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ABSTRACT

Monoclonal antibodies are large, complex biomolecules that can be difficult to
characterize. Characterization is important because of the various post translational
modifications that can occur during manufacturing, processing, and storage. Some modifications
can lead to efficacy and safety issues and therefore are heavily monitored. A leading way to
monitor various modifications is by using liquid chromatography. The high sensitivity,
reproducibility, and ability to quantitate analytes makes it very attractive for monoclonal
antibody characterization. The large molecular size of monoclonal antibodies (150 kDa) makes
them challenging to separate efficiently and with high enough resolution to be helpful. New
column technologies that would help improve protein separation efficiencies and slectivities
would greatly help in this challenging process. In this thesis, three novel bonded phases are
developed for the separation of monoclonal antibodies including a weak anion and cation
exchanger (WAX, CEX) for the separation of charged species as well as a novel hydrophilic
interaction chromatography (HILIC) for the separation of glycoforms. Column develop is
achieved by optimizing selectivity and improving efficiency of separations by altering particle

surface chemistry.
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CHAPTER 1. LIQUID CHROMATOGRAPHY OF MONOCLONAL
ANTIBODIES

1.1 Abstract

The large size and inherent heterogeneity of therapeutic monoclonal antibodies (mAbs)
make characterization a unique and difficult challenge compared to small-molecule drugs. High
performance (HPLC) and ultra-high performance (UHPLC) liquid chromatography are common
techniques used to help in characterization of mAbs. This chapter reviews mAb structure and
heterogeneity as well as common liquid chromatography techniques used in characterization.
Column characteristics like particle morphology are also discussed in terms of large molecule

separations.

1.2 Monoclonal Antibodies

Monoclonal antibody (mAbs) drugs have been around for decades, and recently the 100%"
mADb drug has been approved by the FDA (1). MAbs have been developed to treat numerous
diseases, inlcuding cancer (2,3), autoimmune (3), migraines(4), Chrone’s disease (5), and many
more. What makes mAbs so attractive as a drug class is the concept of using them as a “magic
bullet” (6) to specifically interact with a target of interest, leading to increased efficacy and a
decrease in side effects caused by interactions with cells not of interest.

MADbs are large (150 kDa), heterogeneous molecules manufactured typically using
genetically modified Chinese hamster ovary cells in a bioreactor (7). Monoclonal refers to the
identical sequences of the expressed antibodies. The immunoglobulin (Ig) family of mAbs is
divided into five isotypes: IgA, IgD, IgE, IgG, and IgM. IgGs are the only ones currently used
for therapeutic purposes, and this isotype has 4 subclasses: 19G1, 19G2, 1gG3, and 1gG4. 1gG3 is
the only one not used in therapeutics because of relatively short half-life and faster clearance rate
from the body compared to the others (21). Figure 1.1 shows a schematic structure of an IgG1,
indicating its specific structural parts. MADbs are comprised of two light chains (25 kDa each) and
2 heavy chains (50 kDa each). The structure is commonly described as being a Y shape, with the
top part, or arms, being referred to as the Fab (antigen binding fragment), and the bottom part
being referred to as the Fc (crystallizable fragment). The Fab is responsible for binding to the
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target of interest, whereas the Fc is responsible for inducing an immune response. The ends of
the Fab are variable, forming the complementarity determining region. In designing drugs, the
amino acid sequence is adjusted to bind to the target of interest. The region at which the Fc and
Fab connect is referred to as the hinge region and it is made up of either 2 (19gG1, 19G4) or 4
(1gG2) disulfide bonds.

1.2.1 mAb Modification and LC characterization methods

The complex structure and biological manufacturing of mAbs allow for a variety of
modifications to occur, which can be chemical or enzymatic, resulting in protein heterogeneity
(8). Many modifications lead to variants that affect the safety and efficacy of the mAb (9-11).
These modifications include deamidation (8,12), isomerization (8), succinimide formation (8,15),
incomplete C terminal lysine clipping (14), hydrolysis (15) disulfide shuffling (8), aggregation
(8), glycosylation (8,10), oxidation (8,13), N-terminal pyroglutamate formation (8,12), and
fragmentation (8), and more. Those modifications that do not have safety or efficacy issues are
still required to be characterized to monitor consistency in mAb manufacturing.

Deamidation and isomerization are two such modifications that can impact mAb structure
and therefore stability and efficacy. Asn can undergo deamination to yield Asp, isomerization
can yield isoAsp or form succinimide (Asu) (14). These have been shown to reduce binding
affinities and antibody potency (16.17). These can also induce a conformational change exposing
more basic residues. This allows for characterization based on charge using techniques like
cation and anion exchange (CEX,AEX) or isoelectric focusing (IEF) (16). Reverse phase and
hydrophobic interaction chromatography (HIC) have also been used to characterize
isomerization, sometimes providing higher resolution than charge based separations. (18,19)

Oxidation of methionine and tryptophane can also be problematic modifications that
occur during mAb purification and storage that can lead to aggregation or stability issues(20).
Specifically methionine oxidation in the Fc region at Met 252 or 428 will decrease stability due
to inducing a confirmational change (21). Characterization of oxidation variants can be achieved
by HIC because of the change in polarity of the native mAb, causing oxidized variants to elute
earlier than nonoxidized species.(19) lon exchange can also be used in separation of oxidized

species, with AEX reporting better resolution than CEX (13). The oxidation of methionine
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results in a more basic species because of a conformational change and not a change in
isoelectric point; therefore, IEF does not work to separate these variants.

MADs contain an N-glycosylation site at Asp297 in the Fc region, but may additionally
contain glycosylation sites in the variable region of the heavy or light chains in the Fab region
(22) Only small amounts of non-glycosylated antibodies are observed. Glycosylation helps with
mADb stability as well as helping mediate an immune response. Nonhuman glycans can be
produced during manufacturing due to the use of a nonhuman cell line, and these can lead to
immunogenicity or deadly side effects (23). Glycans are biantennary with various combinations
of sugar groups, including N-acetylglucosamine, mannose, galactose, sialic acid, and fucose. The
different combinations of sugar group leads to large heterogeneity in glycans after mAb
manufacturing. Glycosylation is usually characterized at the glycan level by cleavage of the
glycan using N-glycosidase (PNGase F) followed by fluorescence labeling for detection after
separation by HILIC (24). They may also be separated using IEC (25) or capillary
electrophoresis (26) and can be identified in line using mass spectrometry. The process of
cleaving the glycan from the antibody, followed by labeling, is a laborious process taking 14
hours of time. Recent studies have introduced a streamlined, automated workflow using HILIC
to separate the glycosylated Fc fragment, which is generated via Ides digestion to cleave the Fc
and Fab portions,. (27-30) This also allows for faster glycan analysis and the use of LC-MS/MS
for identification and location of glycosylation.

Disulfide bonds are essential to the 3D antibody structure and its integrity (31). Light
chains are connected to the heavy chain in the Fab region by one disulfide bond, and the heavy
chains are connected to one another in the hinge region through either two (IgG1 and 1gG4) or
four (1gG2) disulfide bonds. There are other intra-chain disulfide bonds throughout the mAb that
help maintain the globular structure and integrity of the mAb (32). All cysteine residues should
be connected to one another through disulfide bonds but low levels of sulfhydryl groups have
been detected in mAbs indicating this is not always the case (33). Sulfhydryl bonds result from
incomplete formation of disulfide bonds or disulfide bond degradation. The presence of
sulfhydryl groups, and fewer disulfide bonds, may lead to structural changes in the mAb that
reduce stability and efficacy (34). Disulfide bond characterization has been done using reverse

phase chromatography (RPLC) (31) as well as capillary electrophoresis (CE) (35)

14



1.3 Liquid Chromatography of mAbs

Liquid chromatography is a powerful technique used in many different industries including
the pharmaceutical industry (36), helping with drug discovery, development and manufacturing
(37). HPLC separation of mAbs is a common practice, but can be very challenging because of
the large size and numerous interactions that can take place between the analyte and the bonded
phase. The increase in size and number of interaction results in a slower mass-transfer for
proteins. It is important to consider the differences between small molecule and large molecule
protein separations when considering new column development, which will be discussed in later
chapters. Figure 1.2 describes the contributions to resolution (Rs) from efficiency (N), selectivity
(o), and the retention factor (k). Efficiency and selectivity changes with molecular weight need
to be considered when developing new HPLC bonded phases. Understanding the theory is key to
improving resolution and therefore will be discussed in the following sections.

1.3.1 Efficiency

Efficiency in chromatography is defined by the total number of theoretical plates, N, which
is defined by equation 1.1, where L is the length of the column and H is the theoretical plate
height.

N== (1.1)

Equation ? shows that resolution is proportional to the square root of N. Therefore, one
must quadruple the column length to increase efficiency by a factor of 2. Reducing the
theoretical plate height improves efficiency, with N being inversely proportional to plate height.
Therefore, if one wants to determine the efficiency independent of column length, H is used to
compare efficiencies between bonded phases. The plate height depends on linear velocity, v, as
shown by the van Deemter equation (Figure 1.3). Three terms make up the van Deemter equation,
the A, B, and C terms which represent the physical, kinetic, and thermodynamic properties of the
separation, respectively (38).

The A term represents eddy diffusion, which describes the band broadening from the
multiple pathways an analyte can take through a packed column. The A term is independent of

mobile phase velocity and only depends on the quality of the packing and particle size.
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The B term represents longitudinal diffusion that results from the random displacements
over time of analyte molecules . The B term depends on both mobile phase velocity and the
diffusion coefficient of the analyte. For large molecules like mADbs, the diffusion coefficient is on
the order of 105, and since the B term is proportional to the diffusion coefficient, it is negligible
in most situations for mAb separations.

The C term describes the resistance to mass transfer and is split into three parts. The Cn
term is from the parabolic flow profile that results from wall effects from the mobile phase
interacting with the solid particles. This leads to band broadening due to the distributions of
mobile phase velocities. The C, term is from the diffusion of the analyte in and out of porous
particles. Pore size is an important factor to consider in mAb separations for this reason. If pore
sizes approach the large size of mADbs, this can lead to slower intraparticle diffusion and efficient
separations. The Cs term is from the adsorption and desorption kinetics of the analyte with the
stationary phase. This contribution is independent of particle morphology and depends only on

mobile phase velocity, the bonded phase, and the analyte.

1.3.2 Selectivity

Selectivity, unlike efficiency, does not depend on particle or pore size. It is dependent on
the chemical makeup of the bonded phase and the interactions that analytes have with that
bonded phase. Selectivity determines the distance between the center of eluting peaks, not the
peak widths. The selectivity is defined by a, which is the ratio of retention factors of two
analytes of interest, ko/ki. The larger the difference in retention factors, the larger a, and the
greater the selectivity of the bonded phase for that particular separation. Equation ? shows that
resolution is proportional to (1- a). This shows that a larger increase in resolution may be made

by finding a more selective bonded phase than by improving efficiency.

1.3.3 Silica particle morphologies

There are three major types of silica particle morphologies used in LC separations. They
are shown in figure 1.4 as nonporous particles, fully porous particles, and superficially porous
particles. Each provide specific advantages, and disadvantages when it comes to protein

separations. Totally porous particles are the most commonly used silica support. They consist of
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small particles fused together in a way that produces a larger particle that has pores in between
the fused smaller particles, producing a high surface area compared to similarly sized nonporous
particles. The average pore size can range from 6 nm all the way up to 30 nm or more. The
porous particles allow for a large surface area, but the relatively small size compared to large
proteins causes a large Cp term because of the slow diffusion of the protein into and out of the
pores (39). This leads to less efficient separations for large molecules compared to small
molecules.

