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ABSTRACT

DEVELOPMENT OF POLYMER MONOLITHS FOR THE ANALYSIS B

PEPTIDES AND PROTEINS

Binghe Gu
Department of Chemistry and Biochemistry

Doctor of Philosophy

Several novel polymer monoliths for the analysip@ptides and proteins were
synthesized using polyethylene glycol diacrylatE@®A) as crosslinker. Photo-initiated
copolymerization of polyethylene glycol methyl atlaerylate and PEGDA yielded an
inert monolith that could be used for size excladiquid chromatography of peptides
and proteins. This macroscopically uniform monodiiti not shrink or swell in either
water or tetrahydrofuran. More importantly, it wasind to resist adsorption of both
acidic and basic proteins in aqueous buffer witlamyt organic solvent additives.

A strong cation-exchange polymer monolith was sgsitted by copolymerization
of 2-acrylamido-2-methyl-1-propanesulfonic acid (R8) and PEGDA. A ternary
porogen (water, methanol and ethyl ether) was fauwiidble to prepare a flow-through

monolith with moderate pressure drop in aqueoutehufhe resulting monolith showed



excellent ion exchange capillary liquid chromatqimaof peptides using a simple salt
gradient. Extremely narrow peaks were obtainedHeranalysis of synthetic peptides,
natural peptides and a protein digest. A peak ¢gpaicl79 was achieved.

Although the poly(AMPS) monolith demonstrated eatcinary performance,
one main drawback of this monolith was its reldtixsdrong hydrophobicity. A decrease
in hydrophobicity was achieved by using more hytri@monomers (e.g., sulfoethyl
methacrylate or vinyl sulfonic acid). The most holilic poly(vinyl sulfonic acid)
monolith provided high resolution cation-exchanigeidd chromatography of protein
standards and lipoproteins. Use of the new PEG&dmpatible crosslinker over the
conventional ethylene glycol dimethacrylate cradadr for the preparation of polymer
monoliths was found to be advantageous for theyarsabf biological compounds in

several chromatography modes.
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CHAPTER 1 BACKGROUND AND SIGNIFICANCE

1.1 Proteomics

After approximately 13 years of extensive reseaachprking draft of the human
genome was decodéd.This was a great achievement towards the undelisigiof the
complexity of human biology. The human genome lgeted to be a rich source of
information for a variety of purposes, such asakgediagnosis, early detection of geneic
pre-dispositions to diseases, gene therapy, armhahdrug design, including
pharmacogenomic custom drugs. However, the truglmaty of human biology is at
the level of proteins, not genes. This is becauseem diversity cannot be fully
characterized by gene expression analysis alomeaply due to alternative splicing and
posttranslational modification of proteins. For exde, it is estimated that approximately
1,500,000 different proteins exist in the humanybwdiile the total gene count in the
human body is around 22,000 Furthermore, the raw genetic sequence cannotgbredi
protein’s function and expression level in differealls. Thus, the analysis of proteins is
the next key step to understand the complexityuohdn biology. The term, “proteome”,
was coined in analogy to genome by Wilkins etrall996° Proteomics is a term that
refers to the characterization of all proteins esped by a group of active genes in a
given cell or tissué.

The analysis of the human proteome is an extregtellenging task due to the

large number of proteins present in the human bbldyeover, marker proteins, whose



expressions change during the progression of askser under drug treatment, are the
targeted proteins to be analyzed. Most of theseepr® exist at trace levels, while other
more abundant proteins interfere with detectiorer&fore, techniques that can handle a
very broad concentration dynamic range are requoedroteomics studies.

Currently, the most popular method for resolvingrge number of proteins is
two-dimensional (2-D) gel electrophore&iShis technique separates proteins based on
their isoelectric points in the first dimensiondanolecular weights using denaturing gel
electrophoresis in the second dimension. The caatibim of these two orthogonal
techniques can resolve up to 10,000 proteins, ngaiB gel electrophoresis a very
powerful technique for profiling proteins in humaady fluids?*? With the recent
development of MALDI and ESI mass spectrometry,ideatification of proteins in a 2-
D gel has become a less demanding task, furthexasmg the popularity of 2-D gel
electrophoresis in proteomics researttf Although very successful for proteomics, 2-D
gel electrophoresis suffers some limitations. Thsinserious problem is its inability to
detect low abundance proteiis?®although some controversy existg his aspect is
particularly problematic because most proteinstdrest are in the trace level range. In
addition, 2-D gel electrophoresis can be probleenatthe detection of very hydrophobic
and/or basic protein<.It is also labor-intensive and time-consuming. Sehémitations
make it necessary to develop alternative or comefeary techniques for proteomics.
Liquid chromatography (LC) is one of the most prsimg methods, and it will be

outlined in the following section.



1.2 Liquid Chromatography in Proteomics

Due to its high resolving power, excellent repradility, online preconcentration
capability, ability of detecting both hydrophilia@ hydrophobic proteins/peptides, and
ease of interfacing with mass spectrometry (MQ)htgerformance liquid
chromatography (HPLC) has gained increasing inténgsroteomics studies. Two
basic methodologies have been proposed for thefusg in proteomics research. The
first is a “top-down” approach in which proteing aeparated first, followed by
enzymatic digestion (e.g., tryptic digestion) o geparated proteins and subsequent
identification by peptide profile mappirf§The other is the “bottom-up” approach, also
called “shotgun” proteomics. In this method, abigins in a sample are digested first,
followed by separation of peptides and subsequiemitification of the original proteins
by software searchirfd.In both cases, separation by chromatography pldes role in
the analysis of proteins.
1.2.1 Reversed-phaseL C of Proteins

At present, most LC of proteins is performed ushgreversed-phase (RP) mode
of chromatography coupled with MS for detection &ehtification. This is mainly due
to the compatibility of RP LC with MS. In RP LC,mples can be easily desalted, and
water and water-miscible volatile organic solveats typically used as mobile phases.
Although conventional RP LC has been applied ingomics studies, an improvement in
resolution and peak capacity is required due tatmeplexities of proteomic samples.
Several approaches have been proposed for usingCR& proteomics research. These
include ultrahigh pressure liquid chromatographi$f accurate mass tag measurement by

high resolution MS!?®and elution-modified displacement chromatography.



With ultrahigh pressure equipment in LC, small jgdgs can be used, resulting in
high column efficiency and high resolution. For exde, efficiencies up to 570,000
plates/m were obtained using JuB nonporous silica particles under a column back-
pressure of 20,000 p&iThe high efficiency achieved by ultrahigh pressuehas been
extended to proteomics research. Shen et al. upad&articles packed in a fused silica
capillary for the analysis of soluble yeast prageiznd obtained a peak capacity of 1,000
at a column pressure of 10,000 pskrurther improvement in sensitivity was achieved by
the same group by incorporating micro solid-phageaetion, enabling analysis of ng
protein sample&®

Another elegant approach to facilitate the idecdifion of proteins is to use the
so-called “accurate mass tag” (AMT) technique. Tifisased on the concept that a
protein can be theoretically identified by detectal several unique peptides by tandem
MS, provided that unambiguous detection of theipeptof interest can be made. Using
high resolution Fourier-transform ion cyclotronaeance MS, it is feasible to resolve a
mass difference of 1 ppm, which makes possiblatterate mass measurement of such
unique peptide$’ The AMT approach has been successfully appliebg@nalysis of
Saccharomyces cerevisiae, Caenorhabditis elegans, andDe nococus radiodurans
proteomes’?® A high coverage (61%) of proteins was reportedgithe AMT method®

Another unique RP LC approach for proteomics igge elution-modified
displacement chromatograpf{° The main advantage of displacement chromatography
over conventional linear elution chromatographthes characteristic enrichment of low
abundance analytes. For example, trace markerdaespitere detected in the fmol range

in a model study of the rhGH proteof1é® Another favorable feature is relatively fast



analysis since enrichment and separation are peefat the same time. One main
disadvantage of this novel technique is the requar@ of large amount of sample, which
is often difficult to obtain in proteomics.

1.2.2 Two-Dimensional LC

Although RP LC has achieved some success in ceatateomic studies/(de
supra), the peak capacity is insufficient to resolve hrdremely complex proteome
samples. One method to dramatically improve pepkagy is to use 2-D or multi-
dimensional LC modes, where overall peak capasitiie product of the peak capacities
in each dimensiof:>* For proteomics studies, the second dimensiorpisally a RP
mode directly coupled with MS. The first dimensiarhich should be an orthogonal
mode to RPLC, could be ion-exchange (IE), affintlysize exclusion chromatography
(SEC). The most widely used combination is IE-RPdoQpled to MS. For example,
using 2-D IE-RP LC with column switching, a totagk capacity of 600 was achieved
for the separation of complex protein mixturé$his approach was applied to human
brain glioma cells and the A431 epidermal canctipceteome, leading to the
identification of 213 and 280 proteins, respeciivéf’ Recently, a remarkable 1504
proteins were identified in the yeast proteome giglie IE-RP LC approactiSimilarly,
490 proteins were detected in human blood serugobpining IE and RP L&

In the IE-RP LC combination, each fraction of thietfdimension would be either
collected and injected offline to the second RRicwl, or online to the second dimension
by column switching. Sometimes, a trapping colurafote the second dimension is
required for desalting, preconcentration, and inpecto the second dimension. A main

disadvantage of this approach is that it is timescmning. It may take several hours or



days to complete the IE-RP run. An elegant appro@cmed “multi-dimensional protein
identification technology” (Mud-PIT), was introdutéo run the 2-D separation in
relatively short timé?*°In this method, a single capillary column was patwith IE
silica particles in one section and RP silica p$ in another section in tandem.
Although not strictly comprehensive 2-D, Yates gpaused this approach and identified
a remarkable 1484 proteins in the yeast proteBifiee Mud-PIT approach was also
proven useful for the identification of membranetpms from crude rat brain
homogenaté?

In addition to IE as the first dimension in 2-D ehratography of a proteome,
affinity or SEC is also used for specific appliocats. Due to the strong binding between
antibody and antigen, affinity chromatography igipalarly useful for preconcentration
of low abundance analytes. It is well known thagtfranslational modifications of
proteins, such as phosphoration and glycosylaiomyery common and play important
roles in the behavior and interactions of cellyliaosteins. Such modified proteins often
exist at very low concentrations and, thus, arkadit to identify in complex mixtures
containing highly abundant proteins. Immobilizedtahaffinity chromatography
(IMAC)****and immunoaffinity chromatography (IA€)* are useful for trapping
phosphopeptides. Lectin affinity chromatography @)As applicable to the analysis of
glycoproteins. In IMAC, a transition metal, suchFeglll) or Ga(lll) ions, is immobilized
in the stationary phase and used to selectivelgts@nd concentrate phosphopeptides
due to high affinity binding between the transitioetal and serine, threonine or tyrosine
in the phosphopeptides. Using the IMAC approachlyais of bovine casein at the level

of 30 pmol was achievetd.IAC is similar to IMAC except that an antibodyde.



antiserine, antithreonine or antityrosine) rattanta transition metal is used to capture
the phosphopeptides. Because antibody-antigeractten is typically stronger than
metal chelating interaction, the selectivity andqancentration factors of IAC are better
than IMAC**** For the analysis of glycoproteins, LAC has prot@be one of the most
powerful techniques to isolate and enrich specitisses of glycoproteins based on the
lectin ligands use&*” Xiong et al. used LAC coupled with RPLC to study
lymphosarcoma in dogs, and identified two protéirad are related to cell adhesion and
cancer cell migratiof®

SEC has also been used as the first dimensiorDir.@-for proteomics research,
although little attention has been paid to this endthis is probably due to the low
resolving power and low loading capacity of SECwduer, since separation in SEC is
determined by protein size, a feature similar ®ogbcond dimension in 2-D gel
electrophoresis, it should be very useful for fi@tating proteins. Several reports have
been found using SEC-RP LC for proteomics stutfie®.

The previously described studies confirmed the pawéhe 2-D approach, and
addressed some of the limitations of conventionatigin analysis techniques, such as
reproducibility, automation, and convenience irrfacing with MS. However, much
remains to be done to further improve the capasliof current separation media and
techniques to meet the needs of proteomics. Mobhtques described above utilized
packed columns, i.e., columns packed with-size spherical particles. To prepare such
columns requires multiple steps, starting withgimethesis of small spherical particles,
followed by sieving and introduction of functiortglby chemical derivatization. Finally,

the particles are packed into a chromatographigneonland retaining frits are fabricated.



Especially for proteomics studies in which capillaolumns are used to improve mass
sensitivity, packing of the column is a tediousqass, and frits are hard to make
reproducibly. Another more fundamental limitatidnpacked columns is that they have
large void volume. Even the best packed columng R@0% external porosity. The
existence of such large external porosity limits $peed of chromatography due to the
resistance to mass transfer. As commented on bgi&gghe most significant advances
in HPLC have always followed the introduction ohenced support matricésNearly
20 years ago, a novel chromatographic supporgdallmonolith, was introduced to
overcome some of the limitations of packed coluams to achieve fast separatiGhs>
In the following sections, monolith technologiedlwe reviewed in detail.
1.3 Introduction to Monoliths

HPLC became available only after the introductibmaroparticulate porous
silica particles in the 19608>°However, it has been proven difficult to apply HPto
the chromatography of macromolecules with conveationicroporous particles. The
limiting factor in chromatography of macromolecuigshe mass transfer resistance due
to the small diffusion coefficients of macromoleesil This results in both low column
efficiency and limited speed of analysis. Biomolesuvere first separated in HPLC in
the mid 1970s only when macroporous silica paditlecame available (see reviews 56
and 57). Further improvements in the HPLC of maaiecules were achieved with the
availability of hydrophilic rigid organic resin&:®° To alleviate mass transfer resistance
for fast separation of macromolecules, more advéseparation media have been
introduced, which include nonporous partidiebybrid separation medfaand perfusive

bead$>® The highly original perfusive beads introducedR®gnier’s group allow a small



portion of the mobile phase to flow through thegsoof the bead¥. This convective
flow greatly enhances the mass transfer of macreco#s, resulting in a significant
improvement in the speed and chromatographic effey for macromolecules. It is
natural to anticipate that further improvementd b achieved if all of the mobile phase
is forced to flow through the separation media.|Reg that this approach was not
realistic for packed columns, led to the developneémembrane chromatograpfi$?°
Another reason for the rapid development of membEmomatography was the finding
that proteins could be separated using very sloduhans. In fact, a membrane can be
viewed as a column with extremely short length kange diameter. The introduction of
membrane chromatography enabled the rapid andneslydast separation of
biopolymers® Several other alternatives to a membrane havebalso introduced and
used as chromatographic supports. These inclutidass sheet®’ woven fabric® and
macroporous disc8.However, they have not gained widespread appticatiainly due
to fabrication difficulties and lack of suitablecassories for sample introduction.
Although fast separation can be achieved using mametbchromatography, one
limitation of a membrane is the low sample loadiagacity per unit volume compared to
porous particles. Around the year 1990, monolitdhtwlogies were introduced as novel
chromatographic supports by two groups indepengéntf A monolith, originally called
a continuous polymer bedjs a continuous rod with canal-liken-sized through-pores
and nm-sized pores in its skeletal structure. it fjlance, a monolith appears to be
analogous to a membrane, except that a monolitla hasger length and smaller
diameter. In fact, these two media have great idiffees. A membrane does not have

distinct through-pores and nanopores. Furtherntbeespecific loadabilty of a monolith



is much greater than a membrane. Monolithic coluha received considerable
interest due to their favorable features, suchaas ef preparation, abundance of
functional group chemistries available and, mogianantly, enhanced mass transfer.
After approximately 17 years of study, monolithséédecome key alternatives to packed
beds. Guichon once commented that “the inventiahdavelopment of monolithic
columns is a major technological change in colueahmnology, indeed the first original
breakthrough to have occurred in this area singeefisnvented chromatography, a
century ago.” Iberber also called the monolith th® deneration of chromatographic
sorbent for the analysis of biomoleculés.
1.3.1 History of Monolithsin Chromatography

The first article that describes the preparatioa afonolith for use in
chromatography can be dated back to 1¢6he synthesis of this monolith was done
using a molding process. An aqueous solution oj@dxyethyl methacrylate (HEMA)
with 0.2% ethylene glycol dimethacrylate (EDMA,asrosslinker) was introduced into
a glass tube (22 cm23.5 mm i.d.). After free radical polymerizati@highly swollen
polymer hydrogel with a continuous structure watmied and used in size exclusion
chromatography of water soluble polymers. Due goificant swelling and tendency to
be compressed upon applying pressure, chromatogveah performed using gravity. As
a result, a very low mobile phase flow rate (onipl/h) was used, which in turn
resulted in low column efficiency due to excessomgitudinal diffusion. The low
permeability of the column was primarily due to tise of a very low amount of
crosslinker (only 0.2%). Nevertheless, this wasfitts¢ attempt to prepare a polymer

monolith for use in chromatography.
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Several years later, monoliths with improved peligg were obtained using
polyurethane chemisty:”” In contrast to the swollen poly(HEMA) gel reportubve,
the continuous polyurethane monolithic columns naaned their permanent
macroporous structure even in the dry state. Thekenns have been demonstrated in
both GC*"®and LC*""modes. Unfortunately, inferior chromatographicfpenance of
these columns prevented their wide acceptanceymiasy due to swelling and softness
in some solvents.

