ABSTRACT

SIKKA, SIRAT. Studying Protein-Protein Interactions using Dynamic Light Scattering and
Taylor Dispersion Analysis. (Under the direction of Dr. John van Zanten).

Protein-protein interactions are a major factor in maintaining protein colloidal stability.
Colloidal stability influences critical attributes such as protein solubility, aggregation
propensity, protein dispersion viscosity, and protein-surface interactions thus impacting
biologic product function. In the production of biopharmaceuticals, immense effort is
employed to determine the most propitious salt and buffer conditions to develop a drug
product that is efficacious and safe for patient administration.

In this study, dynamic light scattering (DLS) was utilized to characterize protein-protein
interactions. Interaction parameter, kp, was determined from the protein collective diffusion
coefficient protein concentration dependence as measured by DLS for bovine serum albumin
(BSA) dispersed in various solvents. The initially repulsive interactions were found to
decrease and attractive interactions ultimately were observed as salt concentration increased.
The use of kp as a quantitative tool to predict intermolecular interactions was confirmed. A
comparatively rarely used method for protein sizing, Taylor dispersion analysis (TDA) was
investigated as to its applicability for characterizing protein-protein interactions as a faster
alternative to DLS. The obtained diffusion coefficients were compared to those found from

DLS and found to agree qualitatively but not quantitatively.
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Chapter 1

Introduction

Proteins have been developed and successfully commercialized as therapeutics for several
decades, targeting a broad spectrum of diseases. The first protein based treatment was
introduced in 1923 when insulin extracted from bovine and porcine pancreas was marketed
as lltein for treating diabetes mellitus Type | and Il. Although this was a turning point for
diabetes care, there were drawbacks such as organism availability and disease transmission
from other organisms [1]. Subsequent biologic products included blood components,
polyclonal antibodies from human plasma (1940s) and blood enzymes such as the
antihemophilic factor VIII. The discovery and introduction of recombinant DNA technology
in the 1970s provided a means for producing human therapeutic proteins in other organisms
without the limitations associated with protein extraction from other species. Genes could
then be manipulated to synthesize a desired protein and the market for protein therapeutics
has exhibited significant growth since. These processes, however, produce multiple
impurities and biotherapeutics themselves are susceptible to degradation and other
unfavorable modifications. In response to these observations and in an attempt to overcome
associated challenges processes have been developed to achieve desired protein therapeutic
critical quality attributes. In order to deliver efficacious, safe and superior quality protein
therapeutics, industry utilizes techniques to thoroughly characterize product structure and

function.

Proteins have several advantages over small molecule drugs. Proteins are highly specific,
thereby exhibiting fewer side effects, and more effective and some being more compatible
with the human body than chemically synthesized drugs [2]. The challenges lie in the



production process. The process depends on the type of protein, its synthesis pathway
(intracellular or extracellular) and how sensitive it is to degradation and changes in
processing conditions. For example, some intracellular production processes lead to the
formation of inclusion bodies and refolding therapeutic proteins from these large aggregates
is a huge challenge as that can potentially lead to the loss of function if misfolded and loss of

protein product making the purification process inefficient.

If production buffers are improperly chosen such that protein molecules exhibit attractive
interactions for one another, potential aggregation may pose hindrance to processes such as
filtration by clogging membranes, lead to an increase in viscosity or yield several problems
during administration such as impact syringeability or cause adverse immune responses in
patients.  All these factors need to be taken into consideration when developing a

biopharmaceutical manufacturing process.

Protein stability is a major concern during manufacturing and also storage. Proteins are
susceptible to environmental factors and changes can cause either denaturation and/or
aggregation. Naturally occurring human proteins have evolved to function at 37°C, near
neutral pH and ~ 150 mM ionic strength. Proteins can respond to the very slight changes, if
any, that occur in vivo and are still able to maintain their structure and function. However,
during production proteins encounter environmental conditions that do not match the in vivo
conditions wherein they have evolved. Several characterization methods for interrogating
protein structure and aggregation state are available and employed. While a catastrophically
compromised environmental condition, such as one readily leading to precipitation or
formation of large aggregates, can be easily rejected by visual appearance, biophysical
characterization is required to delineate the suitability of alternative environmental
conditions. Large effort and time is expended by formulation scientists on developing the

most suitable conditions for final drug product stability.



In order to understand environmental influence on proteins it is important to review some
basic principles regarding their structure, stabilities — conformational and colloidal - and

molecular level protein-protein interactions.

1.1 Protein Structure

Protein structure is very complex with the intricate folding of polypeptide chains determined
by the properties of different amino acid residues. Figure 1.1 elucidates the levels of protein
structure. The amino acid sequence is denoted the primary structure. Hydrogen bond
formation and weak van der Waal’s interactions give rise to secondary structures, denoted as
alpha-helices or beta-sheets, depending on the structural organization of their constituent
amino acid residues. The former conformation exhibits a helical backbone whereas the latter
has polypeptide chains lying adjacent to one another and binding laterally via hydrogen
bonds between the carbonyl oxygen and the amino hydrogen atoms. These strands maybe

either parallel, where the N terminus of the strands is at the same end, or anti-parallel [3].

The folding and turning of these structures as a result of water-induced forces, weak van der
Waal’s forces, ionic bonds involving negatively and positively charged amino acids and
disulfide bonds leads to formation the tertiary structure — the three-dimensional, spatial
organization. Finally two or more of such polypeptide chains may associate to form a multi-
subunit complex. In this case, the protein is said to exhibit quaternary structure.

Although the presence of aqueous solvent results in the protein core being made up of
essentially all nonpolar residues, a significant fraction of nonpolar amino acid residues reside
at the protein surface owing to their close proximity to polar residues in the primary
structure. The water-induced forces that drive this structural organization is typically
denoted the hydrophobic effect [3]. The protein surface exhibits a nonuniform distribution of

hydrophobic and charged patches — both anionic and cationic.



Amino acids O Helix Polypeptide chain Assembled subunits

Primary Secondary structure Tertiary structure Quaternary structure
structure

Figure 1.1 Levels of protein structure [4].

Intramolecular interactions, or thermodynamics, are responsible for maintaining globular
protein structure and stability [5] . The final conformation is only weakly stabilized — the free
energy change upon unfolding is on the order of 5-20 kcal/mol. Because of these relatively
low folding energies, protein conformation is very dependent on environmental conditions
such as temperature, pH and solvent composition. An understanding of protein structure is
important for studying and analyzing the protein-protein interactions, as the protein structural
conformation and surface composition/topology play a crucial role in these biophysical

processes.

1.2 Protein-Protein Interactions and Stability

There are two important protein stabilities to be considered - conformational and colloidal
stability. Conformational stability refers to native protein structure maintenance. As noted
previously, conformational stability is very sensitive to environmental conditions. Proteins
in vivo are oftentimes protected by chaperons and very stable environmental conditions —

neither of which is the case for therapeutic proteins during the manufacturing process.



Therapeutic proteins typically experience varying environmental conditions during
manufacture, storage and formulation. As such, these processes greatly impact the
intramolecular forces that stabilize the protein conformation and affect the product form and

function.

Our focus here is on colloidal stability or resistance to aggregation. Colloidal stability results
from a balance between intermolecular repulsive and attractive forces. Formulation efforts
are focused on enhancing the former form of interactions such that the protein is maintained
in its monomeric native form and aggregation is avoided. Essentially this is simply the
physical science of interactions between charged particles in solutions of varying ionic
strength/composition and/or pH. Just as in the case of conformational stability, colloidal

stability is very sensitive to environmental conditions.

Although the protein surface exhibits charged and hydrophobic patches, the net protein
charge can be considered as a starting point for colloidal stability. The protein net charge in
solution changes with the buffer pH and can be either positive or negative depending on the
protein isoelectric point (pl). The pl is defined as the pH at which the protein has zero net
charge. This is a condition to avoid as the protein is least soluble when the pH is close to its
isoelectric point. The relationship between protein charge and solution pH is shown in Figure
1.2.
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Figure 1.2 pH dependence of protein zeta potential [6].

Protein-protein interactions are controlled by several phenomena — the electrical double
layer, osmotic repulsion, attractive dispersion forces, hydration-water induced forces and
finite size effects (hard sphere interactions). The first contribution results from the ion cloud
(electrical double layer) that surrounds all charged particles in electrolyte solutions. The
second contributing factor takes into consideration intermolecular osmotic and electrostatic
repulsion and attractive forces such as weak van der Waal’s forces. The hydration forces are
very hard to account for and typically neglected although the past few years have seen some
attempts to account for these contributions. The so-called hard sphere interaction, relating to
finite size effects, notes that two proteins cannot occupy the same space. Since these
interactions exhibit different length scales, the overall protein-protein interaction potential
depends on the protein separation distance. The overall picture is that of a short-ranged (less

than the molecular diameter) attractive potential.