Nonporous particles decrease the Cp term by eliminating intraparticle diffusion resulting in
improved mass transfer compared to porous particles (40). This comes at a price though of lower
surface area. Nonporous particles also pack more homogeneously than porous particles because
they generally have a more uniformed size distribution than porous or superficially porous
particles. This improves the A term and allows for more efficient separations.

The third particle morphology is superficially porous particles (SPP). SPP have a solid,
nonporous core, surrounded by smaller particles fused together to produce a porous shell (41).
The nonporous core allows for a decrease in mass-transfer and lower Cp term compared to fully
porous particles, although they still have a larger C, term than nonporous. The porous shell
allows for a higher surface area, resulting in larger capacities than nonporous particles. SPP try
to combine the advantages of using both nonporous particles and fully porous particles. Unlike
fully porous particles, the pore size for SPP can be much larger. SPP have recently been
developed with an average pore size of 100 nm, allowing the protein to enter more the of porous
structure increasing the surface area of interaction, as well as decreasing the mass transfer term

caused by particles with smaller pores. (42-44)

1.4 Column Optimization Considerations for Protein Separations

When developing a new bonded phase for protein separations, efficiency and selectivity
need to be considered. The B term for efficiency is negligible because of the large analyte size,
and the A term is fairly consistent as long as you have narrow particle size distribution and good
packing technique. Therefore, the C term for efficiency as well as selectivity are the two main
factors that need to be considered during column development. As we discussed earlier, Cp
represents intraparticle diffusion of the analyte into and out of the pores. For large proteins, these

pores can lead to slower intraparticle diffusion because of decreased pore volume and lead to less
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efficient separations. Large porous particles have been developed to improve upon this C, term

(45). Another strategy is to use nonporous particles which eliminates the C, term altogether and

will result in more efficient separations of large proteins. Using nonporous particles also tends to

decrease particles size distribution because it is easy to control the size of nonporous particles

during the Stober process than porous particles (46). This does come at the price of increased

pressure and a decrease in capacity, but instrumentation today allows for high pressure

separations; therefore, pressure is no longer as much as a limitation as it was in the past.
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Figure 1. 3 Van Deemter equation with descriptors. (47)
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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 — N-
hydroxymethyl acrylamide on 1.5 um nonporous silica particles. Monomer concentrations were
varied in order to optimize surface charge density during column development. Selectivity plots
of In(k) vs 1/V(ionic strength of mobile phase) of C-Terminal lysine variants of an 1gG4 shows
that a 2:1 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 IgG4. The increase in resolution
was contributed to improved efficiency from a decrease in particle size as well as greater
selectivity. 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) mindset
of mAbs continue to make it 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). As CEX is commonly used for charge based
separations of antibodies with basic pls (11), AEX is commonly used for the separation of
antibodies with neutral to acidic pls (12). As more acidic 1gG4 mAbs and fusion proteins
continue to be developed (13) , improving AEX columns becomes more important.
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 of the surface. (15) Polymer
stationary phases have the advantage of having a wider pH range than silica supports which can
suffer from hydrolysis of siloxane bonds in more basic environments (16) Silica provides better
mechanical stability than polymer supports, which can allow 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, and therefore are usually
run under low pressure conditions (17). The less 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. The use of smaller particles would greatly improve the mass transfer term resulting
in more efficient separations (18), so the use of a more mechanically stable silica support could
allow for the use of smaller particles and 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 N-hydroxymethyl acrylamide (HMAM)
was grown on 1.5 um nonporous silica nanoparticles. To study the effect of charge density on the
surface, HMAM was used as a spacer molecule and the ratio between the two monomers was
optimized. New stationary phase 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 IgG4. Selectivity of bonded phases are independent of particle size and was
studied using a retention mechanism formula developed by Stahlberg (19-21) and used to help

compare columns independent of particle size. C-Terminal lysine variants are commonly
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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,
(Ap 0p) 1
In(k) = *——4In(P 1
(1) ,/UWZRT)%EQ-Jf+ (@) D

where K is the retention factor, A, 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, 1 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

> (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
In(2)RTeyer (?_;2)

) (3)

Where os is the charge density of the surface, and « is the inverse debye length. By comparing

b=2*(

Ap*K

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.

28



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 tubings, 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(Il)
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). Ovalbumin and BSA were purchased from Sigma-Aldrich (St. Louis, MO) and a
pharmaceutical grade 19gG4 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 phase 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 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.
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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. 1.2 mL of 48% N-Hydroxymethyl
acrylamide solution was added to 9.2 mL of water and then added to the particle suspension.
0.040g CuCly, 80 uL of MesTREN, and 2.5 mL water were sonicated together and added to the
particle suspension. 2.1 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.

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 I-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 300 mM ammonium acetate. Solvent A and B were
adjusted to the same pH with dilute ammonium hydroxide. 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..

25 Results and Discussion
2.5.1 pH optimization

DMAEMA is used as the weak anion exchange functional group with a pka of 8.6 (figure
S1) (26). To study the effect of charge density on the surface, HMAM (figure S1) was added in
various ratios to reduce the charge density on the surface. The total concentration of monomer
used during the ATRP reactions were kept constant, as well as reaction time to control the
polymer thickness 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 using a lab made column
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made using 2 parts DMAEMA (figure 2.1) and 1 part HMAM (figure 2.1) during the
polymerization for the separation of 1gG4 (Figure 2.4). The pka of DMAEMA is pH 8.6 and pl
of this 19G4 is estimated to be around pH 5.0, therefore pH 7.0 was chosen as the lowest pH to
ensure that both the surface and protein are fully charged. The effect of charge density on the
surface was explored by increased pH to optimize the separation.

A pH increases, retention decreases which would be expected because of the decrease in
charge caused by approaching the pka of DMAEMA. Resolution improves as you increase pH
between 7.0 and 8.0, followed by very little retention and resolution and pH 8.5. The lower
retention indicates very little surface charge which would be expected around the pka of

DMAEMA. pH 8.0 was chosen as the optimal pH and was used to compare columns here on out.

2.5.2 Column charge density optimization

Charge density optimization was performed by varying ratios of DMAEMA and HMAM
during the polymerization reaction. Three ratios were tested 1:1, 2:1, and 1:0 of
DMAEMA:HMAM. 1:1 DMAEMA:HMAM reaction showed poor resolution and broad peaks
presumable from increased hydrophobic interactions resulting in slower mass transfer (figure
2.2). Therefore the 2:1 and DMAEMA only columns were compared.

Figure 2.5 shows the comparison of the DMAEMA only column, referred to as fully
charged, and 2:1 DMAEMA:HMAM column, referred to as the blend column, using the same
gradient at pH 8.0. Interestingly it is seen that the blend column has greater resolution of minor
charged species than the fully charged column. The reason for the increase in resolution was
examined by comparing selectivity plots of both columns (figure 2.5) with the resulting slope
and intercept data shown in table 2.1. The three major peaks represent 0, 1, and 2 C-terminal
lysine variants, respectively, and was confirmed by treatment with carboxypeptidase B to cleave
C-terminal lysine variants and is shown in figure 2.3. These C-terminal lysine variants were used
to compare selectivity between columns. Figure 2.5 shows that the blend column has higher
selectivity than the fully charged column. Selectivity, a, is defined by the ratio of retention
factors for two peaks, represented here by the 0 C terminal lysine variant and 2 C terminal lysine
variant peaks. Here o was determined at the ionic strength were k=5 for the 0 C-terminal lysine

variant. The slectivities are shown to be 3.01 and 2.02 for the blend and fully charged column
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respectively. Since resolution is proportional to 1-a, resolution is doubled in the blend column

compared to the fully charged column.

Table 2. 1 Slopes and intercepts of selectivity plots in figure 2.5b

Slope 2 C terminal lysines | 1 C Terminal lysines | O C terminal lysines
Fully charged column 2.35+0.03 2.55 +0.04 2.94 +0.04

Blend column 2.82 £0.02 3.14 £ 0.02 3.91+0.03
Intercept

Fully charged column -4.79 £ 0.10 -5.07+0.11 -5.65+0.11

Blend column -6.27 £ 0.06 -6.73 £ 0.06 -7.79+0.08

The slopes and intercepts of both columns were compared to try and explain this increase
in selectivity. The slopes, which is proportional to Ap and op, (equation 1) for both columns are
close to one another with the blend columns being slightly greater than the fully charged column.
A possible explanation is a greater increase in protein interaction in the blend column from the
protein partly submerging into the more hydrophilic surface. DMAEMA becomes a fairly
hydrophobic monomer if it is deprotonated. The increase in hydrophobicity might hinder the
IgG4 from entering the polymer, whereas the blend column contains HMAM, a more hydrophilic
monomer, making it more favorable for the protein to enter the polymer layer, increasing the
area of the protein interacting with the stationary phase. The intercept of the blend column is
lower than that of the charge column. This is to be expected because the lower surface charge
density would result in a smaller b term (equation 3) which would result in a smaller ® and a
lower intercept. From this it was determined that the blend column shows the greatest resolution

and will be used to compare to a leading commercial column.

2.5.3 1gG4 separation comparison with commercial column

After charge density optimization, a comparison was made with a leading commercial
column with particle size of 10 um and column dimensions of 2 x 250 mm. Figure 2.6 shows a
comparison of the 1gG4 separation between the two columns. The blend column has greater
resolution compared to the commercial column. The smaller particle size (1.5 um vs 10 um)
would result in an increase in efficiency resulting in sharper peaks. The slectivities were again
calculated at the ionic strength were k=5 for 0-C terminal lysine variant. The slectivities were

calculated to be 1.33 and 3.01 for the commercial and blend columns respectively, which would
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result in about a 5 times increase in resolution from selectivity between the blend column and the
commercial column.

The slopes and intercepts of the selectivity plots are shown in table 2.2. The slopes for the
blend column are a little more than 2 times smaller than the commercial column. This suggests
that the commercial column is resulting in over two times the area of the protein interacting with
the bonded phase. This could occur from the protein interacting in a three dimensional manor
with multiple charged ligands spaced out from one another, instead of a interacting with the
protein on a more planar level. Figure 2.7 shows TEM micrographs of the commercial and blend
particles. The blend particle shows a smooth polymer surface whereas the commercial particle
shows a rough surface that would be expected if the charged ligands are spaced out from one
another. Using a “grafting to” approach (27) would lead to a lower density of charged monomer

compared to the “grafting from” approach (28.) used to grow the blend particle.

Table 2. 2 Slopes and intercept values for the selectivity plots in figure 2.6b

Slope 2 C terminal lysine | 1 C Terminal lysine | 0 C terminal lysine
Commercial Column 6.75 + 0.03 7.23+£0.02 7.91+£0.04

Blend Column 2.82 £0.02 3.14 £ 0.02 3.91 +0.03
Intercept

Commercial Column -14.96 + 0.07 -15.67 £0.05 -16.56 + 0.04
Blend Column -6.27 + 0.06 -6.73 £ 0.06 -7.79 £ 0.08

The intercept for the blend column is almost an order of magnitude smaller than the
commercial column. This is expected because of the larger surface area from the smaller particle
size compared to the commercial column. As is directly proportional to @ (equation 2), and the
decrease in particle size results in a larger surface area, increasing the intercept. The decrease in
protein interaction also leads to a larger intercept because b is inversely proportional to Ap and

therefore the lower area of interaction results in a larger intercept.