Two decades passed before modern monoliths wecessfally introduced,
which competed favorably with packed colunifig® The first was based on
polyacrylamide’ In this approach, acrylic acid and bisacrylamidegevcopolymerized in
a stainless steel column with the use of redoxaiiin (N,N,N’,N’-
tetramethylethylenediamine, TEMED and ammonium pesalfate, APS). After
polymerization, the monolith was compressed byypgla high pressure using an
HPLC pump. This step was important to produce éoum/homogeneous bed to improve
column efficiency and resolution. Fast and effitiegparation of several model proteins
was demonstrated using cation-exchange chromatogram interesting finding about
this monolithic column was that resolution increhggth an increase in mobile phase
flow rate.

In contrast to the soft polyacrylamide based mahpé rigid monolith based on
methacrylate polymers was introduced in 189 this approach, glycidyl methacrylate
(GMA) was used as monomer and EDMA was used aslarksr. The monomer
solution also contained a large amount (60%) cyetanol and dodecanol as porogens

(pore-forming agents), and 1% 2,2’-azobisisobutitriv@ (AIBN) as initiator. Using
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thermally initiated polymerization, a rigid polymeronolith with a high degree of
crosslinking was formed inside a stainless steleinsn. Tetrahydrofuran (THF) was
pumped through the resulting monolith to flush portogens and any unreacted
monomers. The epoxide group in the monolith wasagbently reacted with
diethylamine to produce an anion-exchange montitiprotein analysis. Comparable
chromatographic performance to packed columns Wwtsred using this type of
monolith.

Following the introduction of the polymer monolisilica monoliths were also
synthesized using sol-gel chemistry several yedesf " In contrast to the typical one-
step in-situ preparation of polymer monoliths, slyathesis of a silica monolith often
requires multiple steps. Another feature of siliwanoliths is that they are mostly applied
to the analysis of small molecules.

1.3.2 Preparation of Polymer Monoliths

The preparation of polymer monoliths is often a-etep in-situ process, typically
via free radical polymerization. Several initiatimthniques have been developed to
prepare monoliths in different molds for specifgphcations. In addition, surface
chemistry (functionality) can be easily controliadgpolymer monoliths. Since a one-
phase transparent monomer solution is the stgpong to prepare a monolith, both
hydrophilic and hydrophobic monomers can be usechiopsing appropriate porogens.
Chemical derivatization of some reactive monol{dag., GMA) increases the range of
available functionalities dramatically. More impamtly, the recently introduced grafting
technique allows nearly unlimited introduction ofaxiety of surface functionalities.

Furthermore, the porosity of the polymer monoliéim de controlled by varying the
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components in the monomer solution as well as bygudifferent initiation techniques.
This characteristic is particularly important fast separation in that a monolith with
very high permeability can be easily prepared wi&ntaining good chromatographic
performance. Finally, the crosslinker is equallypartant in the design and preparation of
polymer monoliths. Because crosslinker to total aroar ratio is typically in the range of
30-70 wt%, the crosslinker will affect both the rhanical strength and the backbone
polarity of the resulting monolith.

Initiation of polymerization. The early development of polymer monoliths
followed analytical packed column technology in @fhstainless steel tubing with i.d. of
4.6 mm is typically used. As a result, thermaliation dominated the preparation of
polymer monoliths. For example, the first succdgsfly(GMA) monolith was prepared
in a stainless steel tube via thermal initiafidiThe thermal initiator AIBN is widely used
in the preparation of polymer monoliths. Upon hagitat ~60 °C, AIBN decomposes to
form free radicals (Figure 1.1), which can initihe polymerization of most vinyl-
containing monomers. Because the decompositiongmatye is low, any solvent with
boiling point above 60 °C can potentially be usea@ @orogen to prepare the monoliths.
The most widely used and effective porogens foipile@aration of polymer monoliths
are either long-chain alcohd{§®?(e.g., cyclohexanol and dodecanol) or short chain
alcohol§*® (e.g., 1-propanol and 1,4-butanediol). In additoAIBN, benzoyl peroxide
has been used as a thermal initiator for monoliéparation, although it has not been

very populaf!
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Figure 1.1. Radical formation through thermal deposition of AIBN.
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Besides the conventional AIBN thermal initiatoglde free radical initiators
were also introduced to synthesize novel monolititis “living” surface properties. For
example, 2,2,6,6-tetramethylpiperidyl-1-oxy (TEMP@)s been used as initiator to
initiate the copolymerization of styrene and divbenzené? In contrast to AIBN or
benzoyl peroxide where 55~80 °C is sufficient torfanitiator radicals, a higher
temperature of 130 °C is required to decompose TEM¥ a result of the slow
initiation of TEMPO, quite different monolith morplogy with very high surface area
was obtained, which could be potentially used ze gixclusion chromatography of
synthetic polymers. Although TEMPO-initiated polymzaation resulted in a monolith
with high surface area (300°fg), the permeability of the resulting monolith was.
Further improvement of flow-through properties vaabieved by using other stable free
radicals or a mixture of them. 3-Carboxy-2,2,5 Ba@ethylpyrrolidinyl-1-oxy and 4-
carboxy-2,2,6,6-tetramethylpiperidinyl-1-oxy haweeh used to prepare polystyrene
monoliths with a through-pore medium diameter @i, thus enabling fast flow under
moderate column backpress@ifd.he main advantage of using a stable free radical
initiator is the ease of post-column modificatiéfiter polymerization, there are still
“living” free radicals on the surface of the resut monolith, which can be used to graft
other vinyl-containing monomers. In this approdtls straightforward to introduce new
surface chemistries from the same bulk monolith lag optimized mechanical
properties.

Another unique branch of polymer monolith can bepared via ring-opening
metathesis polymerization (ROM®)?°Here, the initiator, more accurately called a

catalyst, is a transition metal complex (e.g., alibs-type catalyst with a general formula
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of Cl(PRs):Ru(=CHPh), R = phenyl or cyclohexyl). Polymerizatis performed at low
temperature (<0 °C ) and under an inert environrfrétrtbgen protection). Monomers are
cycloolefins, and crosslinkers are olefins with teranore vinyl groups in two or more
rings. The unique property of ROMP is that polyroleain growth is via ring opening
while vinyl groups remain intact. Another featufeROMP is its “living” characteristic.
After polymerization, the initiator is still activan the surface of the polymer, which
allows flexible grafting of various chromatographgands. Buchmeiser’s group
pioneered the preparation of polynorbornene-basatbiiths using the ROMP approach.
Several chromatographic modes including RP, IEcmcl recognition have been
demonstrated®®

With the recent burgeoning interest in proteomésearch, the capillary column
has received more attention due to increased neas#isity. Another trend is the
development of monoliths for use in planar micrpdarmats’® Both of these factors
have led to the development of photoinitiationtfoe preparation of polymer monoliths.
For photoinitiation, the most widely used initiater2,2-dimethoxy-2-
phenylacetophenone (DMPA). Upon UV irradiation &b 3im, DMPA decomposes into
three radicals that subsequently initiate the pelyration of vinyl-containing monomers
(Figure 1.2).

Several requirements must be followed for the dg#hotoinitiation. First, a mold
that is UV transparent is required. Fluoropolymeated fused silica, quartz, and glass
microchips fulfill this requirement. In additionppgens must not absorb UV radiation in

any significant degree. Fortunately, the UV tramepay requirement is satisfied by most
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Figure 1.2. Radical formation from photo-decompogsiof DMPA.
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organic solvents that would be selected for usealBy, the diameter must be sufficiently
small that UV radiation can penetrate the wholengiter of the mold. Capillaries with i.d.
smaller than 32im and most microchips can be safely used. Dedmtéritations
described above, photoinitiation has several disadvantages, which have spurred its
rapid development** Probably, the most important characteristic isitherovement

in monolith uniformity over heat initiation. It igell known that free radical
polymerization is an exothermic process. Usingrtfampolymerization, the heat
generated cannot dissipate well, resulting in goeature gradient along the radial
direction of the tube (higher in the center thangeery). Because the morphology of the
monolith, such as surface area and through-poreatex, is very sensitive to the
temperaturé? the temperature gradient under thermal initiaté@ms to nonuniformity,
which in turn affects column efficiency.

In addition, another attractive feature of photidétion is the selective patterning
of monoliths in desired regions. Polymerizationwsoonly in the region that is exposed
to UV irradiation. Using a suitable UV mask, a mhithowith advanced pattern can be
obtained. For example, a capillary with dual fuoctlities has been prepared for peptide
mapping using suitable masks’® Photoinitiation is especially suited to microchip
applications®*®In a microchip, the functional monolith is ideafiiaced only in the
separation channel, while reservoirs and injeatimeinnels are void of monolith. This
geometry is hard, if not impossible, to achievengither types of initiation. Third,
photoinitiation operates much faster than thermigéibition. Complete conversion of
monomers to polymer can occur in minutes usinggihiation, in sharp contrast to >20

h using thermal initiation*?> **1%The fast reaction rate using photopolymerization i
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very useful in the optimization of the monolithidtnot uncommon that an acceptable
recipe results only after hundreds of screeningerpents. Finally, since photoinitiated
polymerization is performed at room temperature, bmiling point organic solvents,
such as methanol and ethyl etf&t’' can be safely used as porogens. This adds more
control over the adjustment of the pore size distron of a monolith, which is a key
property of a monolith for use in flow-through ajgptions.

Due to the polarity of acrylamide-based monomexdox initiation is often used
for the preparation of acrylamide-based monofittt§?For this initiation technique, APS
and TEMED have been used as initiators (Figure P@8lymerization using this redox
system occurs at room temperature. The APS-TEMEesy has also been used to
prepare polymethacrylate monoliths, although thisat well recognized as an alternative
to the widely used thermal initiatidfi®

A less common initiation technique using a highrgpérradiation source (e.gy;
radiation) was reported recently for the preparatibpolymethacrylate monolitH8?

High energy irradiation breaks down chemical bofedg., C-H bonds), yielding a radical
that can be used to initiate the polymerizatiomin§l-containing monomers. This
process is similar to UV initiated photograftingde infra) for which deep UV (e.g., 210
nm) is typically used, except that high energyadiation) is used. Thus, the radiation
can penetrate deeply into the monomer, makinggsibte to prepare up to 4 mm
diameter monoliths. Other advantages of high eneadiation initiation include fast
reaction rate and no chemical initiator requirelde Thain disadvantage, however, is the
extremely dangerousradiation, making it difficult to perform in conmgonal

laboratories.
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Functionalization of the monolith surface. Three methods have been developed
for the introduction of functionalities during tegnthesis of polymer monoliths. The
widely used, originally adopted, and still most plap one is copolymerization. During
the 17 years of development of the monoliths, nemeexamples can be found using
copolymerization to introduce desirable chemidtigr some monomers that are not
readily available or difficult to synthesize, chealiderivatization of some bulk reactive
monolith (e.g., GMA) introduces new surface chemngisthis approach is particularly
useful in affinity chromatography and enzyme imnfiabtion. Actually, derivatization is
a well established method to prepare silica-basetictes used in conventional
HPLC>*°°For example, monodisperse bare silica particlepegpared and silanized
with alkylsilanes to generate reversed-phase pestidhe third approach, grafting, is
another powerful method to introduce new chemisttie particular, grafting by deep
UV has recently gained in popularit}?®°®

Numerous functional monomers have been used t@aprgmlymer monoliths via
copolymerization, which include hydrophilic, hydrabic, reactive and ionizable
monomers. Typical hydrophilic monomers include &mide, N-isopropylacrylamide,
N-ethylacrylamide or their methacrylamide analdgEMA and polyethylene glycol
methyl ether acrylate (PEGMEA). Hydrophobic monosnaainly comprise butyl
methacrylate (BMA) or butyl acrylate (BA), and sgie as well as norbornene. The
widely used reactive monomer is GMA or chloromeshylene, or 2-vinyl-4,4-
dimethylazlactone (VAL). lonizable monomers incliacrylamido-2-methyl-1-

propane sulfonic acid (AMPS), 2-acryloyloxyethyttethylammonium chloride (AETC)
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or 2-methacryloyloxyethyltrimethylammonium chlori®ETC). The chemical
structures of the monomers described above arershofigure 1.4.

In addition to copolymerization, chemical derivatipn is another powerful
method to introduce new surface functionality. Amdine three reactive monomers,
GMA has gained the most widespread application.&pexide group in the poly(GMA)
monolith can be potentially attacked by any nucleles, such as amines or amino
groups in proteins or sodium sulfite. For examtile, first polymethacrylate monolith
was based on GMA® After the epoxide was reacted with diethylamine,
diethylaminoethyl chemistry was introduced, whicksvsuccessfully used for anion
exchange chromatography of acidic proteins. Thetireaepoxide can also be modified
with sodium sulfite to generate a cation-exchangaatth. For example, Ueki et al. has
used this approach for strong cation-exchange catmgraphy of inorganic cation$:
The more useful function of the poly(GMA) monolithfor immobilization of enzymes
(e.g., trypsin) for preparation of microbioreactdrsmobilization of enzymes can be
achieved by direct reaction of the enzyme with (8MA), or by inserting an arm
between poly(GMA) and the enzyme. A detailed revivwusing poly(GMA) to
immobilize enzymes has been recently publisti&d.

Grafting of a functional monomer has several advged as compared to either
copolymerization or derivatization. First, only oogtimization process is sufficient. In
the grafting approach, a generic monolith [e.gly@MA)] with good mechanical
strength and flow properties is prepared and ogguohi Then a new monomer (e.g., those

shown in Figure 1.4) with suitable initiator is ¢t into the pores of the general
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Figure 1.4. Chemical structures of common monorasesl for the preparation of

polymer monoliths in copolymerization.
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monolith and grafted on the surface of the monolithus, different chemistries can be
introduced through one general monolith. This feats very attractive. The optimization
of a new monolith is a time-consuming process. dltih some theoretical aspects of the

preparation of macroporous particles have beenose®’ %

the main approach to
optimize a new monolith system is via trial-andeemt the present. By grafting, tedious
optimization of each of the new monomers is avoi@=tond, a better surface coverage
is expected as compared with copolymerization. Beegrafting occurs from the
monolith surface and extends into the pores ofitbaolith, all of the functionalities are
accessible for interaction. Furthermore, the gdaffeains can also serve as new loci from
which new chains can grow, ultimately leading taighly branched structure. This
further increases the binding capacity of the tesgiimonolith. Finally, grafting is

typically fast, and the degree of grafting can asilg controlled.

