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ABSTRACT

As monoclonal antibodies (mAbs) become a more important part of the pharmaceutical
industry, the need for better quicker analysis of then will also increase. To do this, better stationary
phases specifically designed for mAbs need to be developed to analyze the quality of mAbs by
their critical control attributes. The three main critical control attributes are size, charge, and
glycosylation. This work focuses mainly on the development of stationary phases to analyze
critical control attributes in size and charge through using a non-porous silica base and surface
confined atom transfer radical polymerization to grow improved stationary phases that minimize

undesired interactions and maximize desired interactions.

15



CHAPTER 1. INTRODUCTION

1.1 Abstract

Due to their size and heterogeneity, therapeutic monoclonal antibodies (mAbs) remain
difficult to characterize. mAbsWhile there exist many ways to characterize mAbs, in this chapter
we will discuss size and charge-based separations using High performance (HPLC), ultra-high

performance (UHPLC), and packed capillary electrophoresis (pCE).

1.2 mAbs and their importance in modern medicine

Antibodies are a part of the immune system. The earliest recorded reference to antibodies
came in 1890 from Emil von Behring and Shibasabura Kitasato. In the publication from the 1890,
Behring and Kitasato transferred serum from animals who recovered from diphtheria to those
suffering from the disease.’ It took over half a century to publish a molecular structure of
antibodies(1959), and an another 15 years before monoclonal antibodies were invented by Georges
Kohler and César Milstein(1975)24. However the use of mAbs as medical treatment remained
limited until around the year 2000. Before the year 2000, only 9 mAbs had been approved by use
by the FDA, 15 years later that number had climbed to 50, and by July of 2021, the FDA had
approved its 100" mAb for use.®

According to ihealthcareanalysis.com, mAbs sales are expected to exceed $150 billion by
2025, with the major competitors of the therapeutic mAb production being AbbVie, Inc., Alexion
Pharmaceuticals, Amgen, Inc., Bayer Healthcare Pharmaceuticals, Biogen. Inc., Bristol-Myers
Squibb Company, Eli Lilly and Co., F. Hoffmann-La Roche Ltd., GlaxoSmithKline plc., Johnson
& Johnson, Merck & Co., Inc., Novartis Pharmaceuticals, Pfizer, Inc., Regeneron Pharmaceuticals,
Sanofi, Spectrum Pharmaceuticals, Takeda Pharmaceutical Co., and UCB.® This would put the
sales of mADbs at roughly 10% of the total pharmaceutical market by then.’
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1.3 Monoclonal Antibody structure

Antibodies are made of 4 segments that come together into the shape of a “Y” as shown in
figure 1.1. The antibodies are made up of 5 different heavy chain compositions which are used to
denote the different IgA, IgD, IgE 1gG, and IgM classes. Among these classes 2 different kinds of
light chains can be found. While research on the 5 subclasses is ongoing, only the 1gG class is used
in therapeutics, with the exception of 1gG3 due to its short half-life and clearance rate.® This
research focuses mainly on IgG and two of its subclasses, 1 and 4. Figure 1.1 shows the 4
subclasses of 1gG. Their main differences is in the hinge region and in the disulfide bond linking
each light chain to a heavy chain.*®

The 4 segments of the mADb consists of 2 light chains (25 kDa) and 2 heavy chains(50 kDa).
The light chain itself consists of two regions, the variable (VL) and constant (CL) region. The
heavy chain consists of a variable (VH) and 3 constant (CH1, CH2, CH3) regions.>? The 4
segments are connected via disulfide bonds, with two halves consisting of a single light and heavy
chain. The top portion with the variable regions is called the Fab (antigen binding fragment), with
the bottom portion consisting of only heavy chain is the Fc (crystallizable fragment).

The Fab contains 2 VL and 2 VH regions. Since these regions are variable, they are the
responsible for binding different targets. This variable region gives rise to the mAb’s ability to be
developed to target things specifically. The Fc consists of 2 pairs of CH regions. Due to this, the
Fc portion of the mAb is responsible for inducing an immune response. For IgG’s the Fc portion
also contains the glycosylation which is important to immune response and self-identification.
Glycosylation is one of the critical control attributes for mAbs in their production and development.
Along with Glycosylation, aggregation and fragmentation, and charge variants are the main critical
control attributes for mAbs.1° Other members of our research group have done extensive separation
work on glycosylation in mAbs.**2 This work will focus mainly on the other two critical control

attributes, size and charge.

1.4  Size based separations and their limitations

In the world of proteins, size is important. It is used in protein purification, and quality
control, and often needs to be considered in sample prep. Protein size is typically one of the

dimensions in multidimensional LC separations. With size being so important, there are several
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methods of size separations, each having its own advantages and typical size range operation.
Figure 1.2.a from Striegel and Brewers paper shows the general size and effectiveness of these
size based techniques.* While proteins like Titin, which is 27,000 to 35,000 amino acids in length
with a mass up to 4200kDa and can be roughly 1 micron in size, most proteins are much smaller
and less than 0.01 microns in size.’® For quick reference, a short list of proteins and their
hydrodynamic diameters can be found through dynamic biosensors, in this short list the sizes range
from 3 nm up to 12 nm.%6

Equation 1 shows an estimated relationship between a proteins mass in Daltons (M) and its
size in nm (Rmin).

(1)Rpin = 0.066M1/3

While protein size is related its mass, but this relationship is not linear. Folded proteins tend to
become denser the more amino acids or mass they have. A general distribution of proteins masses
can be seen in the protein data base (PDB) statics shown in figure 1.2.b. This shows the molecular
weight in Daltons of all the proteins submitted to the database!’. It puts the median protein size of
the proteins submitted to the database somewhere between 40-60 kDa, which would give a
minimum radius of these proteins around 0.2nm. This is a decent representation of known proteins
as the PDB contains as of the date this was written, with 186,670 proteins in the database.