2.4 Conclusion

In this work a novel weak anion exchange copolymer stationary phase was developed by
SI-ATRP of DMAEMA and HMAM on 1.5 um nonporous silica. The surface charge density was
optimized to show that a 2:1 DMAEMA:HMAM monomer ratio showed the greatest selectivity

of 1gG4 C-terminal lysine variants. A 5 cm column of the new bonded phase showed greater
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resolution of IgG4 charge variants than a commercial 25 cm column. The smaller particle size
(2.5 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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Figure 2. 2 Separation of IgG4 using 1:1 DMAEMA:HMAM column. 5-95% B in 40 min. Broad
peaks represent poor resolution and resulted in no further experimentation.
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Figure 2. 3 Comparison of carboxypeptidase B treated 1gG4 and native IgG4 using the lab made
blend column. The disappearance of the first 2 major peaks after carboxypeptidase B treatment
confirms the identity of the C-terminal lysine variants. 5-95% B in 20 min. 100uL/min.

39



2 pH 7.0

0.06

0.04

0.02 j\

©.00 T g T
o.12 4 10 20 30 a0
Time (mMin)

? ooe- pH 7.5

0.00 l . o T ———
o0.12 4 10 20 30 a0
Time (min)

0.08

2 ooe ] pH 8.0

O.04 4

0.02

\i_‘-—_

0.00 —ud S . e e
o.12 4 10 20 30 40
Time (min)

2 ]
.08 | OH 8.5

0.02

o0.00 e + T y
o 10 20 30 40

Time (min)
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min.
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respecti

41

vely.



Commercial Column Blend Column

0.06 0.06 -

0.05 - 0.05 -
Q 0.04 - Q 0.04
0.03 - 0.02
0.027 002
0.01— DDW—J’H/J
0.00 0.00 - -

T T T T T T
o 5 10 15 20 25 30 35 40
Time (min)

Time (m\n

0.03 o 0.03 o

0.02 o 0.02
3 2

0.01 k 0.01

0.00 —~ 0.00

1 T T T T T 1
35 5 10 15 20 25 30 35

307 40
Time (m\n) Time (min)
25 3.5
2.0 3.0
1.5 25 ]
=z =
£ 101 £201
0.5 154
0.0 4 104
05 05
1.0 0.0 T T T T T T 1
210 215 220 225 230 235 240 245 24 25 26 27 238 29 30
1/sqrt(lonic Strength) 1/sqrt(lonic Strength)

Figure 2. 6 a) 1gG4 separation for the commercial column (left) and the lab blend column (right).
Running conditions were 10-60% B for 40 min for the lab made column and 50-100% B in 40
min for the commercial column. A blown up chromatogram is shown below to help compare
resolution. b) Selectivity plots for the separation of the commercial column (left) and the blend
column (right). Blue, red, and grey lines represent 0, 1, and 2 C terminal lysine variants
respectively.
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Figure 2. 7 TEM micrographs of blend p_articles (left) and commercial column particles (right). A
smooth polymer layer of 7 nm can be seen for the blend column compared to a rough, undefined
thickness for the commercial column

43



CHAPTER 3. DEVELOPMENT OF A WEAK CATION EXCHANGE
STATIONARY PHASE FOR THE ANALYSIS OF MONOCLONAL
ANTIBODY CHARGE VARIANTS

3.1 Abstract

A novel weak cation exchange was developed using acrylic acid functionalized to silica
nanoparticles. A smooth polymer layer of tertbutyl acrylate was grown on 1.5 um silica
nanoparticles using atom transfer radical polymerization followed by hydrolysis to yield acrylic
acid. Degree of hydrolysis was determined by contact angle measurements. Column performance
was tested with the NIST IgG1 standard as well as an IgG1l and subsequent antibody drug
conjugate (ADC) from AbbVie. A comparison with a leading commercial column showed only a
slight difference in mAb resolution, but an increase in resolution in separating charge variants of
the ADC with the commercial column showing limited elution of the ADC form the column. The
more hydrophilic lab made column allowed for ADC charge variant analysis. While the ADC
was able to elute from the column, slight hydrophobic interactions could still be observed
indicating further column development or the addition of an organic solvent (10% acetonitrile)

would be needed to further improve resolution.

3.2 Introduction

An increasing number of monoclonal antibodies (mAbs) are being continuously
developed and given FDA approval every year (1). Characterization is of upmost importance
because of various efficacy and safety concerns. Liquid chromatography has been shown to be a
leading analytical technique in mAb characterization to help identify various posttranslational
modifications. Charge variants can be caused by numerous post translational modifications
including deamidation (2-6), isomerization (4-6), hydrolysis(5,6), racemization(5,6), C-terminal
lysine clipping(5,6), glycosylation(5-7), and oxidation(8). The most common method to
characterize these charge various is cation exchange chromatography (CEX) (9) because of the
acidic isoelectric points of the more common IgG1 used for todays mAbs (10).

CEX is broken up into two distinct stationary phases; weak or strong cation exchange.

Strong cation exchange (SCX) uses a highly acidic stationary phase whose surface charge is pH
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independent. A common type of SCX contains a sulfate group (11). Weak cation exchange
(WCX) on the other hand has a weakly acidic functional group where its surface charge is
dependent on pH. These stationary phases have pKa values usually between 4 -5 and therefore
surface charge decreases as you approach the pKa value. It has been shown that there is most
often a difference in selectivity between a SCX and WCX column (12).

Within the mAb product class, antibody drug conjugates (ADCs) are an emerging
subclass that is gaining significant traction. ADCs are mAbs with a conjugated cytotoxic drug
linked to it allowed the cytotoxic payload to selectively target a surface of interest. This allows
for site specific interaction of the toxic drug, reducing exposure to other sites and decreasing
toxicity throughout the body (13). There are two conventional methods for drug conjugation of
mADbs to form ADCs. First generation accomplished this through linkage of hydrazone linkers to
random lysine residues. This does not allow for site specific linkage which can lead to efficacy
and safety issues and is no longer the route of choice (10). Second generation ADC’s conjugate
the toxic drug through intermediate thiol linker resulting in a more site specific linkage leading
to more controllable drug conjugation leading reducing the safety and efficacy concerns of the
first generation (10). Drug conjugation usually requires an intermediate reaction step that may
include reduction, reduction/reoxidation, or other reactions that modify a bifunctional linker for
attachment. These reactions will include changes in pH, temperature, solvents, etc.. which may
lead to posttranslational modifications not present on the initial mAb product (10). Being able to
characterize not only the original mAb, but also the underlying the mAb after drug conjugation
to understand how the reaction conditions affect the mAbs structure during after conjugation.

Current CEX columns consisting of polymeric supports may result in poor resolution of
ADC separations because of unwanted hydrophobic interactions. Hydrophobic interactions will
lead to peak broadening and lower resolution than is needed for characterization. Commercial
polymer stationary phases have increased hydrophobicity than compared to silica particles
leading to adhesion of the ADC resulting in lower efficient and subsequent lower percent
recovery. Most commercial CEX use polymeric beads coated in a hydrophilic layer to reduce
secondary hydrophobic interactions, but this coverage is not always complete and therefore can
lead to a fairly hydrophobic surface resulting in unwanted secondary interactions and less

efficient separations of ADCs.
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In this work a novel WCX stationary phase was developed using an acrylic acid polymer
on 1.5 um silica nanoparticles. Atom transfer radical polymerization (ATRP) was used to
polymerize terbutylacrylate on the silica nanoparticles followed by hydrolysis leading to an
poly(acrylic acid) polymer surface. This new WCX column was compared to a leading
commercial column in the separation of NIST IgG1 standard, and a pharmaceutical mAb and
subsequent ADC.

3.3 Experimental
3.3.1 Chemicals and materials

SiO2 nanoparticles (1.5um in diameter) were purchased from Superior Silica. (Chandler,
AZ) Terbutyl acrylate, sodium L-ascorbate, ammonium acetate (98%), ammonium bicarbonate
(99%), trifluoroacetic acid (99%), and ammonium hydroxide (98%) were purchased from Sigma-
Aldrich (St. Louis, MO). HPLC grade 2-propanol (IPA), dichloromethane (DCM), concentrated
acetic acid (17.4 M), and 30% ammonium hydroxide were purchased from Fischer Scientific
(Pittsburg, PA). Stainless steel tubings, 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(Il) Chloride (99%)
was purchased from Acros Organics (Morris Plains, NJ). Tris (2-dimethylaminoethyl) amine
(MesTREN) was purchased from Alfa Aesar (Tewksbury, MA) FabRICATOR was purchased
from Genovis (Cambridge, MA). Ultrapure water (18 mQ) was prepared with a Milli-Q Gradient
in-lab purifier from Millipore (Burlington, MA).

NIST I1gG1l standard was purchased from the National Institute for Standards and
Technologies (Gaithersburg, MD) and a pharmaceutical grade IgG1 monoclonal antibody and
subsequent ADC was provided by Abbvie (Lake Hill, IL).

3.3.2 Stationary Phase 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
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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 without cooling down the system and was refluxed
for 3 hours. Particles were then twice with toluene followed by one rinse with ethanol before
vacuum drying.

SI-AGET ATRP was performed on the silicas surface as described previously. In short,
0.5 grams of initiated particles were suspended under nitrogen in 17.5 mL IPA. 3.7 mL of
Tertbutyl acrylate solution was added to the particle suspension. 0.040g CuCl, 80 uL of
MesTREN, and 1.9 mL water were sonicated together and added to the particle suspension. A
nitrogen balloon was then added and solution was placed in 35 °C water bath. After 10 min,
0.020 ug sodium ascorbate was mixed with 1.9 mL water and injected into the solution. Reaction
ran for 60 min, and solution was rinsed three times with IPA. The particles were then rinsed one
time with DCM and then suspended in 40 mL of DCM. 4 mL of TFA was then added and the
solution was stirred at room temperature for 18 hours. Particles were then rinsed twice with IPA,
followed by three rinses with water and vacuum dried before packing.

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) using a 30% ethanol/ 70% water packing solution under sonication.

3.3.3 Chromatographic Conditions

A Waters Acquity I-Class UPLC system (Waters Corporation, Milford, MA) was used
with an inline PDA detector to perform all chromatographic separations at a 230 nm wavelength
detection.. Solvent A was 20 mM ammonium acetate adjusted to pH 5.0 with acetic acid. Solvent
B was 140 mM ammonium acetate, 10 mM ammonium bicarbonate adjusted to pH 8.0 with
ammonium hydroxide. All samples were diluted to indicated concentration using solvent A. The
commercial column used in this study was a Propac WCX-10 weak action exchange column ( 25

cm x 2 mm) from thermo scientific (Waltham, MA).
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3.3.4 Ides digestion of NIST mAb

NIST mAb was digested according to literature (15). In short, 200 ug of NIST mAb was
diluted to 1 mg/mL in 200 uL of 50 mM Tris buffer pH 7.5. 200 ug of FabRICATOR Ides was
added to the solution and placed in a 37 °C water bath for 30 minutes. Solution was spun in 10
kDa spin filter at 14,000 g’s for 10 min. Sample was then placed in solvent A and spun again at

14,000 g’s. Sample was then diluted to the desired concentration with solvent A.