Grafting can be realized in several ways. Firg,rhture of the ROMP method
determines the ease of surface graftfiig’Because the initiator is attached to the
surface of the resulting monolith after polymeriaat grafting can be initiated after the
introduction of a new cycloolefin. A variety of fatonalities such as carboxylic acid,
tertiary amine and cyclodextrin, have been graiftéal a base polynorbornene monolith.
Second, grafting can be achieved via the use bfesteee radicals (SFRY:®’ This
approach is very similar to the ROMP method. SFRhersurface of the monolith can be
activated upon heating, and they initiate the gvafymerization of new monomers. For
example, chloromethylstyrene and vinylpyridine hbeen successfully grafted to
polystyrene monolith$:* Third, grafting is performed through the immolliion of

initiators. This approach is similar to the ROMRI&GFR methods; however, it is not a
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universal method. To immobilize an initiator on gwface of a monolith, the bulk
monolith should be reactive. For example, Trippletmmobilized a free radical azo
initiator through the reaction of 4,4’-azobis(4-op&aleric acid) with the chloromethyl
functionality in the polychloromethylstyrene moribit****3This free radical initiator
was used to graft VAL onto the monolith to sepaeatenes. Fourth, grafting is achieved
by the introduction of vinyl-containing chemicaldis is not a universal approach, either.
For the poly(GMA) monolith, allylamine can be restiwith the epoxide group to form a
pendant vinyl group. If one adds a new monomertswlwvith initiator, grafting from the
vinyl group in the poly(GMA) monolith will occur.€Rers et al. used this approach to
graft N-isopropylacrylamide, and obtained a uniquanolith that was thermally
responsivé’* The hydrophobicity of this grafted monolith chasdem hydrophilic to
hydrophobic upon an increase in temperature. Fingthfting is realized via UV
irradiation. This is a universal approach and ymogular today. If a polymer is irradiated
with deep UV (e.g., < 200 nm), hydrogen abstractiocurs, leaving an active radical on
the polymer surfacE>**®Using this approach, AMPS, VAL and BMA have beeafigd
onto the poly(BMA) monoliti**® Furthermore, N,N-dimethyl-N-methacryloyloxy-ethyl-
N-(3-sulfopropyl)ammonium betaine (SPE) has beafteg onto the same poly(BMA)
monolith for rapid and efficient separation of @ios in capillary
electrochromatographly’

Control of monolith porosity. In flow-through applications, such as
chromatography, online enzyme microreactor, antherdolid phase extraction, both
large surface area and good permeability are ddsirA large surface area provides

more active sites for effective interactions, anddjpermeability allows faster
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processing and low back-pressure. For polymericatitbic columns, the surface area is
mainly determined by the nanopores (<2 nm) and pwes (between 2 and 50 nm),
while the macropores (>50 nm) provide little cdmtition. The permeability, on the other
hand, is mainly determined by the average dianoétdre macropores (through-pores).
Unfortunately, in most cases, a monolith with gpedmeability typically has low

surface area, and vice versa. Thus, a balancebauset between surface area and flow-
through properties. This requires the optimizabbthe pore size distribution to fit each
application.

The pore size distribution of a polymer monolitim ¢t adjusted by several
variables. These include initiator concentratiotgaltmonomer to total porogen ratio,
monomer to crosslinker ratio, porogen nature atid od porogens if more than one
porogen is used. Although a decrease in initieor decrease the pressure drop of the
monolith, a longer time is required to complete ploé/merization. A decrease in total
monomer to total porogen ratio is a straightforwarethod to decrease the pressure drop
of the monolith; however, it decreases the homogeaad rigidity of the monolith as
well. A change in monomer to crosslinker ratio bane an effect on the pressure drop of
the resulting monolith, although it also changesribidity and homogeneity of the
monolith. The most powerful factor to control thegsure drop of the monolith is the
selection of porogens since they do not affecttmaposition and rigidity of the
monolith.

The selection of porogen(s) is unlimited. Good soty poor solvent and linear
polymers have proven useful for the preparatiomacroreticular polymer resins in

suspension polymerizatidfi”***The combination of good solvent, poor solvent and/
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linear polymer is also effective in preparing pogmmonoliths. There are several
requirements for the design and selection of pareggirst, they must dissolve all
reagent components (i.e., initiator, monomer andsimker). A transparent monomer
solution is a prerequisite for developing a goodholith. Second, the polarity of the
porogen must be easily adjustable. Porogens génarelude both a good solvent and a
poor one. In this way, porogen mixtures with diéietrr solvent strengths can be obtained
by varying the ratio between the good and pooresdk:. This is particularly important
because it controls the onset of phase separagonpolymer chain precipitation from
the porogens as it grows longer), which determihegore size distribution of the
resulting monolith. In general, good solvents wéherate a monolith with small
through-pores due to later onset of phase separd&mor solvents, on the other hand,
yield monoliths with large through-pores, resultinggood permeability. Finally, the
porogen must be compatible with the initiation ta@ghe. Depending on the initiation
technique used, different organic solvents have lised for monolith synthesis (see
Section 1.3.2). For example, in thermal initiatimw boiling point solvents will not
work as porogens. Similarly, only UV transparenvents can be utilized if
photoinitiation is used.

In addition to common organic solvents as porogiemsar polymers can also
work as porogens. For example, polyethylene gl{e&G) of different molecular
weights has been used as porogen to prepare pglmide monoliths’ A systematic
study using PEG as coporogen has also appearetlyeice the preparation of
polymethacrylate monoliths for hydrophobic interactchromatography of proteif&’

Another atypical porogen is supercritical carbaoxdie. This porogen is attractive in
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that it is nontoxic, nonflammable and inexpensiathermore, the solvating power can
be adjusted by applying different pressures. Thugercritical carbon dioxide itself
rather than a mixture of solvents can effectivebriwas porogen, making optimization
somewhat straightforward. Using EDMA and trimethgtopane trimethacrylate (TRIM)
as model monomers, monoliths with a broad randbroftigh-pore diameters (20 nm - 8
um) have been preparétf:*2°

Among all types of polymer monoliths developed, ploé/acrylamide monolith is
unique. In addition to the common porogen apprdaaontrol the pore size
distribution*"*#'jonic strength is another powerful method to atijine through-pore
diameter®!%?In this approach, no organic solvents are requifeéé monomer mixture
is a transparent aqueous solution. The formatidhrough-pores is achieved by
promoted hydrophobic interaction of the polymerkimme in the presence of a high
concentration of salt (e.g., ammonium sulfate). payacrylamide monoliths containing
hydrophobic ligands, a surfactant is often useehtollsify the monomer mixture, and the
same principle can be applied to control the foromeof through-pore$>?

Crosslinking during monolith polymerization. In contrast to various monomers
used for preparation of polymer monolifis>#°8812112¢he number of crosslinkers is
much more limited. Very little effort has been died toward study of crosslinker effects
on chromatographic performance. This is quite $sirg since the crosslinker is an
integral part of the resulting monolith, typicallgcounting for 30-70% by weight. As a
result, the crosslinker should be expected to Bagmitly affect both the rigidity of the

resulting monolith and its overall polarity.
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In Chapter 2, | report a new crosslinker, polyeting glycol diacrylate (PEGDA),
for the preparation of acrylate-based polymer mitimofor aqueous SEC of peptides and
proteins® The PEGDA crosslinker demonstrated superior bigeihility compared to
conventional ethylene glycol dimethacrylate. At ffaene time, several other crosslinkers,
including polyethylene glycol dimethacrylate, wempolymerized with BMA for RPLC
of proteins:?® Although the advantage of biocompatibility of &resslinker was not
demonstrated in these studies due to the use &gtPh@ode of chromatography;
nevertheless, the feasibility of using crosslinkateer than conventional EDMA to
prepare methacrylate-based polymer monoliths weeglgl shown.

For analysis of biological samples, such as peptatal proteins, the use of
PEGDA is helpful to suppress nonspecific interatticAs shown in Figure 1.5, PEGDA
has an acrylate group at each end of the moleatitlea PEG chain between. According
to a systematic study conducted by Ostuni €¢ah,molecule that contains
> 3 ethylene glycol units effectively resists theagbtion of proteins. PEG or PEG-
containing materials have been widely used asgghmatrix, capillary electrophoresis
coating, capillary gel electrophoresis matrix, antificial organ coating?’ **°A unique
feature of PEG is that it does not denature prefetaen during precipitation at high
concentration, which is in sharp contrast to otirganic solvents (e.g., acetonitrile)
which tend to denature proteitig.

With the use of PEGDA as a crosslinker, a strorgpeaxchange (SCX)
polymer monolith was recently introduced for cagil liquid chromatography of
peptides, as described in Chaptéf*dJsing simple one-step copolymerization of AMPS

and PEGDA, the resulting monolith provided extrgmedrrow peaks and high peak
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capacity. Although not completely understood, tkieamrdinary chromatographic
performance is believed to be related to the uskebiocompatible crosslinker PEGDA.
1.3.3 Application of Polymer Monoliths

Due to ease of preparation and enhanced massdrapsfymer monoliths have
found numerous applications in a variety of fialested to the analysis of biological
samples. These include preconcentration and sblgeextraction’? enzyme bioreactor
for protein digestiori®® capillary electrochromatograpfy?***chip
electrochromatography,and liquid chromatography (both in analytical @agillary
formats)>*"13°A detailed description of all of these applicaas beyond the scope of
this dissertation. Instead, applications of polym@noliths to the analysis of biological
analytes in capillary liquid chromatography will beefly reviewed.

Acrylamide-based monaliths. The first monolithic capillary column was based
on polyacrylamidé?® A small amount of butyl acrylate was copolymerizéth a large
amount of methylenebisacrylamide in a 300 i.d. capillary via typical APS-TEMED
redox initiation. The resulting monolith was sucfally used for hydrophobic
interaction chromatography of model proteins. Om@nnproblem of this early approach
was the compressibility of the monolith. For exaeain initial length of 60 cm was
compressed to 7 cm upon applying pressure. To wepitte mechanical strength of the
polyacrylamide-based monolith, two modificationsggvenade. One was to treat the inner
wall of the capillary with 3-(trimethoxysilyl)propynethacrylate (TPM) to fix a pendant
double bond on the inner wall. The other was toausew crosslinker, piperazine
diacrylamide, to replace the conventional methytésecrylamide crosslinker. Using

these improved methods, stable polyacrylamide nithisalno compression during usage)
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were prepared in both 320n and 10 and 2@m i.d. capillaries. The monoliths were
demonstrated for fast weak cation-exchange chragnapdy of model basic
proteins!1142

Acrylate or methacrylate-based monaliths. It is somewhat surprising that
development of capillary acrylate or methacryladsdsl monoliths for protein analysis
lagged far behind that of acrylamide-based monalittn 2004, a polymer monolith
synthesized from the copolymerization of BMA andNEB® using photoinitiation was
reported®’ The monolith was prepared in a 20® i.d. UV transparent fused silica
capillary and used for fast RP LC of proteins. Agssult of the through-pore diameter of
2.24pm, the monolith had extremely low flow resistariBaseline separation of
ribonuclease A, cytochrome ¢, myoglobin and ovaliowweas achieved in 40 s using a
flow rate of 10QuL/min and an optimized steep gradient.

Lee’s group was the first to prepare acrylate-basedolithic capillary columns for
LC of peptides and proteirfi$!®* The main contribution of this work was the
development of a novel PEGDA crosslinker, whicleetifvely resists adsorption of
proteins and peptides. As a result, the contrilouibthe crosslinker to monolith
hydrophobicity was minimized. The PEGDA crosslinkeparticularly useful for
separation techniques that can analyze biomoleaukbgir native states (e.g., SEC, IE,
and affinity chromatography). Detailed descriptiofshese studies will be provided in
Chapters 2-4.

Affinity capillary LC of glycoproteins and glycamnsing polymethacrylate

monoliths was recently reported by El Rassi's grfdg**Both neutral poly(GMA) and

cationic poly(GMA-co-METC) monoliths were synthesizin 100um i.d. fused silica
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capillaries using thermal initiation. Two lectimgluding concanavalin and wheat germ
agglutinin were used to selectively trap very lameentration (~18 M) glycoproteins
and glycans that contained sugar sequences reeagyzthe lectins. By synthesizing
and coupling another polyacrylate monolith (basegentaerythritol diacrylate
monostearate) that could be used for RP LC, a 2daration scheme was
demonstrated**

Norbornene-based monoliths. Buchmeiser’s group developed norbornene-based
monoliths via the ROMP approath®®11%1%°A decrease in i.d. from analytical (3 nith)
to capillary (20qum)**®increased the resolution of oligodeoxynucleotidgswo times,
presumably due to better temperature control ircttpallary during the preparation of the
monolith. A variety of biomolecules, such as oligogynucleotides, double-stranded
DNA fragments and proteins, were separated usingpiithic capillary columns in the
RP LC mode*®

Styrene-based monoliths. The first demonstration of preparing a styrene-tiase
monolith in a capillary was reported in 1998 The capillary had an i.d. of 150n with
a pulled 5-1Qum needle tip at one end, which served both asaaepn unit and an
electrospray device. The polystyrene monolith veeisied inside the pulled capillary by
thermal initiation at 65 °C and used for separadiod electrospray ionization of peptides
and proteins. Equal or better chromatographic perdnce (i.e., resolution and signal
strength) was obtained using the monolithic pudagillary compared to a similar
capillary packed with either C18 silica particlegolystyrene beads. Due to their
hydrophobic nature, polystyrene monoliths are esigkly used in the RP

chromatography mode.
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Using a similar approach, several other groups Ipaeeared polystyrene monoliths
in the capillary format for RPLC of peptides, pinteand nucleic acid$3124147 15 rhe
preparation of polystyrene monoliths typically itwexd toluene and decanol as porogens.
Huber’s group improved polystyrene monoliths sigaihtly by using THF and decanol
as porogen¥** They claimed that a large number of mesopores foeneed because
THF is a worse solvent than toluene. As a resuissriransfer resistance became much
smaller. In fact, they demonstrated extremely effitseparation of proteins and peptides
using their polystyrene monolithic columns. Thelpe@dth at half height for most
proteins was <10 %2 Another noteworthy development of the polystyrer@nolith was
reported by Karger's group® By preparing monoliths in 20m i.d. capillaries, the
detection sensitivity was improved by 20 fold ov&mm i.d. columns, enabling the
detection of 10-40 fmol peptides. Excellent effirag (100,000 plates/m) was obtained
for RPLC of peptides. Attempts were also made togase the hydrophobicity of the
bare polystyrene monolith® After the polystyrene monolith was prepared, aditazhal
derivatization step, which involved Friedel-Cradtkylation with chlorooctadecane in the
presence of aluminum chloride as a catalyst, weemeed to introduce C18 chemistry
onto the monolith. However, as compared to theimasigpolystyrene monolith, only
marginal improvement in retention and peak shaesabtained.