Given the size of the proteins and operating size, only a few of the listed methods are
applicable to proteins. There are also several unlisted size separation tools. The most common
methods for size-based separation used in protein research and purification are dialysis, membrane
filtration, size-exclusion chromatography, and Sodium Dodecyl Sulfate polyacrylamide gel
electrophoresis (SDS-PAGE).18

Dialysis is typically used as a purification and preparation technique. It works by only
allowing the movement of small molecules across a membrane, which helps remove unwanted
salts or low mass contaminates from the protein solution. An example of this is shown in figure
1.3.a. Dialysis is a very slow process and it often leads to protein dilution.

Membrane filtration is broader in application. Its strength comes in a variable pore size
which allows different cut off weights giving this process a broader scope. Figure 1.3.b shows a
table found in a food analysis text book talking about membrane processes used to analyses and
separate milk.'® In membrane filtration, the proteins the pore size controls the mass cut off range.

Proteins with a higher mass then the cut off range will remain in the upper solution while lower
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mass will move into the lower solution. When using devices such as spin filters, both portions can
be kept and used.

Size exclusion chromatography (SEC) works by excluding proteins from a certain portion
of the volume in the SEC column. A visual illustration of this process is shown in figure 1.3.c.
Simply put, the larger the protein is, the less volume of the column it can go into, thus it is excluded
and elutes earlier. This causes the largest masses to elute first and the smallest masses to elute last.
This method has some drawbacks in its dynamic range and has a reliability limit around 500kDa.
Better and more stable columns and reliable columns with different dynamic ranges are being
developed and the reliability limit of this technique is likely to increase as interests and research
in larger proteins increases. SEC separations truly separate based on size, Due to the complicated
relationship between mass and size, SEC is typically used only for analysis of known proteins.

SEC columns are typically made from porous silica that is coated with a non-interactive
surface. This gives the column the pores in the particles itself, and the interstitial volume between
the particles as a medium for separation. The interstitial volume between the particles allows for
an extension of SEC separation, which has a completely different mechanism called hydrodynamic
chromatography (HDC). The pores in the silica for the SEC are not necessary for HDC to occur
as it uses the space between the particles. In figure 1.3.d, the flow velocity through the interstitial
space between the particles is shown in a simplified manner. The separation in HDC occurs via
the average velocity that the analyte can sample. The analytes with a larger hydrodynamic radius
can’t sample the slower velocities near the wall and travel faster than the smaller analytes. While
this works well in theory, as of the time of this writing, HDC has not been shown to be applicable
to protein separations and has only been used on analytes that are much larger like ultra-high mass
polymers and DNA fragments.* This technique is not currently used for protein separation, but
may be used someday.

The last method is that of SDS-PAGE. The simplest explanation of how SDS-PAGE works
is through sieving; however, it is more complicated than that. For SDS-page to work, the protein
is moved through an electric field in a uniform manner with resistance of movement being based
on protein size.

First the pore structure. poly acrylamide gel is made of polyacrylamide with a certain
percentage of crosslinker, usually less than 5%, to form a porous network. The more crosslinker
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used, the smaller is the average pore size of the gel, which limits the movement of proteins based
on their size. Figure 1.4 shows a random fiber network and gel from a previous members work.*®

Movement in SDS-PAGE is due to electrophoresis and described by electrophoretic mobility.
A simple equation for electrophoretic mobility is shown in equation 2, with p being the
electrophoretic mobility, V the applied voltage, q the charge of the protein and f the friction caused
by the sieving effect due to the relative sizes of protein and pore.

V xq
f
One of the keys to SDS-PAGE is that the electrophoretic mobility is independent of protein

@) u=

charge, which is enabled by the SDS. SDS is an anionic surfactant which causes the protein to
denature and be covered by the negatively charged SDS. This causes the protein charge to be
negligible compared to the SDS and removed from equation 2.

Due to the dependence of mobility on a pore size, which is variable from gel-to-gel, SDS-
PAGE must be run side by side with standards. The making of the gel is a labor-intensive process.
The pores in SDS-PAGE gels are typically reliable only up to about 200 kDa, as proteins larger
than this typically do not migrate or migrate so slowly that determining a mass to an acceptable
accuracy would involve precision that this method does not allow. This is shown in figure 1.3.e
where the 19gG4 dimer and higher aggregates begin to overlap, and the thyroglobulin appears to
elute in the same places as the 1gG4 aggregates do. This confusion can make the analysis of larger
proteins difficult. Larger pores are made by using a lower percentage of crosslinker, and one of
the drawbacks of using less crosslinker is the gel is less stable itself. Another drawback for SDS-
PAGE is its use of SDS to denature the protein and take charge out of equation 2. This denaturing
can cause polymeric species like Thyroglobulin with is a tetramer, to breakdown into its subunits

making the mixture more complex and losing information about the complete analyte.

1.5 Size-based separations of mAbs

One of the critical control attributes of mAbs is that of size. Size can help determine the
existence of both fragments and aggregates in mAbs. 1gG mAbs are monomeric in make-up and
the existence of fragments and aggregates can loss of efficacy, immunogenicity, and toxicity.
Fragmentation is caused by units of the mAb becoming disconnected from the rest of the mAb via

reduction of disulfides. The identity of the fragment points toward possible stability issues in the
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mADb that may need to be corrected. Fragmentation in mAbs could be spontaneous or induced by
a reaction.

Aggregation happens when more than one protein unit come together and bind together
through disulfide bonds. This aggregation can be categorized as soluble/insoluble, covalent/non-
covalent, reversible/non-reversible, and native/denatured.*® Aggregation is the more serious issue
as it more likely to cause adverse reactions.

Both aggregation and fragmentation can occur as several points in the manufacturing process
as well as storage. Chemical, mechanical, and physicochemical stresses can cause both
fragmentation and aggregation in different ways.'° It is of great interest to ensure minimal
fragmentation and aggregation, and different general methods have been developed to help this.

To detect these fragments and aggregates, SEC, SDS-PAGE, or CE with SDS is used. These
methods are used to monitor the production process and quantify the amount of aggregation and
fragmentation that is occurring. If a problem is detected, mass spec can be used to determine the
aminoacidic in the sequence which the problem is occurring at by exposing a variation which may

promote aggregation or determining the cleavage site.