1.3 Formulation

Instabilities such as conformational changes, aggregation and precipitation in protein
pharmaceuticals are some of the major challenges met by continuous process improvements
and parallel analytical testing of product quality [7]. There is an increasing awareness of
stability issues that can arise during processing because of the labile nature of biologics and
tremendous effort is focused on identifying optimum solvent conditions [8]. Changes in
protein free energy are affected by temperature, pH and solvent composition making buffer
selection a very crucial step in downstream processing and formulation of protein
therapeutics [9]. The set of activities related to overcome the potential instability of the drug
is referred to as formulation development [10]. A successful formulation development effort
has four stages: preformulation, stabilization of the active substance in bulk form,
formulation in the designated dosage forms and fill-finish aseptic manufacturing activities
associated with the latter [10]. The major difficulty faced by a formulation group is selecting
the right formulation components such as buffer, salts, sugars, amino acids, preservatives,
viscosity modifiers, surfactants, etc. These components typically modify protein-protein

interactions in order to achieve formulation goals and are very temperature and pH sensitive.

1.4 Testing Stability Indicating Factors

Several challenges are faced in maintaining protein stability during and after production.
Proper formulation conditions maintain the protein therapeutic in a stable and efficacious
form making the drug safe for patient administration. Adverse effects of improper
formulation as negative impacts have been observed in clinical trials and following product
introduction to the market [10]. In order to prevent the aforesaid, and thus determine best
final formulation conditions significant effort is placed in developing and carrying out
various preformulation studies that take into account the physico-chemical phenomena

impacting product stability. Protein unfolding and aggregation assays are considered under



different stress conditions to give a range of conditions that would be most suitable [11].
Changes in conditions outside the optimum range can lead to protein damage that will cause
function loss. Some protein instabilities can result from unfavorable protein-protein

interactions under different conditions during drug development.

Typical biophysical methods for assessing conformational stability include differential
scanning calorimetry, intrinsic and extrinsic fluorescence, circular dichroism and Raman
spectroscopy. These methods are typically used to select several candidates for final
formulation conditions. Industry is now more closely focusing on colloidal stability to
evaluate these potential formulation conditions in more detail, as it is believed that
maximizing both conformational and colloidal stability will yield superior pharmaceutical
products. Potential robust, high throughput methods are of great interest. Light scattering is
an example of such a technique that is non-invasive, non-destructive and is well suited for the
determination of protein oligomers, a major product impurity. Static light scattering (SLS) is
well known to provide the most direct access to the protein-protein interactions that underlie
protein colloidal stability by determination of the osmotic second virial coefficient [12]. The
time-averaged intensity also yields the molecular weight and root mean square radius.
However, SLS is a difficult and slow characterization method to implement. Dynamic light
scattering (DLS), on the other hand, is based on the fluctuations of the scattered light
intensity. It is more robust and amenable to high throughput methodology (approximately
100 samples/day per instrument or even greater with the latest plate readers), but does not
provide direct access to the thermodynamically relevant protein-protein interaction
parameters. Therefore, current work is focused on understanding how DLS can provide
insight into the relevant colloidal stability parameters analogous to that imparted by SLS
measurements. DLS typically requires one to consider five or more protein solution
concentrations in order to assess the colloidal stability parameter. The collective diffusion
coefficient at each concentration is determined to ultimately provide insight into protein-

protein interactions.



The potential to assess such information from studying a single protein concentration via
another experimental technique would be of great interest as that would minimize time and
resources spent. With the foregoing objective in mind, here we have begun to consider the
use of Taylor dispersion analysis as an alternative to access such interaction information. It
is important to study protein-protein interactions in great depth as they have a direct impact
on the product and such analysis would help process and formulation development eventually

yielding a product that is stable and hence safe for the patient.

The objective of this study is to assess colloidal stability by measuring the concentration
dependence of the protein collective diffusion coefficient via dynamic light scattering, with
protein-protein interactions being parameterized via the interaction parameter kp, and
comparing diffusion coefficient values measured using Taylor dispersion analysis (TDA).
These comparisons were performed to assess the suitability of using TDA to carry out protein
diffusion coefficient measurements as a function of protein concentration. Long-term goals
at BTEC include developing a single measurement TDA method for determining the
interaction parameter instead of analyzing a series of protein solution concentrations, as is
currently done with DLS, and pioneering efforts with TDA. Bovine serum albumin (BSA)
was chosen as a model protein for the studies. BSA or serum albumin derived from cow, is
extensively used as a model protein in research. It has a total of 607 amino acids and a
molecular weight of approximately 67 kDa (Figure 1.3) [13]. The isoelectric point is 4.7 [14].
Here, a BSA concentration series was formed in various buffers and the samples are
characterized by both DLS and TDA in order to assess the concentration dependent

collective diffusion coefficient in each case.



Figure 1.3 Crystal structure of Bovine Serum Albumin (BSA) [13].
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Chapter 2

Background

The complex nature of protein therapeutics has always posed difficulties for biologic
production. As noted previously, conformational and colloidal stability must be maintained
throughout manufacture, storage, formulation and fill/finish. Formulation requires one to
determine the critical quality attributes, develop an efficient design of experiment approach
for determining the best formulation candidates and ultimately testing their safety and
efficacy in clinical trials. In addition to the stability issues other attributes may be of concern
as well. For instance, if prefilled syringes are going to be the delivery mode protein
dispersion viscosity will become an important parameter to consider as well. Ultimately
conditions must be identified to ensure these goals are met and that a product with sufficient
shelf life can be introduced to the market.

In what follows, some important protein biophysical chemistry will be reviewed, in
particular, protein aggregation and protein-protein interactions. A brief discussion of
protein-protein interaction characterization approaches will be presented as well. Finally,

specific ion effects and the Hofmeister series are briefly considered.

2.1 Protein Aggregation

Protein aggregation is a complex self-assembly process mitigated by changes in
environmental conditions such as pH, temperature and buffer composition. Irreversible
aggregates or reversible self-associations lacking interprotein covalent bonds can exist.

Figure 2.1 illustrates the aggregation process as described by Amin S.et al [15].
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For instance, monomeric proteins could partially unfold and weakly associate with denatured
molecules to form reversible aggregates. Since native state unfolding exposes the
hydrophobic core thereby promoting self-association, conformational stability is of
paramount importance. Recently researchers have acknowledged the potential importance of
the native self-association pathway to protein aggregate formation. Maximizing native

protein dispersion colloidal stability minimizes this pathway.

", Vapor-liquid / solid-liquid ;
& Interface(s) Sub-visible )

d
| Particles
Agg. Coalescence
U o hmw
Monomer Addition | Agdg.
R=f==~-8 " "
'§‘ Non-native
Dimer / Oligomer(s)
Folded / Native
Dimer / Oligomer(s)

Figure 2.1 Irreversible and reversible aggregate formation [15].
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Protein aggregation is of great interest in biopharmaceutical manufacturing and also human
physiology as many diseases are a result of protein aggregation [16] [17]. In protein
therapeutic manufacturing protein aggregation hinders downstream operations and ultimately
may lead to deleterious patient outcomes.

For example, during filtration processes the presence of precipitates or large aggregates
increases process time due to membrane fouling requiring frequent filter module replacement
leading to an increase in resource costs. Product aggregation can also result in reduced
recovery during chromatography steps for purification or polishing. Thus, major efforts are
dedicated to developing processes which produce minimal amounts of undesired oligomers.
Solvent condition and protein concentration changes can influence protein aggregation,
viscosity and liquid formulation physical stability (i.e. susceptibility to phase separation)
[18]. Formulation scientists seek solvent combinations maximizing conformational and

colloidal stability.

2.2 Protein-Protein Interactions
2.2.1 Interactions between Charged Particles

The Derjaguin, Landau, Verwey and Overbeek (DLVO) theory of interparticle interaction is
the classic approach for explaining colloidal stability. This approach is based on a balance
between repulsive electrostatic interactions and attractive van der Waal’s forces with
colloidal stability requiring the dominance of the former. Applications include predicting
colloidal stability in numerous industrial processes such as liquid-liquid extraction, alkaline
flooding operations, hydrocarbon flotation, oil droplet stability in emulsions, etc. [19].
Although the DLVO theory has been successfully utilized numerous times, numerous
examples where it has failed exist (Israelachvili et al.) [20] [21] . The DLVO theory only

considers ion charge and also assumes that ions are point charges thereby neglecting ion size
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effects as well as non-Coulombic electrostatic interactions between charged particles and

ions.

The origin of the repulsive electrostatic interactions lies in the ion cloud surrounding all
charged particles dispersed in electrolyte solutions. As a first approximation proteins are
assumed to be uniformly charged spheres. lons of opposing charge to the sphere charge
(counterions) are attracted to particle surface and are accompanied by their coions of
opposite charge. This cloud or ‘layer’ of ions is denoted the electrical double layer (EDL).
These electromagnetic forces are in competition with the omnipresent thermal forces. The
balance between these forces ultimately establishes the length scale within which ions are
closely associated with the charged sphere. This length scale is known as the Debye length,

«*, and it determines the distance over which repulsive interactions are important.

The Debye length thickness is a function of particle surface charge and polarizability and ion
properties such as charge, polarizability and size. Repulsive particle-particle interactions
arise from the fact that the EDLs on two closely approaching particles want to maintain their
structure as is and therefore resist interpenetration. The EDL associated with a protein in
solution is shown in Figure 2.2 [22].
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Figure 2.2 Schematic illustrating electrical double layer: R, - Hydrodynamic radius, ¥(r)
electrostatic potential, k * Debye length, { — Zeta potential , r- distance between molecules [22].