1.4 Significance and Content of this Dissertation
141 Significance

Liquid chromatography of proteins can be perfornmettvo different ways: under
denaturing conditions and under native conditidie RP mode is in the first category

while other modes of chromatography, such as i@haxge, affinity, size exclusion, and
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hydrophobic interaction, belong to the second aateds reviewed in Section 1.2,
RPLC is the most popular mode for proteomics sgudiéis is reasonable because RPLC
can be directly coupled with MS, the most powededector for proteomics research at
the present. In addition, RPLC is a well developsthnique that has superior selectivity,
efficiency, and resolution compared to other maafeshromatography. The rapid
development of polystyrene monoliths for RP capjllaguid chromatography (CLC) of
biomolecules (Section 1.3.3) confirmed the usefsdna this mode. However, other
modes of chromatography are equally important fotgpmics studies (see 2-D LC for
proteomics in Section 1.2.2) because they are camabtary to the RP mode. At present,
polymer monoliths for these chromatographic modedess developed.

For analysis of proteins in their native statesirbphobic interaction is
detrimental to most separations except for hydrbghimteraction chromatography. The
PEGDA crosslinker has been proven to effectivedystenonspecific hydrophobic
interactions of proteins (see Section 1.3.2). Aasallt, it contributes negligible
hydrophobicity if used as a crosslinker to syntbest monolith. It was another aim of
this dissertation to investigate the use of PEGBA éiocompatible crosslinker to
prepare polymer monoliths for the analysis of pigsiand proteins in their native states.
Because PEGDA contributes insignificant hydrophibpio the polymer monolith
backbone, | hoped that highly efficient monolitiegild be prepared using this novel
crosslinker. With the development of highly effigighigh resolution capillary LC
methods based on polymer monoliths, enhanced iagghwer of 2-D LC should be

realized, which would encourage more applicatidns®in proteomics research.
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1.4.2 Overview of this Dissertation

Chapter 2 reports the design, preparation and atratuof an inert polymer
monolith for use in SEC. PEGMEA was used as mon@ndrPEGDA as crosslinker. A
macroscopically uniform monolith with low flow resance was obtained using methanol
and ethyl ether as porogens via photoinitiatiore ®atimized monolith was successfully
applied to SEC of peptides. By replacing PEGMEAwittnizable monomers, monoliths
with IE functionalities could be obtained. Chaptgrand 4 report the synthesis of SCX
monoliths for resolution of peptides and proteingChapter 3, AMPS was used as the
functional monomer. A ternary porogen, water/metivathyl ether, was found suitable
to prepare the poly(AMPS) monolith. Due to the akthe biocompatible PEGDA
crosslinker, extremely sharp peaks were obtainet@oof both synthetic and natural
peptides including a tryptic digest. A peak capacft179 was obtained using a shallow
salt elution gradient. Although very successfud, thain drawback of the poly(AMPS)
monolith was its relatively strong hydrophobicitg., 40% acetonitrile was required to
suppress hydrophobic interactions for hydrophobiatides. Chapter 4 deals with
improvements in hydrophilicity by using two othe@memercially available sulfonic acid-
containing monomers to prepare SCX monoliths: stitfgl methacrylate (SEMA) and
vinyl sulfonic acid (VS). The hydrophobicities dfet resulting monoliths were
systematically evaluated. Results show that thg(@&) monolith was the least
hydrophobic among the three SCX monoliths studiée. poly(VS) monolith was
applied to the separation of various proteins idiclg lipoproteins using capillary LC.
Five subclasses of high density lipoproteins wegpgasated under a linear salt gradient.

Chapter 5 outlines future proposed research usm@EGDA crosslinker.
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CHAPTER 2 PREPARATION AND EVALUATION OF
POLY(POLYETHYLENE GLYCOL METHYL ETHER ACRYLATE-CO-
POLYETHYLENE GLYCOL DIACRYLATE) MONOLITH FOR PROTEIN
ANALYSIS

2.1 Introduction

Minimal interaction of support matrix and analyieslesirable for separations
such as gel electrophoresis and size exclusiomdtography of proteins. Proteins are
well known to exhibit hydrophobic and/or ionic iraetions with a variety of surfaces.
Therefore, an inert material, which can signifitan¢duce or eliminate adsorption of
proteins, would be very useful.

Known materials that resist protein adsorptionudel polysaccharide and
polyacrylamide polymers; these enjoy wide applarain gel electrophoresis and size
exclusion separation of proteihén efficient method to address adsorption problems
capillary electrophoresis is to coat the capillsmyface with such polymefs.In addition
to polysaccharide and polyacrylamide, other netnydlophilic polymers have been
investigated and found useful in capillary elechosis, such as polyvinyl alcoHol,
polyethylene oxid&? polyvinylpyrrolidinon€ and a copolymer of polyethylene glycol
and polypropylene glycdlAll of these polymers are neutral and hydrophific.
systematic study of protein adsorption on a vardtyurface structures resulted in the
conclusion that materials are protein compatibtaefy are neutral, hydrophilic, proton

acceptors and not proton dondrs.

" This chapter is reproduced with permission frbr@hromatogr. A 2005, 1079, 382-391. Copyright 2005 Elsevier B. V.
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Other materials used in gel electrophoresis redond 992 by Zewert and
Harrington are polyhydroxy methacrylate, polyhydracrylate, polyethylene glycol
methacrylate and polyethylene glycol acryt5t& To avoid the toxicities of acrylamide
and bisacrylamide, and the difficulties associatét polyacrylamide gel electrophoresis
of very hydrophobic proteins, such as bovine sealbumin or zein, polyethylene glycol
methacrylate 200 in hydroorganic solvents was atatli Although there was no direct
evidence to show the inertness of this materiaicasssful electrophoresis of proteins
demonstrated the protein compatibility of such padys.

The inert polymers mentioned above are polymer tipalisare soft in nature.
These polymers can only be used in their swollatestbecause such polymers lose their
permeabilities upon drying. Attempts have been ntageepare rigid beads with
permanent porous structures from such polymers.mgnioese hydrophilic polymers,
polyacrylamide is the only one that could formdifpeads by inverse suspension
techniques using a high content of bisacrylamida a®sslinket? The use of a higher
level of crosslinker accounted for the formatiorrigid beads instead of soft particles.

As introduced in Chapter 1, monolithic materialeofn alternative to columns
packed with small particles or beads. Attempts Hmeen directed towards the synthesis
of polyacrylamide monoliths. The first demonstrataf preparing a poly(acrylic acid-co-
methylene bisacrylamide) monolith was performedi989 by Hjertén’s group’

However, the monolith was soft. Several years Jaeigid poly(acrylamide-co-
bisacrylamide) monolith was reported in 1997 by&vgroup'® Several variables were
studied to prepare a flow-through monolith with eam pore diameter of ~ 1 um. The

porogens used for preparing the acrylamide-co-bytamide monolith were dimethyl
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sulfoxide and a long chain alcohol, such as hept@andodecanol. The concentration of
initiator was also investigated to adjust the medpore diameter of the monolith; a
lower concentration of initiator increased the peatvility of the resulting monolith as
expected. Unfortunately, thermally initiated polymation was used to prepare the
monolith. As a result, 24 h was required to congtbe polymerization at 1% initiator
concentration.

In this Chapter, a protein compatible poly(polyd¢mg glycol methyl ether
acrylate co-polyethylene glycol diacrylate) morfoiPEGMEA-co-PEGDA) was
prepared by photo-initiated polymerization. Phylspraperties, such as pressure drop
and swelling or shrinking in organic solvents, welnaracterized first, and then inertness
in LC was evaluated by using a series of both a@dd basic model proteins under a
variety of buffer conditions.

2.2 Experimental
221 Chemicals

Anhydrous methanol, anhydrous ethyl ether and A€xgent hexanes were
purchased from Mallinckrodt Chemicals (Phillipshuxyl), Fisher Scientific (Fair Lawn,
NJ) and EMD Chemicals (Gibbstown, NJ), respectivelyLC grade toluene and THF
were from Mallinckrodt Chemicals, and Curtin MathesScientific (Houston, TX),
respectively. All other solvents (cyclohexanol, doanol and dimethyl sulfoxide) were
of analytical grade or better. Phosphate buffentgms were prepared with deionized
water from a Millipore water purifier (Molsheim, &wce) and filtered through a 0.22 pm
filter. Thiourea (99.9%), 2,2-dimethoxy-2-phenylaghenone (99%), 3-

(trimethoxysilyl)propyl methacrylate (98%), ethy&eglycol dimethacrylate (EDMA,
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98%), polyethylene glycol methyl ether acrylate GAREEA, average molecular weight,
Mn, ~454), and polyethylene glycol diacrylate (PE&MN ~575 and ~258) were
supplied by Sigma-Aldrich (Milwaukee, WI) and useithout further purification.
Proteins {pepsin from porcine stomach mucosa, serum albumin (>99%),
myoglobin from horse skeleton musaechymotrypsinogen A from bovine pancreas,
lysozyme from turkey egg white, and bovine serubulin fluorescein isothiocyanate
conjugate (FITC-BSA)} and peptides {neurotensingiatensin Il fragment 3-8 and
leucine enkephalin} were also obtained from Signdréh.
2.2.2 Capillary Liquid Chromatography

UV transparent fused silica capillary tubing with @m i.d. and 365 pum o.d. was
supplied by Polymicro Technologies (Phoenix, AZapilary LC experiments were
performed with an ISCO Model 100 DM syringe pumm@oln, NE), 60 nL Valco
internal sample loop (Houston, TX), a Linear SdfentVis 203 detector (Reno, NV)
and a Thermo Separations PC 1000 V3.0 software station (Fremont, CA) for data
collection and treatment. The PC 1000 providedht&is times, peak heights, peak areas,
asymmetry factors and column plate counts. On-colui detection was performed at
214 nm. Chromatograms were transferred to an ABEIAnd redrawn using Microsoft
Excel (Redmond, WA).
2.2.3 Preparation of Polymer Monoliths

Before filling the UV transparent capillary with mamer mixture, the capillary
inner surface was treated with 3-(trimethoxysilybypyl methacrylate (commercial
identification number Z-6030) to ensure covalemding of the monolith to the capillary

wall.>" Briefly, the capillary was rinsed sequentially witcetone, water, 0.2 M NaOH,
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water, 0.2 M HCI, water and acetone using a syrpwgap for 30 min each at a flow rate
of 5 pL/min. The washed capillary was then driedmoven at 120 °C for 1 h, filled with
a 30% Z-6030 acetone solution, sealed with a rubgetum and placed in the dark for 24
h. The vinylized capillary was then washed withtane at a flow rate of 5 pL/min for 10
min, dried using a stream of nitrogen for 3 h, aadled with a rubber septum until used.

Four monolith recipes shown in Table 2.1 were desigo test protein
compatibility, and the monoliths were prepareddi®is. The monomer mixture was
prepared in a 1 dram (4 mL) glass vial by admiximgequence the initiator, monomer,
crosslinker and porogens, and ultrasonicating finrbbefore use. Because of the low
viscosity of the monomer solution, the introducta@drmonomer solution into the UV
transparent capillary was facilitated by capillatyface tension. The capillary was then
placed under a Dymax 5000AS UV curing lamp (Tornamg CT) for 10 min. For
measurement of polymerization conversiail€ infra), a series of irradiation times were
used. The UV curing lamp can produce an irradiaitioensity of 200 mW/cfin the
wavelength range of 320 ~ 390 nm.
2.2.4 Laser Induced Fluorescence Imaging of FITC-BSA

Laser induced fluorescence (LIF) imaging of FITCABS a series of capillary
columns was performed in a device described elsexf@&riefly, the 488 nm line from
an Ar ion laser was used to excite the sampletfamfluorescence was imaged using a
Nikon Coolpix 995 digital camera (Tokyo, Japan).
2.2.5 PressureDrop Measurements

Pressure drop measurements were performed usiisgrasAPhoenix 20 CU

HPLC pump (Milano, Italy) in the constant flow modéethanol and THF were pumped
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Table 2.1. Composition of reagent solution for @as monoliths used in this study.

Recipes for monoliths 1 and 4 reagents were opéchinits are in g.

No. DMPA PEGMEA EDMA PEGDA Ethyl ether  Other

#1 0.008 0.32 0.48 - - 0.38 cyclohexanol +
0.58 dodecanol +
0.24 hexanes

#2 0.008 - 0.8 - 1.20 -
#3 0.006 - - 0.6 1.40 -
#4 0.006 0.15 - 0.45 1.10 0.30 methanol
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through the monolithic column at flow rates of 486and 10 pL/min, respectively, and
the pressure drop for water was measured at 4 mLAfier stabilizing, the pump
pressure was recorded.

2.2.6 Polymerization Conversion Evaluation and Scanning Electron Microscopy

A bulk solution of 10 g optimized monomer mixtureqnolith #4, Table 2.1) was
prepared based on the procedure outlined in Se2tibB. An aliquot of 0.3 g of the
monomer mixture was dispensed into a series oamd# mL) glass vials and irradiated
under the UV lamp for 10 s, 20 s, 30 s, 1 min, &,rBimin, 10 min, and 30 min,
respectively. The bulk monolith was carefully rerad\by breaking the glass vial, sliced
into sections, Soxhlet extracted with methanol nigdt and placed in a vacuum oven at
60°C overnight. The dried monolith material was weigland compared with the
combined weight of the monomer and crosslinkeri@io the conversion of monomer to
polymer.

One of the dry monoliths (i.e., with 10 min irraiien time) was also used to
obtain the SEM images. The monolith was sputtengd +20 nm gold, and SEM images
were taken using an FEI Philips XL30 ESEM FEG (titro, OR).

2.2.7 Inverse Size Exclusion Chromatography (1 SEC)

The same liquid chromatographic system as descnib8dction 2.2.2 was used
to run the ISEC. The mobile phase was THF and tetewas at 254 nm. Narrow
distribution polystyrene standards with moleculasses of 201, 2 460, 6 400, 13 200, 19
300, 44 100, 75 700, 151 500, 223 200, 560 90@51000, 1 571 000 and 1 877 000
were purchased from Scientific Polymer Productsté@o, NY). A solution of 1 mg/mL

polystyrene and toluene each in THF were chromatgrd.
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2.2.8 Protein Recovery Deter mination

A monolithic column with a total length of 80 cmaaeffective length of 60 cm
was prepared with one detection window at 19 cmthadather at 60 cm from the
column inlet. The detection window at 19 cm wasted by carefully introducing an air
bubble during introduction of the monomer solutidmixture of protein and thiourea
(an internal standard to calibrate any detectiamaw response variation due to different
background absorbances of the two detection winylaxas injected into the monolithic
column. Protein recovery was calculated by compartf the calibrated protein peak
area from the second detection window with thamnftbe first one. The calibrated peak
area of a protein was obtained by dividing the giropeak area by that of thiourea from
the same detection window.
2.3 Resultsand Discussion
2.3.1 Crosslinker Influence on Inertness of the Monolith

Initially, EDMA was chosen as a crosslinker to @epthe PEGMEA monolith
because EDMA has been widely used in the preparafioigid porous polymer
monoliths, such as butyl methacrylate, glycidyl naetrylate and 2-hydroxyethyl
methacrylaté® However, the resultant monolith (monolith #1, &aBl1) exhibited
strong adsorption of FITC-BSA as shown in the Luttages (see Figure 2.1, A panels).
To investigate the cause of adsorption of BSA enpbly(PEGMEA-co-EDMA)
monolith, monolith #2 composed of pure EDMA waspaned with ethyl ether as
porogen. Not surprisingly, the EDMA monolith hadteong fluorescence residue after
introducing FTIC-BSA and flushing with 0.1 M phospé buffer (pH 7.0) containing 0.5

M NacCl buffer (Figure 2.1, B panels). Because pitlykene glycol is known not to

55



Figure 2.1. LIF images of the monolith before, dgrand after loading of FITC-BSA.
Procedures: the LIF image was first recorded bdtmding of FITC-BSA for which a
dark background was obtained for all monoliths;rti@nolithic column was loaded with
0.01 mg/mL FITC-BSA and the fluorescence image taken; the monolithic column
was then flushed with 100 mM (pH 7.0) phosphatddsidontaining 0.5 M NaCl for 5
min under a linear flow velocity of ~4 mm/s, ané tbiF image was obtained again. (A)
PEGMEA/EDMA monolith; (B) EDMA monolith; (C) PEGDMn ~258 monolith; (D)
PEGMEA/PEGDA monolith; the monomer recipes foradlthe monoliths are listed in

Table 2.1.
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adsorb proteins, PEGDA was chosen as a crossliokére preparation of the PEGMEA
monolith. Results of the use of PEGDA with Mn ~&&bcrosslinker showed that the
PEGMEA/PEGDA monolith did resist the adsorptiorpadteins (data not shown).
Unfortunately, the resultant monolith was comptassupon application of >1000 psi
buffer even though 75% crosslinker was used imtbhaomer recipe. This indicates that
the PEGMEA monolith with long-chain PEGDA crossknkyielded a soft monolith.
However, replacement of PEGDA Mn ~575 with PEGDA M58 dramatically
improved the rigidity of the monolith. From the dhescence images (Figure 2.1, C
panels) of this new polymer monolith #3, no obviadsorption of FITC-BSA was
observed. Therefore, PEGDA Mn ~258 was finally ctelé as the crosslinker to prepare
the PEGMEA/PEGDA monolith (monolith #4, Table 2 A)tfluorescence test of the
optimized PEGMEA/PEGDA monolith also showed no agon of FITC-BSA (see
Figure 2.1, D panels).