1.6 Separating Charge variants

Individual proteins have specific plI values. These pI’s are the pH at which the protein is
overall neutral in charge. Determining what a proteins pl is is typically done through a technique
called isoelectric focusing (IEF). IEF is done by setting up a pH gradient in a capillary or gel. An
electric field is applied to the capillary or gel and the protein will move through electrophoretic
mobility. In equation 2 the term q is the charge of the protein, and this charge can be positive or
negative depending on the proteins make-up and the pH that the protein is in. Amino acids on the
protein carry a charge based on the pH, some are positive or neutral, others are negative or neutral.
A protein is at it’s pI when the number of positive charges and negative charges are equal giving
the protein an overall neutral charge. Proteins that are below their pl will have more positive charge
on them and will migrate towards the negative electrode. Conversely, proteins that are above their
pl will be negatively charges and migrate towards the positive electrode. When the proteins hit
their pl they become neutral and q in equation 2 becomes zero giving no mobility and the protein
becomes stationary, depending on bulk flow or electroosmotic flow (EOF).
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Proteins are heterogenous meaning that there could be slight differences in pl due to the
heterogeneity. A similar protein that has a different pl is known as a charge variant. A protein with
a lower pl is considered an acidic variant, and a higher pl is a basic variant.

The method to detect charge variants is by using ion exchange chromatography (IEC). IEC
is made of two subclasses known as Anion exchange (AX) and cation exchange (CX)
chromatography. A rule of thumb of which column to use between these two is an based on an
estimate of the pl. If the analyte has a low pl, for example 5.5 or lower, the AX columns will likely
be the best to use. The subclasses AX and CX are further broken down into strong and weak
categories with the leading letter being an S or W to denote which it is i.e. weak anion exchange
being denoted as WAX. The difference between a strong or weak ion exchanger is the effect pH
has on it. A weak ion exchange column is going to have a limited pH range and vary due to pH
while a strong ion exchange column won’t change due to pH.2® Weak and strong ion exchange
columns have their advantaged and disadvantages. The best column used is dependent on the

analyte.

1.7 Charge variants as a critical quality control element for mAbs

Charge variants have a large impact on mAbs. Charge variants can have very different
properties and drastically affect the binding and targeting of the mAbs. This can cause efficacy
and stability issues, possibly toxicity.!® Charge variants are caused by protein heterogeneity and
post-translational modifications. Post-translational modifications that can cause charge variants
are numerous and listed in table 1.1.1° Of these charge variants, the most common acidic variant
is from deamidation of asparagine amino acids, and the most common basic variant is from C-

terminal lysine caused by an incomplete removal.

22



Table 1: List of common acidic and basic variants for mAbs

Acidic Variants

Basic Variants

Deamidation

N-terminal Glutamic acid

Non-classical Disulfide linkage

Isomerization of Aspartic acid

Trisulfide bonds

Methionine oxidation

Glycation C-terminal Lysine

High Mannose Incomplete disulfide bonds

Sialic acid Amidation

Thiosulfide modification Succinimide

Cyteinylation Mutation from Serine to Arginine
Non-reduced species Aggregates

Reduced disulfide bonds Fragments

Modification by maleuric acid

Aglycosylation

Fragments

Incomplete removal of leader sequence

The method of detection for charge variants in mAbs is the use of ion exchange
chromatography (IEC). As stated above, the use of anion exchange (AX) or cation exchange (CX)
depends on the mAb’s pl, with more basic mAbs needing CX and more acidic mAbs needing AX.
CX is currently the most common IEC column used for mAbs. However with the development of
more acidic mAbs, the use of AX columns to detect charge variations will increase.® As of now,
the method to identify the charge variant involves separating by IEC, collecting fragments then

processing them using mass spectrometry.?
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1.9 Figures

Disulfide
bond

Figure 1.1 The IgG mAb is currently the only mAb that is used for therapeutic purposes. This
class of mAD has 4 subclasses A. IgG1, B, 1gG2, C. 1gG3, D. 1gG4. The mAbs are shown with
their light chain in yellow with the variable (VL) and constant (CI) units, and their heavy chain in
blue, with the variable (VH) and constant (CH#) regions. The disulfide linkers and glycans are
also shown. Also shown is a coulombic mapping IgG4 made with pymol from PDB 5DK3(E).
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Figure 1.2 A shows the size range of common size-based separation. B is a histogram of
molecular weights verses the number of entries in the PDB data base.
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Figure 1.3 Size based separations of proteins. A. Dialysis is the process in which small proteins
move across a membrane and is typically used only for purification or buffer exchange
processes. Image from https://www.scienova.com/en/dialyse/.. B. a membrane process table
showing different cut offs for the separation of milk.!8. C: Size exclusion chromatography uses a
proteins size to exclude it from some of the volume which causes larger analytes to elute earlier.
and D: In hydrodynamic chromatography the size of the protein keeps it from experiencing
slower velocities causing larger proteins to move faster than smaller proteins based on the
parabolic flow profile caused by interactions of the bulk flow with the wall..
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Figure 1.4 This figure is obtained from Dr. Ragland’s work. It shows the randomly generated
fibers simulating a poly acrylamide gel (A). and compares it to the uniformity of colloidal
silica(B). In C we see an SDS-PAGE gel ladder which is compared to her pCE work (D)with the
molecular weights beside them. SDS-PAGE has some issues which are highlighted in E. These
issues are the constant need for complicated standards, broadening caused by easy overloading
and uncertain molecular weights above the size of the standard in the IgG4 with its aggregates,
along with the breakdown of the tetrameric thyroglobulin.
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CHAPTER 2. DEVELOPMENT OF A WEAK ANION EXCHANGE
STATIONARY PHASE FOR THE ANALYSIS OF AN IGG4
MONOCLONAL ANTIBODY CHARGE VARIANTS

2.1 Abstract

A novel weak anion exchange bonded phase was developed by using atom transfer radical
polymerization of a copolymer containing 2-(dimethylaminoethyl)methacrylate — co — acrylamide
on 1.5 um nonporous silica particles. Monomer concentrations were varied to optimize surface
charge density during column development. Selectivity plots of In(k) vs 1// (ionic strength of
mobile phase) of C-Terminal lysine variants of an 1gG4 shows that a 90:10 ratio of charged to
neutral monomer results in better selectivity than a fully charged surface. The lab-made column
was compared to a leading commercial column and was shown to have improved resolution of
both basic and acidic charge variants of 1gG4. The increase in resolution was attributed to
improved efficiency from a decrease in particle size as well as greater selectivity of the bonded
phase. The commercial column was shown to interact with a larger surface area of the protein
compared to the lab made column. A smooth polymer layer that controls surface charge by a blend
of charged monomer and a neutral, hydrophilic monomer showed to have greater selectivity than

a bonded phase consisting of spaced out charged ligands.

