pH 4, cytochrome ¢ adsorption begins to
increase as pH decreases. The cytochrome c adsorption is accompanied by a decrease
in lysozyme adsorption, suggesting that the lysozyme is displaced by cytochrome c.
The pH value at which both proteins have equivalent surface coverages is called the
critical pH of preferential adsorption, or pHc, and indicates where this transition
between lysozyme and cytochrome c¢ adsorption takes place. As surface charge density
decreases or solution salt concentrations increases, this pHc value shifts to more acidic

values.
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Figure 5.4  Surface coverages (I') of lysozyme and cytochrome c for an equimolar
mixture (Clys = ceye = 50 uM) on charged surfaces under different solution
salt concentrations for a surface charge density of -2.7 e/nm? and a
dextran density of 1 molecule (5 kDa) per nm?,

Figure 5.4 shows the theoretical modeling results for a dextran-derivatized
surface with a surface charge density of -2.7 e/nm? at different salt concentrations
from 1 to 100 mM TIS. The dextran density was set to 1 molecule per nm? and a 5
kDa extender was used as a model. The surface charge density was selected to be -2.7
e/nm’ by converting the manufacturer-reported ionic capacity using the phase ratio of
SP Sepharose FF (DePhillips and Lenhoff, 2001), which gives a charge density value
of approximately -2.2 to 3 e/nm?. The preferential adsorption of cytochrome ¢ is much
more pronounced in this system, especially at the 1 mM TIS condition, for which the

critical pH has a value of approximately 5.5 to 6. The decrease in overall adsorption is
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also much more apparent at higher ionic strength values than on the non-modified
surface, which is in agreement with single-component adsorption studies presented in
Chapter 3. This is an effect of the salt screening of attractive electrostatic interactions
between the surface and the proteins as well as the salt concentration modifying the
preferential adsorption of proteins on the surface. The increase in salt concentration
encourages preferential lysozyme adsorption in both the non-modified and dextran-

modified cases.

5.3.1.2 Binary Adsorption Isotherms
A direct quantitative comparison of the molecular theory predictions with

experimental results is a demanding task due to the complexity of controlling certain
variables in this system. However, a qualitative comparison for the preferential
adsorption under different conditions may be carried out where a focus is placed on
the relative adsorbed amounts, rather than the absolute values. The pH and salt
concentration conditions were varied in order to observe regimes where lysozyme is
preferentially adsorbed, where the coadsorption of both proteins occurs, and, finally,

where cytochrome ¢ replaces the lysozyme on the charged surface.

5.3.1.2.1 SP Sepharose FF

The simultaneous adsorption of lysozyme and cytochrome ¢ on SP Sepharose
FF for pH values of 7, 4 and 3 are shown in Figure 5.5. The preferential adsorption of
lysozyme on SP Sepharose FF at neutral pH can be clearly seen in Figure 5.5a. These
data are supplemented by previous measurements on this system (Xu and Lenhoff,
2009). Adsorbed concentrations here are described in terms of mass of protein per unit

of hydrated particle volume, as opposed to mass per unit surface area, as this is
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somewhat difficult to determine without certain generalizations and assumptions of
the pore structure and protein accessibility. The dominance of lysozyme adsorption
presents a static binding capacity of approximately 187 mg/mL. Cytochrome c,
however, only reaches an adsorbed capacity of only about 30% of the corresponding
lysozyme adsorbed concentration.

Figure 5.5b (pH 4) displays a significant shift in the behavior where
cytochrome c adsorption becomes dominant over lysozyme in the system. At this
condition, lysozyme displays a binding capacity of 68 mg/mL compared to a binding
capacity of 109 mg/mL for cytochrome c. Under these solution conditions, the critical
pH value has been crossed, resulting in a shift to cytochrome c adsorption dominance.
The increased coadsorption of protein appears to decrease the total amount of protein
adsorbed by mass, as lysozyme was adsorbed at much higher quantities at higher pH.
This could also be due to an overall decrease in affinity for protein at pH values lower
than the critical pH, as seen in Figure 5.3. This trend is further amplified when the pH
value is brought down to 3 (Figure 5.5¢). Here, little lysozyme is left adsorbed and
cytochrome c presents an even higher capacity than at pH 4 and 7, with a binding
capacity of about 137 mg/mL. At this point, there is nearly total displacement of
lysozyme by cytochrome ¢ within the adsorbent, as the bound lysozyme
concentrations measured do not exceed 25 mg/mL. The complete shift in the
preferential adsorption results in an overall lower protein capacity when the pH is
reduced from 7 to 4, but this could be due to partial protein unfolding or protonation of

the ligand functional groups as the acidic environment is increased.
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Figure 5.5
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Binary adsorption isotherms of lysozyme and cytochrome ¢ on SP
Sepharose FF at (a) 20 mM TIS and pH 7, (b) 20 mM TIS and pH 4 and
(¢) 4 mM TIS and pH 3. Buffers at pH 7, 4 and 3 were prepared using 10
mM monobasic sodium phosphate, sodium acetate and citric acid,
respectively. Initial total protein concentrations for each point were 50/50
lys/cyc by mass. Adsorbed and supernatant concentrations correspond to
individual protein concentrations, not total concentration. Open symbols
on top plot are from previous results on this system (Xu and Lenhoft,
2009).
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Figure 5.6  Binary adsorption isotherms of lysozyme and cytochrome ¢ on SP
Sepharose XL at (a) 20 mM TIS and pH 7, (b) 20 mM TIS and pH 4 and
(c) 4 mM TIS and pH 3. Buffers at pH 7, 4 and 3 were prepared using 10
mM monobasic sodium phosphate, sodium acetate and citric acid,
respectively. Initial total protein concentrations for each point were 50/50
lys/cyc by mass. Adsorbed and supernatant concentrations correspond to
individual protein concentrations, not total concentration.
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5.3.1.2.2 SP Sepharose XL — Effect of Dextran Layer

The simultaneous adsorption of lysozyme and cytochrome ¢ on SP Sepharose
XL for pH values of 7, 4 and 3 are shown in Figures 5.6. Much like binary adsorption
on SP Sepharose FF at neutral pH, lysozyme displays preferential adsorption over
cytochrome c, having a binding capacity of approximately 285 mg/mL. One major
difference between the two systems is observed: at low overall supernatant
concentrations (< 1 mg/mL), within the region where a linear isotherm is present,
cytochrome c has a higher binding capacity, exceeding 127 mg/mL, than at the higher
supernatant concentrations (> 1 mg/mL) where the adsorbed capacity of cytochrome ¢
becomes negligible. The generally higher amounts of adsorption are probably due to
the increased volumetric capacity within a polymer-modified stationary phase over
one such as Sepharose FF, as the former allows three-dimensional partitioning. Within
the linear region of the isotherm, there exists plenty of space for protein to occupy
within the particle, and it is only when the adsorbent approaches full saturation that we
see a decrease in the cytochrome ¢ adsorbed concentration as it starts to become
displaced by the high concentration of lysozyme in the supernatant.