Attractive interactions arise from dispersion forces sometimes also denoted as van der Waal’s
forces. The balance between these competing forces is illustrated in Figure 2.3 [23]. The
potential barrier to aggregation is determined by the properties of the EDL or Debye length.
DLVO theory, which only accounts for ion charge, indicates that the EDL will decrease with
increasing ion valency and concentration. Recent theoretical approaches have accounted for

complexities presented when one accounts for ion charge, polarizability and size [24].
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Figure 2.3 Schematic illustrating the DLVO theory [23].

It should be noted that standard colloidal interaction theories assume colloidal particles are
uniformly charged dielectric hard spheres. In reality, proteins are non-spherical in shape and
exhibit surface roughness whose length scale is comparable to the overall protein size. In
addition, protein surface composition is very heterogeneous in that one can observe charged
(both positive and negative) and hydrophobic patches randomly distributed. Therefore,

simple colloidal models are just an approximation.
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2.2.2 Second Osmotic Virial Coefficient

A statistical thermodynamic framework can be utilized to account for protein-protein
interactions and in turn be used to calculate the second osmotic virial coefficient, By, which
characterizes protein-protein interactions. The protein dispersion osmotic pressure is written
as

_RTc,
=W

n (1+B,c,+L ) (2.1)

where R is the ideal gas constant, T is the temperature, c; is the protein mass concentration,
M is the protein molar mass and L encompasses all higher order contributions [25]. The
second osmotic virial coefficient accounts for the non-ideal contributions of binary protein-
protein interactions. The so-called potential of mean force, W(r), accounts for protein-
protein interaction energies. As noted previously there are several contributions that must be
considered [26] [27].

W(r) = Whard sphere (r) + WEDL repulsion (r) + Wdispersion (I’) + Whydration water (I’) (2-2)

The second osmotic virial coefficient is calculated from the potential of mean force as
follows
27N,

BZZZ—M 093‘"{ [1—e‘W(r)’kBT]'2d r (2.3)
2

Therefore, the second osmotic virial coefficient directly reflects protein-protein interactions
[25] [28] [26]. To assess the second osmotic virial coefficient it is best to consider B,, with

respect to the predicted hard sphere finite size value, Bys, which is always positive [27].
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More formally,

B .. .
—2 _1<0 overall attractive interactions
s
(2.4)
B,, L. )
B -1>0 overall repulsive interactions

2.2.3 Characterizing Protein-Protein Interactions

The ideal protein-protein interaction characterization scenario would utilize an experimental
technique capable of directly assessing the second osmotic virial coefficient. Fortunately
such a method exists — static light scattering. Unfortunately, static light scattering is difficult
to implement because sample preparation is difficult, rigorous data analysis is complex
owing to the multicomponent nature of protein solutions (especially formulation buffers) and
measurements are time consuming therefore abrogating any hope of a high throughput
methodology. Sedimentation equilibrium analysis is another potential method, but it is
plagued by most of the difficulties that affect static light scattering.

Recently, measurements of the protein collective diffusion coefficient, D, concentration
dependence have been considered as an alternative for investigating protein-protein
interactions. There is a close relationship between the osmotic susceptibility of a fluid, or the
sensitivity to changes in osmotic pressure, and the collective diffusion coefficients associated
with the constituent species. However, in addition to this so-called thermodynamic
contribution, hydrodynamic interactions also affect the collective diffusion coefficient. All
these contributions are captured to first order in the protein concentration by the interaction

parameter, kp,

DG) =R@+ke+ ) (2.5)
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Here Dy is the infinite dilution value of the collective diffusion coefficient sometimes
denoted as the self diffusion coefficient and L comprising of all higher order contributions
[9] [29]. The particle (protein) hydrodynamic radius can be calculated from the self diffusion
coefficient via the Stokes-Einstein relation (see Chapter 4). The classical polymer solution
approach for the interaction parameter considers the thermodynamic and hydrodynamic
interactions as being separable and ultimately yields the following expression for the

interaction parameter [30].

kp =2B,,—k —20,, (2.6)

where ks is the first order correction to the hydrodynamic friction factor and vsy is the protein
partial specific volume in solution. This approach neglects the presence of thermodynamic-
hydrodynamic interaction crossterms that are known to exist from more rigorous approaches.
Prinsen and Odijk have derived the best estimate of the colloidal dispersion collective
diffusion coefficient to date [31]. Their original calculation was carried out using colloidal
dispersion volume fraction as the concentration variable. Their prediction for the interaction

parameter is as follows

11

N
Ko %[1454 +4.54 (%-1}} (2.7)

2 HS

where Vy denotes the protein hydrodynamic volume. Both interaction parameter expressions
considered here indicate that there is an approximately linear relationship between the
interaction parameter and second virial coefficient. Lehermayr and coworkers have
demonstrated that that this linear relationship exists for a particular monoclonal antibody
formulation [32]. More detailed consideration of the work of Prinsen and Odijk indicates

that deviations from this behavior occur when B, is very close in value to the bare hard
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sphere value. This occurs when repulsive and attractive interactions are very similar in

magnitude.

2.2.4 Specific lon Effects — Hofmeister Series

As noted previously, protein-protein interactions are influenced by the presence of
electrolytes. The Hofmeister effect, first noted in 1888, considers specific ion effects that
arise in addition to simple ion charge effects. Hofmeister examined the precipitation of egg
white proteins with different salts [33]. Lysozyme solubility was found to depend on the
chemical nature of the ionic species. Anions and cations are known to follow the so-called
direct Hofmeister series (see Figure 2.4), at sufficiently large salt concentrations [34] [35].
At sufficiently low ionic strengths the Hofmeister series is oftentimes observed to be
reversed or inverted. These phenomena were recently explained by incorporating ion

polarizability and volume effects [36].

Oftentimes ions that appear on the right hand side of the Hofmeister series (red) are
commonly denoted as chaotropes or ‘water structure breakers’. These ions are known to
compromise protein conformational stability without decreasing colloidal stability [37]. The
ions appearing on the left hand side are commonly denoted as kosmotropes or ‘water
structure enhancers’. These ions are known to induce protein precipitation at sufficiently high
concentrations (‘protein salting out’) while increasing protein conformational stability [37].
For instance, ammonium sulphate precipitation of proteins is a common method for protein

separation.

Salt concentration affects electrostatic interaction between molecules. At low concentrations
of kosmotropic salt, protein stability is increased by maintaining the electrical double layer.
On increasing concentration the electrical double layer thickness decreases with a

concomitant decrease in electrostatic repulsion, thus leading to precipitation or ‘salting out’.



Conditions conducive to colloidal instability may render protein solutions cloudy due to
protein aggregation and subsequent precipitation. Formulation scientists oftentimes base
studies on this series to develop salt mixtures creating conditions optimizing both
conformational and colloidal stability.

HOFMEISTER SERIES

Kosmotropes Chaotropes

Figure 2.4 An illustration of the Hofmeister series [34].
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Chapter 3

Materials & Methods

3.1 Experimental Methods
3.1.1 Stock Solution Preparation

BSA stock solutions of 50mg/ml concentration were prepared in PBS (Fisher
BioReagents® BP2944-100) at pH 7.4, 50 mM Tris at pH 8.0 and several salt
solutions: ammonium sulfate (Fisher BioReagents® BP212-212), sodium bromide
(Sigma-Aldrich 02119-500G) and sodium chloride (Sigma-Aldrich S1679-500G). All
salt solutions were made in 50 mM Tris pH 8.0.

1.25 grams of BSA was weighed out in a KIMAX 25 mL volumetric flask with the
flasks subsequently being filled to the volumetric mark with solvent. Each solution
was stored at 2-4°C for a week prior to measurements. Two different BSA sources

were considered — Fisher and Sigma-Aldrich.

3.1.2 Filtration

All buffers and salt solutions were filtered with 0.1 pm alumina-based Anotop™
syringe filters (GE Healthcare Life Sciences). Final BSA stocks were further filtered
with 0.02 um syringe filters of the same composition preceding sample preparation.
Potential protein loss following stock solution filtration was monitored by measuring
BSA absorbance at 280nm before and after filtration. Any observed protein

concentration changes were determined from the Beer-Lambert relation (3.1)
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A=celc . (3.1)

Here A is the absorbance, | is the path length, c is the protein concentration and ¢ is
the protein extinction coefficient.

3.1.3 Characterization of Solutions before Sample Preparation

Prior to sample preparation, stock and filtered solutions were characterized using
asymmetric field flow fractionation (FFF) to analyze their aggregation state. A
regenerated cellulose membrane, offering minimal protein adsorption, with molecular
weight cut-off of 10kDa was used for the FFF separation. FFF is further explained in

section 3.2.

3.1.4 DLS

Dynamic light scattering is very sensitive to the presence of aggregates and dust.
Large particles can influence protein collective diffusion coefficient determinations;
hence meticulous sample preparation is paramount. A Zetasizer MicroV (Malvern
Laboratories) was used to perform the measurements presented in this thesis.
Samples were incubated at 25°C for 15 mins in a heating block prior to measurement

for temperature equilibration.