2.3.2 Optimization of Porogen Composition

To be useful in flow-through applications, the mithamust have low flow
resistance. Furthermore, for chromatographic usenm@ogeneous monolith is critical for
achieving high efficiency. Here, homogeneity reterghe uniformity of monolithic bed
along both radial and axial directions. Becausgrmel monoliths are made of tiny
globules which are connected together to form tmiouous rod, they are
microscopically heterogeneous. Thus, homogeneitlgigndissertation refers to the
uniformity of monolithic bed macroscopically. Ifehmonolith is free of voids or cracks
and its color is uniform (some monoliths had darll Aght spots along the axial
direction of the column, indicating that they warkomogeneous) under examination of

a microscope, this monolith is referred to as hoemegus, antlice versa. Therefore,
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optimization was performed to prepare a homogenemmlith with flow resistance as
low as possible.

Five factors can be adjusted to change the pressapeof the polymer monolith
(see Section 1.3.2.3 for a detailed discussiontadmmtrol of the porosity of the polymer
monoliths). For the preparation of the PEGMEA/PEGDAnNolith, when ethyl ether was
used as porogen, the crosslinker had to be griéeter70% to make a rigid monolith. As
a result, 75% PEGDA (crosslinker) and 25% PEGMEArfomer) were used throughout
the optimization of the monolith. The total monort@porogen ratio was kept constant
at 3:7 and the initiator concentration was 1% efrtionomers. A variety of solvents were
evaluated to prepare the PEGMEA/PEGDA monolithstF-80% PEGMEA or PEGDA
solutions (containing 1% DMPA as photoinitiator)ethyl ether, hexanes, cyclohexanol,
dodecanol, dimethyl sufoxide, methanol, toluen@ldF were prepared and placed under
the UV lamp to find the best porogens for the PEGQVHEGDA monolith. PEGMEA
and PEGDA both dissolved well in all solvents exdegxanes. For PEGMEA,
dodecanol formed a white solid material, and dirylesbilfoxide resulted in a transparent
soft gel. All other solvents formed a dense ligafittr 10 min UV irradiation. For
PEGDA, dimethyl sulfoxide and THF resulted in tpaaent solid materials, which
indicated the formation of an extremely small pstreicture. All other solvents yielded a
white solid, except toluene which formed a yellogid solid.

A 2 cm long monolith prepared in a UV transpareagiltary was used to test the
pressure drop of the monolith composed of only PEGEthyl ether and methanol
porogens yielded a porous monolith, whereas a#rstivould not allow flow at 4500 psi

methanol. This is also in contrast to other regbnwnoliths for which a long-chain
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alcohol, such as cyclohexanol or dodecanol, wad tesprepare a porous monolifir-"%°
Therefore, methanol and ethyl ether were seledgmbeogens to optimize the
preparation of the PEGMEA/PEGDA monolith. SincelbBEGMEA and PEGDA do

not dissolve in hexanes, and both dissolve in megwf hexanes and methanol or ethyl
ether, hexanes was selected as a macroporogérefardnolith. Thus, the final porogens
selected were methanol, ethyl ether and hexanes.

Three porogen mixtures, i.e., methanol/hexaneg| ether/hexanes and
methanol/ethyl ether, were optimized for the deslhremogeneity and flow resistance of
the monolith. The pressure drop of the monolith feasd to be insensitive to the ratio
of methanol and hexanes or ethyl ether and hex&oeginately, the flow resistance of
the monolith was found to be strongly dependertherratio of methanol and ethyl ether
(see Figure 2.2, panel A). For the optimized reipenolith #4), i.e, 7.5% PEGMEA,
22.5% PEGDA, 15% methanol and 55% ethyl etherpthkesure drop was 21
psi/(nL/min-cm) when methanol was used as pumpguid in a 75 um i.d. monolithic
capillary. For a 20 cm x 75 um i.d. capillary, tha@responds to a linear flow velocity of
3.78 mm/s of methanol at a pressure of 420 psi.

The SEM images of the optimized PEGMEA/PEGDA mahadire shown in
Figure 2.3. From the images, a rough estimatioh 0.3 um diameter globule size
could be made. If these globules were tightly pdckein a packed column, pressure
drop would be tremendously high. Thus, the low flesistance (21 psi/(uL/min-cm))
would be contributed from large through-pores ogégporosity of the monolith. It may
also be a result of a high degree of connectivityhe through-pores, which has been

shown to be an important factor affecting the pexigy of a monolith in theoretical
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Figure 2.2. Flow resistance of the PEGMEA/PEGDA pibh. (A) Pressure drop
dependence of the monolith on the percent of etthdr; inset is the magnification of the
section for ethyl ether of 60 ~ 100%; (B) lineaegsure dependence of the optimized
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studies’#? The shrinking of the monolith in methanside infra), could also lead to low
flow resistance.
2.3.3 Kinetics of Polymerization of PEGMEA/PEGDA

Both thermal and UV-initiated polymerization canused to prepare polymer
monoliths. Typically, thermally initiated polymeatzon uses AIBN as initiator, and
polymerization proceeds slowly, normally takingt2%*” In contrast, photo-initiated
polymerization can be finished in minut@sThe kinetics of polymerization of
PEGMEA/PEGDA are shown in Figure 2.4. Over 90%hef inonomer was converted
into polymer in 2 min, and complete conversiont& monomer was finished in ~10
min. The high irradiation intensity (200 mW/€nused in my experiments, which is ~10
fold greater than a previously reported UV curiggtem?® contributed to the fast
polymerization of the monomer solution.
2.3.4 Physical Propertiesof the PEGMEA/PEGDA Monolith

A quantitative index, the swelling propensi§pPj, was defined by Nevejans and
Verzelé® to characterize the swelling and shrinking prdpsrof a packed bed:

_ Pp(solvent) - p(H,0)
p(H,0)

wherep takes into account the viscosities of the solvand, is defined as the ratio of
pressure over solvent viscosity. By definiti®®, = O if no swelling or shrinking occurs,
SP > 0 if there is swelling, anfP < 0O if the packed bed shrinks. From Figure 2.2, t
SP values for methanol and THF were calculated teOb&4 and -0.08, respectively,
assuming viscosities for water, methanol and THE.025, 0.59 and 0.55 cP,
respectively, at room temperature (data from tHsmerCRC Handbook at Z&). This

indicates that no significant shrinking or swellioigthe PEGDA/PEGMEA monolith in
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THF was observed. Since THF can dissolve most Ipyarbic polymers, the stability of
the monolith in THF indicates that the monolithretatively non-hydrophobic. However,
shrinking of the monolith did occur in methanol,iefhunexpectedly had a positive
effect because it improved the column permeabilityle maintaining a rigid structure.
As shown in Figure 2.2B when 2600 psi THF was aapto the monolithic column (4
cm x 75 um i.d.), no change in pressure drop wasrokd. This indicates high stability
of the monolith, which is a result of the high centration of crosslinker used in the
monomer recipe.
2.3.5 Chromatographic Evaluation of the Monolith

Proteins were carefully selected to investigatepibssibility of hydrophobic or
ionic interaction with the monolithic material. Aic (pepsin), basic (lysozyme) and
hydrophobic (BSA) proteins were included. Severtles with different molecular
masses were also used to explore the elution meschari the monolithic column. Table
2.2 lists the molecular masses and pls of the m®&nd peptides used in this study.

Phosphate buffers, (a) pH 7.0 with concentratwfris0, 20, 50, 100, 200, and
500 mM; (b) 10 mM concentration with pH values d@,2.0, 6.0, 8.0, 10.0, and 12.0;
and (c) 100 mM concentration (pH 7.0) with addisivé 0.5 M NaSQ,, 0.5 M NaCl,
10% ethylene glycol or 10% acetonitrile, were usedlute the proteins. Buffers (a) and
(c) were used to explore the possible hydrophotigraction of the proteins with the
monolith, and buffer (b) was used to investigagehssibility of any ionic interactions.
In all cases, the proteins eluted earlier thanutt@a. This indicates an SEC elution mode.

When buffer (a) was used, splitting of all of thetgin peaks was observed when

the buffer concentration was increased to 500 mMvéter, the elution times were kept
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Table 2.2. Proteins and peptides used in this study

Analyte Molecular mass pl
bovine serum albumfn 68 000 4.7
pepsif 34 000 <1
a-chymotrypsinogen A 24 000 8.8
myoglobirf 17 500 7.1
lysozymé 14 000 11.0
neurotensih 1672.9 9.5
angiotensin Il fragment 328 774.9 7.8
Leucine enkephalth 555.6 5.9

@The molecular mass and isoelectric point (pl) rot@ins were obtained from “Schmidt,
Jr., D. E.; Giese, R. W.; Conron, D.; Karger, BAhal. Chem. 1980, 52, 177-182.”

® The molecular mass of peptides were read frontethe of the chemicals provided by
Sigma-Aldrich, and the pl values were obtained fieltBL Heidelberg European
Molecular Biology Laboratory program http://www.ehtteidelberg.de/cgi/pi-

wrapper.pl).
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nearly constant for the proteins investigated wigxperimental error (except for the 500
mM buffer because two retention times were obtaoh&lto peak splitting). Buffer (c),
0.5 M NaSQ, in 100 mM (pH 7.0), also caused splitting of thetpin peaks. This
indicates possible hydrophobic interaction of thetgins with the monolith. However,
10% ethylene glycol or even 10% acetonitrile infeugc) (in whicha-

chymotrypsinogen A forms a precipitate in the bufféh acetonitrile as an additive)
provided elution of proteins in a similar manneas M NaCl additive. Not only were
protein profiles similar to each other when bufi®rwas used, but the elution times were
also close to each other within experimental eifbrs strongly suggests that
hydrophobic interactions, if any, would not be vemgnificant.

The pH of buffer (b) was found to strongly affeoe tprotein peak profiles. At pH
2.0, all proteins showed some degree of tailind,aichymotrypsinogen A and
lysozyme exhibited peak splitting. Above pH 4.@& dymmetry of the protein peaks
improved, except that lysozyme split into two peakall pH values. This indicates a
possible ionic interaction between lysozyme andhlaolith. However, as shown above,
this weak ionic interaction disappeared when buitgmwith 0.5 M NaCl additive (weak
buffer ionic strength) was used.

In summary, good peak symmetries for all of thegins were obtained with the
use of buffer (c) with 0.5 M NaCl additive, i.e,dtM phosphate (pH 7.0) buffer
containing 0.5 M NacCl, a condition often employadigh performance SEC of proteins.
This indicates that the PEGMEA/PEGDA monolith hasignificant hydrophobic or
ionic interactions with the proteins. It shouldrhentioned that all of the experiments

described above employed high mobile phase floa/(ral.10 mm/s) so that proteins
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eluted within ~3 min from a ~20 cm monolithic colanSuch a flow rate facilitates the
screening of buffers at the expense of skewingeprgieaks. If a lower flow rate was
used, improvement in peak symmetry could be acHieve

Figure 2.5A shows a chromatogram of a mixture otgins and thiourea using
low mobile phase flow rate. No separation betwéese proteins was observed.
Injections of each protein in the same column utigkeisame chromatographic conditions
revealed that all of the five proteins with diffetenolecular masses and pls had almost
the same elution time (Figures not shown). In @sttrfor the chromatography of three
peptides, a moderate separation was achieveduglhey were not baseline resolved
(see Figure 2.5, panel B). A mixtureaichymotrypsinogen A, the three peptides and
thiourea was thus injected into the column, andcctirematogram is shown in Figure 2.5
panel C. Although the elution time for proteins vedgtle earlier than neurotensin
(compare Figures 2.5 panels A and B), coelutiom-ohymotrypsinogen A and
neurotensin was observed. Since | aim at develagmigert monolith with pressure drop
as low as possible while keeping it homogeneougasaopically, no further
optimization of pore size distribution was attenaplter SEC of proteins.

It should be mentioned that the protein peak shiowfigure 2.5A was a
coelution profile of five proteins, and thus it wagatively broad. Chromatography of
each of the five proteins revealed column efficies©f 6 000 ~ 8 000 plates/m and
asymmetric factors of 1.3 ~ 1.5. For peptides &nultea, elution of each of them
separately under otherwise the same chromatographdltions resulted in column
efficiencies of 9 000 ~ 20 000 plates/m and asymmeictors of <1.1. This roughly

follows the trend of SEC. In the SEC of proteingn#icantly lower plate counts for
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Figure 2.5. Chromatograms of mixtures of severgtigdes, proteins and thiourea under
isocratic elution. Conditions: 60 ce75 pum i.d. PEGMEA/PEGDA monolithic column;
100 mM phosphate buffer (pH 7.0) containing 0.5 BNoperated under 600 psi
constant pressure; online UV detection at 214 ndf ehg/mL of thiourea, 0.8 mg/mL of
each protein, and 0.5 mg/mL of each peptide; (Atane of bovine serum albumin,
pepsin,a-chymotrypsinogen A, myoglobin, lysozyme and theayr(B) mixture of
neurotensin, angiotensin Il fragment 3-8, leucinkephalin and thiourea (in elution
order); (C) mixture ofi-chymotrypsinogen A, neurotensin, angiotensindgfnent 3-8,
leucine enkephalin and thiourea; for physical proge of the proteins and peptides, see

Table 2.2.
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proteins than for small molecules have been obdetue to the lower diffusion
coefficients of the macromolecules. The typicateleounts in modern conventional SEC
(column dimensions of 250 mm x 4.6 mm i.d.) ranfyech 8,000 plates/m for proteins
(i.e., amylase) to 34,000 plates/m for small mdes.e., glycyl tyrosinej* For
example, a plate count in SEC fisichymotrypsinogen A was estimated to be ~5,600
plates/m based on a previously published chromatogt Thus, the plate counts
achieved for proteins in this study with the uséhef polymer monolith are acceptable.
Furthermore, a plate count of 2240 ~ 6400 platesas reported in monolithic SEC of
polystyrenes in THE®
2.3.6 ISEC Characterization of the PEGMEA/PEGDA Monolith

To clarify the separations of proteins and peptakeshown in Figure 2.5, the
porosity and pore size distribution of the PEGMEAGDA monolith were investigated
by ISEC. ISEC was initially used to characterize structure of a packed bed with
known probe compounds, e.g., polystyrene standaitisharrow molecular mass
distribution?” Guiochon and coworkers were among the first tol8&€ to characterize
the porous structure of silica monolitfsThey defined several terms to describe the

structure of a monolithic bed, such as total payasi external porosity, and internal
porosity €, . Based on the ISEC plot, a pore size distributiba monolith could also be

derived assuming a simple correlation\f, = 225@10d)"’, whereM , is the molecular

mass of the polystyrene standard, dnslthe diameter of the polystyrene standard in nm.
Following the method of Gouichon et &l.| obtained the ISEC plot of the

PEGMEA/PEGDA monolith which is shown in Figure 2.6A
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Figure 2.6. ISEC plot (A) and accumulated pore dig&ibution (B) for the
PEGMEA/PEGDA monolithic column. Conditions: 59.3 &n@5 um i.d. monolithic
column; THF mobile phase operated under a conptassure of 1500 psi, resulting in a
flow rate of 0.45 pL/min; online detection at 25%;nn (A), toluene was used as a small
molecule to determine the total porosity of theuomh; the excluded pore was
approximately the intersection point of the intdgbed straight lines corresponding to the

internal and external pore zones.
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The retention volumes shown in Figure 2.6 werectireected retention volumes
taking into account the extracolumn volume of theomatographic system, which was
measured to be 248 nL including the 60 nL intesaahple loop. From Figure 2.6A, the
total porosity was calculated to be 75.4%, whicimiagreement with the percent of
porogen content in the monomer recipe (monolitir#Bable 2.1, 70% porogen). The
excluded molecular mass was estimated to Bevillfich corresponds to 14 nm. The
external porosity was thus calculated to be 66.8&bthe internal porosity was 9.1%.
The relatively large total porosity (75.4%) accaufar the low flow resistance of the
monolithic column.