A much lower capacity for lysozyme is observed when the pH is lowered to 4.
The capacity drops from almost 300 mg/mL at neutral pH to 201 mg/mL, while
cytochrome c reaches an equilibrium at higher supernatant concentrations at
approximately 70 mg/mL. While this is an increase from the value at pH 7, there still
exists a peak within the linear isotherm regime where cytochrome c has a higher
adsorbed concentration than at higher supernatant concentrations. The reduction to pH
3 finally displays the crossover of preferential adsorption, with cytochrome ¢ binding
to a higher capacity than lysozyme. Lysozyme displays a capacity of approximately

110 mg/mL while cytochrome c lies just above with a capacity of approximately 129
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mg/mL. The existence of a peak at low supernatant concentration for the less
adsorbed species is not prevalent at this condition, but that may be due to the fact that
both proteins present similar binding capacities and both proteins have highly
rectangular isotherms, possibly due to the lower TIS of the citrate buffer system (4
mM TIS). It is also worth noting that lysozyme still remained adsorbed at this acidic
condition, but it had little to no capacity at this same condition in the SP Sepharose FF
material.

It is clear that the addition of a dextran layer causes the critical pH for
preferential adsorption to shift to more acidic values when compared to the results on
SP Sepharose FF, which exhibited more cytochrome c adsorption at pH 4 while SP
Sepharose XL did not. This may be because the local environment within the dextran
layer is less susceptible to changes in the bulk solution conditions. The local net
charge of protein as well as the local pH changes as proteins approach a functionalized
surface with no polymer layer (Narambuena et al., in preparation), as shown in Figure
5.7. This effect is caused when the concentration of protein increases close to the
surface. The electrostatic environment is modified due to the presence of the adsorbed
protein, therefore the electrostatic potential and the local pH profiles are modified self-

consistently.
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Figure 5.7 (a) Local pH and (b) net charge of protein as a function of distance from
a charged surface (with no polymer modification) for a bulk solution pH
of 4.5. Different salt concentrations are listed for each plot. Local pH
values are shown with (solid) and without (dashed) the presence of
protein. Corresponding local electrostatic potentials (inset) at different
salt concentrations are shown in (a). The general trend is that local pH
decreases and net charge of protein increases as the distance to the
surface is reduced.
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However, since the dextran layer in Sepharose XL extends out from this
surface by approximately 10 to 20 nm (see Chapter 2), protein could become trapped
deeper within the grafted polymer layer due to other interactions besides purely
electrostatic, such as hydrophobic or repulsive intermolecular interactions (Fang et al.,
2005; Sukhishvili and Granick, 1999). Exchange in a polymer-modified adsorbent
does not happen as readily as in a conventional material, which exhibits, for the most
part, monolayer adsorption. This would account for the lysozyme adsorbed within the
Sepharose XL material to be more resistant to a change in the preferential adsorption,
and hence, less sensitive to more acidic pH conditions that would cause its
displacement by cytochrome c. This shift in the critical pH for the dextran-modified
adsorbent could have benefits if an adsorbent material is sought that may retain a
particular protein of interest under relatively acidic conditions. Molecular modeling in
dextran-derivatized systems is currently ongoing, but the results presented here offer a
brief description of the molecular interactions that proteins experience in ion-exchange

systems.

5.3.2 Total Internal Reflection Fluorescence Microscopy Imaging of Dextran-
Derivatized Surfaces

TIRFM imaging was used to visualize protein adsorption and movement on the
molecular level to complement the macroscopic batch and column analyses presented
earlier in this dissertation. Even on the single-particle level (CSLM), no individual
protein molecules could be discerned, let alone tracked, with only highly concentrated
fronts of protein visualized. While parameters determined using a method such as
TIRFM may not have macroscopic applicability, a comparison of how proteins behave

at different conditions and differently functionalized surfaces provides insight into
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how protein would move within a porous environment, something that can only be

theoretically assessed otherwise.

5.3.2.1 Characterization of Dextran-Derivatized Surfaces

A challenging aspect of this work has been in exploiting a surface chemistry
that would result in glass coverslips containing a dextran layer similar to the 40 kDa
dextran extenders that are present in Sepharose XL and Capto materials. Working
from patents for these chromatographic matrices (Axen et al., 2008; Berg, 2003; Berg
et al., 2002), in conjunction with previously-conducted surface chemistry on similar
surfaces (Elender et al., 1996; Miksa et al., 2011, 2006), it was possible to construct a
surface with a 40 kDa dextran layer covalently attached to the substrate through a
reductive amination reaction. Ellipsometry conducted on silicon wafers following the
procedure detailed in the Methods section revealed a 3.6 + 0.8 nm layer on the
substrate. This thickness is smaller than that inferred from the ISEC analysis of
Sepharose FF and XL in Chapter 2, but the ellipsometry was conducted in an
atmospheric environment and not an aqueous one. Carbohydrate polymers are readily
hydrated and swell when in solution (Kuhner and Sackmann, 1996; Miksa et al.,
2006).

Atomic force microscopy (AFM) was performed on both silicon wafers and
glass coverslips following the dextranization procedure. Figures 5.8 and 5.9 show
surface roughness AFM imaging in an aqueous environment on silicon wafers and
glass coverslips, respectively, using a Bruker Bioscope Catalyst atomic force
microscope operated in quantitative nanoscale mechanical (QNM) tapping mode. Both
sets of images display surface roughness and positive force of adhesion (not shown)

when the substrates are dextran-derivatized compared to the bare surfaces when
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imaged in an aqueous medium, indicating the deposition of a surface layer. Dextran
formations that appear to be on the order of 40-50 nm may have been more highly
polymerized, as it was challenging to control the degree of surface homogeneity and

dextran polymerization on the glass substrates.

Figure 5.8 AFM imaging of silicon wafer derivatized with dextran (top) and a bare
silicon wafer with no dextran (bottom). Color scale ranges from 0 to 50
nm.
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Figure 5.9 AFM imaging of no 1.5 glass coverslip derivatized with dextran (top) and
a bare no. 1.5 glass coverslip with no dextran (bottom). Color scale
ranges from 0 to 50 nm.
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5pm

Figure 5.10 TIRF image of FITC-dextran derivatized surface (no. 1.5 glass coverslip)
using an excitation wavelength of 488 nm. Fluorescence emission events
confirm homogeneous surface coverage of labeled dextran.