2.2 Introduction

Monoclonal antibodies (mAbs) have been used for treating numerous conditions including
cancer (1,2) and autoimmune disease (2). The specificity and “magic bullet” (3) features of mAbs
continue to make them one of the fastest growing areas in the pharmaceutical industry (4). Their
complexity and high molecular weight (150 kDa) make for difficult characterization and present a
very unique analytical challenge. Numerous posttranslational modifications can occur during
production including those that lead to charge variants like sialyation(5), deamidation (6),
oxidation (7), isomerization (8), succinimide formation (8), as well as incomplete C-terminal
lysine clipping (9). Posttranslational modifications have the potential to lead to stability and

efficacy issues and therefore must be characterized (7-9).
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lon exchange chromatography (IEC) is a common analytical technique used to help
characterize and quantify charge variants by separating analytes based on their difference in
isoelectric point (9,10). There are two types of IEC, anion exchange chromatography (AEX) and
cation exchange chromatography (CEX). CEX is commonly used for charge-based separations of
analytes with basic pls (11), AEX is commonly used for the separation of analyte with neutral or
acidic pls(12). As more acidic mAbs and fusion proteins continue to be developed (13) improving
AEX columns is necessary.
lon exchange resins can be either polymer or silica based with polymer being the most
common (14). Polymeric supports usually consist of a polymeric poly(divinylbenzene) bead
coated in a hydrophilic polymer with charged ligands extending off the surface. (15) Polymer
stationary phases have the advantage of having a wider pH range than silica supports, the latter of
which suffer from hydrolysis of siloxane bonds in more basic environments (16). However, silica
provides better mechanical stability than polymer supports, which allows for higher flow rates and
better column to column reproducibility. High pressure separations of proteins in IEC have been
shown to induce confirmational changes resulting in nonnative separations, therefore, separations
are usually run under low pressure conditions (17). The lower mechanical stability, and use of
nonporous particles, means most IEC columns consist of large (10 or 5 um) particles and long (25
cm) columns to increase the number of theoretical plates without damaging the polymer based
packed beds. These long columns with large particles often suffer in chromatography from
broadening caused by mass transfer, and the use of smaller particles would greatly improve the
mass transfer term resulting in more efficient separations (18). The use of a more mechanically
stable silica support would allow for the use of smaller particles and could improve AEX
separations of monoclonal antibodies.
In this study, a novel weak anion exchange stationary phase (WAX) has been synthesized
by surface-initiated atom transfer radical polymerization (SI-ATRP). A copolymer containing 2-
(dimethylaminoethyl) methacrylate (DMAEMA) and acrylamide (AAM) was grown on 1.5 um
nonporous silica nanoparticles. To study the effect of the charge density of DMAEMA on the
surface, AAM was used as a co-polymer spacer molecule and optimized. The new stationary
phases were packed in a 50 x 2.1 mm column and compared to a leading commercial column
consisting of 10 um polymer beads in a 250 x 2 mm column in the separation of an 1gG4.

Selectivity of bonded phases are independent of particle size and was studied using a retention
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mechanism formula developed by Stahlberg (19-21) and used to help compare columns
independent of particle size. C-Terminal lysine variants are commonly characterized to determine

manufacturing reproducibility (22) and are therefore used in this study to construct selectivity plots.

2.3 Theory

Stahlberg (20) showed the retention of proteins in IEC can be represented by equation 1,

___(Apop) 1
ln(k) B \/(F(ZRT)sosr) ) VI + ln(CD) (1)

where K is the retention factor, Ay is the area of the analyte that interacts with the stationary phase,
op Is the charge density of the protein, F is faradays constant, R is the gas constant, &, is the

permittivity of a vacuum, ¢ is the dielectric constant of the medium, I is the ionic strength of the
mobile phase, @ is the phase ratio. This linear relationship between the In(k) vs %allows for

selectivity comparisons between bonded phases (21) with Ap*op representing the slope and In(®)
representing the intercept. lonic interactions are long range forces; therefore, the phase ratio needs
to reflect not only bonded phase surface area, but also the distance at which the analyte feels ionic
interactions in the mobile phase. Equations 2 describes ® for ion exchange bonded phases with
this characteristic width of absorption,

As*b

*=7, 2)

where As is the surface area of the bonded phase that interacts with the charged analyte, V, is the

column dead volume, and b is the characteristic width of adsorption. The b term describes the
length of distance the analyte feels the interaction away from the bonded phase and is described in

equation 3,

1 1
111(2) RTEO Er (O_—pz——z)

) (3)

Where o5 is the charge density of the surface, and « is the inverse Debye length. By

b=2*( A

comparing slopes and intercepts between bonded phases, one can begin to understand the
difference in interactions taking place between the analyte and the bonded phase. This is used here
to describe the difference in analyte interaction with various bonded phase and explain differences

in resolution. Size based separations and their limitations
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2.4 Experimental
2.4.1 Chemicals and materials

SiO2 nanoparticles (1.5 um in diameter) were purchased from Superior Silica. (Chandler, AZ)
DMAEMA, HMAM, sodium L-ascorbate, and ammonium acetate (98%) were purchased from
Sigma-Aldrich (St. Louis, MO). Stainless steel tubing, ferrules and internal nuts were purchased
from Valco Instruments (Houston, TX). Stainless steel columns, frits, and end caps were purchased
from Idex (Oak Harbor, WA). 2-(chloromethylphenylethyldimethyl) chlorosilane and
trimethylchlorosilane were purchased from Gelest (Morrisville, PA). Copper (I1) Chloride (99%)
was purchased from Acros Organics (Morris Plains, NJ). Tris (2-dimethylaminoethyl) amine
(MesTREN) was purchased from Alfa Aesar (Tewksbury, MA). Acetonitrile, ethanol, acetic acid,
and ammonium hydroxide were purchased from Fischer Scientific (Pittsburg, PA). Millipore water
(18.2 OHMS) was provided in house by (name of water system). Particle morphologies were
imaged used an FEI Tecnai G2 20 transmission electron microscope (TEM).