The accumulated pore size distribution curve waivee from the ISEC
calibration curve, and is shown in Figure 2.6B. Pplee volume fraction corresponding
to pores larger than 304 nm was 77.8% (not drawtharfigure), and 7.0% for pores
between 50 and 304 nm. The pore volume fractiomficropores (< 2 nm) was 10.9%,
and only 4.2% for mesopores (2 nm ~ 50 nm). Itleaseen that most of the pore
volume fraction came from pores larger than 304 Tine mesopore volume fraction was
very small (4.2%), and the pore volume fractiothie range of 1.4 ~ 10.8 nm was only
1.1%. Because the Stokes’ radius for proteinsemtlelecular mass range of 10 K ~ 70 K

is between 1.5 ~ 3.6 nm (data are friotip://itsa.ucsf.edu/~hdeacon/Stokesradius Jatml

the monolith would predict no separation of thet@ires used in this study. This explains
the coelution of the proteins shown in Figure 2.5Acontrast, the pore volume fraction
of micropores was relatively large (10.9%), andc¢berse (Figure 2.6B) in this pore size
range was sharp. These two characteristics explanseparation of peptides (Figure
2.5B). Although the molecular mass difference benwgroteins and peptides is huge, the

difference between the pore volumes correspondirextiuded proteins and peptides is
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nevertheless small, as can be seen in Figure ZI&B.unique pore size distribution of
the monolith clarifies thaii-chymotrypsinogen A coeluted with neurotensin (Fégu
2.5C).

In summary, the PEGMEA/PEGDA column shows SEC etutif peptides and
proteins. The larger the molecule, the earlierdllaéion. However, due to the small pore
volume fraction in the mesopore range of the maomosieparation of proteins could not
be achieved for this monolithic column.

2.3.7 Protein Recovery Evaluation

To further evaluate the protein adsorption propsrtif the PEGMEA/PEGDA
monolith, a protein recovery experiment was perfxirin conventional HPLC, the peak
areas of a compound eluted from a packed columrstailess steel tubing are
compared>?’ Because a strong dependence of peak area on mbbie flow rate was
observed in my capillary liquid chromatographic esiments, a direct comparison of the
protein peak areas from monolithic and open tublulsed silica capillaries would not
provide reliable data for calculating protein reeox In contrast, the two detector
method® or modified two detection window methid?in capillary electrophoresis
would be applicable for measuring protein recoverhe capillary format because peak
areas are measured in one run and variations @tidetor detection window responses
are taken into account.

In my work, the two detection window method wasdugeperform recovery
experiments. Thiourea was used as an internal atdrnd calibrate the detection window
response variation. The recoveries for pepsin, B8yqgglobin,a-chymotrypsinogen A,

and lysozyme were 98.0, 99.6, 103.5, 99.2, and’®88t&spectively. This provided direct
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evidence that the PEGMEA/PEGDA monolith does nsbadl any significant amount of
proteins under the conditions of 100 mM phosphatéeb (pH 7.0) containing 0.5 M
NacCl.

2.4 Conclusions

A non-adsorptive monolith for proteins, PEGMEA/PE&DQvas prepared using
methanol and ethyl ether as porogens. Completeetsion of the monomer to the
polymer monolith could be finished in 10 min. Theywmer monolith had very low flow
resistance, and was macroscopically homogeneooteiRrecovery approached 100% if
100 mM phosphate pH 7.0 buffer containing 0.5 M Na@&s used as mobile phase. No
significant ionic or hydrophobic interactions withoteins were found.

Another feature of this monolith is that it did rb$criminate the elution of
several proteins (molecular weights from 14 K tokg&tudied. Together with the
homogeneity and low flow resistance characteristies monolith would be very useful
in situations requiring an inert material for piatanalysis, such as in flow counteracting
capillary electrophoresi$** or electric field gradient focusiri§,in which the required
hydrodynamic flow produces band broadening. By ipocating an inert material in the
separation channel, sharpening of the protein basnelspected while maintaining the
original separation/focusing mechanism. Currertg,incorporation of such a monolith
into the separation/focusing channels of electeitifgradient focusing devic¥'ss under
investigation. For SEC of proteins using this mahok reduction in through-pore
diameter and optimization of the pore volume innt@sopore range must be
accomplished. Unfortunately, this would be accosty@d with a concomitant increase in

flow resistance of the monolith.
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CHAPTER 3 EFFICIENT POLYMER MONOLITH FOR STRONG CATION-
EXCHANGE CAPILLARY LIQUID CHROMATOGRAPHY OF PEPTIDES

3.1 Introduction

Strong cation exchange (SCX) is an extremely ingmdnnode of ion exchange
chromatography for analyzing peptides and protkifise utility of an SCX column,
which often contains sulfonic acid groups, liegsnability to maintain negative charge
even under acidic buffer pH conditions (e.g., pH.tBder such conditions, most
peptides bear positive charge due to the presdmuesdively charged basic residues
(e.g., Arg, His and Lys), terminal amino groupscherged acidic residues (e.g., Glu and
Asp), and terminal carboxyl groups. SCX chromatpgyais, therefore, generally
applicable for peptide analysis when operated idi@abuffer pH. On the other hand,
when the buffer pH is in the neutral pH range, S©2X only be applied to the analysis of
basic peptides or proteins.

Particle based SCX columns received considerabdeast for peptide analysis in
the 1980s because of the complementary selectivitgversed-phase chromatography.
For example, the retention of peptides on the Rdfg8thyl A SCX column was found
to be monotonically related to the charge of thetides>’ Hodges et a.designed
several types of peptide standards to evaluate tommercially available SCX

columns. They found that retention of peptides m@tsonly related to charge, but also

" This chapter is reproduced with permission frmal. Chem. 2006, 78, 3509-3518. Copyright 2006 American
Chemistry Society.
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peptide chain length. The retention of peptides @mpirically linearized under
conditions in which hydrophobic interactions weuppressed. Peptide mapping of
protein digests was also investigated by the use@fbr three-dimensional
chromatography, in which ion exchange was oftelofedd by reversed-phase
chromatography®%°

Monolithic materials have received considerablerest due to ease of
preparation and enhanced mass trarSfer Excellent reviews ' have appeared
describing applications of polymer monoliths irulid chromatography of both small
molecules and macromolecules. To date, a variepplyimer monoliths have been
developed?* with efforts directed mainly towards reversed-ghelsromatography.

Polymer monoliths have been extended to include Si@®matography. To
introduce sulfonic acid groups into the monoliticikdaone, several approaches have been
reported, including adsorption of surfactafft&® grafting of a sulfonic acid-containing
monomer; ?°functionalization of a reactive monolith with sodi sulfite®® and
copolymerizatiort!*®3**For example, surfactant (e.g., sodium dodecybsejfhas
been dynamically adsorbed into an in-situ syntlegs@olymer monolith by hydrophobic
interaction, where the other end of the surfactentes as the SCX functional groiip.
Although this approach was simple, it was demotediréor ion exchange of small ions
only, likely due to the inherent strong hydrophatyiof the long surfactant chain.

Another method to introduce the sulfonic acid graufo graft a sulfonic acid-
containing monomer on a bulk polymer monofits? Svec et af’ demonstrated the
feasibility of grafting 2-acrylamido-2-methyl-1-granesulfonic acid (AMPS) onto

poly(butyl methacrylate-co-ethylene glycol dimethyate) monolith by photoinitiated
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hydrogen abstraction. Using catalyst initiated {ragical grafting polymerizatioff,
AMPS was also grafted into a hydrolyzed poly(glytichethacrylate-co-ethylene glycol
dimethacrylate) monolith, and the grafted monohtis successfully used for SCX of
proteins. Furthermore, thermally initiated graftimiga zwitterionic sulfobetaine into a
poly(trimethylolpropane trimethacrylate) monolittasvalso performed and investigated
for protein separatioft,

Functionalization of a reactive monolith is anothgategy to introduce a sulfonic
acid group. Ueki et &f synthesized a poly(glycidyl methacrylate-co-ethglglycol
dimethacrylate) monolith. The reaction of the epgryup in the glycidyl methacrylate
with sulfite introduced the desirable sulfonic aftidctionality onto the polymer
monolith surface. The functionalized monolith wasd for SCX of inorganic cations.

A more straightforward method to introduce the @uilé acid group into a
polymer monolith is by copolymerization. A sulforacid-containing monomer was
copolymerized with a crosslinker in the preséht®&®=* or absenc® of a bulk
monomer. AMPS was copolymerized with a bulk monomeyl methacrylate and a
crosslinker ethylene glycol dimethacrylate to gateelectroosmotic flow in
electrochromatographi:** However, no attempts were made to use these ntlos édir
SCX liquid chromatography. This is probably du¢he low amount of AMPS used
(typically < 5%), which is insufficient for SCX afations. The high percentage of butyl
methacrylate would also lead to unwanted strongdpfibbic interaction. Interestingly,
after ionic adsorption of aminated latex nanopbasicsuch monoliths were successfully

demonstrated for ion exchange of small antdaad saccharide.

79



Although direct copolymerization without the useadbulk monomer is the
simplest method for monolith synthesis, the onjyoréed example of this is the
copolymerization of 2-(sulfooxy)ethyl methacrylated ethylene glycol dimethacrylate
for electrochromatography of peptid@ddowever, due to the relatively low amount of 2-
(sulfooxy)ethyl methacrylate used in the monolehipe (~17% total monomers), the
resulting monolith showed strong hydrophobicitye™eparation of model peptides (2 or
3 residues) exhibited reversed-phase rather thmaxohange behavior.

The lack of reports on direct copolymerization afudfonic acid-containing
functional monomer with a crosslinker for SCX mgingésults from two reasons. First, a
new optimization must be performed in order to obthe new polymer monolith
although the composition of the monolith is simptecond, a sulfonic acid-containing
monolith is believed to swell excessively in aquebuffer’®*?**Thus, the stability of a
monolith composed of a high percentage of sulfacid-containing monomer is
guestionable. In this study, the preparation stiadle polymer monolith by direct
copolymerization of polyethylene glycol diacrylated a high amount (40%) of AMPS
was demonstrated for SCX liquid chromatographyegdtiles for the first time. It was
hoped that this new polymer monolith could dranadycimprove peak capacity of ion
exchange chromatography in which ion exchange pfighes is often considered
relatively slow and less efficient than reverseagehliquid chromatography for
proteomics studie¥.

3.2 Experimental Section
3.2.1 Chemicalsand Reagents
2,2-dimethoxy-2-phenylacetophenone (DMPA, 99%)riBaethoxysilyl)propyl

methacrylate (98%), AMPS, polyethylene glycol didgate (PEGDA, Mn ~258), and
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ethylene glycol dimethacrylate (EDMA) were purctda®em Sigma-Aldrich

(Milwaukee, WI) and used without further purificati. Synthetic peptide standard CES-
P0050 was obtained from Alberta Peptides Institdtimonton, Alberta, Canada).
Bradykinin fragment 1-7, peptide standard P2693itdine components were from
Sigma-Aldrich. Protein standards (myoglobin fronuieg skeletal muscle, cytochrome ¢
from bovine heart, and lysozyme from chicken eggeylwere also obtained from
Sigma-Aldrich. Porogenic solvents for monolith gysis and chemicals for mobile
phase buffer preparation were HPLC or analyticagjemt grade.

For digestion of3-casein (Sigma-Aldrich), 1 mL ¢#-casein digestion solution,
which contained 5QL of 1 M Tris pH 8.0 (99.9% purity, Fisher SciergjfFair Lawn,
NJ), 10uL of 0.1 M CaC} (EM Science, Cherry Hill, NJ), 20 of sequencing grade
modified trypsin (Promega, Madison, WI), 10D of 2 mg/mL[3-casein, and 82QL of
Mili Q water, was incubated at 37 °C in a ShakeBdke hybridization oven (Boekel
Scientific, Feasterville, PA) overnight. The digess quenched by acidifying with
formic acid. The3-casein digest was then desalted using a StratarBpolymeric
sorbent column (Phenomendxrrance, CA), following the manufacturer’s protbco
The eluent from the desalting column was lyophdirea Centrivap cold trap
(LabConco, Kansas City, MO), re-suspended ipnR@f gradient elution starting buffer,
and centrifuged using an Eppendorf centrifuge (Briann, Westbury, NY) at 10,000
rpm for 3 min before injection.

3.2.2 Polymer Monolith Preparation
Before filling the UV transparent capillary (f%n i.d., 360um o.d., Polymicro

Technologies, Phoenix, AZ) with monomer solutidre tapillary inner surface was
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treated with 3-(trimethoxysilyl)propyl methacrylateensure covalent bonding of the
monolith to the capillary wafl’ The bulk monomer solution was prepared in a 1 dgam
mL) glass vial by mixing 0.008 g DMPA, 0.32 g AMR®B48 g PEGDA, 0.20 g water,
0.55 g methanol and 1.70 g ethyl ether. The monaneture was vortexed and
ultrasonicated for 5 min to help dissolve AMPS afithinate oxygen. Because of its low
viscosity, the monomer solution was introduced th® UV transparent capillary by
capillary surface action. The capillary (22 cm tdéeagth and 16.5 cm monomer length,
unless otherwise specified) was then placed perpglad to a UV dichroic mirror from
Navitar (Newport Beach, CA), which was operate@idifectly under a Dymax 5000AS
UV curing lamp (Torrington, CT) for 3 min. The rdsng polymer monolith inside the
capillary was connected to an HPLC pump, and fldski¢h methanol and water
sequentially to remove porogens and any unreactatbmers. The prepared polymer
monolith was then equilibrated with buffer solutioefore use. Care was taken to avoid
drying the monolith by storing it filled with water mobile phase. After the completion
of all chromatographic experiments, a small sectibom) of the monolith inside the
capillary was dried under vacuum for scanning etectmicrography (SEM) analysis
(FEI Philips XL30 ESEM FEG, Hillsboro, OR§.The same procedure was also applied
to synthesize poly(AMPS-co-EDMA) monoliths.
3.2.3 Capillary Liquid Chromatography (CLC)

CLC of peptides was performed using a system puslyadescribed, with some
modifications®® Briefly, two ISCO Model 100 DM syringe pumps witflow controller
(Lincoln, NE) were used to generate a two-componesttile phase gradient. Due to the

nL/min flow required for the monolithic capillarthe gradient flow from the pump was
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split with the use of a Valco splitting tee (Houstd X), which was installed between the
static mixer of the syringe pumps and the 60 nLc@ahternal loop sample injector. A 33
cm long capillary (3Qum i.d.) was used as the splitting capillary, ardan long

capillary (30um i.d.) was connected between the splitting teethadnjector to

minimize extracolumn dead volume. The mobile plise rate was set at GeL/min.