3.1.5 TDA

Taylor dispersion analysis also was used to determine protein collective diffusion
coefficients. In this method axial dispersion in laminar tube flow is measured and
the protein collective diffusion coefficient is determined via the method first outlined

by Taylor [38]. A Viscosizer 200 (Malvern Laboratories) was used for experiments.
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3.2 Protein Dispersion Characterization with FFF

Stock solution aggregation states were characterized by FFF prior to final sample preparation
for DLS and TDA analysis. FFF is a hydrodynamic macromolecule/particle separation
technique. Particle elution differs from size exclusion chromatography, since smaller
particles elute before larger ones. The particle sample is injected into a channel and focused
onto a separation membrane with a strong crossflow. During this focusing time, particles
begin to segregate by hydrodynamic size in that smaller particles are able to diffuse in the
direction against the crossflow. Following a sufficient focusing time, the laminar channel
flow is initiated and the fractionated particles are swept out by stream lines of varying
velocity with the smallest particles being swept out first owing to their greater diffusion
distance from the channel wall with the later eluting particles increasing in hydrodynamic
size. The channel dimensions decrease with channel length to further enhance the

fractionation capability (see Figure 3.1 [39]).

Inflow  Inflow _ Outflow
* (sample injection) Field (to detector)

- Upper Plate

Channel ——%
Flow —

= gotene  SE

v

Crossflow
Figure 3.1 A schematic elucidating the principle of FFF [38].
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The instrumental configuration consisted of an autosampler (Agilent) and HPLC pump
connected to an Eclipse asymmetric field flow fractionation unit (Wyatt Technology).
Fractionated samples are characterized with an Optilab refractive index and Dawn Heleos 11
multiangle light scattering detectors (MALS) from Wyatt Technology. The two detectors
provide access to the particle mass concentration and particle size respectively. The
instrument is controlled by Chemstation software used for setting up different separation
methods by varying injection volume, crossflow rate and elution time. Figure 3.2 illustrates a
typical FFF instrumental configuration.

Figure 3.2 FFF and ECLIPSE set up along with detectors [40] .
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A standard protein solution separation method was developed using Chemstation. The

method designed for BSA fractionation starts with an injection flow rate of 0.2ml/min,

focusing at 2 ml/min and followed by elution with cross flow rate of 4 ml/min down to 0

over 27 minutes. Table 3.1 lists the steps and duration of each fractionation sequence

step. PBS is typically used as the mobile phase for protein dispersion fractionation

because it is compatible with both typical samples and the cellulose membrane utilized in

the FFF.

Table 3.1 Method in FFF for sample characterization.

Duration Mode Start Cross End Cross
(Minutes) flow rate flow rate
(ml/min) (ml/min)

2 Elution 0 2

1 Focus 0 0

2 Focus +Injection 0 0

2 Focus 0 0

15 Elution 3 3

5 Elution 3 0
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3.2.2 FFF Data Interpretation

FFF chromatograms obtained during this study for different sources of BSA are shown in this
section. For these chromatograms, the blue line is the refractive index (RI) detector response
and as such is sensitive to the protein mass concentration - a large signal here indicates the
presence of significant protein mass. The red and magenta lines are the light scattering (LS)
detector responses. These two signals are proportional to the product of the protein mass
concentration and the particle molar mass (molecular weight). One should note that the
particle may be unaggregated, monomeric protein or protein aggregates. Large concurrent R
and LS detector responses indicate the presence of unaggregated proteins while small RI
response coupled with a large concurrent MALS or LS response is a sure indicator of protein

aggregates.

Two BSA sources were characterized using field flow fractionation - Sigma-Aldrich A7030-
10G and Fisher BSA Fraction V BP1600-100. The samples were prepared in PBS at a
concentration of 50mg/ml as previously described. Figure 3.3 illustrates a typical FFF
chromatogram for the Sigma-Aldrich BSA. Significant Rl and LS peaks (blue and red
signals) appear between 11-12 minutes. Analysis of molar mass and hydrodynamic radius
from the LS measurements indicate that this peak corresponds to unaggregated, or
monomeric, BSA. BSA is known to have hydrodynamic radius of about 3.4nm [41]. The
chromatogram was compared to that of a BSA standard provided by Wyatt technology
confirming monomeric BSA. The shoulder trailing the primary peak exhibits a low RI signal
in conjunction with a significant LS signal consistent with the presence of BSA aggregates —
the later elution time supports this interpretation as well, that is, larger particles elute after

smaller ones. The LS molar mass measurement confirms this observation.

This sample was assessed over a period of 20 days and an aggregate shoulder was observed
each time. Figure 3.4 illustrates separation of the same sample post sonication. It can be seen

that sonication had very little, if any, effect on the Sigma-Aldrich BSA aggregation state as
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presence of aggregates is still seen. Significant quantities of aggregates were still present in
the sample after dilution to 10mg/ml and after filtration with 0.02 um filters (Figure 3.5).

Filtration with 0.02 um filter also had a negligible effect on the aggregation state of Sigma-
Aldrich BSA in PBS at 50mg/ml as seen in Figure 3.6.
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Figure 3.3 FFF separation of Sigma-Aldrich BSA in PBS 50mg/ml.
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Figure 3.4 FFF separation of Sigma-Aldrich BSA 50mg/ml following sonication for 2 minutes.
Sonication has very less impact on aggregation state.
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Figure 3.5 FFF separation of Sigma-Aldrich BSA 10mg/ml following filtration with a 0.02 um
syringe filter.
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Figure 3.6 FFF of Sigma-Aldrich BSA in PBS, 50mg/ml before (above) and post filtration (below).
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BSA Fraction V from Fisher exhibited a much smaller, and almost negligible, shoulder in
comparison with the Sigma-Aldrich material as shown in Figure 3.7 and 3.8 below. Thus,

Fisher BSA was chosen for all the experimental measurements reported here as very little
aggregation was observed.
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Figure 3.7 FFF separation of Fisher BSA in PBS at 50mg/ml stock solution before filtration.
Negligible aggregation is seen as compared to BSA from Sigma-Aldrich.
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Figure 3.8 FFF separation of Fisher BSA in PBS at 50mg/ml post filtration using 0.02 pm filters.
Filtration has no significant effect.
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Chapter 4

Dynamic Light Scattering

4.1 Introduction

Light scattering from solutions is the result of dielectric constant or refractive index
fluctuations that occur due to molecular Brownian motion. The continuous movement causes
a Doppler effect, a shift in wavelength of incident light upon scattering, which is related to
the particle diffusion coefficient for the case of particle dispersions [42]. For the case of
protein solutions, light scattering is a result of fluctuations in the concentration of each
component of the solution. Because of their size, protein concentration fluctuations, or local
changes in protein concentration, is the principle source of this light scattering and are driven
by protein thermal or Brownian motion. DLS methods measure the scattered light intensity
fluctuation correlation function. Protein solution DLS measurements will yield the relaxation
time of these concentration fluctuations. This relaxation time is directly related to the protein
collective diffusion coefficient and, therefore, the protein size via the Stokes-Einstein
relation. The relaxation time increases with increasing particle size. Figure 4.1 displays the
setup of a DLS instrument. A typical DLS instrument consists of a laser light source, photon
detector and digital correlator [43].
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Figure 4.1 Standard dynamic light scattering experimental configuration [43].

4.2 Theory

As stated previously, laser light scattering from protein solutions will exhibit fluctuations in
the scattered intensity owing to composition fluctuations primarily resulting from the thermal
or Brownian motion of the protein molecules [44] [45]. The scattered light intensity is
measured at a fixed angle. The scattered light intensity fluctuation timescale is determined by

correlation analysis [9]. The scattered light intensity autocorrelation function is given by

(1)1t + 7))

@ ()= i
TO 0

(4.1)

Here I(t) is the intensity of light scattered at time t and t denotes the delay or lag time. A
seemingly ‘white noise’ intensity temporal trace can be shown to actually contain
information regarding the relaxation times associated with refractive index fluctuations
driving the observed light scattering. A single relaxation time spectrum, as for the case of

monodisperse protein solutions, is shown in Figure 4.2 [43].



36

At short times the protein dispersion has undergone very little structural rearrangement so the
autocorrelation is high, but at sufficiently long times the structural rearrangement has
proceeded to the point that the autocorrelation function will begin to decay and at sufficiently
long time scales all correlation will be lost.

0.0 oy ' PSRRI
t 0.0001 0001 001 04 1 0 100

lag time [ms]

Figure 4.2 Scattered intensity fluctuations and the scattered intensity autocorrelation function [43].

Because small particles diffuse faster than large particles, their scattered light intensity
autocorrelation function will decay more rapidly than that for large particles. This is
illustrated in Figure 4.3 [42].
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Figure 4.3 Intensity autocorrelation function for small and large particles [42].
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Figure 4.4 Intensity fluctuation timescale for small and large particles [46].