Carboxypeptidase B and digestion buffer were purchased from G-Biosciences (St. Louis,
MO). PNGase F Glycan Clevage kits were purchased from Thermofisher (Waltham, MA), BSA
was purchased from Sigma-Aldrich (St. Louis, MO) and a pharmaceutical grade 1gG4 monoclonal
antibody was provided by Eli Lilly (Indianapolis, IN). All samples were diluted with the low salt

buffer (20 mM) used during the indicated separation to the desired concentration.

2.4.2 Stationary phare preparation

1.5 um in diameter silica particles were heat treated at 600 °C three times for 12 hours each
rinsing with 1:1 water and ethanol between each treatment. Following the third heat treatment, the
particles were heated to 1050 °C for 3 hours. Particles were then rehydroxylated by refluxing in
1.5 M nitric acid for 16 hours. Particles were then rinsed with water until neutral pH and dried in
a vacuum oven. The rehydroxylated particles were then suspended in dry toluene containing 2%
(v/v) chloromethylphenylethyldimethyl chlorosilane and 0.1% (v/v) butylamine. Particles were
refluxed under nitrogen for 3 hours. After 3 hours, trimethylchlorosilane 2% (v//v) was added
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without cooling down the system and was refluxed for 3 hours. Particles were then rinsed in
toluene two times followed by one rinse with ethanol before vacuum drying.

SI-ATRP was performed on the initiated silica particles. In short, 0.5 grams of initiated
particles were suspended under nitrogen in 7.5 mL ethanol. In a separate tube 0.07g of AAM was
measured then dissolved in 11mL of de-oxygenated water. This was then added to the silica
mixture. 0.040g CuCly, 80 uL of MesTREN, and 2.5 mL water were sonicated together and added
to the particle suspension. 2.6 mL DMAEMA was then added to the solution and the solution was
nitrogen purged for 5 min. A nitrogen balloon was added, and the solution was placed in 35 °C
water bath. After 10 min, 0.020 ug sodium ascorbate was mixed with 2.5 mL water and injected
into the solution. Reaction went for 30 minutes followed by three rinses with water. For 100%
DMAEMA the same procedure was used except no AAM was added and 3.1 mL of DMAEMA
was added.

0.27 g of particles were suspended in 2.5 mL of water which was then packed into a
stainless-steel column (5.0 cm x 2.1 mm) using a constant pressure pump (Chrom Tech Inc. Apple
Valley, MN) with 30% ethanol/ 70% water under sonication as described in previous work (24).
The hydrophilic copolymer bonded phase is covered by an issued patent (25).

2.4.3 Chromatographic Conditions

A Waters Acquity 1-Class UPLC system (Waters Corporation, Milford, MA) was used with
an inline PDA detector with detection wavelength of 230 nm. Solvent A was 20 mM ammonium
acetate and solvent B was 500 mM ammonium acetate. Solvent A and B were adjusted to the same
pH with dilute ammonium hydroxide or dilute acetic acid. The commercial column used in this
study was a ProPac WAX-10 weak anion exchange column (250 mm x 2 mm) from Thermo
Scientific (Waltham, MA). Flow rate were 0.1 mL/min with 8 ug injected.

Charge variants have a large impact on mAbs. Charge variants can have very different
properties and drastically affect the binding and targeting of the mAbs. This can cause efficacy
and stability issues, possibly toxicity.!® Charge variants are caused by protein heterogeneity and
post-translational modifications. Post-translational modifications that can cause charge variants
are numerous and listed in table 1.1.1° Of these charge variants, the most common acidic variant
is from deamidation of asparagine amino acids, and the most common basic variant arises from

incomplete removal of C-terminal lysines.
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2.4.4 mADb alteration

mADbs were altered by either a glycosylation with PGNase-f or had the C-terminal lysine
removed using carboxypeptidase B. The glycosylation reaction was done by taking the 10X buffer
and diluting it to a 1X buffer with ultrapure water. 20 pg of the mAb is mixed diluted in 20 pL of
the buffer then about 4 pL of the PGNase-f is added. The sample is incubated for 1 hour at 50 °C

then the buffer is exchanged into 20mM ammonia acetate pH 7.5.

For the carboxypeptidase B treatment, the digestion buffer is diluted to 1X with ultrapure
water. The mAb is mixed into the digestion buffer to make a concentration of 6 mg/mL. Then the
Carboxypeptidase B is added to the digestion mixture in a ratio of 1:500 (w/w) carboxypeptidase
B: mAb. This is incubated at room temperature for 2-16 hours, then the buffer is exchanged for

the appropriate running buffer.

2.5 Results and Discussion
2.5.1 pH study

DMAEMA is used as the weak anion exchange functional group with a monomeric pKa of
8.6 (figure 2.1) (26). The pKa of the polymer is expected to be lower than that of the monomer.to
study the effect of charge density on the surface, DMAEMA, in the polymerization, was displaced
by AAM in a 90:10 ratio. The total concentration of the monomers use during ATRP reactions
were kept constant, as well as the reaction time to control the polymer growth as best as possible.

Solvent pH has been shown to impact the resolution of weak anion exchangers (26,27) by
varying the total charge on the surface. The effect of pH was examined from pH 6.5 to pH 8. This
pH range was chosen as it should be in the range to keep the surface of the lab made columns
charged.