Figure 5.10 shows a TIRF image of a glass coverslip substrate that was
dextranized using an FITC-conjugated 40 kDa dextran standard, allowing the surface
itself to emit a fluorescence signal in response to an excitation wavelengths of 488 nm.
Solution conditions were 10 mM sodium phosphate at pH 7. No fluorescently labeled
protein was included in this sample, so all fluorescence events are due to the FITC-
dextran attached to the surface. Changing solution conditions did not affect the
fluorescence signal, so it was determined that the surfaces were mechanically stable

during buffer exchanges. These analytical methods supported the view that the

178



dextranization protocol employed was successful in allowing a homogeneous layer of

dextran to be deposited on the substrates for further work.

5.3.2.2 Protein Adsorption on Dextranized Surfaces
TIRF results for dextranized surfaces with and without sulfonate

functionalization are shown for three TIS values in Figure 5.11. Each image is only a
single frame within a TIFF image stack of 5000 images with a 30 ms frame rate (33.3
frames per second). The pixel dimensions are 256 x 256 pixels even though the CCD
camera used is capable of 512 x 512 pixel image capture, due to a 2 x 2 binning that
was employed during the imaging experiment in an effort to increase the frame rate.
Smaller regions of interest (ROI) were also used to increase the frame rate of the
image capture to approximately 4 ms. However, this resulted in a significant
reduction in the signal-to-noise ratio (SNR), making further processing of the data
difficult and very computationally intensive. A higher frame rate is beneficial in the
quantitative analysis of these data set, since the characteristic diffusion time,
especially in the high TIS case, is seemingly lower than the acquisition time allowed

from a 30 ms frame rate.
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Figure 5.11 TIRF images of 10 pM DyLight 550-labeled lysozyme on non-sulfonated
(a, b, ¢) and sulfonated (d, e, f) surfaces derivatized with 40 kDa dextran.
Total ionic strengths of solutions are 20 mM (a, d), 100 mM (b, e) and
250 mM (c, f). 30 ms frame rate, 256 x 256 pixels (2 x 2 binning).

As the total ionic strength was increased for each of these samples, a
significant increase in particle movement was observed. For the most part, under 20
mM conditions, adsorption events would occur and last for approximately 50 to 150
frames at fixed points with little lateral movement. Increasing the TIS to 100 mM,
still with the same labeled protein concentration, an increase in the number of

adsorption events was observed, albeit the duration of the events was shorter. The
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increase in the number of adsorption events is likely due to the faster adsorption
kinetics protein would experience at elevated TIS, meaning more particles would pass
through the sample volume. Photobleaching could explain the lower apparent surface
coverage at the low TIS condition as well, as particles remained on the surface for
much longer than at increased TIS, causing them to be exposed to the excitation
source for longer.

It was also clear that labeled molecules at 100 mM TIS remained within the
focal volume while diffusing laterally along the surface, an effect that was much less
prevalent at the lower ionic strength. However, raising the TIS to the 250 mM
condition resulted in a decrease in apparent surface coverage of the molecules as well.
This is most likely due to the faster desorption kinetics at higher salt concentration
causing more transient interactions. Due to the relatively low frame rate in these cases,
the fast diffusion was difficult to capture with the 256 x 256 ROI. Smaller ROI’s
displayed an apparent increase in the surface coverage, but with much lower residence
time of the molecules (not shown), confirming that the insufficient frame rate was the
cause of the apparently lower surface density.

The discussion up to this point has not distinguished the sulfonated and non-
sulfonated dextran-derivatized surfaces, but a comparison between the two types of
prepared surfaces is relevant. Due to the nature of the experiment, it was difficult to
discern if molecules were moving within the deposited dextran layer, as they would in
a homogeneous diffusion mechanism within a polymer-modified stationary phase, or
whether they were desorbing and readsorbing on the top of the dextran layer without
penetration into the polymeric volume. The only evident driving force for adsorption

in this type of experiment is assumed to be electrostatic in nature, but non-specific
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adsorption is also clearly evident with no blocker molecule (such as BSA) present.
The fact that there are adsorption events in both the sulfonated and non-sulfonated
samples confirms this, but the number of adsorption events is much higher in the case
where the surfaces underwent VSA treatment to functionalize the dextran layer,
something that is further explored in the next section.

Limiting non-specific adsorption is a challenge, especially in this type of
single-molecule imaging, where differences between a functionalized surface and a
non-functionalized one are to be discerned. Unlabeled BSA was added to the protein
stocks to act as a blocker for these non-specific adsorption sites. A concentration of
1.5 uM is sufficient to perform this task while not hindering to any great extent the
ability of the fluorescently-labeled lysozyme to adsorb to the surface. Since BSA has
a net negative charge at neutral pH, it should not compete for sulfonated binding sites
with the positively-charged lysozyme. Of course, BSA still has 60 positively-charged
surface residues (lysine) that could bind with negatively-charged moieties (Brewer et
al., 2005), so employing this method may cause some undesired effects.

Figure 5.12 compares TIRF images of the two types of dextranized surfaces,
non-sulfonated and sulfonated, at the same three TIS conditions presented in the
previous figure, except with 1.5 uM of BSA present. Across all ionic strengths, a
drastic reduction in the overall number of molecular binding events is observed when
compared to Figure 5.11. This could be due to there being a large number of non-
specific adsorption sites in each type of surface, on which the BSA can adsorb and
therefore reduce access of labeled lysozyme to the surface. However, the BSA could
also be competing with lysozyme for binding to the negatively-charged functional

groups, reducing the overall fluorescently-labeled protein coverage.
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Figure 5.12 TIRF images of 10 pM DyLight 550-1abeled lysozyme with 1.5 uM
unlabeled BSA on non-sulfonated (a, b, ¢) and sulfonated (d, e, f)
surfaces derivatized with 40 kDa dextran. Total ionic strengths of
solution are 20 mM (a, d), 100 mM (b, e) and 250 mM (c, f). 30 ms frame
rate, 256 x 256 pixels (2 x 2 binning).

A similar trend is observed in that there appears to be a greater surface
coverage at 100 mM TIS. Since the protein stocks in Figures 5.11 and 5.12 were
prepared independently, errors in the protein concentration during serial dilution were
likely not the cause. The effect of BSA is presumably due to a combination of
photobleaching effects at lower TIS, where protein remained exposed for longer times,
and increased diffusivity at higher TIS, causing rapid protein movement in and out of

the focal volume that could not be captured with just a 30 ms frame rate. Although the
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total number of binding events was lower with the inclusion of BSA, a beneficial side
effect is the increase in the SNR when compared to imaging without BSA in solution,
making further processing a great deal easier.

To reiterate, the images presented in Figures 5.11 and 5.12 are just single
frames from a large set of image files. A quantitative analysis of these qualitative
imaging experiments is necessary to discern further information about the functional

characteristics of these surfaces.