37



38

Experimental limitations cause measured scattered intensity autocorrelation functions to
differ from the idealized form illustrated in Figure 4.3. These experimental factors include
background noise and problems associated with the detection optics limitations. Therefore,
the typical experimentally determined scattered intensity autocorrelation function will exhibit

the following form:
g (7)=B+ 2" (42)
where B is the baseline, 3 is the correlation amplitude at zero delay, q is the scattering vector

and D is the particle (protein) collective diffusion coefficient [47] [48] [49] . The scattering

vector is defined as follows:
4m .
q ZZSII'(Q/Z) (4.3)

Here n denotes the solvent refractive index, Aq is laser wavelength in vacuo and & is the
scattering angle. The infinite dilution particle (protein) diffusion coefficient, Dy, is related to
the particle (protein) size via the Stokes-Einstein relation:

kgT
DO = B
67nRy

(4.4)

Here kg is Boltzmann’s constant, T is temperature, n is the solution viscosity and Ry is the
particle (protein) hydrodynamic radius. The term hydrodynamic radius denotes the fact that
the radius is measured by a hydrodynamic method; the proteins are dispersed in aqueous
media whose presence influences the measurement. One should note that application of the

Stokes-Einstein relation requires the assumption of spherical shape [50].
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4.3 DLS Data Analysis

The simplest method for analyzing the scattered light intensity autocorrelation function
would be to apply equation 4.2 to the collected data. However, this approach will fail for
essentially every data set collected owing to experimental and sample limitations. Equation
4.2 would only be valid if the sample was absolutely monodisperse and there were no
experimental artifacts owing to optical train, detector and electronic random errors. Small
deviations will lead to the presence of a stretched exponential. A moment analysis of
equation 4.2 provides access to mean relaxation time and the variance (width) of the
relaxation time distribution. It is also known as the Cumulant method [51]. The presence of
aggregates, even a small amount, will lead to an increase in the mean relaxation time thereby
obscuring the relaxation time of the monomeric proteins which is the focus of this study. An
alternative approach is to utilize regularization methods to ‘invert’ the correlation function
into a relaxation time distribution which can be converted to size distribution. Regularization
methods utilize the so-called principle of parsimony to ensure that the relaxation time
spectrum is not overinterpreted to yield an unnecessarily complex relaxation time distribution
[52]. These methods are well established and robust. The results presented in this thesis will
utilize the monomeric protein relaxation time as determined by regularization analysis to
remove the contribution from the small population of protein aggregates present in all of the

samples considered here.

4.4 Dynamic Light Scattering Characterization of Particle and Protein
Dispersions

This section describes and compares dynamic light scattering collected for polystyrene latex
and protein dispersions based on both cumulant method and regularization to shed light on
the differences. The former system is ideal in that it is a monodisperse dispersion of spherical

particles an order or magnitude larger than typical proteins. This significantly larger size will
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provide much stronger light scattering signal than that found for proteins since the scattered

intensity is proportional to the square of the particle volume [42].

4.4.1 Polystyrene Latex Spheres

Figure 4.5 shows a typical scattered intensity autocorrelation function measured for our
model polystyrene latex spheres at a volume fraction of ~ 0.0625%. Polystyrene lattice
hydrodynamic size was determined to validate the method and system prior to BSA
measurements. A typical regularization inversion of the collected data yields the intensity
weighted particle size distribution (radius in nm) illustrated in Figure 4.6. The regularization
routine estimates the polystyrene latex particle diameter as 22.8 + 0.3 nm, while cumulants
analysis yields a value of 21.9 nm. Both methods indicate the polystyrene latex dispersion is
very monodisperse. The manufacturer, ThermoScientifc, reports a certified value of 21 + 2

nm in excellent agreement with the values measured with the BTEC Zetasizer pV.
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Figure 4.5 Scattered light autocorrelation function measured for 20 nm in diameter polystyrene latex

spheres.
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Size Distribution by Intensity
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Figure 4.6 20 nm polystyrene latex intensity weighted size distribution as measured by dynamic light
scattering. The y axis shows intensity and the x axis shows the radius in nanometers.

4.4.2 BSA in PBS and 50 mM Tris/2 M Ammonium Sulphate

Although the current study has considered BSA dispersed in numerous solvents, in this
section the focus will be on the dynamic light scattering data collected for two different
solvents, PBS and 50 mM Tris/2 M ammonium sulphate, where the former yields repulsive
protein-protein interactions compared to the latter inducing the attractive forces. A typical
scattered light intensity autocorrelation function measured for BSA dispersed in PBS is
shown in Figure 4.7. The correlation function is well behaved in that it exhibits a single

relaxation time or decay rate.
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Figure 4.7 Scattered light intensity autocorrelation function for BSA in PBS, 50mg/ml.

The regularization analysis yields the following intensity weighted size distribution (Figure
4.8) illustrating that a population of aggregates is present. As mentioned earlier, the light
scattering intensity is proportional particle volume so the aggregate peak shown here is
indicative of a relatively small number of aggregates. Cumulants analysis will reflect the
presence of the aggregates by reporting a mean radius that is larger than that measured by the
regularization method as mentioned in the Data Analysis section of this chapter therefore the
monomeric peak size as determined by the regularization method is reported throughout this

document.
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Figure 4.8 Size Distribution by Intensity for BSA in PBS 50mg/ml. The monomeric peak for BSA is
at around 3.8nms. Smaller peak close to 100nm represents aggregates or large particles such as dust.

A scattered light intensity autocorrelation function measured for BSA dispersed in 50 mM
Tris/2 M ammounium sulphate is shown in Figure 4.9. This correlation function indicates
that there are two well separated relaxation times indicative of the presence of two species,
monomeric BSA and larger aggregates when attractive protein-protein interactions are
operative. Sample preparation was difficult in that our standard 50 mg/ml stock solution
approach failed with significant precipitate being present. Further dilution to 25 mg/ml
dissolved the precipitate but yielded a fairly turbid solution. Subsequent dilution to 10
mg/ml provided a visibly clear solution, but there was a high likelihood that some
irreversibly aggregated material may still exist as confirmed by the DLS measurements

shown here.
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The 50 mM Tris/2 M ammonium sulphate BSA collective diffusion coefficient data

presented later in this chapter were collected for a stock solution originally formulated at

only 10 mg/ml BSA concentration to minimize the formation of BSA aggregates.
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Figure 4.9 Correlation function for 8mg/ml of BSA in 50mM Tris/2 M ammonium sulphate.

The regularization analysis yields the following intensity weighted size distribution (Figure

4.10) illustrating that two populations of aggregates are present — one that is similar in size as

that found for BSA in PBS as well as some material consisting of larger aggregates.
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Since the light scattering intensity is proportional to particle volume so the aggregate peaks
shown here are indicative of a relatively small number of aggregates — especially the large
aggregate case. The increased monomeric BSA size is indicative of attractive protein-protein
interactions in 2 M ammonium sulphate. This shows impact of solvent type on interactions.
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Figure 4.10 Size Distribution by Intensity for BSA 8mg/ml in 50mM Tris /2 M ammonium sulphate.
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4.5 Protein Solution Collective Diffusion Coefficient Measurements

While the previous section compared DLS data for polystyrene latex and protein dispersions,
here the effect of buffer composition on the protein collective diffusion coefficient

concentration dependence is considered for several representative solution compositions.
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Diffusion coefficients for BSA were calculated from the monomeric peak size obtained from
regularization (See Appendix A for values of diffusion coefficients). BSA is known to have a
diffusion coefficient of 6.3 x 10e-7 cm?/s when dispersed in NaCl solution of ionic strength
0.1 M measured by DLS [41].

4.5.1 Comparison of Different Buffer Compositions

The solution compositions considered here include 50 mM Tris (pH 8.0), PBS (pH 7.4) as
well as 1 and 2 M ammonium sulphate solutions prepared in 50 mM Tris (pH 8). All the
solutions considered here will yield negatively charged BSA since its pl of 4.7 is lower than
the buffer pH. Collective diffusion coefficient versus concentration is presented for each

buffer composition in figure 4.11.

The BSA collective diffusion coefficient increases with increasing BSA concentration for
both Tris and PBS with Tris exhibiting a stronger positive slope than PBS. Under these
conditions, due to electrostatic repulsions, proteins will diffuse faster owing to the repulsive
interactions. The observed infinite dilution diffusion coefficient, or self diffusion coefficient
(Chapter 2) variation results from changes in solvent viscosities. For example, the
approximately 20% change in the infinite dilution diffusion coefficient (Figure 4.11 y —axis)
observed when comparing BSA in Tris and Tris/l M ammonium sulphate solutions
correlated with a 20% change in buffer viscosity. The absolute viscosities for Tris and 1M
ammonium sulphate taken into account here are 1.01 and 1.21 cP respectively [53]. Thus, the
more viscous Tris/1 M ammonium sulphate exhibits a smaller infinite dilute diffusion

coefficient value for BSA as it tends to diffuse slower.
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Figure 4.11 Concentration dependence of diffusion coefficient for different solvents.
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Figure 4.12 Dynamic Debye Plot to determine interaction parameter kp from the slope.

In order to highlight protein-protein interaction differences a dynamic Debye plot (Figure
4.12) is created wherein the normalized collective diffusion coefficient is plotted as a
function of concentration in order to eliminate the role of solution viscosity. Recalling

equation (2.5) which is shown for clarity below
D=Do[1+kpC+ -] (4.5)
It is apparent the varying slopes indicate different values of the protein-protein interaction

parameter kp. The measured kp values obtained for different solvents are shown in Figure
4.13.
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Figure 4.13 Interaction parameter kp for different solvents. Y- axis represents the values for kp.
X-axis shows different solvents for the respective data points for kp.