3.4 Results and Discussion
3.4.1 Particle surface characterization

It has been shown that the tertbutyl group in tertbutyl acrylate polymer can go through
acid hydrolysis using TFA to produce an acrylic acid surface (17-19). With this in mind,
tertbutyl acrylate was grown on 1.5 um silica particles via SI-ATRP followed by acid hydrolysis
and the polymer shell can be seen in figure 3.1. The smooth polymer layer is around 14 nm in
length which should provide enough distance to prevent interaction of the protein with the
negatively charged silica surface.

To determine the hydrolysis time needed for cleavage of the tertbutyl groups into
carboxylic acids, a tensiometer was used to calculate contact angle of modified silicon wafers.
Silicon wafers were modified using the same reaction conditions as the modified particles,
followed by hydrolysis using the same conditions as the silica particles. Water was then dropped
on the wafer and its contact angle was measured and results can be seen in table 3.1. No
hydrolysis resulted in contact angle around 90° indicating the surface is highly hydrophobic
which is characteristic of poly(tertbutyl acrylate) polymer (19). As hydrolysis time increases, the
contact angle continues to decrease until it is so small that it was unable to be measured by the
instrument. This indicates a highly hydrophilic surface and is expected from a poly(acrylic acid)
surface(19). After 18 hours, it was seen that the contact angle increased again indicating the
surface begins to have some hydrophobic character. This is characteristic of polymer cleaving
from the surface and exposing the more hydrophobic moieties of the silica surface. This leads to
the conclusion that 18 hours of hydrolysis was sufficient to convert tertbutyl acrylate to acrylic

acid without exposing the silica surface.
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Table 3. 1 Contact angle measurements of the hydrolysis of tert-butyl acrylate silicon wafers
with 10% TFA in DCM. Measurements were done on the same wafer in triplicate. NA represents
the angle was too small for the instrument to calculate.

Hours of Contact Angle Average
Hydrolysis

0 90, 91, 89 90 +1
3 63, 62, 60, 62+ 2

6 45, 43, 42 43+2

9 40, 39, 38 39+1
12 36, 36, 34 3B+l
15 15, 16, 14 15+1
18 NA,NANA NA

21 NA, 10, NA 10 £ NA
24 12,14, 10 12+2

3.4.2 mAb and ADC separation comparison with a commercial column

Particles were then packed into a 5 cm column and ran with mass spec compatible
solvents to determine the separation efficiency of the polymer shell stationary phase. In order to
determine locations of charge variants, Ides digesting can be performed to split the mAb into Fab
and Fc/2 portions (15). Figure 3.2 shows the resulting chromatograms of an Ides digesting NIST
mADb. The Fc portion elutes early in the separation because of the smaller analyte size (25 kDa)
compare to the Fab (50 kDa). Examining just the Fc portion of the chromatogram, figure 3.2
shows the main charge variant containing multiple peaks in the lab made column compared to
just one peak for the commercial column. The lab made column also allows for slightly better
resolution of basic variants (later eluting species) than the commercial column. The two main
variants are most likely C-Termianl lysine variants, which could be identified using a mass
spectrometer with inline LC-MS because of the mass spectrometry compatible salts being used
for the separation. A similar conclusion can be made when examining the separation of a mAb
provided by Abbvie (figure 3.3). Both columns provide similar resolution with slight differences
in selectivity, especially when comparing the earlier eluting species. This changes when you
compare the separation of the subsequent ADC produced from that commercial mAb.

Figure 3.4 shows that the lab made column separates the charge variants of the ADC
much better than the commercial column. The drug product and linker structure for the ADC is
also shown in figure 3.4 and it is easy to see how the hydrophobic nature of the drug and linker
can lead to hydrophobic interactions with a polymer surface. The percent recovery between the
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two columns is vastly different with the lab made column having significantly higher than that of
the commercial column. Hydrophobic interactions of the ADC are leading to minimal elution of
from the column for the commercial column. In contrast, the lab made column has considerably
less hydrophobic interactions leading to the conclusion that the lab made column surface is more
hydrophilic than that of the commercial column. This hydrophilicity allows for the elution of the
ADC unlike the commercial column

Overlaying the mAb and ADC for each column (Figure 3.5) it can be seen how the
conjugation of the drug affects the charge profile of the analyte. The lab made column’s major
peak is shifted to earlier elution for the ADC compared with the mAb. This indicates that the
ADC is more acidic than the underlying mAb after drug conjugation. This is most do to the drug
molecule being conjugated to a cysteine residue, making the analyte less negative and resulting
in a more acidic molecule. The major peak in the mAb separation is still present in the ADC
separation indicating incomplete conjugation. The fact that there is only one new peak present in
the ADC chromatogram compared to the mAb indicates a very narrow DAR range and the most
common DAR of 2. Looking at the commercial column overlay (figure 3.5) the same conclusion
can be made that hydrophobic interactions are too strong to allow for the elution of the ADC
analyte and that only the unconjugated mAb elutes form the column, as seen by the overlapping
peaks between mAb and ADC chromatograms.

The lab made column does improve the percent recover and resolution of ADC charge
variant separations, but hydrophobic interactions are still taking place. Figure 3.5 shows that the
mADb separation is able to separate more minor charge variants than the ADC separation. If the
only difference between the two analytes is drug conjugation, these minor charge species should
still be present, but the resolution of these species has decreased. This decrease in resolution
leads me to believe that hydrophobic interactions are still occurring in the lab made column., just
to a lesser extent than it is in the commercial column. More column optimization will need to
happen in order to decrease the hydrophobic interaction. The addition of 10% organic, like
acetonitrile, may also be using in the solvents to reduce this hydrophobic interaction and lead to

better resoluiotn.
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3.5 Conclusion

A new silica-polymer shell weak cation exchange stationary phase was developed and
compared to a commercial column for the separation of mAbs and ADC. Tertbutyl acrylate was
grown using ATRP and hydrolyzed using acid to leave acrylic acid on the surface as confirmed
by TEM and contact angle measurements. The lab made 5 cm column showed comparable
resolution and efficiency of that of a commercial column in the separation of the Ides digested
NIST IgGl and for the separation of an intact commercial mAb. The separation of the
commercial ADC proved to be challenging for the commercial column because of unwanted
hydrophobic interactions between that of the drug and the bonded phase. This resulted in low
percent recovery and no charge based separation of the ADC. In contrast the lab made column
was able to elute and separate charge variants of the ADC indicating that the lab made surface is
more hydrophilic than that of the commercial column. The shift of the major peak of the ADC
compared to the underlying mAb shows that the conjugation formed a more acidic analyte, most
likely form conjugation with cysteine residues in the FC region. The major peak for the
underlying mADb separation was still present in the ADC separation indicating the presence of
unconjugated mAb species. More optimization will have to be done in the future to optimize the
charge density of the bonded phase to provide even better resolution compared to the commercial
column. This could be done by introducing a spacer polymer like what was presented in chapter
2 as well as further optimization of polymer thickness and density to help block unwanted silanol

interactions.
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3.7 Figures

500 nm

Figure 3. 1 TEM micrographs of 1.5 um acrylic acid WCX particles.
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Figure 3. 2 Ides digested NIST mAb using a 5 cm lab made column (top) and a 25 cm
commercial column (bottom). Both the Fab and Fc region is shown on the left, whereas a blow
up of just the Fc region for both columns is shown on the right. Gradient conditions were 5-95%
B in 40 minutes, 6 ug of mass was injected on the column.
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Figure 3. 3 Abbvie IgG1 mAb separation for the lab made column (top) and the commercial
column (bottom). The right is a blow up version of the left. Lab made column gradient
conditions were 45-85% B for 40 min. Commercial column gradient was 50-90% B in 40min6ug
mass was injected.
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Figure 3. 4 ADC separation on the (A) the lab made column, and (B) the commercial column.
The structure of the drug product and lunker used to conjugate the ADC is shown in C. Gradient
conditions for the lab made column are 45-85% B in 40 minutes. The commercial column
gradient was 50-90% B in 40 minutes. 6 ug mass was injected
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Figure 3. 5 Overlay of mAb (black trace) and ADC (red trace) separation for the lab made

column (top) and commercial column (bottom). Lab made gradient conditions were 45-85% B in
40 minutes. Commercial column was 50-90% B in 40 min. 6 ug of mass was injected.
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CHAPTER 4. PROTEIN INDUCED CONFORMATIONAL CHANGE IN
GLYCANS DECREASES RESOLUTION OF GLYCOPROTEINS IN
HYDROPHILIC INTERACTION LIQUID CHROMATOGRAPHY

Adapted from Bupp,C., Schwartz, C., Wei, B., Wirth, M., (2021) Protein-induced
Conformational Change in Glycan Decreases Resolution of Glycoprotein in Hydrophilic
Interaction Liquid Chromatography. Journal of Separation Science. 44(8), 1581-1591.

4.1 Abstract

An understanding of why hydrophilic interaction liquid chromatography (HILIC) gives
higher resolution for glycans than for glycoproteins would facilitate column improvements.
Separations of the glycoforms of ribonuclease B compared to its released glycans were studied
using a commercial HILIC column. The findings were used to devise a new HILIC column. For
the commercial column, chromatograms and van Deemter plots showed that selectivity and
efficiency are comparable factors in the higher resolution of the released glycans. The higher
selectivity for the released glycans was associated with more water molecules displaced per
added mannose. To investigate why, three dimensional structures of the glycoprotein and the
glycan were computed under chromatographic conditions. These showed that hydrogen bonding
within the free glycan makes its topology more planar, which would increase contact with the
bonded phase. The protein sterically blocks the hydrogen bonding. The more globular shaped
glycan of the glycoprotein suggests that a thicker bonded phase might improve selectivity. This
was tested by making a column with a copolymer bonded phase. The results confirmed that
selectivity is increased. The findings are possibly broadly relevant to glycoprotein analysis since
the structural motif involved in internal hydrogen bonding is common to N-linked glycans of

human glycoproteins.

4.2 Introduction

Most human proteins, 50 to 70%, exist in a glycosylated form (1). Glycoproteins play a
critical role in protein stability (2), solubility (3), cell signaling (4), immunomodulation (5),
tumorigenesis (6), and protein folding (7). The carbohydrate groups alter the structure, and thus

the function, of the glycoprotein (8). Considering the prevalence and importance of protein
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glycosylation to human health, there is great interest in chromatographic separation of
glycoproteins to assist in their identification and characterization.

HILIC resolves complex carbohydrates (9) and is the current method of choice for glycan
analysis. For glycoprofiling of therapeutic monoclonal antibodies, the prevailing method is to
enzymatically release the glycans. In practice, the process of isolating and derivatizing the
glycan is laborious and time-consuming. The sample preparation, including digestion of the
glycoprotein, extraction of the glycan, and derivatization with a suitable label such as 2-
aminobenzamide (2-AB), requires many hours. This hampers the ability to monitor the glycan
profile in real time during production of therapeutic monoclonal antibodies. For proteomics, the
identity of the protein and the attachment site are lost in the process. Sialylation, a glycan
modification that is implicated in malignant tumor development (10, 11) can be modified during
the process of labelling or performing a tryptic digest to cleave the protein for glycopeptide
analysis (12). These drawbacks highlight the advantages that would be provided by a rapid, top-
down method of glycoprotein profiling.