The first thing that needed to be done was an initial characterization of the 1gG4 to determine
where the C-terminal lysines elute. This was accomplished by digesting some of the IgG4 sample
in carboxypeptadise B. Then the undigested 1gG4 and the digested IgG4 were run at pH 7 and
compared (figure 2.1.e). This showed as expected that the 2 C-terminal lysine and the 1 C-terminal
lysine eluted before the main peak. This will allow us to compare the columns by tracking the
different C-terminal lysine variants. The position of the two C-terminal lysine on a Pymol drawing
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of 1gG4 ID 5DK3 is shown in the top two images of 2.5.b and c using green spheres at the C-
terminal end of each of the heavy chains.

After finding the C-terminal lysine peaks, the effects of pH could be studied. To do this, the
solvents were made and adjusted to pH 6.5 using dilute acetic acid and the thermo, two lab made
columns were run. Afterwards the solvents pH was increased by adding dilute ammonia hydroxide
up to pH 7 and chromatograms taken. This process was repeated for pH 7.5 and 8 as well. From
figure 2.2 the Thermo column, which was used as a control to see how the analyte would change
with pH, as the pH increased retention time also increased figure 2.2.c. As the pH increases, the
surface charge of the analyte becomes more negative. Since the surface charge of the stationary
phase is positive and does not change at these pH values in the column used, this increase in
retention time is caused only by the increase in negative charge of the analyte.

Looking at 100%, figure 2.2.a, we see something different happening. The first thing to note
is as the pH increases, the resolution also seems to increase as seen by pH 6.5 to pH 7 the shoulder
resolving into two C-terminal lysine peaks. We also see a slight increase in retention from pH 6.5
to pH 7 but a decrease from pH 7 to pH 7.5 and pH 8. This is attributed to the surface losing charge
as the amino group at the end of the DMAEMA becomes deprotonated. This raised the question if
for DMAEMA less charge is better.

To test the less charge for DMAEMA being better, we added a spacer co-polymer into the
reaction. Acrylamide was chosen to be a spacer because of its prior use by the group and swelling
ability in water we knew about from HILIC papers written by our group. We started by replacing
10% of the DMAEMA with acrylamide. This column showed a drastic improvement in resolution
over the other two columns. The results are shown in figure 2.2.b. The results show EMA that the
resolution again increased with pH, but there was a larger difference in retention between pH 6.5
and 7 than with the 100% DMAEMA. At pH 7.5 more peaks are resolved between the 0 and 1-c-
terminal lysin peaks. We attribute these two changes occurring due to histidine deprotonation
because the pKa for histidines side chain is 6.04 and histidine would be becoming neutral between
pH 6.5-7.5 giving rise to histidine-based charge variants. It is also possible that other post
translational modifications could cause these charge variants, a list of variants can be found in
table 1 in chapter 1.

Since acrylamide is known to swell in water and can change how much water it retains at

different pH values, we looked at the pressures for these chromatograms. The pressure data is
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shown in figure 2.3. Figure 2.3.a shows the pressure for the 90:10 column and part b shows it for
the 100% column.

2.5.2 Characterization of the DMAEMA columns

To characterize the difference in surface of both the 100% and 90% columns, Semi-log plots
of k vs. (ionic strength)*2 were generated using isocratic elution at different ionic strengths, shown
in figure 2.4. The isocratic elution was generated using ionic strengths used in the chromatographic
gradients for each of the pH, using pH 6.5 and pH 7.8. For each pH, 9 different ionic strength
values were chosen, and isocratic chromatograms generated. Then the 0, 1 and 2 C-terminal lysine
peaks were found. The values where then plotted 1/sqrt (lonic strength) and In(k) and showed a
linear relationship expected from equation 1. The slopes and intercepts for pH 6.5 and 7.8 are
recorded in table 2

Table 2 Slopes and y-intercepts of Snyder plots at pH 7.8 and pH 6.5

Slope 2-C-terminal lysine | 1-C-terminal lysine | 0-C-terminal lysine
pH 7.8 100% DMAEMA | 3.34 3.56 4.08

pH 6.5100% DMAEMA | 5.19 6.12 6.23

pH 7.8 90% DMAEMA | 3.16 3.59 4.33

pH 6.5 90% DMAEMA | 4.90 5.31 6.15

Intercept

pH 7.8 100% DMAEMA | -6.57 -6.85 -1.77

pH 6.5100% DMAEMA | -9.02 -10.55 -10.29

pH 7.8 90% DMAEMA | -6.74 -7.30 -8.03

pH 6.5 90% DMAEMA | -8.80 -9.37 -10.44

The slope of the semi-log plots was determined to rely on Ap and o, which are the area the
protein interacts with the charge, and the charge density of the protein. At higher pH values, the
charge density of the analyte becomes increasingly negative, causing the retention to increase in
the Thermo column. In the case of the DMAEMA columns, the retention decreases from pH 6.5
to pH 7.8 and so does the slope. This decrease in slope is more dramatic in the 100% DMAEMA.
Since opincreases from pH 6.5 to pH 7.8 this means that A, must be decreasing more rapidly.

Since the protein is becoming more negatively charged and therefore more attracted to the

positively charged monomer, this decrease in slope can only be attributed to DMAEMA becoming
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neutral. This titration of the DMAEMA would affect the 100% DMAEMA to a greater degree than
the 90%.

The difference in slope between 2, 1, and 0-C-terminal lysine variants is also of note. For
the 100% the difference between the 2-c-terminal and O-c-terminal variants slope is 0.74 at pH 7.8
and 1.04 at pH 6.5. This is likely due to the larger charged surface area at pH 6.5 being able to
interact with the analyte. This suggests for the 100% DMAEMA column, that considering slope
alone the lower the pH better the separation which agrees with the hypothesis that the lower the
pH the higher percentage of the surface is charged. The difference between the 2-c-terminal and
0-c-terminal variants slope in the 90% column is 1.17 for pH 7.8 and 1.25 for pH 6.5. This
difference is larger than the 100% to start with and changes less between the different pH values.
This can be attributed to the acrylamide forming a stationary water layer within the charged
polymer which can affect the Debye length which can affect the Apas a larger Debye length could
facilitate a deeper analyte interaction increasing Ay.