The lower kp for BSA in PBS than observed for Tris likely arises from the presence of 127
mM NaCl in PBS. NaCl will decrease electrostatic repulsion via a decrease in the electrical
double layer thickness. For BSA in 50mM Tris/AM ammonium sulphate kp approaches a
negative value indicative of a decrease in electrostatic repulsion owing to the presence of the
ammonium sulfate at high concentrations thereby greatly decreasing the electrical double
layer thickness in comparison with that found for the case of 50 mM Tris alone. A negative
kp was observed for 50 mM Tris/2M ammonium sulphate thereby indicating attractive
interactions which is in agreement with difficulties observed with high concentration solution

preparation in the buffer.



o1

4.5.2 BSA in Ammonium Sulphate

Ammonium sulphate concentration (0.1, 0.2, 0.5, 1 and 2 M) was varied in 50 mM Tris.
Ammomiun sulphate was considered to highlight the impact of a highly kosmotropic salt on
protein-protein interactions. Initial BSA stock concentration for each solution was 50mg/ml.
The 2 M ammonium sulphate stock solutions was very cloudy as stated earlier compared to
lower ionic strength solutions. This solution was allowed to dissolve for an additional day

and stored at 2-4°C. BSA precipitation was observed for this case.

When a sufficiently concentrated protein solution is kept at conditions below its ‘cloud-point’
temperature the solution splits into two immiscible forms leading to phase separation and
sedimentation of the coacervates [54]. 2 M ammonium sulphate solution was further diluted
to 25mg/ml where it was observed to remain turbid with slight precipitation. To avoid large
aggregates which could cause artifacts in the DLS measurements the solution was further
diluted to 10mg/ml.
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Figure 4.14 Collective diffusion coefficient. 50mM Tris compared to different concentrations of
ammonium sulphate.

The effect of ammonium sulphate concentration on the protein collective diffusion is shown
in Figure 4.14. Once again the change in the infinite dilution coefficient value is well
correlated with changes in solvent viscosity. The protein collective diffusion coefficient
concentration dependence begins to weaken as ammonium sulphate is added to the solution
resulting from a decrease of the electrical double layer repulsion owing to concomitant
diminishment of the electrical double layer thickness. Eventually electrostatic repulsion is
entirely screened and attractive interactions become prominent. This is most likely the

scenario for the case of the 1 M solution and definitely the situation for the 2 M solution as
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indicated by the negative protein collective diffusion coefficient concentration dependence.
The electrostatic screening increases the hydrophobic nature of the BSA surface thereby
leading to attractive protein-protein interactions driven by the so-called hydrophobic effect.
Such conditions act as precursors for protein aggregation. The determined kp values are

shown in Figure 4.15.
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01M 0.2M 05M 1M 2M

Figure 4.15 Interaction parameter kp for BSA dispersed in different concentrations of ammonium
sulphate. X-axis represents different concentrations of ammonium sulphate for the respective kp data
points.
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4.5.3 Comparison of Different Salts

Hofmeister effect (Chapter 2) was assessed by comparing ammonium sulphate, NaCl and
NaBr at the same molarity of 1M — keep in mind that the ammonium sulphate is at a different
ionic strength for this case and as such it is a much more effective screener of electrostatic
repulsion. All the solutions were at pH 8.0 giving BSA a negative charge. Figure 4.16 shows
the protein collective diffusion coefficient concentration dependence for all three solutions,
and the respective kp values are plotted in Figure 4.17. As expected ammonium sulphate has
a greater effect on the observed behavior based on its position in the Hofmeister series and
the fact that it is present at greater ionic strength. NaCl and NaBr are in their expected
positions as well with NaCl being a more effective screener of electrostatic repulsion. This
phenomenon is driven by the fact that Br™ is a more polarizable anion than CI" and as such
will be a higher affinity coion for the Na* counterions that are attracted to the negatively

charged BSA surface.
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Figure 4.16 Comparison of diffusion coefficient of NaBr, NaCl and ammonium sulphate.
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Figure 4.17 Comparison of kp values for NaBr, NaCl and ammonium sulphate.

This chapter demonstrated the utility of using dynamic light scattering to characterize
protein-protein interactions. The BSA collective diffusion coefficient concentration
dependence was determined for BSA dispersed in 50 mM Tris solutions both in the absence
and presence of salts such as ammonium sulphate, sodium chloride and sodium bromide in
order to investigate the impact of so-called specific ion effects on protein-protein
interactions. The two prime phenomena noted here were (a) the effect of ion concentration
and (b) the effect of ion type. Ammonium sulphate solutions of varying concentration were
used to demonstrate the effect of ion concentration on electrostatic repulsion and thereby
protein-protein interactions. Electrostatic repulsion is observed to decrease with increasing
ammonium sulphate concentration as expected. The role played by ion type was shown by
considering NaCl and NaBr in conjunction wherein protein-protein interactions were found

to be in agreement with the predictions of the Hofmeister series.
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Chapter 5

Taylor Dispersion Analysis

5.1 Introduction

British fluid dynamicist G. I. Taylor was the first researcher to describe the dispersion of a
dissolved solute following its introduction to a laminar circular pipe flow in 1953 [38].
Taylor established a relationship between the observed solute dispersion and the solute
collective diffusion coefficient for the case wherein axial convection dominates axial
diffusion. Taylor first demonstrated the method of so-called Taylor Dispersion Analysis
(TDA) by determining the potassium permanganate collective diffusion coefficient in
aqueous solutions. Aris further extended Taylor’s theoretical work in 1955 [55]. Recent
investigations have demonstrated TDA is a robust method for fast and accurate diffusion
coefficient measurements. More recently, TDA has been compared to traditional DLS as a

hydrodynamic sizing technique [56].

5.2 Theoretical Overview

G.l. Taylor considered the solution of the following convective diffusion equation for

laminar flow in a circular tube [57]

a& a& Fc 10 &
—+u(r)—=D—F+-—|r—
a a a’ ra\ a

(5.1)
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where c is the solute concentration, u(r) is the velocity profile, D is the solute diffusion
coefficient, r is the radial position, z is the distance along the tube and t is time. The velocity

profile for laminar flow in a circular tube is given by

=21

where R is the tube radius and <V> is the area-averaged fluid velocity. Taylor derived an

(5.2)

expression for the area-averaged concentration, <c>,., profile following a solute delta-pulse
input for the case where axial convection dominates axial diffusion. The area-averaged

concentration profile is proportional to a modified Gaussian profile,

(-v)t)
<C>areaOC\/f [ 4Dt }

where D* is an effective dispersion coefficient. Aris later demonstrated that the effective

(5.3)

dispersion coefficient is given by

48D . (5.4)

The dispersion is increased by velocity gradients with faster diffusers proving to be most

capable of diminishing the velocity gradient induced dispersion.
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The Viscosizer™ 200 determines the solute dispersion coefficient and, ultimately the solute
diffusion coefficient, by comparing the widths of the solute peak measured at two different
times (or distances along the circular tube). Denoting the peak width as t, the diffusion

coefficient is calculated from

_Ri(t.-t,)

- 2 2
24(7; rl) (5.5)

where 1 and 2 denote the first and second peak respectively, t denotes the peak arrival time
[58]. It is assumed that

48D (5.6)

as first proposed by Taylor for the case wherein axial convection dominates axial diffusion.
A moments analysis of equation (5.1) under the assumptions of Taylor yields a peak arrival
time (first moment) given by t; = Li/<V> where L; is the distance to the peak i detection
window. The peak width (second moment) corresponding to this condition is given by (t; )?
= 2D*L; /<V>°,

5.3 Taylor Dispersion Measurements
5.3.1 Spreading of a Solute Delta-Pulse Input

Figure 5.1 illustrates solute plug flow through a capillary. When the sample front reaches
detection window W1, absorbance increases to a maxima at highest concentration and soon
drops down to the baseline once the plug passes the entire window yielding the area-averaged

longitudinal concentration profile.
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A similar phenomenon is observed at window W2, however the observed area-averaged
concentration profile exhibits a larger width than is observed at W1. As noted previously,
faster diffusing solutes yield smaller effective axial dispersion coefficients. Figure 5.2
displays the area-averaged concentration profiles observed at each window for BSA in
dispersed in PBS at a 5mg/ml injection concentration. It is apparent that the peak detected at
W?2 is broader than the peak observed at W1 indicating that further dispersion has taken place
in the intermittent time. The protein diffusion coefficient can be calculated from equation 5.5
by incorporating variance and absorbance peak times at W1 and W2,

AN 2 AN
w1 w2 w1 w2 L1} ]

AP AP

JEE BYE B

w V3 V2 Vi i vz Vi

Figure 5.1 Injection of sample plug and flow across detection windows 1 and 2 [58].
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Figure 5.2 Taylor dispersion trace for an injection of 5mg/ml BSA dispersed in PBS.

5.3.2 Taylor Dispersion Analysis Determination of BSA Diffusion Coefficients

Representative BSA diffusion coefficients determined from Taylor dispersion analysis are
presented as a function of BSA injection concentration in Figure 5.3. This case of BSA
dissolved in 50 mM Tris was previously considered in Chapter 4 wherein dynamic light
scattering measurements of the BSA diffusion coefficients are presented. While the focus is
on TDA in Chapter 5, the DLS and TDA measurements are compared and discussed in
Chapter 6. Here it will suffice to note the same qualitative behavior is observed. That is, the
BSA collective diffusion coefficient is observed to increase with increasing BSA
concentration as expected for this case of repulsive protein-protein interactions. The noisy
low concentration data owes to the use of the 280 nm optical filter for entire measurement

series with sensitivity being greatly diminished for concentrations less than 10 mg/ml (see
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Figure 5.3). Though, for accurate measurements of concentrations below 10mg/ml a 214nm
filter should be used (Section 5.2.4), here in order to show the overall trend of diffusion

coefficient a 280nm filter was used for all concentrations.
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Figure 5.3 Diffusion coefficients measured for BSA dispersed in 50 mM Tris as a function of BSA
injection concentration. The measurements were made with a 280nm filter.