HILIC has been used for separation of intact glycoproteins, albeit with lower resolution
than for glycans. HILIC has been shown to give baseline separation of the five glycovariants of
ribonuclease B (RNase B), which has N-linked glycosylation (13, 14). HILIC was found to be
promising for glycoprofiling of therapeutic monoclonal antibodies by a middle up approach of
releasing the Fc fragments, which bear the glycans (15). Despite the lower resolution, the method
gives sufficient resolution of the major glycoforms to enable rapid distinction of biosimilars (16).
Further, toward the goal of monitoring glycosylation of monoclonal antibodies during
manufacturing, a fully automated 3D system with digestion followed by RPLC and HILIC was
shown to characterize glycosylation in only 95 min (17).

Higher resolution of HILIC for glycoproteins would have significant impact. It would
speed analysis time by decreasing the number of separation dimensions, lessen the reliance on
mass spectrometry to simplify the instrumentation for monitoring manufacturing, and allow for
additional glycoforms to be detected. To elucidate the underlying reasons why the resolution is
lower for glycoproteins, this work entails a comparative study of the selectivity and efficiency of
a glycoprotein versus its released glycans for the same commercial HILIC column. RNase B is
used as the model glycoprotein since it is widely used as a test system for new columns, and it

has N-linked glycans with many commonalities to the glycans of antibodies.
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4.3 Experimental
43.1 Chemicals and materials

Ultrapure water was generated using a Milli-Q water purification system from Millipore
(Burlington, MA) . HPLC-grade acetonitrile and isopropyl alcohol were purchased from Thermo
Fisher (Waltham, MA). Nonporous silica particles of nominally 1.5 um in diameter purchased
form Superior Silica (Chandlar, AZ). Concentrated nitric and acetic acid were purchased from
Fischer Scientific (Pittsburg, PA). ((Chloromethyl)Phenylethyl)Dimethylchlorosilane and
trimethylchlorosilane ~ were  purchased  from  Gelest  (Morrisville,  PA).  N-
hydroxymethylacrylamide was purchased form TCl America (Portland, OR). Copper(Il)
Chloride was purchased from Acros Organics (Morris Plains, NJ). (Tris(2-
dimethylaminoethyl)amine (MesTREN) was purchased from Alfa Aesar (Tewksbury, MA) All
other reagents, as well as proteins, were purchased from Millipore Sigma (St. Louis, MO).

2.2 Glycan Sample Preparation.

Prior to labeling, glycans were cleaved from bovine pancreatic RNase B using a modified
version of the protocol described by Mann, et al. (18). For glycan cleavage, a solution was
prepared containing 20 units PNGase F in 40 pL of a 50 mM PBS solution at pH 7.2. This was
combined with 360 pL of a solution containing 400 pg RNase B in 50 mM PBS (pH 7.2). This
solution was incubated in a water bath at 37 °C for a total of 18 hours. Residual PNGase F and
deglycosylated RNase B were removed from this solution by utilizing an Amicon Ultra-0.5 mL
spin filter with a 10 kDa molecular-weight cut-off cellulose membrane, spun using an Eppendorf
MiniSpin microcentrifuge at 14,000-g for 20 minutes. The concentrated protein solution that did
not pass through the filter was set aside for later analysis to confirm successful deglycosylation.

SPE cartridges (HILICON iSPE-HILIC) were employed to purify the glycan-containing
filtrate in a process adapted from Zhang, et al. (19). Cartridges were pre-conditioned using 0.5
mL H2O and 1 mL Acetonitrile (ACN), each of which was added to the cartridge and
immediately removed from the sorbent using aspiration. Next, a mixture of 33 uL of the filtrate
and 133 uL ACN was loaded onto the SPE cartridge. After aspirating the solvent, the cartridge
was then rinsed two times with 250 uL ACN with an aspiration step after each rinse. Glycans
were then eluted from the cartridge using 45 puL of a 5% ACN solution containing 100 mM
ammonium acetate, with pressure applied to the head of the cartridge to assist in eluate recovery.

The elution step was performed a total of three times, after which 540 pL ACN was added to the
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centrifuge tube containing the purified glycan mixture, which was then placed into a -80 °C
freezer for approximately one hour. After the glycan solution was completely frozen, it was
uncapped and placed into a vacuum chamber for overnight lyophilization, in a process adapted
from Merry, et al. (20).

Glycans were labeled with a fluorescent dye, 2-aminobenzamide (2-AB) using a protocol
originally developed by Bigge, et al. (21), modified to increase sample size. A mixture of 150 pL
acetic acid and 350 pL DMSO was created, with 100 pL of this mixture added to 5 mg of dried
2-AB. The solution was mixed using vortexing for approximately one minute, until the dye was
completely dissolved. Finally, 6 mg of the reducing agent sodium cyanoborohydride was added
to the dye mixture, which was then sonicated for five minutes until there were no visible
particulates. 15 pL of this dye mixture was then added to the centrifuge tube containing the dried
glycan sample, which was tightly sealed and placed into a water bath for 3 hours at 65 °C. After
removing the solution from the water bath, a Waters Glycoworks HILIC 1cc SPE cartridge was
used to purify the newly-labeled glycans following the protocol from the manufacturer (22).
Cartridges were preconditioned with 100 pL H2O, and 100 pL of 85/15 ACN/H20, with
aspiration performed immediately after loading each solvent. The ACN content of the sample
was brought to 80%, and the sample was then loaded onto the cartridge, followed by immediate
aspiration. The cartridge was rinsed twice with 85/15 ACN/H2O and dried using vacuum
aspiration. Finally, sample was eluted using 100 puL of a 100 mM ammonium acetate solution in
5% ACN. The eluate was recovered by applying pressure to the head of the cartridge with a
syringe and placed into a -80 °C freezer for approximately 30 minutes. The frozen glycan sample
was then placed in a vacuum chamber for overnight lyophilization, and reconstituted in 30 pL of

a solution containing 70% ACN.

4.3.2 Chromatographic Methods.

The chromatograph used in this study was a Waters Acquity I-Class UPLC instrument.
An Acquity UPLC Glycoprotein Amide column with dimensions of 10 cm x 2.1 mm containing
1.7 pm particles with 300 A pores was purchased from Waters Corporation and used for all
chromatographic runs. Detection by UV absorbance was performed with a 0.5 uL detector at 280
nm. For detection by mass spectrometry, the eluent from the LC column was directed into a

Thermo lon Max ion source for analysis using a Thermo LTQ Velos linear ion trap mass
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spectrometer. The electrospray voltage was set to 3.0 kV, with an inlet capillary temperature of
300°C. Nitrogen was employed as a sheath gas at a pressure of 40 psi. Data were analyzed using
OriginLab OriginPro.

Prior to chromatographic analysis, glycoprotein samples were prepared in a 70% ACN
diluent, containing 0.1% TFA to aid in solubility (23). All runs were performed with the
thermostatted column compartment held at 30 °C, and 0.1% TFA was used as the mobile phase
additive. For gradient elution, the gradient steepness was the same for glycoprotein and glycan
analytes. The gradient profile for the glycoproteins was 70-55% ACN over 45 minutes, and for
the free glycans was 75-60% ACN over 45 minutes. The flow rate was 100 uL/min. The injected
amount was 0.3 pg/mL in all cases.

Isocratic runs used in generating the van Deemter plots, with mobile phase compositions
chosen to give approximately the same retention factor for both analytes: Kgycan=4.4 and
Kglycoprotein=4.1 for 68% and 64.5% ACN for glycan and glycoprotein, respectively. A partial loop
injection method was used for all analyses, with 1 pL injected from a 10 pL sample loop. For
isocratic chromatograms, the flow rate was 100 puL/min, temperature was 30 °C and 0.1% TFA

was used.

4.3.3 Copolymer column.

The copolymer brush layer was made using atom transfer radical addition. Nonporous
silica particles of nominally 1.5 um in diameter were calcined at 600 °C for 12 hours. This
process was repeated 3 times followed by annealing at 1050 °C for 3 hours and finally
rehydroxylated by refluxing in 1 M nitric acid for 24 hours. Particles were reacted with the silane
initiator,  ((Chloromethyl)phenylethyl)dimethylchlorosilane,and  then  endcapped  with
trimethylchlorosilane. For the polymer brush layer, 0.4 g of particles were suspended in 7.5 mL
of nitrogen purged ethanol by stirring. A monomer mixture was prepared using 1.11 g of
acrylamide, 1.58 g N-hydroxymethylacrylamide and 12.5 mL of nitrogen-purged water. The
catalyst was prepared by mixing 40 mg CuClz , 80 ul MesTREN and 2.5 mL nitrogen purged
water, and sonicated until dissolved. A solution of 20 mg sodium ascorbate, 2.47 mL of nitrogen-
purged water, and 30 uL of 1.74 M Acetic acid was prepared. The solutions were mixed by
adding the monomer mixture followed by the catalyst to the particle suspension and placed in

38 °C water bath with a nitrogen balloon. The sodium ascorbate solution was then added, and the
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reaction was carried out for 1 hr. Particles were rinsed 3 times with ultrapure water, and dried in
a vacuum oven. The dry thickness of the resulting polymer brush layer was found by TEM to be
7 nm. A stainless steel column (Isolation Technologies, Northbrook, IL), 2.1 mm x 50 mm, was
packed with 0.25 g of reacted particles suspended in 30% ACN:H-O to a pressure of 17,000 psi
under sonication, as described in earlier work (24). The hydrophilic copolymer bonded phase is

covered by an issued patent (25).

4.3.4 Molecular Modeling.

The structure for RNase A (ID: 1FS3) (26) was obtained from the RCSB Protein Data Bank.
It was then glycosylated in silico and a preliminary energy-minimization step was performed
using GLYCAM-Web (27) with AMBER ff12SB (28) and GLYCAMOG6 (29) force fields applied
to the protein and carbohydrate moieties, respectively. Free glycan structures were obtained from
the GLYCAM oligosaccharide libraries, and were labeled in silico with 2-AB using Avogadro
modeling software (30). In preparation for molecular geometry optimization, glycoproteins were
protonated using PROPKA (31) with pH at 2.1 to account for the presence of trifluoroacetic acid
in the mobile phase (32). Each glycan and glycoprotein structure was then solvated in a 65% (v/v)
acetonitrile solution using PACKMOL (33). Final geometry optimization was performed using
Desmond molecular dynamics software (34), with a TIP4P water model and OPLS3e all-atom
force field employed. After computing energy-minimized structures, YASARA was used to
determine the van der Waals radius and radius of gyration for each molecule (35), Structures

were visualized using Pymol (36) and UCSF Chimera (37).

4.4 Results and Discussion

The higher HILIC resolution for free glycans compared to intact glycoproteins is illustrated
in Figure 4.1a and 4.1b. Using the same column and employing gradient elution with the same
slope, the first two major peaks in the glycan sample are separated with nearly three-fold higher
resolution than for the glycoprotein sample. The resolution was calculated by converting the
peak FWHM to 4c to lessen the impact from minority species eluting between the major peaks
(38). An optimized gradient for the protein would be shallower since the slope of log(k) vs.
percent water would be higher. An objective comparison can be made with isocratic elution, and
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this is possible because the range of retention factors is narrow for these separations. Setting the
retention factor to be similar for the Man5 peak, and the comparison is shown in Figure 4.1c and
4.1d. These chromatograms show that the resolution is higher for the glycans due to both
narrower peaks and higher selectivity. It is interesting that the widths are so similar since one
would expect the efficiency for protein separation to suffer much more from interparticle
diffusion. It is also interesting that the selectivity is rather similar for the two chromatograms,
whereas one might expect the large protein to obscure the small differences imparted each added
mannose of the glycan. Both selectivity and efficiency are investigated.