The actual flow rate in the monolithic capillaryiwmn was measured by monitoring
movement of a liquid meniscus through 100 cm lopgmotubular capillary (7gm i.d.),
which was connected to the monolithic capillaryngsa Teflon sleeve (Hamilton, Reno,
NV). Depending on the mobile phase used, the fla m the monolithic capillary was
70-100 nL/min, resulting in split ratios from 70Qd.1000:1.

For CLC of peptides with gradient elution, mobileage A was a 5 mM
phosphate buffer (pH 2.7 or 7.0) with various antewf acetonitrile. Mobile phase B
was the same composition as mobile phase A pluMM&CI, and a gradient rate of 1-
5% B/min was typically used. All mobile phases witered through a 0.2Am Nylon
membrane filter (Supelco, Bellefonte, PA) and @irsicated before use. The apparent
pH of the mobile phase was measured using a pHrif@ieega, Stamford, CT). On-
column UV detection was performed at 214 nm. Chtograms were transferred to an
ASCII file and redrawn using Microcal Origin (Nodimpton, MA). The monolithic
column was also used for CLC of proteins using agaéuffers.

For measurement of the dynamic binding capacithefmonolithic column, 1
mg/mL bradykinin fragment 1-7 in 5 mM phosphatetearing 40% acetonitrile (pH 2.7)
was pumped under constant pressure of 2000 psighrthe monolithic column (18.6 cm

long, 75um i.d.) using one syringe pump. No splitter wasduee these measurements.
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Because of the low amount (<1 mL) of the bradykinagment 1-7 solution available, it
was preloaded into a sample loop capillary (2 ngJd&20um i.d.), with one end
connected to the Valco injector and the other erttié monolithic column using
Upchurch unions (Oak Harbor, WA). The flow rate wiasasured to be 91 nL/min.
Following the same procedures, the dynamic bindagacity based on uptake of protein
(cytochrome c) was also performed on a new monoldblumn (7 cm long, 7fm i.d.).

A solution of 4 mg/mL cytochrome c in 5 mM phospghgtiH 6.2) was pumped through
the column under constant pressure of 850 psilthegun a column flow rate of 91
nL/min.

For studying the swelling/shrinking properties loé {polymer monolith, different
organic solvents were pumped through a 10 cm loogatith segment inside a capillary
at different pressures. A splitter and detectorewet used for these measurements. The
flow rate was measured as described above.

Safety Considerations. AMPS monomer is listed as a suspected carcinogeh, a
PEGDA is a sensitizing agent. Appropriate MSDS iimfation should be consulted for
physical handling of these materials. Sunglassasaiiock UV light and gloves should be
worn to avoid sunburns caused by the high powercuUNhg system during the
preparation of the monolith.

3.3 Resultsand Discussion
3.3.1 Polymer Monolith Preparation

AMPS, a commercially available acrylamido derivatiwas chosen as monomer

to synthesize the SCX monolithic column becauseritains the desirable sulfonic acid

group. PEGDA, which is an acrylate based crosstimkth three ethylene glycol units,
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has been shown to resist adsorption of peptidepaotdins®® Therefore, it was selected
as crosslinker for the synthesis of the monolitBGPA was used instead BDMA as
crosslinker to prepare a monolith with more hydibgiby.

The most widely used porogen strategy was adoptedritrol the through-pores
in the monoliths in this study. To date, choicgpofogens has been mainly achieved by
trial-and-error, although some theoretical aspiatporogen selection have been derived
for macroporous particle synthesis using suspensitymerizatiort’*' Because the
solubility of AMPS in common organic solvents isviovater was selected as one of the
porogens to help dissolve AMPS. Methanol was seteas another porogen because it
was proven efficient for the formation of macropasdahrough-pores in a poly(PEGDA)
monolith®® Unfortunately, any combination of water and metigwith 0.32 g AMPS
and 0.48 g PEGDA) yielded a nonporous or micropstoanslucent gel structure which
allowed no flow of mobile phase. The same resuéieevalso observed for combination
of water, methanol and 1-propanol. Since ethylethanother powerful porogen for
PEG-based monolith¥,it was finally chosen as the third porogen. Afienple
optimization, a recipe (25% monomers, composed@wt% AMPS and PEGDA,
and 75% porogens, composed of 8:23:69 wt% wateihanel and ethyl ether) was
finalized, and the resulting monolith supportedsidarable flow under moderate
pressure in aqueous buffer. Noteworthy was therparation of 40% AMPS, which
represents the highest reported percentage of AbdPSlymerized into a polymer
monolith backboneDue to the one-step in-situ synthesis protocol r#te of success in
preparing such monolithic capillary columns apphaat100%.

A scanning electron micrograph of the optimizechoiith is shown in Figures

3.1A and 3.1B. It can be immediately observed thatmorphology of the
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Figure 3.1. SEM images of several monoliths synteels (A) Optimized poly(AMPS-
co-PEGDA) monolith used in this study (scale b&0fim); (B) higher magnification of
the monolith in (A) (scale bar =2n); (C) poly(AMPS-co-PEGDA) monolith that has
the same composition as (A) except that metharsbetinyl ether were 0.85 and 1.40 g,
respectively (scale bar =1&n); (D) poly(AMPS-co-EDMA) monolith (recipe: 0.0@8

DMPA, 0.35 g AMPS, 0.40 g EDMA, 0.35 g water, 1d.thethanol, scale bar 52n).
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poly(AMPS-co-PEGDA) monolitiis unique. It was composed of fused microglobules,
with no distinct microspheres. It appeared intenaedoetween a conventional polymer
monolith with a distinct particulate structdté®and a silica monolith with a skeletal
structure'**> The through-pores of the monolith were obviousidBs along the
circumference of the monolith (Figure 3.1A) weregarmably due to shrinking of the
monolith upon drying when SEM images were taken.

To explore variables that could result in the fatiovaof this unique morphology,
two other monoliths were prepared and their SEMg@saare shown in Figures 3.1C and
3.1D. With an increase in methanol in the porogemmosition, conventional polymer
monolithic morphology with discrete and more “regtiimicroglobules was formed
(Figure 3.1C). If EDMA was used as crosslinker, tésulting poly(AMPS-co-EDMA)
monolith exhibited similar fused but more porousisture (compare Figures 3.1B and
3.1D). Based on these micrographs, it seems thiagpas rich in methanol or the use of
EDMA as crosslinker favored the formation of contemal polymer monolithic
morphology, while a monolith formed from porogeithiin ethyl ether, or that used
PEGDA as crosslinker tended to form a fused strectBoth porogen and crosslinker are
important factors that control the morphology oflyAMPS) monoliths.

3.3.2 Effect of Acetonitrileon the Elution of Synthetic Peptides

An ideal SCX column for LC of peptides should bedaately hydrophilic, able
to retain weakly charged analytes (e.g., +1 chapggides), and exhibit retention of
analytes independent of buffer pH from acidic tatre? In addition, high binding

capacity is another favorable feature which impsopeptide resolution.
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Table 3.1. Properties of synthetic peptides.

Analyte  Amino acid sequente Charge Charge Hydrophobicit Hydrophobicity
at pH 2.7 atpH 7.0 index at pH 2. index at pH 7.0
1 Ac-Gly-Gly-Gly-Leu-Gly-Gly-Ala- +1 +1 14.7 18.6
Gly-Gly-LeudL ys-amide
2 Ac-Lys-Tyr-Gly-Leu-Gly-Gly-Ala- +2 +2 17.5 23.4
Gly-Gly-LeudL ys-amide
3 Ac-Gly-Gly-Ala-Leul ys-Ala-Leu- +3 +3 21.4 30.2
Lys-Gly-Leu-L ys-amide
4 Ac-LysTyr-Ala-LeulLys-Ala-Leu- +4 +4 24.2 35.0

Lys-Gly-LeuL ys-amide
#Amino acid sequence was from ref [42]. Alz-acetyl; Amide = G-amide. Positively charged residues are indicatdubld

font. ® Hydrophobicity index was calculated based on48{.[° Data were from ref [42].
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Hodges et af:*? designed several synthetic peptides to evaluatiigsbased
SCX columns. The synthetic peptide standard, CE®®0~vas composed of four
peptides (see Table 3.1) which possess certaimcteaistics for SCX column evaluation.
These peptides are all undecapeptides having siahkan length to those most
commonly encountered in protein tryptic digestsl trey do not have any acidic
residues (the C-terminal groups are amides), sppghssess the same charge in acidic to
neutral buffers. The hydrophobicity index of thesptide standards has been compiled
for pH 7.0% However, they were re-tabulated in Table 3.1 fmyereference, along with
other properties (e.g., amino acid sequence).

Figure 3.2 shows a gradient elution chromatograth@kynthetic peptides under
different buffer conditions using the poly(AMPS-B&GDA) monolithic SCX column.
With an increase in acetonitrile in the mobile gh&tem 0% to 40% (see Figures 3.2A to
3.2E), the elution times for peptides 1-4 were ntonizally decreased. For peptide 4,
addition of 40% acetonitrile in the elution buffeas required to suppress hydrophobic
interactions (compare Figures 3.2D and 3.2E). Reldss hydrophobic peptides 2 and 3,
20-30% acetonitrile could effectively eliminate hgdhobic interactions, as evidenced by
the very sharp peaks obtained. For the least hyxdtup peptide 1, no acetonitrile was
required because no significant hydrophobic intéwas were observed. The minor
differences in retention times for peptide 1 wekely due to differences in mobile phase
column flow rate. The dramatic decrease in retenfime and improvement in peak
shape for peptide 4 indicates relatively strongrbgtobicity of the poly(AMPS-co-
PEGDA) monolith. This feature is not desirable tiwo-dimensional LC (e.g., ion

exchange followed by reversed-phase) for protearmoshich an agueous buffer
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Figure 3.2. SCX chromatography of synthetic pegtidgonditions: 16.5 cm x 7&m i.d.

monolithic column; buffer A was 5 mM NaRO, (pH 2.7) and buffer B was buffer A
plus 0.5 M NaCl, both buffers containing 0, 10, 30, or 40% (v/v) acetonitrile (panels
A, B, C, D, and E, respectively); 2 min isocraticten of 1% B, followed by a linear AB
gradient (5% B/min, equating to 25 mM salt/minjLa0% B and various times of
isocratic elution of 100% B until peptide 4 wastetly ~10 min gradient delay time;
mixture of peptides 1-4 (see Table 3.1 for sequeimc€ES-P0050, which was dissolved
in 400pL buffer A with 0% acetonitrile, resulting in a amentration of 0.44 mM for
peptide 3; 6QuL/min pump master flow rate; 76, 83, 85, 89 or H@min column flow

rates (panels A, B, C, D, and E, respectively)irsUV detection at 214 nm.
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without acetonitrile is required in the first dingon to effect retention of peptides in the
second dimension before separation.

The relatively strong hydrophobicity of the poly(AMN-co-PEGDA) monolith
was surprising. The biocompatible crosslinker PEGkSS specially designed and used
to decrease unwanted polymer backbone hydrophgbiat further confirm the
biocompatibility of PEGDA, a poly(PEGDA) monolithas prepared following a
previously published protocdf,and peptides 1-4 were eluted from the monolithgisi
buffers containing various amounts (0-40%) of acgtite. Results (data not shown)
indicated negligible differences in peptide elutioith the use of different buffers.
Therefore, the relatively strong hydrophobicitytioé poly(AMPS-co-PEGDA) monolith
must be due to the monomer AMPS itself. In fact, AMPS molecule contains an
isobutyl arm, which connects to the sulfonic aagidup on one end and the acrylamido
group on the other end. Alpert efdbund that PolySulfoethyl A columns were superior
to the more hydrophobic sulfopropyl colunftisdn analogy, it is expected that the
monolithic sulfobutyl phase possesses strongerdpyaibicity than desired due to the
butyl segment in the side groups.

Despite the strong hydrophobicity of the poly(AMB&PEGDA) monolith, it
was shown to retain strongly the +1 charged peftide Figure 3.2E). This positive
feature is uncommon for commercially available jpatate SCX columns where only the
PolySulfoethyl A column could retain the peptfc For 40% acetonitrile, where any
hydrophobic interaction was greatly eliminatedengion of the peptide on the monolith
would be expected from ionic interaction only. Téiigong ionic interaction can be

attributed to the use of a high amount of AMPS (#0%ihe copolymerization.
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With hydrophobic interactions suppressed (i.e.hwlie use of 40% acetonitrile),
the four synthetic peptides were eluted as extrestghrp peaks (see Figure 3.2E), with
an average peak width at baseline of 0.28 min. Atling to the simple definition of peak
capacity in gradient elution (peak capacity = timigradient/peak width}! the peak
capacity was calculated to be 71, a value surpgssost particulate based SCX
columng™® (peak capacities of 24~66 were estimated basegweral chromatograms
provided in these references) and other polymeratithic SCX column&28:30:33:34
[Peak capacities of 5~32 were again estimatedases of isocratic elution, the peak
capacity was calculated as= (v/N /4)In(t, /t,), where N is the column efficiency, and t
and t are the retention times of the last and the éhsting peaks, respectively]. The
asymmetry factors calculated at 10% peak heighpéptides 1-4 were 1.01, 0.94, 0.90,
and 0.99, respectively. The sharp peaks togetharminimal fronting or tailing
indicated a highly efficient SCX monolithic column.

The run-to-run reproducibility of the poly(AMPS-8&GDA) column was good.
For three consecutive runs using conditions theesasrin Figure 3.2E, the relative
standard deviation (RSD) of the retention timespieptides 1-4 were 1.9, 0.7, 0.3, and
0.4%, respectively. For peak height, the RSD vafaepeptides 1-4 were 4.6, 2.3, 2.0
and 1.7%, respectively. These data clearly dematestihat good reproducibility could be
readily achieved if the column was equilibratedwgtarting buffer for a sufficient period
(typically ~10 column volumes) between runs, algjiothe polymer monolith exhibited
swelling in aqueous buffersi@leinfra).