5.3.3 Observation of Injection Concentration Dependent Peak Arrival Times

An interesting observation was made regarding the arrival time of peak 2. This effect is
illustrated in Figure 5.4 where the area-averaged concentration profiles of BSA in PBS

solutions of varying injection concentration are displayed. Focusing on detector window 2
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(the second peak in Figure 5.4) it is readily apparent that the peak 2 arrival time increases as

the BSA injection concentration is increased from 10 to 50 mg/ml.

Absorbance (mAU)
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6 8 10 12
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Figure 5.4 Taylor dispersion peaks observed for BSA dispersed in 50 mM Tris for BSA injection
concentrations of 10, 20 30 and 50mg/ml. An increase in absorbance and an increase in the second
peak arrival time are observed with increasing BSA concentration.

One primary assumption of Taylor’s analysis is that the problem is quasi-steady such that the
concentration profile should be translated with mean speed <V> [38]. This condition is
obviously being violated in the measurements presented here since the peak 2 arrival time is
not constant and actually increases with increasing BSA injection concentration. There is a

very slight shift of peak arrival time shift to later times for the case of peak 1 as well.



64

In general the arrival time of the peak maximum is given by [59]

7
: (5.7)

for the case of a constant D*. Consideration of this expression in relation to the observations
of Figure 5.4 indicates the effective dispersion coefficient is increasing with increasing BSA
injection concentration. An increasing dispersion coefficient is indicative of a decreasing
BSA collective diffusion coefficient with increasing BSA concentration. However, the DLS
measurements presented in Chapter 4 demonstrate the BSA collective diffusion coefficient
will increase with increasing BSA concentration for BSA dispersed in 50 mM Tris — as
expected for this case of repulsive protein-protein interactions. In addition, the second term
in equation (5.7) is less than 1% of the first term when calculated with the appropriate
physical constant values. Finally, the system under considerations is well within the
geometric and Peclet number limits required by the Taylor-Aris solution to the constant
diffusion coefficient convective diffusion equation. This indicates the observed delay in the
peak 2 arrival time must result from some phenomenon not accounted for at the level of the
Taylor-Aris approximation. The discrepancy most likely results from the collective diffusion
coefficient concentration dependence altering the dispersion process in a manner that cannot

be captured by the approximations inherent to the Taylor-Aris analysis.

The correct convective diffusion equation includes a concentration dependent collective

diffusion coefficient, D(c),



65

This exact convective diffusion equation is a topic of current study within at BTEC.
Assuming that the collective diffusion coefficient concentration dependence is described in
the standard manner (equation 2.5), it is hoped that the protein interaction parameter kp can

be extracted from a single Taylor dispersion measurement.

5.3.4 Linear Light Absorption Concentration Range

Optical filters of different wavelengths (214, 254 and 280nm) are provided for Viscosizer 200
from Malvern. When characterizing protein solutions the 214 nm filter is recommended for
concentrations below 10 mg/ml with the 280 nm filter utilized for all higher concentrations.
If the 280 nm filter is used for concentrations lower than 10mg/ml noisy, low signal
concentration traces will result. In order to assess the suitability of this recommendation,
TDA measurements of BSA in Tris 50mM pH 8.0 were performed using both 280 and 214
nm optical filters. In Figure 5.5 the measured light absorption is presented as a function of

protein (BSA) concentrations up to and including 100 mg/ml.
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Figure 5.5 Viscosizer 200 light absorbance measurements for BSA dispersed in 50 mM Tris using
214 and 280 nm optical filters.

Two observations are important. First, the 214 nm absorbance values become non-linear
very quickly and it appears the protein concentrations < 10 mg/ml recommendation is valid.
Secondly, although the 280 nm absorption is linear across the entire concentration range
considered here, the weak absorbance values observed for the low concentrations behooves

the use of the 214 nm filter for this concentration range.

In order to demonstrate the potential errors that can result from an improper filter choice,
TDA diffusion coefficient determinations were conducted with both optical filters for BSA
solutions of varying injection concentrations.  The optical filter choice influences the
measured diffusion coefficient values to the point of obscuring the actual behavior. The
resultant measurements are shown in Figure 5.6. DLS measurements unequivocally

demonstrated that the collective diffusion coefficient of BSA dispersed in Tris increases with
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increasing BSA concentration (Chapter 4). This expected trend is confirmed when the 280
nm filter is utilized in TDA measurements — albeit the low concentration data is very noisy.
However, when the 214 nm filter is utilized the completely opposite trend is observed — the
BSA collective diffusion coefficient decreases with increasing concentration. This
discrepancy results from overestimating the half height peak width of absorbance. It has been
qualitatively understood that overall peak absorbance is truncated because of a loss of
sensitivity when using the 214 nm filter at high concentrations. This was related to the non-
linearity shown in Figure 5.5. This leads to an overestimation of the dispersion coefficient,
which in turn yields an underestimated diffusion coefficient. The optimal measurement
method would utilize the 214 nm filter at low concentrations (< 10 mg/ml) and 280 nm at

higher.

Diffusion Coeffcient (um?/s)
6 3 &8 8 & 8 3 & 8
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Figure 5.6 Diffusion coefficients for BSA in 50 mM Tris measured for the cases of 214 and 280 nm
optical filters. Y-axis represents diffusion coefficient that starts to follow an opposite trend for 214 vs
280 with increase in concentration beyond 10mg/ml as seen in the above Figure.
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5.4 Conclusions & Summary

This chapter outlined the basic principles of the Taylor dispersion analysis method for
determining solute diffusion coefficients. TDA was capable of capturing the qualitative
behavior of the protein collective diffusion coefficient concentration dependence given a
proper choice of optical filter to ensure the dispersion peaks are properly measured.
Deviations from the expected Taylor analysis behavior were observed for sufficiently
concentrated protein solutions. It is proposed the observed deviations are a result of
neglecting the protein collective diffusion coefficient concentration dependence as part of the
Taylor analysis of the convective diffusion equation. As demonstrated in Chapter 4, the
concentration effects on protein-protein interactions can be quite pronounced for the protein

concentrations considered here.



69

Chapter 6

DLS and TDA Comparison

This chapter compares and contrasts protein collective diffusion coefficients measured by
both dynamic light scattering and Taylor dispersion analysis. The measured values are
considered qualitatively and quantitatively during the discussion. (See Appendix A for

diffusion coefficient values)

6.1 Results & Discussion

Following the linear concentration range study performed for TDA (Chapter 5),
measurements of concentrations < 10mg/ml were conducted with a 214nm optical filter and a
280nm filter for higher than 10mg/ml. TDA and DLS measurements were carried out on the
same day to minimize any sample aging effects. For data represented in this Chapter, BSA in
Tris solution was filtered with 0.02 pum filters prior to measurement and BSA in PBS and
Tris/L M ammonium sulphate solutions were filtered using 0.1 um filters. No significant
difference was observed between filtration with 0.02 versus 0.1 um filters based on FFF

separation and absorbance.

There are several things to keep in mind when considering these data. First, the DLS data
depicts the true collective diffusion coefficient value for a given protein concentration since
this concentration value is fixed at all points within the sample volume. Secondly, the
protein concentration reported for the TDA measurements is the injection concentration. Not
only is the protein concentration diluted upon injection into the TDA analyzer, but the

protein concentration varies in space and time throughout the measurements. This will have
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some impact on the measured protein collective diffusion coefficient values as well as their

concentration dependence as will be demonstrated here.

Figures 6.1-6.3 display the protein collective diffusion coefficients measured by DLS and
TDA for BSA dispersed in 50 mM Tris, PBS and 50 mM Tris/1 M ammonium sulphate.
While the qualitative agreement between data sets is quite good based on the trends observed
for BSA diffusion coefficient with increase in concentration, fairly significant quantitative

differences are observed (Table 6.1).
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Figure 6.1 BSA diffusion coefficient in 50 mM Tris. Comparison of results from DLS and TDA.
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Figure 6.2 BSA diffusion coefficient in PBS. Comparison of results from DLS and TDA.
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Figure 6.3 BSA diffusion coefficient in 50 mM Tris/1 M ammonium sulphate. Comparison of results
from DLS and TDA.
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The quantitative agreement between DLS and TDA at sufficiently low protein concentrations
is quite good. Recall that the protein collective diffusion coefficient concentration
dependence will not be very pronounced at low concentrations other than the case of very
large magnitude kp values. Quantitative, that is, diffusion coefficient value differences are
most noticeable at the higher concentrations where the effects of protein-protein interactions
take on greater importance. The most pronounced quantitative differences occur for BSA
dispersed in 50 mM Tris. The disagreement here is a result of the relatively strong repulsive
protein-protein interactions present in that system leading to a strong protein collective

diffusion coefficient concentration dependence.