To study efficiency, van Deemter plots for Man5 glycan and the purified Man5 variant of
intact RNase B are given in Figure 4.2a. The van Deemter B term was found to be negligible in
both cases, which is expected since the diffusion coefficients of the protein and the glycan are on
the order of 10° cm?/s or less, thereby contributing less than 1 pum to the plate height at the
lowest flow rate studied. The C term is an order of magnitude lower for the free Man5 glycan
than for its glycoprotein counterpart, 1.4+0.1 s and 13.8+ 0.6 s, respectively. This is attributed to
slower intra-particle diffusion, as expected for a protein analyte (39). The typical working range
suggested by the column manufacturer (40) is highlighted in blue, showing the efficiency for the
glycan is two to three times than that for the intact protein under these conditions. The intercept
in the van Deemter plot is significantly higher for protein than for the glycan: 12.5+0.8 and
9.3+0.5, respectively. This is attributed to protein heterogeneity, which is indicated in the
deconvoluted mass spectrum of Figure 4.2b. While the masses of 15,013, 15,131 and 15,124 are
consistent with TFA adducts, the peaks in between are likely from proteoforms. The inset
confirms this: the extracted ion chromatogram is narrower than the UV chromatogram. When
corrected for the 20% contribution of heterogeneity from UV detection, as determined from the
extracted ion chromatogram, the intercept becomes 8.8+0.6 um, in agreement with that for the
glycan. The intercept agrees with that previously observed for the same instrument (41). Even
with the heterogeneity and the much higher C term for the protein, the efficiencies differ by less
than a factor of three in the middle of the operating range, giving less than a two-fold difference
in peak widths.

To study selectivity, log-log plots of analyte retention factor versus mole fraction of
water were prepared for each of the glycans and glycoforms. Selectivity, a, is defined as the ratio

of retention factors for adjacent peaks, represented here by the Man5 and Man 6 peaks.
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(4.2) o = Kmane/Kmans

The plots in Figures 4.3a and 4.33b show that selectivity is quite different for the glycans and
glycoforms, respectively, illustrating how selectivity changes with mole fraction of water. The
parameters from the linear fits are summarized in Table 4.1 A comparison of selectivities can be
made by choosing the same kwmans, appropriately a retention factor that gives a feasible separation.
The value of kmans=4 is used because it gives a feasible range of retention factors and is similar
to that in the isocratic chromatograms of Figure 4.1. One can visually assess selectivity from the
plots because the ratio corresponds to differences on the log scale. In Figure 3a for the glycans, a
red box is used to show the difference between log(kmane) and log(kmans) for Kmans=4. A red box
is drawn in Figures 3a and 3b for the mobile phase composition where Kmans=4, showing an
obviously lower selectivity for the glycoprotein. The selectivities, indicated in the plot, are 1.44
and 1.29 for the glycans and protein glycoforms, respectively. Resolution is proportional to 1-a,
therefore, the selectivity contribution 50% higher resolution for the released glycans. This is
comparable to the contribution that efficiency makes to the higher resolution of the released

glycans.
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Table 4. 1 Slopes (absolute values) and intercepts of the data of Figure 4.3a and 4.3b, fit to
Equation 4.1 for the commercial column. The difference in slopes between Man5 and Man9 is
twice as large for the glycans (Am=3.3) as for the glycoforms (Am=1.5).

C ial
ommercia Man5 Mané Man7 Man8 Man9
column (avg)
Slopes (absolute values)
_ 27.4 27.8 28 28.7 28.9
Glycoprotein
0.1 0.1 0.1 0.2 0.2
8.74 9.7 10.57 11.59 12.03
Glycans
1+0.04 1+0.04 1+0.04 1+0.04 1+0.04
Intercepts
. -5.26 -5.23 -5.19 -5.22 -5.19
Glycoprotein
+0.02 +0.03 +0.01 +0.03 10.04
-1.54 -1.62 -1.69 -1.78 -1.78
Glycans
+0.01 +0.01 +0.01 +0.01 +0.01

It might seem surprising that the selectivity for the glycans is only 50% higher than for
the glycoproteins. With the three-fold lower slope in Figure 4.3a, along with large distance from
100% water, selectivity should be much higher for the glycans. Figures 4.3c and 4.3d provide
illumination. Figure 3c shows that a three-fold lower slope does indeed give an inordinate
increase in selectivity when the minimum retention factor is held constant. But this situation is
not realized for the glycan separation because the high intercept is an offsetting factor. Figure
4.3d illustrates that a higher intercept gives lower selectivity when all else is the same. From
Table 4.1, while the glycans have the lower slope, their intercept is more than 3 units higher than
for the RNase B glycoforms, hence the advantage of the lower slope is offset by the intercept.
Worse, the intercepts for the five glycans are different from one another, trending in opposite
directions from HILIC, indicating that they have some reverse-phase selectivity at 100% water.
The bonded phase has previously been shown to give reversed-phase retention under extremely
aqueous conditions (42). For the glycans, the slight reversed-phase behavior is attributed to the

benzyl group of the label, consistent with previous literature that has described an analyte-
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specific balance of HILIC and RPLC-type separation mechanisms (43). The offsetting factors of
slope and intercept explain why the glycoprotein separation is nearly competitive with the glycan
separation.

The lower selectivity and lower efficiency for the glycoproteins exact a high price in
applications because there are additional proteoforms as shoulders on the peaks. At least one
extra peak is obvious for the glycoprotein in Figure 4.1d between the Man5 and Man6 peaks and
between the Man6 and Man7 peaks. For increasing resolution of protein separations, much
attention has been paid to improving efficiency over the past two decades with the introductions
of sub-2-um particles and superficially porous particles. Any insight that can alleviate the loss of
selectivity of proteins would be just as helpful for development of columns for improving
selectivity.

Soczewinski et al. provided a model that offers some insight from the log-log plots in
Figure 3. They related the retention factor to the volume fraction of strong solvent, Xs, based on
the law of mass action describing the number of strong solvent molecules, m, displaced from the
surface upon adsorption of the analyte (44).

4.2) log (k) = log(ko) - m4og(Xs)

The strong solvent is water in the case of HILIC. The intercept is log(ke), where ko is the
retention factor when the mole fraction of strong solvent is unity. Although Soczewinski et al.
based their model on normal-phase chromatography, its general application to HILIC has been
affirmed (43, 45). Having the slope equal the number of water molecules displaced enables
further interpretation of the data in Table 4.1.

The values of m are larger for the glycoproteins than for the glycans, as discussed earlier,
and this means the protein moiety displaces about two dozen or more water molecules from the
surface. It is the difference in the number of water molecule, i.e., the difference in slope imparted
by each added mannose group that dictates selectivity. The differences in the slope move the
lines apart. One can see from Table 4.1 that that the difference in values of m between Man5 and
Man9 is more than two-fold smaller for the intact glycoprotein than for the free glycans. Not
only are the slopes unfavorably higher for the glycoprotein, but the differences in slopes are
unfavorably lower. Figure 4.3c had illustrated the effect of higher slope for the same Am, now it
is being emphasized that Am is smaller for the glycoproteins. Physically, each additional

mannose group on the glycoprotein displaces less water than does each additional mannose on
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the glycan. This means that the protein must in some way partially shield the added mannose
from interaction with the stationary phase, causing the observed decrease in selectivity for the
glycoforms of the intact protein. While one might not be able to make the slope lower for the
glycoprotein, one might be able to make the differences in slope higher among the glycoforms.

The means by which the protein restricts the ability of an added sugar group to displace
additional water was investigated by molecular modeling. The structures of the glycan were
computed for the HILIC condition of 60% acetonitrile, and these are illustrated for the Man5
case in Figures 4a and 4b. The structures reveal that the free 2-AB labeled glycan, but not the
glycan of the glycoprotein, undergoes internal hydrogen bonding. The groups involved in
hydrogen bonding are denoted in the inset of Figure 4a, showing that the hydrogen bonding
occurs on the end opposite to where mannose groups are added. This internal hydrogen bonding
necessarily gives a different three dimensional structure. The distance between the two groups
involved in hydrogen bonding, which are the carbonyl of an N-acetylglucosamine and the -OH
group of a mannose, is 1.7 A for the glycan, indicative of a strong hydrogen bond, but is 6.8 A
for the glycoprotein, indicative of negligible hydrogen bonding. The distances change only
slightly for the higher mannose glycans. The protein sterically blocks the approach of the
hydrogen bonding pair, i.e., the mannose and N-acetylglucosamine, preventing hydrogen bond
formation for the case of the glycoprotein. The same thing happens for the other glycans of
RNase B.

How the hydrogen bonding affects the three dimensional structure of the glycan moiety is
depicted in space-filling models of Figures 4.4c and 4.4d. Hydrogen bonding makes the free
glycan structure more planar, whereas the lack of hydrogen bonding gives a more globular
structure for the glycan when attached to the protein. From these structures, a reasonable
explanation for how the free glycan displaces more water is that its more planar structure affords
a larger area of interaction with the HILIC bonded phase. Given how few water molecules are
displaced by the glycan, i.e., one water molecular per added sugar group, according to Table 4.1,
its interaction with the chromatographic surface is arguably more two-dimensional than three
dimensional. A thicker HILIC bonded phase might improve HILIC selectivity for glycoproteins
by approaching a more three-dimensional interaction.

To test the idea that a thicker bonded phase could increase HILIC selectivity of the

glycoprotein, a hydrophilic polymer brush layer of a copolymer of acrylamide and N-
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hydroxymethylacrylamide was prepared on 1.5 um nonporous silica particles, which were
packed in a column having dimensions of 2.1 x 50 mm. Various copolymer growth times were
performed to optimize polymer length and was characterized with TEM (figure 4.5). A
controlled growth is seen between growth times of 15 , 30, and 60 minutes. The 10 minute
reaction showed no visible growth and therefore was not included in the growth curve in figure
4.5. All growth times, including 10 minutes, were packed and tested with RNaseB with a
gradient elution (Figure 4.6). The 10 minute growth time showed RNasaeB separation and
therefore was considered a monolayer of the copolymer on the silica surface. The 10 minute
separation shows increased selectivity on its own than compared to the commercial column
(figure 4.1), therefore the copolymer has inherent selectivity that the commercial column does
not. Compring the various growth times (figure 4.6), it can be seen that selectivity increases with
reaction time. This can easily be seen by comparing the spacing between the Man5 and Man9
peaks between 10 min, 15 min, and 30 min columns. It shows that a thicker water layer results in
better selectivity, up to a certain point. The selectivity difference between 30 min and 60 min
does not change, indicating the optimal polymer length is reached after 30 minutes. Comparing
efficiencies between the 30 and 60 min columns shows that the longer polymer length decreases
efficiency. This is attributed to increased protein interaction with the stationary phase, resulting
in slower protein desoprtion from the surface and lower efficiency. The 30 minute growth time
of copolymer length of 7 nm was therefore used here on out because of the optimized selectivity
and efficiency compared to other copolymer lengths.