5.3.2.3 Particle Tracking and Mean-Squared Displacement

Tracking of the fluorescently-labeled molecules allows the mean-squared
displacement to be determined over time, from which relative diffusivities can be
determined between the two types of surfaces and among the three TIS conditions. A
Matlab code authored by Daniel Blair and Eric Dufresne and utilized in previous work
by members of the Furst research group (Chae and Furst, 2005; Huh and Furst, 2006;
Hubh et al., 2007; Larsen and Furst, 2008) was used to track particles in each frame of
the TIFF image stacks and to derive two-dimensional trajectories for adsorbed
molecules. The code consists of a band pass filter to first remove noise in each image,
followed by the location and identification of particles in a single frame based on
location of the brightest pixel clusters, and then a particle location refinement based on
calculating the centroid of the intensity distribution around the brightest pixel. A
feature size of 5 pixels was used to describe the diameter of the fluorescent molecules.
Although the protein molecules are much smaller than this feature size, the diffraction
limit of the system is approximately 250 nm, which makes biological molecules
smaller than this limit appear larger than they are due to the wavelength of the incident

laser beam and the numerical aperture of the lens (Lipson et al., 2010).
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Once particles were tracked in each single frame, trajectories could be built as
a function of time by identifying the same particle in neighboring frames. A
maximum distance threshold of 15 pixels was set so that if a tracked particle were to
move past this threshold a new trajectory would be assembled. Of course, particles
could diffuse into and out of the focal volume as well, in which case new trajectories
would be assembled and treated as entirely new particles in the sample space. The
final step is to calculate the mean-squared displacement (MSD) for non-overlapping
lag times based on the tracked trajectories. Using the raw input from the previous
subroutines, the MSD in pixels® versus the lag time can be found. The pixel size for
the 256 x 256 ROI (with 2 x 2 binning) is 0.152 um/pixel. The frame rate of the
camera can be used to convert the lag time (expressed in frames) to real time. Based
on the slope of the MSD at short lag times, a short-time diffusion coefficient, Do, can
be determined for each system.

Figure 5.13 shows the MSD plotted versus time for experiments corresponding
to those shown in Figure 5.11 on linear and logarithmic scales. The number of
trajectories used for the non-sulfonated surfaces are 1716, 3659 and 2256 for 20, 100
and 250 mM TIS, respectively, while the number of trajectories used for the
sulfonated surfaces are 3821, 4073 and 2768 for 20, 100 and 250 mM TIS,

respectively.
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Figure 5.13 Linear (top) and log scale (bottom) plots of mean-squared displacements

of 10 pM DyLight 550-labeled lysozyme on sulfonated (solid) and non-
sulfonated (dashed) dextran surfaces. Red, blue and green curves
correspond to 20, 100 and 250 mM TIS conditions, respectively. Dot-
dashed black line on log scale plot (bottom) has a slope of 1 for
comparison.
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More trajectories were analyzed for the sulfonated surface, suggesting that a
larger number of adsorption events occur. This would be expected as the
functionalized surface would be expected to draw in protein molecules from the bulk
fluid due to electrostatic attraction. Even though more trajectories are drawn for the
sulfonated case, it can be seen in these plots that the MSD is actually lower than for
the non-sulfonated case for each of the corresponding conditions. This can be
indicative of hindered lateral movement in the case of the sulfonated surface. Even
though more molecules are being adsorbed (since more trajectories are analyzed),
adsorbed proteins tend to be less mobile on the surface. It is likely that molecules are
held in place due to the electrostatic attraction between the protein and surface,
something that is much less significant in the case of the non-sulfonated surfaces.
Since there are no discrete negatively-charged moieties on the latter surfaces that
facilitate specific adsorption, non-specifically adsorbed protein may be able to roll and
diffuse more freely without the diffusive hindrance of electrostatic interactions.

The congruency of the MSD curves at 100 and 250 mM TIS on the sulfonated
surfaces, and the lower MSD at 250 mM than at 100 mM TIS on the non-sulfonated
surfaces, could be due to the insufficient frame rate of the image capture. Protein at
this higher ionic strength has a shorter characteristic diffusion time, and therefore may
not be captured by the camera. The exposure time of this camera is approximately
1/10'" of the time between frames, leaving only about a 3 ms window for fluorescence
events to be captured at this frame rate. Therefore, the resolution allowed with TIRF
may not be compatible with certain conditions, but still provides good quantitative
data for the 20 and 100 mM TIS conditions, where protein has a much higher capacity

on [EX resins than at 250 mM, a condition normally suitable to screen all electrostatic
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interaction within the system anyway. The 250 mM TIS condition was selected only
to give a full spectrum of states on the functionalized surface: bound and stationary,
bound and not stationary, and largely unbound, which were achieved with the 20, 100
and 250 mM TIS conditions, respectively.

The curvature of the plots on the linear scale also indicates the insufficient
exposure time to capture longer lag times. Generally, the mean-squared displacement
should be increasing and linear. The asymptotic behavior that is displayed, especially
in the 250 mM TIS case, suggests that there are a limited number of trajectories for
longer lag times (approximately > 0.4 s) to be sufficiently correlated, which is why
there is a plateau in the overall displacement of particles in the system.

Figure 5.14 shows the MSD plotted versus time for experiments corresponding
to the ones shown in Figure 5.12, which contain 1.5 pM BSA in the fluorescently-
labeled protein stocks, on linear and logarithmic scales. Much lower MSD values are
observed than in the previous figure in which BSA was not included. This coincides
with the observation that there were many fewer binding events occurring under this
condition as revealed by the TIRF images themselves (Figure 5.12). The number of
trajectories analyzed for the non-sulfonated surfaces are 835, 3024 and 741 for 20, 100
and 250 mM TIS, respectively, while the number of trajectories analyzed for the

sulfonated surfaces are 714, 4197 and 1544 for 20, 100 and 250 mM TIS, respectively.
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Figure 5.14 Linear (top) and log scale (bottom) plots of mean-squared displacements
of 10 pM DyLight 550-labeled lysozyme with 1.5 pM unlabeled BSA on
sulfonated (solid) and non-sulfonated (dashed) dextran surfaces. Red,
blue and green curves correspond to 20, 100 and 250 mM TIS conditions,
respectively. Dot-dashed black line on log scale plot (bottom) has a slope
of 1 for comparison.
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All experiments with BSA included displayed a smaller number of trajectories
than their counterparts where BSA was omitted, except for 100 mM TIS on the
sulfonated surfaces. This case had a much greater mean-squared displacement than
both the 20 and 250 mM TIS condition, both of which showed very little displacement
over the course of the experiment, as can be seen on the plots by comparison to the
calibration line of unit slope. Again, the low displacement at 250 mM TIS can be
explained by the characteristic diffusion time and the insufficient frame rate and
exposure time provided by the camera at this condition. However, the 250 mM TIS
case on the sulfonated surface has a higher displacement than on the non-sulfonated
surface, presumably due to the longer residence time of particles on the negatively-
charged surface, leading to an increase in the number of trajectories tracked, hence a
larger total displacement overall.