Quantitative differences diminish as the protein-protein interactions decrease as the buffer
changes from 50 mM Tris to PBS. The difference in diffusion coefficient measurements of
TDA and DLS was observed to be greater with increasing concentration as can be seen in
Figures 6.1 and 6.2. BSA in Tris/I M ammonium sulphate system exhibits very little
protein-protein interactions understood qualitatively by looking at the slope (Figure 6.3) and
quantitatively by much lower values of kp (Table 6.1). This is indicated by the negligible
protein collective diffusion concentration dependence observed for both DLS and TDA

measurements.

Some of the observed discrepancies between DLS and TDA measurements at high
concentrations result from the fact the presented protein concentrations for the TDA
measurements are the protein injection concentrations. In actuality the protein concentration
will be less than this value owing to dilution effects thereby decreasing the protein collective
diffusion coefficient for the case of repulsive protein-protein interactions (kp > 0). In
addition to this fact, one must consider the manner in which TDA determines collective
diffusion coefficients. While Taylor’s original analysis assumed the collective diffusion
coefficient was constant, the protein dispersions considered here will exhibit concentration

dependent collective diffusion coefficients with these effects being most pronounced for the
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large protein injection concentrations. The protein concentration will vary across the
dispersion peak with lower concentration protein solutions exhibiting smaller collective
diffusion coefficients than the large concentration regions. As such, the dispersion peak
concentration profile will not be that described by Taylor in his original solution of the

problem.

As noted in the previous chapter, the solution of the convective diffusion equation for this
case is quite complex and is a subject of current study in the BTEC research group.
However, the expected overall effect is a reduction in the collective diffusion coefficient
values measured via TDA in comparison with those found from DLS measurements. This
owes to the fact that the average protein collective diffusion coefficient in the TDA
measurement is smaller than its peak value which in turn is still smaller yet than the value
measured by DLS. The smaller slopes observed for the protein collective diffusion
coefficient concentration dependence in Figures 6.1-6.3 confirm this expectation. The
quantitative differences are shown in Table 6.1 where the determined protein interaction
parameter, kp, values are presented for the DLS and TDA methods. While the TDA method
can capture the qualitative protein-protein interaction trend, it is apparent that the TDA
significantly underestimates the strength of protein-protein interactions thereby preventing
the use of traditional TDA analysis for characterizing protein-protein interactions in a

quantitative manner.



TABLE 6.1 Interaction parameter (kp) values from DLS and TDA.

kp values from different solvents (ml/g)

Technique 50mM Tris PBS 50mM Tris/IM
ammonium
sulphate
DLS 10.7 4.4 2.0
TDA 2.9 1.2 0.6
% decrease in kp 72.89 72.72 70

from DLS to
TDA
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Chapter 7

Conclusions & Future Work

7.1 Conclusion

Protein-protein interactions play a primary role in determining colloidal stability. DLS was
confirmed as a robust method for characterizing protein-protein interactions albeit with some
remaining ambiguities pertaining to the accessibility of fundamental interparticle interaction
parameters such as the second osmotic virial coefficient via this method. TDA was
considered for the first time ever as a tool for investigating protein-protein interactions.
While TDA was demonstrated to qualitatively capture the correct protein-protein interaction
behavior by giving similar trends to DLS, it was observed to fail quantitatively for strongly
interacting protein concentrations at sufficiently high concentrations. This failure is believed
to occur as a consequence of the assumptions inherent to current Taylor dispersion analysis
approaches to data analysis. The primary constraining assumption is that of a constant
protein collective diffusion coefficient. However, the DLS measurements presented herein
demonstrate that the protein collective diffusion concentration dependence can be quite
pronounced for many typically encountered protein solutions. Neglecting the protein
collective diffusion coefficient concentration dependence will lead to an underestimation of
the actual protein collective diffusion coefficient determined from TDA thereby

underestimating the magnitude of protein-protein interactions.
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7.2 Future Work
7.2.1 Taylor Dispersion Analysis

Work to date indicates the protein collective diffusion coefficient concentration dependence
plays a significant role in Taylor dispersion analysis. As shown in Chapter 5, the convective
diffusion equation is not amenable to standard Taylor-Aris analysis when a concentration
dependent collective diffusion coefficient is considered. Current work in BTEC focuses on
developing new analytic methods for tackling this modified convective diffusion equation in
an attempt to develop a method that will allow for the determination of the protein
interactions parameter, kp, from a single dispersion measurement. If this research track
succeeds it will prove highly beneficial as a high-throughput technique, compared to the
traditional methods such as DLS, for characterizing protein-protein interactions and gain

insight into protein dispersion colloidal stability.

7.2.2 Solidifying DLS-based Methods for Assessing Protein Colloidal Stability

Research at BTEC will also focus on utilizing simultaneous SLS and DLS experiments to
assess the applicability of the Prinsen-Odijk theory of protein-protein interactions. This
experimental approach will allow for the direct comparison of By, and kp and it is hoped it
will provide a means for assessing B, indirectly via DLS measurements. Future work will
include the consideration of other proteins and buffer compositions with the objective of a

very detailed study of ionic strength effects for several salts following the Hofmeister series.
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APPENDIX A — Diffusion Coefficient Values

The Viscosizer (TDA) reports diffusion coefficient in pm?sec and these values were
converted to cm?/sec.
For DLS measurements, the diffusion coefficient was calculated by applying Stokes-Einstein
relation
D, = KgT
67nRy

Dy is the diffusion coefficient

Boltzmann’s constant kg = 1.38 X 10e-16 g cm?s? K1

Temperature, T =298.25 K

Viscosity, n = 0.8892 cp

Hydrodynamic Radius, Ry, is the average radius obtained from regularization data.

Dynamic light scattering data — Diffusion coefficient (10e-7 cm?s) values for BSA

BSA Concentration 50mM PBS 1M 2M
(mg/ml) Tris Amm S Amm S

1 6.00 6.39 4.83 3.89
2 6.04 6.39 4,98 3.86
3 5.58 6.04 4.75 *x
4 N/A N/A 4,70 3.88
5 6.80 6.24 4.79 3.90
6 N/A N/A N/A 3.68
7 N/A N/A N/A 3.47
8 N/A N/A N/A 3.81
9 N/A N/A N/A 3.73
10 6.80 6.25 4.95 3.88
15 7.20 6.36 4.88 N/A
20 7.67 6.73 4.92 N/A
30 8.29 6.97 5.06 N/A
40 8.90 7.23 5.24 N/A
50 9.66 7.36 5.16 N/A
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BSA 0.1M 02 M 05 M 1M 2M
Concentration 50m_M
(mg/ml) Tris AmmS | AmmS | AmmS | AmmS | AmmS

1 6.00 5.80 5.65 4,93 4.83 3.89
2 6.04 5.92 5.67 5.09 4,98 3.86
3 5.58 6.00 571 5.03 4.75 *x
4 N/A N/A N/A N/A 4.70 3.88
5 6.80 5.95 5.85 5.04 4.79 3.90
6 N/A N/A N/A N/A N/A 3.68
7 N/A N/A N/A N/A N/A 3.47
8 N/A N/A N/A N/A N/A 3.81
9 N/A N/A N/A N/A N/A 3.73
10 6.80 6.05 5.82 5.02 4,95 3.88
15 7.20 6.35 6.15 5.25 4.88 N/A
20 7.67 6.39 6.09 5.12 4.92 N/A
30 8.29 6.71 6.32 5.44 5.06 N/A
40 8.90 6.98 6.45 5.44 5.24 N/A
50 9.66 7.11 6.51 N/A 5.16 N/A

Conclgr?ﬁ:ation 1M M M

NaBr NaCl | AmmS
(mg/ml)

1 5.62 5.13 4.83

2 5.58 5.29 4,98

3 5.57 5.45 4.75

5 5.70 5.53 4.79

10 5.82 551 4,95

15 5.86 5.70 4.88

20 5.89 5.77 4.92

30 6.26 571 5.06

40 6.33 5.95 5.24

50 6.42 6.10 5.16




TDA and DLS experiments

1. BSA in 50mM Tris

BSA Concentration Diffusion Diffusion
(mg/ml) coefficient from | coefficient from
TDA (10e-7 DLS
cm?/s) (10e-7 cm?/s)
1 6.82 6.38
2 6.88 6.03
5 6.74 6.74
10 6.59 6.87
15 Hx 7.13
20 7.14 6.94
25 7.19 7.85
30 7.33 8.17
40 7.50 8.86
50 7.64 9.44
2. BSAinPBS
BSA Concentration Diffusion Diffusion
(mg/ml) coefficient from coefficient
TDA (10e-7 DLS (10e-7
cm?/s) cm?/s)
1 6.71 6.59
2 6.77 6.38
5 6.61 6.39
10 6.44 6.05
15 6.71 6.73
20 6.74 6.73
25 6.89 6.96
30 6.80 7.02
40 7.01 7.41
50 6.98 7.70




3. BSA in 50mM Tris/IM ammonium sulphate

BSA Concentration Diffusion Diffusion
(mg/ml) coefficient from | coefficient from
TDA DLS (10e-7
(10e-7 cm?/s) cm?/s)
1 5.00 4.80
2 5.55 4.95
5 5.44 4.50
7 5.39 4.91
10 5.30 5.04
20 541 5.35
30 5.44 5.16
50 5.45 5.19

N/A — Measurements were not carried out at these concentrations.
** . Measurement value was not included.