Figure 4.7a shows a log-log plot of retention factor vs. mole fraction of water for the
copolymer in comparison to the commercial bonded phase, showing higher selectivity.
Specifically, the selectivity is increased from 1.29 to 1.37 for kmans=4. With resolution being
proportional to (1-a), the resolution would be increased by 30%, with all other factors being
equal.. The parameters from the linear regression are summarized in Table 4.2, showing a 30%
increase in the number of water molecules displaced by the copolymer. The intercepts are the
same for each of the glycoforms for the copolymer, indicating negligible reversed-phase
character. The intercept is lower than for the commercial column, as one would expect for the
lower phase ratio of the nonporous particles. This shifts the mobile phase composition needed to
achieve kmans=4 to be about the same as that for the released glycans, showing graphically that
the resolution is approaching that for the released glycans, but is still smaller. Overall, the
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observed increase in the amount of amount of displaced water per added mannose to give a
larger difference in slopes among the glycoforms supports the interpretation that a thicker HILIC
bonded phase gives higher area of contact between glycan and bonded phase. This improves
selectivity for the glycoprotein.

Table 4. 2 Linear regression data for figure 4.7a. Slope error measurements are 0.1 for both

columns.
‘ Man5 ‘ Man6é ‘ Man7(avg) | Man8 ‘ Man9

Slopes (absolute values)

Copolymer 27.5 28.3 29.1 29.7 30.2
Commercial 27.4 27.8 28 28.7 28.9
Intercepts

Copolymer 6.50+0.04 | 6.50+0.04 | -6.50+0.04 | 6.51+0.04 | 6.48+0.05
Commercial 5.26£0.02 | 5.23+0.03 | -5.19+0.01 | 5.22+0.04 -5.19

A comparison of the HILIC chromatogram of intact RNase B for the copolymer bonded
phase and the commercial bonded phase is shown in Figure 4.7c, both under isocratic conditions.
The chromatogram demonstrates that it is feasible to make a HILIC bonded phase from this
selective material and obtain good resolution of intact RNase B glycoforms. The copolymer
column is two-fold shorter, 5 cm, in contrast to the 10-cm length of the commercial phase. To
put the two chromatograms on the same time scale, a two-fold higher retention factor was used
for copolymer. The improvement in selectivity from the high retention factor is more than offset
by the two-fold shorter column length. One can see this from the shorter time span of the
glycoforms for the copolymer column. On the other hand, the nonporous particles significantly
improve column efficiency, giving a plate height of 10 um at the 100 uL/min flow rate (figure
4.7b), which is the same plate height as was obtained for the glycans. This further improves
resolution. Interestingly, the copolymer column also minimize impurity proteoforms that caused
congestion between the Man5 and Man6 peaks, indicating less selectivity for different
proteoforms while having more selectivity for glycans. Whether this impacts only RNase B is
not known yet. The glycoform structures are shown on the chromatogram to illustrate that there
are multiple peaks for Man7 and Man8, which are expected based on the structures. These
multiplets are hinted at in the chromatogram for the commercial column, and are resolved for the

copolymer column, despite its shorter length. Further studies of the copolymer, with longer
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column length and application to separations beyond the model protein, e.g., the IgG Fc
glycoforms, are of interest.

The understanding developed here for the lower resolution of the glycoprotein compared
to released glycans, while developed for bovine pancreatic RNase B, might have some general
relevance to human N-glycosylated proteins, particularly to the HILIC separations of the Fc-
glycans of monoclonal 1gG1. The glycans of therapeutic monoclonal antibodies include the same
afucosylated Man5 glycan as that of bovine RNase B. This Man5 glycan is an important impurity
to characterize and control in therapeutics because it leads to unfavorably fast pharmacokinetics
(46) and lower IgG stability (47). Further, the sequence involved in hydrogen bonding for RNase
B, which is asn-GIcNAc-GIcNAc-Man followed by branching to two mannoses, is ubiquitous
among human glycoproteins, and this sequence contains the two moieties that undergo hydrogen
bonding in bovine RNase B. On the other hand, human glycoproteins have a high abundance of
fucosylation on the first N-acetylglucosamine (GIcNAc), which might affect glycan folding
differently. The results shown here for the decrease in selectivity by displacement of water by the
protein moiety will likely have some relevance to the analysis of Fc glycosylation. In addition,
the deglycosylated Fc fragment has a higher molecular weight than RNase A, 26 vs 12 kDa,
respectively, and the results here suggest that this could give a higher slope to decrease

selectivity of the HILIC separation of the Fc-glycans.

45 Conclusion

The basic research presented here shows that the area of contact between a glycan and an
amide-type HILIC bonded phase is decreased when it is bound to a protein through N-
glycosylation. The lower contact area decreases HILIC selectivity. A new bonded phase that is a
thicker, designed to afford a larger contact area, is shown to improve HILIC selectivity. The
conclusion is supported by log-log plots of retention factor vs. mole fraction of water,

computation studies, and measurements for a polymer brush layer.
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4.7 Figures

Gradient Isocraticelution

] alglycans ] glycans

d) RNase B
b) RMase B

Figure 4. 1HILIC chromatograms of the a) free glycans released from RNase B and b) the
glycoforms of intact RNase B, both with gradient elution. Gradient conditions: 75 — 60 % B
(glycans) and 70 — 55% B (protein) over 30 minutes. HILIC chromatograms with isocratic
elution chromatograms for c) the released glycans using 68% acetonitrile, and b) the glycoforms
of intact RNase B using 64.5% acetonitrile. For all chromatograms, the flow rate was 100
puL/min.
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Figure 4. 2 a) The van Deemter plots for isocratic elution of a free Man5 glycan (m) and the
corresponding glycoprotein (), along with lines from least-squares fitting. The dashed line is the
contribution to the plate height from the instrument plus column, as measured for the
corresponding unretained peaks. b) The deconvoluted mass spectrum for the RNase B peak with
its Man5 glycoform after purification through fraction collection. The inset compares the UV
chromatogram (black trace) with the extracted ion chromatogram (red trace), which was obtained
for largest peak in the mass spectrum.
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Figure 4. 3. a,b) Log-log plots of experimental values from measurements of retention vs. mole
fraction of water for free glycans compared to intact glycoforms of RNase B. The horizontal
dashed line corresponds to k=4. The selectivities, where a=kMan6/kMan5, are 1.44 and 1.29 for
the glycans and glycoforms, respectively, when kMan5=4. The higher selectivity for the glycans
is depicted by the red box connecting the traces for the Man5 and Man6 glycans when k=4 for
the MANS glycan. ¢) A synthetic plot illustrates the contribution of the slope to selectivity.. d) A
synthetic plot illitrates the contribution of the intercept to selectivity.
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a) Man9 glycan

c) Man9 glycan

d) Man9 glycoprotein of RNase B

Figure 4 4. Energy-minimized structures of the glycan moiety in 60% acetonitrile/water for a)
the AB-2 labeled Man9 glycan, using a black dashed line to denote intramolecular hydrogen
bonding with a distance of 1.8 A, and b) the RNase-linked Man 9 glycan, noting the same two
groups as in panel a are now 6.4 A apart. The inset in panel a shows the abbreviated glycan
depiction to indicate which sugars are involved in the intramolecular hydrogen bonding. Space-
filling models of ¢) the 2-AB labeled Man 9 glycan and d) RNase B with its the Man9 moiety

rendered in the same orange color.
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Figure 4. 5 Transmission electron micrographs as a function of copolymer reaction time. 10
minute reaction showed no visible copolymer growth using TEM and was not included in the
growth curve.
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Figure 4. 6 RNaseB separation using 5 cm copolymer columns of different growth times. Man5
peak is lined up between all chromatograms. Gradient conditions were 75-65% B in 20 minutes.
Red bars are used to help show improvement in selectivity and depict the distance between Man5
and Man9 for the 10 min column. Blue box is to help highlight the efficiency difference between
the 30 and 60 minute chromatograms.
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Figure 4.7 . a) Log-log plot of retention factor vs. mole fraction of water for the RNase B
separation by the copolymer, in comparison of that for the commercial column. The red boxes
illustrate the higher selectivity of the copolymer for the Man5 and Man 6 glycans when
kMan5=4. b) Van Deemter plots comparing the commercial column glycoprotein separation (red
line), the commercial column free glycan separation (black line) and the copolymer glycoprotein
separation (blue line). Blue dash line represents instrument contribution and the gray shaded
region represents the working range of the waters column. ¢) representative isocratic separations
of RNaseB for the commercial column and the copolymer column. k value for Man5 were
adjusted for elution over similar time spans.
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CHAPTER 5. IMPROVED FC GLYCAN CHARACTERIZATION
USING NEW HYDROPHILIC INTERACTION CHROMATOGRAPHY
STATIONARY PHASE

5.1 Abstract

Glycan characterization is an important critical quality attribute as determined by the FDA.
Glycoprotein analysis using hydrophilic interaction liquid chromatography (HILIC) is an ideal
method for characterization because of its fast analysis time compared to glycan analysis. A
novel HILIC stationary phase is used for the separation for monoclonal antibody FC
glycoprotein characterization showing greater resolution than a commercial column. Three mADbs
were used to compare the new bonded phase and glycan identification was done using inline LC-
MS. Temperature optimization showed that the lab made column showed highest resolution at
lower temperatures (~50 C) will maintaining higher percent recovery compared to higher
temperatures. For all three 19gG1s, the lab made column resolved more glycoforms than the
leading commercial column, indicating that the thicker bonded phase does improve mAb
separations. Glycoforms not separated in the commercial column are resolved and identified in

the lab made column including 28 glycoforms in the highly complex NIST mADb.

5.2 Introduction

Therapeutic mAbs have large amounts of heterogeneity caused by modifications occurring
during manufacturing, processing, and storage. Glycosylation variants are one such source of
heterogeneity that need to be characterized and controlled because they can impact the mAb’s
immunogenicity, pharmacokinetics and biological activities. (1,2). Current glycan identification
methods are typically lengthy and laborious processes resulting in glycan cleavage and
subsequent labeling with a fluorescent label like 2-aminobenzamide before separation using
electrophoresis or hydrophilic liquid interaction chromatography. (3-5) This long process usually
takes around 14 hours from start to finish, and does not allow for real time glycan
characterization of the antibody while being produced in the bioreactor.

There have been advancements in decreasing this analysis time including a recent method

cleaving glycans in parallel with glycan labeling and recovery by solid phase extraction followed
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by HILIC-MS (6). This method still requires multiple handling steps and all protein information
is lost after cleaving the glycan.

A HILIC separation of glycoproteins without releasing the glycans would result in faster
analysis time and easier real time glycan characterization. A middle up approach of analysis
involving cleaving of mAb subunits with Ides enzyme and analyzing the Fc/2 fragments for
glycosylation is an intriguing approach. This concept has been demonstrated (7,8) and Figure 5.1
depicts the workflow which includes Ides digestion (30 min recommended) followed by DTT
reduction (10 min) to reduce the Fab portions interaction with the bonded phase. No UV labeling
step would be required because of the UV active Fc portion of the mAb. This allowed for fast
analysis time, but column performance showed insufficient resolution of glycoforms.

Glycoproteins separation via HILIC has been shown to have lower resolution than that of
released glycans. Recently we demonstrated that the lower resolution comes from a decrease in
glycan interaction for the glycoprotein than for a released glycan, resulting in lower selectivity
along with lower efficiency because of the larger analyte size (9). We also demonstrated that
introducing a thicker water layer improves glycoprotein resolution to be more comparable to that
of a released glycan separation. This was done using a model protein (RNaseB) but it would be
reasonable that this could apply to Fc/2 portions of mAbs.

In this work, we utilize this new bonded phase for the analysis of mAb Fc/2 fragments via
Ides digestion and DTT reduction. HILIC solvents allow for identification of glycoforms using
mass spectrometry, and therefore LC-MS was utilized for glycan identification and UV relative
quantifications. The NIST IgG1 mAb and two 1gG1s provided by Genentech and AbbVie were

used to compare the new lab made column to a leading commercial column.