The short-time diffusion coefficients can be estimated from the MSD plots for
short lag times, or the initial times where the MSD plots appear linear. As the MSD
gets to longer lag times, it begins to drop off since fewer neighboring frames are
correlated. The short-time diffusion coefficients are shown in Figure 5.15 for all cases
as a function of TIS with error bars that represent the standard error of the linear
regression analysis. Experiments that do not include BSA as a blocker have relatively
similar diffusion coefficients. The diffusivities on non-sulfonated surfaces are slightly
higher than on the sulfonated surfaces, as expected due to electrostatic attraction
hindering particle movement, but they are all still within the same order of magnitude.
There exists a much greater difference in the experiments that include BSA as a
blocker, as the diffusion coefficients at 20 mM TIS are roughly an order of magnitude

lower than they are at 100 mM TIS, for both non-sulfonated and sulfonated surfaces.
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Again, the sulfonated surfaces present diffusion coefficients that are slightly lower
than for the non-sulfonated surfaces, but not by very much. The diffusion coefficients
at 250 mM TIS may be skewed from their true values as the diffusion was faster than
the image capture. As the TIS is increased, protein-protein interactions become
dominant over protein-surface or protein-polymer interactions due to the increase in

protein diffusivity and the screening of electrostatic interactions.
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Figure 5.15 Short-time diffusion coefficients of 10 pM DyLight 550-labeled
lysozyme estimated from mean-squared displacements as a function of
TIS in solution. Squares represent experiments on non-sulfonated
surfaces, circles represent sulfonated surfaces. Filled symbols are
experiments with no BSA included in the solution, open symbols include
1.5 uM BSA. Error bars represent the standard error of the regression
fitting.
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The inclusion of BSA as a blocking molecule undoubtedly had a significant
impact as shown in the MSD plots and the short-time diffusion coefficients. This is a
good indicator that non-specific adsorption was occurring within the TIRFM system
and needed to be addressed in order to observe the adsorption of protein with purely
an electrostatic driving force at work. Of course, this could be remedied only
partially, as there was still significant adsorption even on non-sulfonated surfaces.
The inclusion of BSA could also have affected the measured diffusivity, as the
increased concentrations of protein (both lysozyme and BSA) may have contributed to
diffusivity values dominated by protein-protein interactions among the labeled and
unlabeled species. In this case, pure protein-surface interactions may have not been
observed and it becomes hard to differentiate the mechanism of the fluorescent
binding events.

It is possible that with faster image capture or longer exposure time, the
dynamics at conditions like 250 mM TIS could have been better resolved. Keeping
large ROI’s is beneficial for the particle tracking algorithm that was employed, as it
analyses an ensemble average of particle movement, but the drawback here is the
reduction in the frames per second. Fluorescence correlation spectroscopy could have
corroborated some of our results regarding the hindered diffusion of protein at
different TIS, although the TIRF microscope used did not have a correlator card
included. Normal FCS operation would not have allowed us to 1) visualize the
binding events or 2) obtain fluorescence fluctuations in the very small focal volume at
the solid-liquid interface without the assistance of TIR. Performing single point, or
single binding site, FCS would have not worked too well with our system either, as the

sulfonate functionalization is presumably spread out homogeneously across the
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surface, so binding sites are not easily discernible. Clusters of charged functional
groups have been shown to be more successful in this type of analysis (Daniels et al.,

2012).

5.4 Conclusions

The study of protein adsorption on surfaces meant to represent pore surfaces
within a chromatographic particle is still a relatively new endeavor within the realm of
protein separation applications. Adsorption on the molecular scale is typically not of
direct interest in downstream processing when scale-up is the ultimate goal. However,
to understand the governing mechanisms fundamentally, information on the molecular
length scale provides a sense of how proteins move and adsorb.

We have shown in this chapter how this can be done using both molecular
theory and experimental measurement via single-molecule microscopic techniques.
The study of preferential adsorption on non-modified and dextran-modified surfaces
provided molecular insight into the significance of local charge and pH conditions via
calculations that were validated by experimental binary adsorption studies. It was
found that the critical pH, pHc, has a non-trivial dependence on salt concentration and
that it increases significantly with decreasing salt concentration.

The use of TIRFM imaging allowed visualization of single-molecule
adsorption on dextran surface layers, similar to those within Sepharose XL and Capto
materials. The dependence on salt concentration was again illustrated, with
interactions ranging from totally immobile proteins at a strong binding condition, to
relatively mobile but still adsorbed, to totally desorbed behavior. The displacements
garnered from tracked particles elucidated these adsorptive states. With further

refinement, this advanced microscopy technique could have broader use when
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attempting to discern mechanisms of protein transport that would otherwise be

undiscernible on a macroscopic scale.
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS

This dissertation explores the structural and functional characteristics of
polysaccharide-based ion-exchange adsorbents and how these traits dictate the
adsorption, transport and elution behavior of proteins. An understanding of the
fundamental mechanisms that govern this behavior is built upon through both
macroscopic and microscopic studies. The findings presented here have salient
implications in stationary-phase selection and the design of downstream
chromatographic processes. This chapter summarizes the insights gained from this
work, provide recommendations for future studies, and discusses the implications for

downstream process design.

6.1 Considerations for Chromatographic Particle Structure and Function

The work described in Chapters 2 and 3 contributes to the understanding of the
structure and function of chromatographic stationary phases comprised of
carbohydrate polymers, specifically with regard to dextran-modified and cellulosic
adsorbents. The use of these types of IEX materials is shown to be greatly beneficial
for process designs requiring either high adsorbent capacity or rapid protein uptake.
HyperCel, in particular, possesses the capability to achieve full saturation at rates
higher than seen for other polymer-modified materials that support enhanced rates of

protein transfer. These cellulosic materials also afford substantial binding capacities
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that are on a par with polymer-modified materials developed specifically for this
purpose (e.g., Sepharose XL and Capto), without being polymer-modified themselves.

It is clear in the comparative analysis presented that particle structure has a
significant bearing in the types of transport that assert dominance. The small pore
sizes revealed by ISEC in both dextran-modified and cellulosic adsorbents support the
observation that homogeneous diffusion is a dominant transport mechanism in these
materials, and this appears to be corroborated in the microscopic study of single-
particle uptake. Even despite the small pore sizes in the HyperCel materials, the
intraparticle diffusion resistances, which are normally rate-controlling in most porous
materials, were near-negligible in comparison to external film transfer resistances. For
this situation, particles of similar composition could be manufactured with larger
particle sizes without the adverse effect of a significant increase in intraparticle
resistance, allowing rapid uptake as well as lower pressure drops across packed beds
of the adsorbent.