The Y-intercept along with the slope is important to investigate. From equation 1 2 and 3 we

see that the Y-intercept is dependent on Asand dependent inversely on Ay, 0p, Ts, and k. First to

note with the y-intercept is that the greater the number of c-terminal lysine’s, the smaller
the magnitude of the y-intercept. The reason for this is that the c-terminal lysine is a basic or
positive charge variant. The positive charge on the C-terminal lysine would cause the analyte
to be repealed from the surface giving less interaction between the mAb and the surface
decreasing As. The y-intercept data agrees with this.

Like the case of the slope, the y-intercept has a greater change between pH 7.8 and 6.5
in the 100% column compared to the 90% column apart from the 0-c-terminal lysine
(100%:2.52 and 90%:2.41). This suggests an advantage in the for the 90% in the c-terminal
lysine variants. Looking at the in y-intercept between the c-terminal lysine variants shows a
similar and small difference between the variants in the 100% column differing by 1.2
between the the 2-c-terminal and 0-c-terminal variants. This gap is much larger in the 90%
that difference being over 2 for both pH 7.8 and 6.5. This also suggests some advantage for
the 90% column compared to the 100% column. Since the c-terminal lysine’s are close to
each other in the mAb, seen in figure 2.5.b the green spheres, this advantage could be due to

some sort of preferential alignment between the mAb and the stationary phase.
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2.5.3 Acrylamide Spacer Analysis

This raises the question to why the 90:10 columns resolution improved so much. Since
acrylamide is used in HILIC columns, it was hypothesized that the acrylamide might interact with
the glycan and attract it causing the protein to take a preferred orientation. Figure 2.5.b and ¢ show
a PDB model of an 1gG4 1D 5DK3. The 1gG4 is shown in ¢ with a coulombic surface showing the
charge across the surface of that structure. Figure 2.5.c showed an increased negative charge near
the glycans in the middle of the protein that would be attracted by the positive surface, but the
protein overall an even spread of positive and negative spots. In figure 2.5.b, the entire protein was
given a gray surface, then the histidine residues were changed to blue circles. This showed an
increased number of surface histidine residues which could become neutral at higher pH values
and retain less. It is observed from the PDB image that the side with the C-terminal lysine (green
spheres) visible has more histidine visible as well.

To test this hypothesis, the 1gG4 analyte was digested with PGNase F to release the glycan.
The sample was then put into 20 MM Ammonium acetate at pH 7.5 and tested on all three columns.
Figure 2.5.a shows the results of all three columns. In all cases, the chromatogram does not change
shape making the hypothesis that the glycan is interacting and causing the increased resolution in
the 90:10 column. However, in each column, the deglycosylated 1gG4 retained longer than the
glycosylated IgG4. It is known that glycosylation on antibodies plays a role in conformation and
stability, and it is likely that the glycosylated 1gG4 is in a more stable conformation that happens
to have more positive charge out and the deglycosylated has more negative. This could be part of
the stability issues that deglycosylated antibodies face.

The current hypothesis is that the improved resolution relies on the acrylamide. Acrylamide
swells and brings water next to it. This water increase in the polymer layer is likely allowing the
protein to interact more with the stationary phase giving rise to an increased resolution for the c-

terminal lysine species.

2.6 Conclusion

In this work a novel weak anion exchange copolymer stationary phase was developed by Sl-
ATRP of DMAEMA and AAM on 1.5 um nonporous silica. The surface charge density was
optimized to show that a 90:10 ratio of DMAEMA: AAM monomer showed the greatest selectivity
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of 1gG4 C-terminal lysine variants. A 5 cm column of the new bonded phase showed greater
resolution of IgG4 charge variants than a commercial 25 cm column. The smaller particle size (1.5
um vs 10 um) resulted in a greater efficiency and the stationary phase was shown to have greater
selectivity for the separation of C-terminal lysine variants than the commercial column. Selectivity
plots showed more than twice the area of interaction between the protein and the commercial
columns bonded phase than the blend column. TEM of both particles showed a smooth polymer
layer for the blend column, and a rough, bumpy layer for the commercial column. This suggests
the commercial column was made using a grafting to approach, resulting in the protein being able
to interact with the bonded phase from multiple sides, compared to one side with the blend column.
The stronger interaction leads to less selectivity. Having a smooth, dense polymer layer and using
a neutral spacer molecule to control charge density was shown to allow for better selectivity than
spacing out charged ligands on a surface.
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2.8 Figures
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Figure 2.1 The stationary phase is made of silice coated with 2-
(dimethylaminoethyl)methacrylate (a), or a 2-(dimethylaminoethyl)methacrylate — co —
acrylamide(b) polymer layer. The layer is grown on the surface of the silica and forms a thin
layer roughly 10nm (c,d). the c-terminal lysine peaks in IgG4 are used to characterize the
efficiency of the wax stationary phases (e).
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Figure 2.2 The retention vs pH of 1gG4 using a 100% 2-(dimethylaminoethyl) methacrylate
(100%) a 90% 2-(dimethylaminoethyl)methacrylate 10% acrylamide(90:10) and the thermo
column. A gradient of 24-73%B over 20min was used with a flow rate of 0.1 mL/min. Solvent A
is 20 mM ammonia acetate, Solvent B is 500 mM ammonia acetate. The pH of each solvent was
adjusted by using small amounts dilute acetic acid or ammonia hydroxide until the desired pH
was reached.
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Figure 2.3 The back pressure during the chromatographic runs show the pressure
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Figure 2.4 Snyder plots show the selectivity of the 100% 2-(dimethylaminoethyl)methacrylate
stationary phase compared to the stationary phase with acrylamide as a spacer at pH 6.5(left) and
pH 7.8(right). In the linear fit data, at both pH values, the slope and y-intercept for the
acrylamide spacer has a larger difference between 2, 1, and 0 C-terminal lysine species of 1gG4,
and showing the column with the acrylamide linker has better resolution.
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Figure 2.5 IgG4 is a protein with 2 typical glycosilation sites. This glycosilation effects protein
stability as well as conformation. In each of the three tested columns, the deglycosilated 1gG4
shifted right (a) in the WAX separation showing a generally negative conformation. A PDB
image of 1gG4 with colombic coloring whows a wide spread of positive and negative charges(b)
and (c) shows where the surface histidines are located.
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CHAPTER 3. DEVELOPMENT OF A NON-ADSORPTIVE MATERIAL