5.3 Experimental
5.3.1 Chemicals and materials

SiOz nanoparticles (1.5um in diameter) were purchased from Superior Silica. (Chandlar,
AZ). Acrylamide and L-sodium ascorbate (98%) were purchased from Sigma-Aldrich (St. Louis,
MO). HMAM was purchased from TCI chemicals (Portland,OR) Stainless steel tubings, 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-
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(chloromethylphenylethyldimethyl) chlorosilane and trimethylchlorosilane were purchased from
Gelest ( Morrisville, PA). Copper(ll) Chloride (99%) was purchased from Acros Organics
(Morris Plains, NJ). Tris (2-dimethylaminoethyl) amine (MesTREN) was purchased from Alfa
Aesar (Tewksbury,MA). Acetonitrile, ethanol, methanol, and 17.4 M acetic acid,. Pierce
trifluoroacetic acid (TFA) LC-MS grade, Dithiothreitol (DTT) were purchased from
ThermoFischer Scientific (Pittsburg, PA) Carboxypeptidase B and digestion buffer were
purchased from G-Biosciences (St. Louis, MO) Tris base was purchased from Avantor (Radnor,
PA). FabRICATOR was purchased from Genovis (Cambridge, MA) Millipore water (18.2
OHMS) was provided in house by (Burlington, MA). NIST IgG1 reference standard was
purchased form the National Institute of Standards and Technologies (NIST) (Gaithersburg, MD).
A commercial IgG1 was provided by Genentech (South San Francisco, CA) as well as one from
AbbVie (Lake wood, IL)

A Waters HILIC Glycoprotein 10 cm 300 A column was used to compare with the lab
made column. All separations were performed on a Waters | class. An Agilent 6230B TOF

instrument was used for mass spectrometry analysis.

5.3.2 Stationary phase 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 without cooling down the system and was refluxed
for 3 hours. Particles were then rinsed in toluene two times and the last rinse with ethanol before
vacuum drying.

SI-AGET ATRP was performed on the silicas surface as described previously. In short,
0.54 grams of initiated particles were suspended under nitrogen in 9.75 mL ethanol. 1.44 g
acrylamide and 2.04 g of N-hydroxymethyl acrylamide were dissolved in 16.25 mL Millipore
water and added to the particle suspension. 0.052 g CuClz, 104 uL of MesTREN, and 3.25 mL
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water were sonicated together and added to the particle suspension. Nitrogen balloon was added
and solution was placed in 38 °C water bath. After 10 min, 0.026 g sodium ascorbate was mixed
with 3.21 mL water. Then 33.7 uL of 1.74 M acetic acid was added to the sodium ascorbate
solution and then injected into the particle suspension. Reaction ran for 30min, and solution was
rinsed three times with water

0.52 g of particles were suspended in 2.5 mL of water which was then packed into a
stainless steel column (10.0 cm x 2.1 mm) (insert packing pump instrument) using 30%
acetonitrile/ 70% water packing solution under sonication as described in previous work (source).
Once the column was fully packed, a final packing solvent of 85% ACN / 15% water solution
was used under sonication for 5 min. The hydrophilic copolymer bonded phase is covered by an

issued patent (source).

5.3.3 Sample preparation

All mAbs were prepared in the following manor. 200 ug of mAb was diluted with 130 uL
of 50 mM Tris base pH 7.5 adjusted with HCL. Then 3.2 uL of 66.67 units/uL fabRICATOR
(213 units) were added along with 3.2 uL of 1 ug/uL carboxypeptidase B solution. This was then
incubated at 37°C for 30 min. Then 7.7 mg of DTT were dissolved in 160 uL 50 mM Tris Base
pH 7.5 and 90 uL were added to the mAb digestion and incubated for 15 min. The digestion
buffer was then placed in a 15,000 Da spin filter and diluted to 500 uL with water and spun down
at 14,000 gs for 5 min. The digestion was then resuspended with water to 500 uL and spun down
at 14,000 gs for 10 min. The solution was then suspended in the starting gradient concentration at

the indicated mass.

5.3.4 Chromatographic conditions

A Waters | class was used in all separations equipped with a low dispersion analytical
flow cell with a 5 uL injection loop. Injection volumes were 1.0 uL. Solvent A was 0.1 % TFA in
water and solvent B was 0.1 % TFA in ACN. Flow rates were 0.1 mL/min with a detection
wavelength of 210 nm. Weak wash was 75% ACN/ 25% water and the strong wash was 50%

methanol/ 50% water. All other conditions will be indicated in the relevant sections.
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5.3.5 Mass spectrometry conditions

An Agilent TOF 6230B instrument was used for LC-MS analysis. For MS analysis, 0.8 ug
of mAb was injected. Gas temperature 275C, drying gas 8 L/min, nebulizer 45 psi, 4000 V,
Fragmentor 100V, skimmer 60V, Oct RF Vpp 750V. Mass Hunter was used for identification

with manual deconvolution.

5.4 Results and discussion
5.4.1 FC glycoprotein separation

Previous work has shown that a new, thicker bonded phase results in better resolution of
glycoforms for ribonuclease B (9). Using this new bonded phase, the characterization of NIST
lgG1, and two commercial 1gG1l provided by Genentech and AbbVie were compared to a
leading commercial column. A schematic of the sample preparation used for the mAbs is shown
in figure 5.1. IDES digestion using the fabRICATOR enzyme was used to cleave just below the
hinge region separating the mAb into the Fab and Fc/2 fragments. It has been shown that
glycoprotein variants like C-terminal lysine residues can be retained on a HILIC column (10) ,
therefore to reduce the complexity of the chromatogram, carboxypeptidase B was used to cleave
C-terminal lysine. DTT reduction was then used to further break down the Fab fragment
resulting in elution before the Fc portion and allowing for a more efficient separation do to the
Fc portion no longer interacting with the retained Fab. The total sample time preparation from
start to finish takes only 60 min, which is much faster than the typical 14 hours needed for
cleaved glycan analysis (3-5).

Using this sample preparation method, the separation of the NIST IgG1, Genentech IgG1,
and AbbVie IgG1 was compared using the lab made column and a commercial column using a
10 % gradient over 20 min.

Figure 5.2, 5.3, and 5.4 shows a comparison of the lab made column and commercial
column for the separation of NIST IgGl, Genentech 1gG1, and AbbVie 1gG1, respectively.
Comparing NIST IgG1 separations (Figure 5.2), it can be see that the lab made column is able to
resolve a higher number of glycoforms than the commercial column The lab made column is

able to resolve 21 different glycoform peaks compared to 15 for the commercial column where
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many of the glycoforms overlap one another. This can clearly be seen by comparing the elution
of the later eluting glycoforms species.

Comparing Genentech 1gG1 separations (figure 5.3), it again can be seen that the lab made
column provides higher resolution than the commercial column. Two early eluting peaks are
seen before the main glycoform for the lab made column compared to one for the commercial
column. A fully resolved peak is also seen after the main glycoform in the lab made column
compared to a shoulder in the commercial column. This is later identified as the mannose 5
glycoform, which decreases the efficacy of the drug and therefore is important to characterize
during the manufacturing process (11).

The AbbVie mAb comparison (figure 5.4) is more of the same with higher resolution for
the lab made column. Two extra glycoforms elute later in the chromatogram that are not present
in the commercial column. This along with two shoulders that begin to form right before and
after the major glycoform. The improvement in resolution is not as stark as for the Genentech
and NIST mADb separation, most likely because it is a less complex sample allowing for an easier

separation.

5.4.2 Mass spectrometry identification of glycoforms

LC-MS was performed using the lab made column for glycoprotein identification. Double
the mass was injected compared to the early chromatograms to allow for higher MS signal to aid
in identification. Figure 5.5 shows the total ion chromatograms for both the AbbVie mAb and
Genentech mADb separation and are labeled with the glycoproteins identified. Interestingly the
mannose 5 peak, which can lead to negative side effects (12), is pulled completely away from the
GOF glycoform and even begins separating out the G1 glycoform in the Genentech mAb, but is
not as resolved for the separation of the AbbVie IgG1. This suggests that the orientation of the
glycan is different between both mAbs resulting in more, or less interaction with the bonded
phase.

Released glycan studies have shown the NIST mAb contains 35 different glycans (13). The
lab made column was able to identify 28 distinct glycoforms (figure 5.6). You would expect
released glycan studies to be able to identify more glycans because of less overlap decreasing
ionization efficiency. The identification of 28 glycoforms and separation of 21 peaks shows the

improved resolution compared to the lab made column which only separates 15 peaks.
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5.5 Conclusion

A lab made, polymer shell HILIC column was shown to have higher resolution than a
leading commercial column in the separation of three IgG1 mAbs. The higher resolution allowed
for the greater resolution of harmful glycoforms, like mannose 5, to allow for more accurate
characterization. In the separation of a highly complex NIST mAb IgG1, 28 different glycoforms

were identified using mass spectrometry.
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5.7 Figures
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Figure 5. 1 Ides and DTT work flow for glycoprotein analysis.
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Figure 5. 2 NIST mAb comparrsion Copolymer (top) and Commercial column (botton).
Temperature for the copolymer and commercial columns were 40 °C amd 60°C, respectivly. It
can be seen that more glycoforms are seperated in the copolymer column than the commercial

column.
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Figure 5. 3 Genentech comparison between copolymer (top) and commercial column (bottom).
50 °C and 70°C were used for the lab made and commercial column respectively. Higher
resolution is achieved with the lab made column than the commercial column.
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Figure 5. 4 AbbVie mAb IgG1 comparison between copolymer and commercial column. 50°C
and 70°C was used for the lab made and commercial column respectively. More glycoforms are
able to be separated in the lab made column than the commercial column..
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Figure 5. 5 Total lon Chromatograms for (a) AbbVie 1gG1 and (b) Genentech IgG1 lab made
column separation. Peak assignments are as followed, 1-GO0, 2-GOF-N, 3-GOF, 4-Man5, 5-G1, 6-
G1F-N, 7- G1F, 8-G2F, 9-Man6
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Label Glycan Mass RT

1 Man3-F+N 24883.11 11.15
2 Man3+F 24826.78 11.23
3 GO 25086.96 11.5
4 Man3+F+N 25029.37 11.6
5 GOF 25232.61 11.93
6 mans 25004.10 12.19
7 G1 25248.69 12.28
g G1F-N 25191.70 12.55
g G1F 25394.68 12.63
10 G1F 25394.72 12.9
11 G1f+N 25598.00 134
12 GIf+N 25598.00 13.17
13 G2F 25556.51 13.42
14 G2F-N 25353.43 13.51
15 G1F-N+S 25498.54 13.53
16 G1f+N 25598.00 13.6
17 G1F+5S 25701.72 13.6
18 G2F 25556.73 13.6
19 G1F+5S 25701.72 141
20 G2F+N 25759.56 13.83
21 G2F 25556.52 13.85
22 G2F+G 25719.56 14.37
23 G2F+G 25718.64 14.54
24 Man5+N+G+G 25868.02 14.57
25 G3F 25920.84 14.72
26 G2F+2G 25880.94 15.29
27 G2F+56 26024.73 15.29
28 G2FN+2G 26085.15 15.57

Figure 5. 6 Table of identified glycans through mass spectrometry of NIST mAb and
corresponding retention time on LC chromatogram
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