Modeling of the uptake behavior on these adsorbents has also generated
transport parameters that are of considerable value when developing purification
strategies, as predictive modeling is an important tool in process optimization. The
homogeneous diffusivities and external mass transfer coefficients presented in this
work should have applicability in the future development and use of these
chromatographic supports that display such rapid uptake behavior.

It was also shown that the adsorption of protein has a clear effect on the
particle microstructure, in that there exists a significant swelling of the adsorbed phase
that translates to a significant portion of the pore volume being occupied at higher

loadings. This had been found to be the case in polymer-modified materials
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previously, but has now been shown to be evident within cellulosic stationary phases
as well, again highlighting the functional similarities between these types of
adsorbents.

The salt-tolerant anion-exchange adsorbent, STAR AX HyperCel, displayed
particularly intriguing results even when visualizing the particles with just chemical
fixation in protein-devoid phases. The ligand chemistry in this adsorbent not only
modified its adsorptive properties, but appeared also to affect its fundamental pore
architecture. While its salt-tolerant characteristic is indeed uniquely advantageous,
there are implications regarding characteristically slower bimodal uptake of protein,
even though it is based on the same support as the S and Q HyperCel materials, which
exhibit vary rapid uptake kinetics. Regardless, extremely low TIS of solution would
not be generally recommended for operation anyway, since the cellulosic media
exhibits an exclusion of salt at these conditions due to the Donnan effect, which may
negatively affect its binding capacity for protein.

These cellulosic materials offer the distinct advantage of rapid particle
saturation that is crucial in the fast loading of protein during bind-and-elute
separations. Even though only batch uptake and static capacity studies were explored
in great detail in this work, further studies can be undertaken in investigating the
ability of these resins to achieve high dynamic capacities and short load times within
larger column operations. A study of how to modulate the loading conditions for

optimal loading efficiency in these cellulosic exchangers also has yet to be performed.

6.2 Considerations for Elution Design in IEX Adsorbents
The elution of protein was thoroughly examined in Chapter 4 within agarose-

based adsorbents, dextran-modified agarose-based adsorbents and cellulosic
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adsorbents for CEX. It is clear that slower elution rates are present within cellulosic
stationary phases and those with dextran extenders, a result that may be linked to the
particle structure as well as being influenced directly by the increased adsorptive
capacity.

The narrow pore sizes of adsorbents that exhibit increased adsorptive
capacities are directly related to the accessible porosities for proteins of different
hydrodynamic radii as well as the effective elution rates garnered from elution
experiments performed on the column level. Even though this could be viewed as a
potential disadvantage, there exists a tradeoff between having rapid elution versus
increased adsorptive capacities. On the one hand, the small pore sizes (combined with
polymer extenders in some cases) increase the overall surface area or volume for
adsorption, but reduce the pore lumen radius, which restricts protein movement during
elution.

The other factor to consider is the overall amount of protein that is to desorb
during the process. A front of high salt typically used for elution in IEX is able to
penetrate the chromatographic systems much more rapidly than protein, and thus
elution takes place on a much shorter timescale than uptake. The screening of nearly
all the attractive electrostatic interactions within these particles can happen in a matter
of seconds. This means a significant increase in the protein concentration within the
local pore. In a stationary phase like S HyperCel or Capto S, for example, this could
be greater than several hundred mg/mL. Therefore it is evident how protein phase
behavior is a legitimate concern for these types of systems when employing bind-and-

elute processes.
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Of course, the physicochemical properties of the proteins themselves are an
important factor as well, but many biomolecules present some degree of salting-out
behavior. Monoclonal antibodies, for example, are notorious from a regulatory
standpoint for aggregating in small yet significant fractions, and while not all
aggregation may stem from high salt concentrations, elution conditions for IEX can
still be relatively harsh. In this work, lysozyme emerged as a suitable model to
represent a “worst-case scenario” in which the protein eluted very clearly displayed
salting-out behavior in the presence of a high sodium chloride concentration.

This behavior was corroborated with the use of single-particle visualization via
confocal microscopy, in which the anomalous elution profiles could be observed in a
manner that is not feasible on the macroscopic scale. The abnormal shrinking-core
behavior displayed was apparent in both the cellulosic and dextran-modified media,
but not in the material with a much larger pore size as well as lower binding capacity,
SP Sepharose FF. The balance of maintaining open microstructures while still
affording ample surface area for proteins to adsorb is something to be considered
during the design of this class of adsorbent material. Reducing this bottleneck during
elution from high capacity materials is definitely something that can be addressed
during the preliminary design stage of chromatographic media.

A final consideration that was presented in this chapter was the use of
excipients to aid in more rapid elution. While typically high concentrations of
excipients are needed to effectively stabilize protein aggregation, it was shown here to
be possible during the course of IEX column elution with a relatively high initial
loading of protein. L-arginine and disaccharides were among the excipients tested,

with L-arginine providing the most overt benefit in accelerating the elution of
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lysozyme, but there are numerous other excipients that may prove to be useful in a
similar manner. This would of course depend on the molecular components in the
system as well as the costs of introducing such excipients to the elution stream, as L-
arginine is not a particularly cost-efficient reagent.

The analysis presented in this work has significant implications for
downstream chromatographic separations. It could easily be applied to different
systems and types of stationary phases to assess whether protein elution could be
modified to perform more efficient purification processes. A logical next step would
be to screen a library of industrially relevant biomolecules, such as monoclonal
antibodies, to find a suitable model protein for further elution studies, as most of this
work focused on single-component lysozyme elution within polymer-modified and
cellulosic systems. A more rigorous analysis to the elution pool or tailing region could
be employed as well to quantify the amount of high molecular weight species or
aggregates by using SEC-HPLC.

Additionally, screening of mobile-phase modifiers and excipients that assist in
protein solubility within the column would certainly be beneficial. Arginine and
disaccharides were investigated in this work, but surfactants such as polysorbate or
other stabilizers typically used for formulation applications could prove to be more
effective depending on the type of column and operating condition used. For example,
if a possible mechanism of aggregation during IEX is related to hydrophobic
interactions within the system, an amphipathic excipient such as Tween (polysorbate)
could disrupt those non-specific interactions within the IEX material. A mechanistic
approach to alleviate such aggregation issues is important in efficiently designing

these elution steps.
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6.3 Considerations for Single-Molecule Investigations of Protein Sorption and
Transport

Chapter 5 describes adsorption onto surfaces meant to represent pore walls
within the chromatographic stationary phases studied earlier in this dissertation in two
different manners, one mostly theoretical and one mostly experimental. Using
molecular theory to complement and build on our understanding of how protein
molecules bind to the surfaces within porous adsorbents is both challenging and
informative. Having a mechanistic basis built from molecular theory greatly aids in the
development of generalized adsorption models on the more macroscopic, i.e.,
ensemble-averaged, scale.