3.1 Introduction:

The ability to control whether an analyte interacts or does not interact with a surface is important
to chromatography. Controlling that interaction is the basis of chromatographic design. If the
analyte interacts undesirably with the surface, it hinders the ability to analyze the analyte. The
interaction itself can be adsorption and subsequent desorption, which is the bulk of the interactions
used in chromatography. It can also interact through repulsion which is sometimes a useful
interaction, particularly charge repulsion. Another form of interaction would be noncovalent
binding. The usefulness of binding depends on its specificity and is used in affinity
chromatography. The last option is no-interaction, i.e., a non-adsorptive surface. In this option, the
stationary phase is there physically, but does not interact with the analyte, allowing other physical
phenomena to become the basis of separation. Non-adsorptive materials are a crucial for both HDC
and SEC.

3.1.1 Hydrodynamic Chromatography and non-retained molecules in HPLC

Hydrodynamic chromatography is a method of chromatographic separation that separates analytes
based on size. HDC, like SEC, use the analyte’s hydrodynamic radius in the mechanism of

separation. Figure 1 shows the difference in mechanism between HDC and SEC mechanisms.

v =g @@ =)

1)
In the more familiar SEC this is done by excluding larger analytes from pores. HDC works on an
exclusion principle as well, but it is a velocity exclusion. Gidding’s Equation (1) describing the
parabolic flow profile within a capillary shows the velocity (V) at different radial distances from

the capillary wall (r) with rc the radius of the capillary, Ap being the pressure drop across the

capillary length (L), and 7) being the viscosity of the fluid. In this equation the velocity slows

down to zero at the wall surface which is the case of no slip flow.! In the case of HDC, the analyte
is restricted to only velocities where r is greater than or equal to the analytes radius of gyration.

The radius of gyration can be estimated using the molecular weight via Equation (2).22
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The velocity distribution in the parabolic flow calculated using equation 1, shows the different

R(nm) =

flow rated given by the parabolic flow profile. These velocities range from the velocity | at the
wall at zero to the center which would have the maximum velocity. The analyte would experience
all these velocities excluding the velocities from r¢ to rc-r. The analyte moves through the capillary
at an average speed calculated by equation 3, where A is R/re.* From this equation, the average
velocity of the analyte (Va) is increased as ether R or the average flow velocity of the fluid (V)
increase.
V,=V({@+21—-21%)
©)

A main requirement for successful HDC is the analyte not interacting with the wall or stationary
phase. This is done by using an inert surface. If the surface interacts with the analyte, this will
cause the analyte to be retained both causing the peak to broaden and the peak to elute later. The
peak elution can make the protein look smaller or have it eluted after the injection peak, in which
the separation mechanism is no longer HDC but some other mechanism. This property of HDC
can be used to determine quickly if the surface interacts with the analyte. HDC can give results in
less than 5 min. Due to the speed, it was determined to be an excellent method to test stationary
phases to determine mobile phase conditions where they are inert with the analyte.

3.1.2 Size Exclusion Chromatography

Size exclusion is a very common technique in protein analysis as size reveals information such as
fragmentation and aggregation. It is also used widely in other fields such as characterization of
synthetic polymers.® SEC relies on a non-adsorptive surface to facilitate separation. As the name
suggests, the separation mechanism of SEC columns is using the analytes size to exclude if from
sampling portions of the column’s volume, with an illustration in figure 3.1.B. This makes SEC
reliant on the columns dead volume and the pore size. It is common practice to show SEC
chromatograms with either time or elution volume as the x-axis. Assuming the column is non-

adsorptive to the analyte, the ideal elution volume can be expressed by equation 4.5
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Equation 4 describes the SEC volume (Vsec) in relationship to the columns interstitial volume (Vi)
which is the volume between the particles, and the volume in the pores (Vp), the analytes radius of
gyration (R) and its average pore diameter (D). Adding together the interstitial volume and the
pore volume would give the columns void volume, showing the relationship between SEC and the

void volume of the column.

3.1.3 Properties of Bio-antifouling polymer Hydroxyethyl Acrylamide

Bio-antifouling entails use of a coating that greatly inhibits biological or organic contaminates
sticking to and building up on the surface. This process is most often used in marine applications.
Bio-antifouling in marine applications goes back more than 2000 years with some examples of
being pitch, tar, copper, and other coatings used by ancient cultures.” Due to the complex
environmental make up, bio antifouling has been important to for items near around or in marine

environments.

For many of the same reasons, bio antifouling has become an interest for uses in medical and
related fields. Many of the reasons that medical technology would need some sort of bio antifouling
are obvious as bacteria and viruses can survive and grow on surfaces which can lead to infections
and death, and some are less obvious.®® Much of the antifouling for medical technology is done
through polymers. The polymer coatings can be mixed with antimicrobial properties which Kkill
any bacteria or virus around it. They can have hydration and or steric repulsion forces which repel
or resist attachment of the microbials.® This work focuses on protein interactions based on

hydrophilic acrylamide’s.

N-hydorxyethyl acrylamide is an acrylamide that can be polymerized into an almost completely
inert polymer. Poly(N-hydroxyethyl acrylamide)(PHEAM) is a polymer that is relatively easily
grown through ATRP polymer growth procedures. ***4 PHEAM is more non-adsorptive than PEG,
and provides long term resistance to protein adsorptivity.*1* Since this work focuses on providing

a stationary phase for chromatographic purposes, resistance to acid and hydrolysis is necessary.
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PHEAM being a N substituted acrylamide should be more resistant to hydrolysis then
acrylamide.® However being an acrylamide it can still undergo hydrolysis in strongly acidic and

basic conditions. For the