Our work with Igal Szleifer and Claudio Narambuena at Northwestern
University is an ongoing effort. Currently more effort is being devoted to gaining a
better understanding of adsorption on dextranized surfaces that better represent the
dextran-modified surfaces in materials such as Sepharose XL and Capto. Yet, itis a
challenging task to infer attributes such as the dextran surface density and
polyelectrolyte fraction per dextran molecule as that type of characterization is
difficult to perform. A better approach would be to obtain these characteristics
directly from the manufacturers, where possible, to be used with thermodynamic
modeling.

The importance of preferential adsorption in downstream applications is
especially high since selectivity is a critical metric for chromatographic performance.
In this work we found that a dextran-modified material does have a decreased
sensitivity to changes in the solution pH when compared to its non-modified
counterpart. The modification of pH is not a widely-used method for altering specific

interactions in IEX, where it is instead seen to be more reliable to modify salt
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concentration to perform a similar function. However, the adjustment of pH can be
especially useful for co-eluting species that cannot be resolved with simple changes in
the salt gradient. For example, lysozyme and cytochrome ¢ have both a similar
molecular size as well as isoelectric point, but they possess different numbers and
types of titratable surface residues. Modification of the pH to very acidic conditions
causes a shift in the binding affinity without the need to alter the salt concentration,
which would result in a reduction of the capacity as it is increased due to the screening
of attractive protein-sorbent interactions.

Preferential adsorption was investigated on a fundamental level in this work,
ranging from molecular simulation to batch adsorption isotherm experiments.
However, a study of how these preferential interactions translate into the adsorptive
properties within a packed bed of IEX resin would be a logical next step in this
investigation. The selectivity and retentivity of these species on a column in which
they are co-adsorbed or simultaneously loaded may reveal that the results of the
molecular modeling are indeed scalable to macroscopic systems, which are more
representative of the typical usage of these materials.

In our experimental approach to interrogating molecular interactions with
polymer-derivatized surfaces, we succeeded in bringing our empirical knowledge base
of adsorption down to the molecular length scale. Up to this point, inferences were
made on how protein molecules move within a stationary phase, or within a polymer
layer, usually based on theoretical approximations or particle-level observations. Now
with the visualization tool of TIRFM, we can observe and record these events directly.

While our investigation of dextran-derivatized surfaces resulted only in reaffirming
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some of the assumptions made about how protein behaves at different TIS conditions,
it has the potential for much more refined analyses of similar surfaces in the future.

One possibility is to synthesize surfaces that mimic the pore networks of other
polymer-modified adsorbents, such as Fractogel, which exhibits a linear chain end-
grafted polymer extender as opposed to the isotropic structure of dextran. Surfaces
could also be further developed to better represent the stationary phases; for example,
spin coating an ultra-thin layer of agarose onto the substrate before dextran
modification may have been more representative of the pore space in Sepharose XL or
Capto materials.

Better control of the charge density on the surfaces could lead to more in-depth
understanding of the protein-surface interactions. Titration of strong acids or bases to
quantify the ionic capacities of adsorbent particles is the standard method of
determining the charge density on the material following functionalization. However,
our substrates are flat functionalized surfaces as opposed to three-dimensional resin
beads, which have the capability of carrying much more charge, making titration to
determine the ionic capacity much less sensitive and much more difficult. It may have
been possible that our VSA treatment was insufficient to apply negatively-charged
moieties to the dextranized surfaces, but without a suitable method for quantifying the
ionic capacity this remains unclear.

A developmental custom-built TIRF setup was used for this work, but prebuilt
TIRF microscopes could provide better resolution and higher-speed image capture.
The ability to increase the frame rate while still maintaining a large ROI would have
been extremely beneficial in further analysis of the imaging data, as that would have

allowed for both an increase in the number of particles to track (i.e., a larger sampling
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size) and better correlation between neighboring frames. Due to the diffraction
limitation of the confocal system, single molecules smaller than 250 nm were difficult
to resolve because of the wavelengths that were used and the numerical aperture of the
lens. Shorter wavelengths, such as UV or X-rays, could be used to increase resolution
but are more destructive to biological samples. The flow cell was also compatible only
for static flow conditions, as applying flow during imaging altered the focal distance
of the objective lens due to suction. TIRFM imaging under flow conditions could help
reduce photobleaching effects of fluorophores by allowing more exchange with new
stock solution.

The particle tracking analysis employed was helpful in generating quantitative
data from the very qualitative set of images captured. The result that more trajectories
were assembled for the sulfonated surfaces gave confidence that our sulfonation
protocol was successful, but a more in-depth study could have been performed to
assess the ionic capacity of each substrate. An autocorrelator component within the
experimental TIRF apparatus would also have been useful in allowing for FCS-TIRF
and a more straightforward acquisition of particle diffusivities. Performing imaging
FCS after the fact yielded convoluted results. Regardless, there are still distinct
advantages of this form of microscopy in giving direct comparison and correlation to
theoretical approaches for investigating protein adsorption, such as the molecular
theory-based approach discussed previously. Future work in this field and its relative
impact on our understanding of chromatography at the fundamental level appears to be

very promising.
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Appendix A

ADSORPTION ISOTHERMS FOR SEPHAROSE AND CAPTO MATERIALS
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Figure A.1 Adsorption isotherms for lysozyme (a, b, ¢) and lactoferrin (d, e, f) on SP

Sepharose Fast Flow (a, d), SP Sepharose XL (b, €) and Capto S (c, f).
Performed in 10 mM sodium phosphate, pH 7 at 20 (m), 50 (@), 100
(A), and 200 (V) mM TIS. Data borrowed from Bowes et al. (2009) and
shown with fits to the Langmuir isotherm for each condition.
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Figure A.2 Adsorption isotherms for B-lactoglobulin (a, b, ¢) and BSA (d, e, f) on Q
Sepharose Fast Flow (a, d), Q Sepharose XL (b, ) and Capto Q (c, f).
Performed in 50 mM bis-tris, pH 7 at 20 (m), 50 (@), 100 (A), and 200
(V) mM TIS. Data shown with fits to the Langmuir isotherm for each
condition.

222



Appendix B

RATE MODELS FOR COLUMN ELUTION

B.1 Differential-Column Model

The simplest model is one in which all the particles behave identically, and the
elution rate is low enough, or the intraparticle concentration is high enough, that the
mobile-phase concentration remains negligible relative to that in the particles. In this
case Equations 4.3 and 4.5 apply simultaneously to all particles and again the long-
time trend of the mobile-phase concentration should be a monoexponential decay,
from which De can be estimated.

The assumption of synchronous behavior of all particles is most simply
satisfied for a differentially short column, but more generally for one in which the
mobile-phase residence time is much shorter than the characteristic time for diffusion
out of a particle, Ry>= De. There is a second assumption implicit in this model as well,
namely that the eluent reaches all the particles simultaneously; this assumption is also
satisfied for practical purposes in the short-residence-time limit, where the high
diffusivities of salts used as eluents in ion exchange help to ensure the minimization of

intraparticle gradients.

B.2 Long—Column Model
Allowing for axial variation along the column accounts for multiple effects.

One is the different arrival times with axial position of the eluent and hence the
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different desorption times of the protein, resulting in different t = 0 points for the
efflux described by Equation 4.5. A second is the fact that the eluent arriving at the
column exit at any time receives protein from particles at different axial positions at
different points in the efflux process in Equation 4.5. Although these two effects
should follow essentially the same time course because the axial delay in each case is
due to axial flow, there may be additional subtle differences, so allowance for axial
variation is appropriate.

We approach this using a Lagrangian viewpoint in which a body of mobile
phase receives efflux at different axial positions at different effective times t' in the
efflux process, where T = tDe/Rp’. The value of T' is affected by the axial position both
in that it determines the time of contact and the time of desorption. Therefore the

protein concentration in the eluate is
T —R:t! aj . —R:
Celuate X fT_TrZiaie Bit dt' = — 213_1 (1 - eBITr)e BT (B-l)

and again ¢ dependence is recovered at long times.

B.3 General Rate Model

For a more complete description of column behavior we use what is usually
referred to as the general linear rate model, although the specification of linearity is
redundant in the present case because of the absence of adsorption. Now the
intraparticle Equation 4.2.1 is augmented by the conservation equation for the

concentration in the mobile phase, cm,

dcm dcm _ 0%cm _ 3(1—5)5( _ )
pra b =Dn P e Ry Cm Kcs|r=Rp (B.2.1)

with the boundary conditions (Danckwerts, 1953)
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ucm—Dm¥= 0, z=20 (B22)
Om _ o 4 =1L B.2.3
9z » 2= ()

In addition, the boundary condition at the particle surface, Equation 4.2.3, must be
modified to account for the finite mobile-phase concentration

_p 9s
€ or

= k(Kcg —cp), T=R, (B.3)
In this formulation, u is the mobile-phase velocity, Dm is the axial dispersion
coefficient, € is the column interstitial porosity and K is a partition coefficient between
the mobile-phase and the particle interior. An initial condition must of course be
specified for a complete solution, but it is unnecessary for the approach taken here.

A formal solution for this model can be developed by separation of variables;
this is facilitated by introducing dimensionless variables and parameters, of which the

independent variables are T = tDe/Rp? and n = /Ry, as well as { = z/L. The solution

takes the form

(CCI:) = 2m Zm(Q) Zn Anm Tnm (D) (Rf;?n)) (B.4)

which converges unreasonably slowly to use for computing full elution profiles.
However, the form is convenient to exploit in the long-time limit that is readily
accessible experimentally, so further elaboration of the solution is appropriate.

The eigenfunctions Z, T and R can be determined straightforwardly; of these
the two of greater immediate interest for our purposes are the radial eigenfunctions
Rnm and the temporal eigenfunctions Tom, both of which take the same functional form

as those in Equation 4.3,

an(T]) = SIHBTnmﬂ (B.5)
Tam(T) = e PimT (B.6)
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It follows from the form of Equation B.6 that even for this more complex model, the
long-time behavior reduces to a monoexponential decay similar in form to that
obtained previously. Again it is this decay and its decomposition based on the
magnitudes of the leading eigenvalues that are critical in estimating the effective pore
diffusivity De. However, additional complexity is concealed in the fact that the
eigenvalues Bam now have two indices because of the coupling to phenomena in the

mobile phase. These are accounted for partly via the axial eigenfunctions
Zm (Q) = ePeé/2 (?\m cos Ay + % sin ?\mZ) (B.7)

where Pe = ul./Dm and Em = Dn/De, and the eigenvalues Am are the roots of the
characteristic equation
Pedn + (25— 22) tan Ay, = 0 (B.8)

If the axial boundary condition (Equation B.2.2) is changed to a purely
convective one, the form of the axial eigenfunctions (Equation B.7) is altered
somewhat by the elimination of the cosine term, but at the high Péclet numbers, Pe,
prevailing in systems of interest, the difference in algebraic complexity is much more
significant than the numerical effect on the eigenvalues. Specifically, at high values of
Pe the leading eigenvalue is 1 in the purely convective limit, while Equation B.8
becomes approximately tanAm = -4Am/Pe in the high Pe limit, which again has its first
root Am = Tt.

The coupling of mobile-phase and intraparticle phenomena occurs via the
differential equation for the mobile phase (Equation B.2.1) and the surface boundary

condition for the stationary phase (Equation B.3), which result in a characteristic

equation for the eigenvalues Bnm:
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B COt By + BiK [ 1 — . ~1=0 (B.9)
62Em(7\$n+%)—[3,21m+EBi

where 6 =R/L and § =3(1-¢)/e. Equation B.9 differs from the characteristic equation

(Equation 4.4) for the isolated particle only in that the Bi term is modified by the
presence of the partition coefficient K and the second term in parentheses, with the
deviation of the latter term from zero being the key determinant of the deviation of the
leading eigenvalues from that of B1 for the isolated particle. For the experiments
performed here, flow velocities are of order hundreds of cm/hr, particle radii of order
50 um, column lengths of order cm and free-solution diffusivities of order 10 to 107
cm?/s, and € and K are of order unity. Therefore particle Péclet numbers based on the
free-solution diffusivity would be of order 107 or higher, and for such values En would
be of order 10? or higher (Han et al., 1985), with D significantly greater than and De
less than the free-solution diffusivity. It follows that, for the leading axial eigenvalues
Am, Pe? >> Am?, as a result of which the magnitude of the second term in parentheses is
determined by 8§’EmPe*/4§Bi = (u/k)(8Pe/4€), which is independent of De and of order
10 or greater in our work, making the perturbation small relative to the isolated
particle. Furthermore, the leading eigenvalue of Equation 4.4 varies little for Bi values
significantly > 1, as is the case here; B1 increases monotonically from 2.8363 to m as
Bi increases from 10 to c (Crank, 1975). Therefore basing estimation of De on the

leading eigenvalue for the isolated particle introduces relatively little error.
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Appendix C

ADDITIONAL COLUMN ELUTION RESULTS FOR STAR AX HYPERCEL
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Figure C.1 B-lactoglobulin elution profiles on Q HyperCel at pH 7 (top), STAR AX
HyperCel at pH 7 (middle) and STAR AX HyperCel at pH 4 (bottom) at
varied TIS conditions. Column volumes required for full elution of
protein (to 100 mAU) are shown on each plot following a loading period
to 60% of the total DBC in each case. The reduction in pH from pH 7 to
pH 4 assists in the more complete recovery of the protein at 400 mM TIS
in the salt tolerant material.
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