Column-to-column reproducibility measurements gatention time RSD values

(n=3) for peptides 1-4 of 1.3, 1.6, 2.2, and 2.488pectively. However, significant
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deviation was observed for peak height measuremi@fRkSD values for peptides 1-4
were 18.5, 18.6, 34.6, and 21.9%, respectively.
3.3.3 Effect of Buffer pH on the Resolution of Synthetic Peptides

With an increase in buffer pH from 2.7 to 7.0, geeaetention with similar sharp
peaks was observed for synthetic peptides 1-4 urttierwise identical conditions as in
Figure 2.2E (data not shown). Because the peplidasthe same charges in both buffer
pHs (see Table 3.1), this indicates an increasgdtive charge density of the monolith
upon an increase in buffer pAlthough AMPS is a strong organic acid with pKa of
1.2 the pKa of poly(AMPS) shifts to a higher value do¢he absence of electron-
withdrawing vinyl groups upon polymerizati6hAn increase in metal-poly(AMPS)
retention was observed with an increase in buffefrom 1 to 7 Thus, the lower
acidity of poly(AMPS) over AMPS accounts primarity the increased retention of
peptides at pH 7.0 compared to pH 2.7. Anotherrdmrting factor is the presence of
acrylic acid, an impurity found in both AMPS and@®EBA monomers, which can be
copolymerized into the monolith backbone. Howewerconfirmation of this was sought.
The stronger retention of peptides upon increadmifiér pH was also observed for most
particulate based SCX columfs.
3.34 Dynamic Binding Capacity

One of the most important properties of an ion exgje column is the binding
capacity’® which determines the resolution, column loadapikind gradient elution
strength. For the measurement of dynamic bindipgciéy of an SCX column, proteins
(e.g., lysozyme or hemoglobin) are often used. &ltfh the monolithic column could

elute and separate proteins using buffers with laglc strength\ide infra), it did not
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elute lysozyme, cytochrome ¢ or hemoglobin withim @hder conditions typical for SCX
chromatography of peptides [e.g., 5 mM phosphdte)y) containing 40% acetonitrile
and 0.5 M NaCl]. Therefore, bradykinin fragment,which bears +2 charge at pH 2.7,
was used to determine the monolithic column dynarmding capacity. During frontal
analysisa sharp increase in baseline was observed, inagctdst kinetic interaction of
the peptide with the column. With the use of 1 migfmeptide, it took an amazingly long
time (1074 min) to saturate the column. Based emtkasured flow rate of 91 nL/min,
the dynamic binding capacity was 119 mg/mL, cormesiing to 1571equiv/mL. From
the monolith recipe (see Section 3.2.2), this 40RPS / 60% PEGDA monolith had a
theoretical binding capacity of 47fquiv/mL. This indicates that ~33% of AMPS in the
monolith backbone was accessible for ionic inteoactThe major portion (67% in this
case) of AMPS is most likely buried in the polymeonolith, due to the direct
copolymerization method used. Nevertheless, timauahyc binding capacity of the
poly(AMPS-co-PEGDA) monolith was high. This was paged by the elution of the +4
charged peptide 4 as shown in Figure 3.2E aftér mig gradient step. For simple
comparison with other SCX columns, the dynamic iniga¢apacity was also measured
based on cytochrome c uptake although such measntemght be inappropriate and
inaccurate due to hydrophobic binding. It took 288 to saturate the 7 cm long
monolith, resulting in a binding capacity of 332/md.

The dynamic binding capacity of this monolith wasnpared with other columns.
Alpert et al® reported that the PolySulfoethyl A column had aatyic binding capacity

of 100 mg hemoglobin/mL packing materiebrresponding to ~Bequiv/mL. Because

157 pequiv peptide/mL or 332 mg protein/mL was achief@dhe current monolithic
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column, the binding capacity was greater thanah#te PolySulfoethyl A column. For
the poly(glycidyl methacrylate-co-ethylene glycahéthacrylate) monolitf&2° grafted
with AMPS for SCX chromatography of proteins, thyamic binding capacity was
found to be typically lower than 100 mg protein/gmuolith. For the functionalized
poly(glycidyl methacrylate-co-ethylene glycol diratrylate) monolithi® the dynamic
binding capacity was 90-3Q@quiv/mL, albeit based on copper ion uptake. Tielibg
capacity was very low (~flequiv/mL) for the anion exchange polymer monofith,
which was prepared by agglomeration of aminatezklparticles to a monolith prepared
through the copolymerization of a small amount MRS, a large amount of BMA and
EDMA. This was presumably due to the lower amodmtMPS used in the
copolymerization. In summary, the dynamic bindiagacity of the current monolith,
which was prepared from direct copolymerizatiod@% AMPS and 60% PEGDA, was
greater than the particulate-based SCX PolySulfbdétitolumn and most of the other
polymer monolithic SCX columns.
3.3.5 SCX Chromatography of a Complex Peptide Mixture

To demonstrate the general utility of the poly(AMB&PEGDA) monolith for
peptide analysis, a more complex peptide mixtugOB2Zomposed of 9 natural peptides
(see Table 3.2) was chromatographed using buffeiagung 40% acetonitrile under
different gradient rates (Figure 3.3). As seenigufe 3.3A, 7 out of the 9 peptides were
resolved when 5% B/min gradient rate was used.d&yahsing the gradient rate to 2%
B/min, 8 peaks were baseline separated (Figure)38Rirther decrease in the gradient
rate to 1% B/min resolved all 9 peptides, althopghptides 2 and 3 were not baseline

separated (Figure 3.3C and inset). Thus, it is eni@nt to use a shallow gradient to
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Table 3.2. Properties of the nine peptides in @98 standard.

No

©

& Amino acid sequence was from Sigma website. Resjtcharged residues were indicated in bold fBree N-terminal bears +1

Analyte Amino acid sequerfce Molecular
weight

Oxytocin Cys-Tyr-lle-GIn-Asn-Cys-Pro-  1007.19
Leu-Gly-NH,

Methionine Tyr-Gly-Gly-Phe-Met 573.70

enkephalin

Leucine enkephalin  Tyr-Gly-Gly-Phe-Leu 555.62

Bombesin pGlu-Glirg-Leu-Gly-Asn- 1619.85
GIn-Trp-Ala-Val-Gly-His-Leu-
Met-NH,

Luteinizing pGluHis-Trp-Ser-Tyr-Gly-Leu- 1183.27

hormone releasing Arg-Pro-Gly

hormone

[Arg8]-Vasopressin  Cys-Tyr-Phe-GIn-Asn-Cys-Pro-1084.23
Arg-Gly-NH,

Bradykinin Arg-Pro-Pro-Gly-Phe 572.66

fragment 1-5

Substance P Arg-ProLys-Pro-GIn-GIn-Phe- 1347.70

Phe-Gly-Leu-Met-NH
Arg-Pro-Pro-Gly-Phe-Ser-Pro- 1060.20
PheArg

Bradykinin

No. of Charge at
residues  pH 2.7
9 +1

5 +1

5 1+

14 +2
10 +2
9 +2

S +2
11 +3
9 +3

Hydrophobicit
index at pH 2.

19.5

10.0

12.6
34.9

20.4

115

7.5

27.9

16.8

charge while pyroed N-terminal with glu (pGlu) isutral.” Hydrophobicity index was calculated based on48l.[
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Figure 3.3. SCX chromatography of natural pepti@sditions were the same as those
in Figure 3.2E with the following exceptions: mirguof nine natural peptides (see Table
3.2) dissolved in 2pL buffer A to make each peptide ~1 mg/mL; gradiente of (A)

5% B/min; (B) 2% B/min; (C) 1% B/min.
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improve resolution for analyzing complex sampldse Separation shown in Figure 3.3C
was governed by an ion exchange mechanism. Folipthie empirical relationship
between retention time and charge-to-chain lergfib developed by Hodges et 2k,
straight line [k= 66.03 x N/In(n) - 2.05] was obtained with a resgien coefficient of
0.96, whereg is the peptide retention time, N is the chargd, mms the number of amino
acid residues. This confirmed a pure ionic intecexcof the polymer monolith for SCX
of natural peptides with 5 to 14 residues and adpfabbicity range from 7.5 to 34.9 (see
Table 3.2).

It is interesting that the elution order in Fig@8&C is the reverse of that in
capillary zone electrophoresis (CE) (cf techniaaldiin for P2693 from Sigma,

http://www.sigmaaldrich.com/sigma/datasheet/p2688d§ except for peptides 7 and 8.

This is not unexpected because retention in S@»sed on the charge-to-In(chain
length) ratio while in CE, migration is determingglanalyte charge-to-size ratio. Thus,
an analyte with more charge and smaller size wigjrate earlier in CE, and elute later in
SCX. As compared with separation in CE, betterltgmm (with the exception of
peptides 2 and 3) was generally obtained for SOQ¥matography, although longer time
was required. Peak widths were somewhat narrow8C¥ chromatography than in CE.
This demonstrates that comparable or better resoland efficiency were achieved for
peptide analysis with the use of the poly(AMPS-&&E®A) monolithic column than for
CE.

The average peak width at baseline in Figures 8eXaluding the second peak
due to coelution of three peptides), 3B (excludimgsecond peak due to coelution of

two peptides) and 3C (excluding the second and tteiaks due to incomplete resolution)
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were 0.27, 0.38 and 0.56 min, resulting in pealacdies of 74, 130 and 179 for the
gradient rates of 5%, 2% and 1% B/min, respectivély discussed above, the peak
capacity calculated from Figure 3.2E was 71 whegeadient rate of 5% B/min was used
for SCX of four synthetic peptides. It seems that peak capacity depends on the salt
gradient rate and not on the analytes used. Aahiatl gradient resulted in a greater peak
capacity. This was due to the use of the uniqueatitbinfor which the peak width
increased less proportionally upon an increasheargtadient elution time. This feature is
attractive for resolving complex peptide sampleg.(grotein digests).

Noteworthy was the resolution between methionirleephalin and leucine
enkephalin (inset in Figure 3.3C). These two p&gstidear the same charge and have the
same chain length (see Table 3.2). They also hamesimilar molecular weight and
hydrophobicity. Due to the use of 40% acetonitnléhe mobile phase, it is not likely
that the resolution was based on differences imdpfibbicity. Instead, the separation
was primarily due to differences in ionic interactiresulting from a minor difference in
molecular weight. Because methionine enkephalirahgi®ater molecular weight than
leucine enkephalin, the ionic interaction betweesimonine enkephalin and the
monolith would be expected to be somewhat smd#ading to earlier elution. The
successful separation of methionine enkephalinl@ndne enkephalin emphasizes the
exceptional resolution provided by the poly(AMPSREGDA) monolith.

Further evaluation of the monolith was conductadSGX chromatography of a
[B-casein digest (Figure 3.4). Once again, very seaparation was obtained. Based on

several completely resolved peaks (indicated onreig.4), the peak capacity was
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Figure 3.4. SCX chromatography®casein digest. Conditions were the same as in

Figure 3.3C.
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estimated to be 167, close to 179 measured uspiggpestandard P2693. This confirmed
that peak capacity was not dependent on the saanplgzed, but on the gradient rate. It
should be mentioned that the protein digest hdmbtdesalted. If thB-casein digest was
not desalted (see Section 3.2.1), the peptidesisakin 15 min (data not shown). This is
expected because peptides will not be stronglynediaif they are dissolved in a high
concentration of salt buffer. During the experiménivas also important to use freshly
prepared peptides and to store them in a refrigergbr example, peptide standard CES-
P0050 degraded if dissolved in the starting budfed stored at 2-& for more than 2
months. Figure 3.5 shows a separation of a degrsaegle. In addition to the main four
peptides, eight other peptides could be clearlp.s€bkis, once again, demonstrates the
high resolution of the poly(AMPS-co-PEGDA) monolitr SCX liquid chromatography
of peptides. It opens the possibility of using S€@Xomatography for quality analysis
(e.g., purity) of peptides, although such analysesalmost exclusively performed using
reversed-phase liquid chromatography.
3.3.6 SCX Chromatography of Protein Standards

Attempt was also made to perform SCX chromatogragtbasic proteins, and
the result is shown in Figure 3.6. As mentioneaiefproteins did not elute from the
monolithic column when 5 mM phosphate (pH 2.7) aorihg 40% acetonitrile and 0.5
M NaCl was used as eluent. This is likely due torgger binding of proteins than
peptides, as confirmed by the elution of proteilm@mwNaCl concentration was increased
to 2.0 M. However, due to the poor solubility of@®an 40% acetonitrile, a buffer that
contains no acetonitrile must be used. Thus, tharation in Figure 3.6 was based on a

mixed-mode mechanism. An increase in buffer salteatration resulted in a decrease
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Figure 3.5. SCX chromatography of old synthetictjgepsample. Conditions were the
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Figure 3.6. SCX chromatography of proteins. Condgiwere the same as in Figure 3.2E
except that different buffers were used; buffer &svd mM phosphate (pH 6.2) and
buffer B was buffer A plus 2.0 M NaCl; analytes) (dyoglobin, (2) cytochrome c, and
(3) lysozyme. The baseline drift during gradienitiein and the rise of the baseline at the

end of gradient were due to the difference in U¥abances of buffers A and B.
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in ionic interaction and an increase in hydrophabieraction. As a result, protein peaks
were broadened by the increased nonspecific hydtmplinteraction during salt gradient
elution. Although the SCX column exhibited worsearhatographic performance for
proteins than for peptides, it was comparable bhemonolithic SCX columns for
protein analysig®
3.3.7 Stability of the Poly(AM PS-co-PEGDA) Monalith

Permeability is a good index to reflect swellingsbrinking of the monolith. If a
monolith swells, its through-pores will decreassiie, resulting in lower permeability,
andvice versa. From Table 3.3, the permeability was approxinyadel order of
magnitude lower in aqueous buffer than in somemogsolvents. With the use of
organic solvents, the permeability decreased rgugtth an increase in solvent relative
polarity, except that ethyl ether and acetone hachtghest permeability. This indicates
that the monolith swells in more polar solvents ahdnks in less polar solvents.

Although the poly(AMPS-co-PEGDA) monolith swelledaqueous buffer and
shrank in organic solvents, no detachment of theatith from the capillary wall was
observed under any condition, likely due to covadtachment to the capillary wall.
Furthermore, the column flow rate reached a constane after equilibration with a new
solvent. This indicated reversible shrinking or Biwg of the monolith under a variety of
solvent conditions. For the SCX liquid chromatodmapf peptides reported in this study,
the column flow rate measured was 70-100 nL/minmthe backpressure read from the
pump panel was between 2000 and 2300 psi duringrteient run. This indicates that a

considerable flow was generated at moderate pregsan though the monolith swelled.

106



Table 3.3. Permeability of the poly(AMPS-co-PEGDAYNolith.

Flushing fluid Relative polarify  Viscosity,n Column backpressure, Linear velocity, u  Permeability, k
(cPY Ap (psi) (mm/s) (x10%°m?)°

Hexane 0.009 0.300 800 5.52 30.0
Ethyl ether 0.117 0.224 800 12.09 49.1
THF 0.207 0.456 800 2.51 20.8
Acetone 0.355 0.306 800 9.09 50.4
Acetonitrile 0.460 0.369 800 3.30 22.1
Methanol 0.762 0.544 800 1.17 11.5
Water 1.000 0.890 1200 0.27 2.9
Buffer A / 0.846 1200 0.33 3.4
Buffer B / 0.890 1200 0.47 5.1

2 Relative polarity data were frohttp://virtual.yosemite.cc.ca.us/smurov/orgsoltai.f? Viscosity data were from online CRC

Handbook of Chemistry and Physics"&lition, 2004-2005. For buffer A which containgd@ceonitrile, the viscosity is ~95%
water (Sadek, P. C., in HPLC Solvent Guid¥,el., John Wiley and Sons: New York, 2002). FofdsuB which contains both 40%

acetonitrile and 0.5 M NaCl, the viscosity is asedrto be 0.89x0.95x1.052 = 0.890 because 0.5 M MalC052 times the viscosity
of pure water® Permeability k =nLu/Ap, wheren is the viscosity, L is the column length (10 cm irstbase), u is the solvent linear

velocity, andAp is thecolumn backpressure.
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The polymer monolith could be used continuouslyrdvenonth under a pressure of
>2000 psi. Excessive swelling of the sulfonic aottaining polymer monolith in
aqueous buffer, which would result in no flow, wext observed for the poly(AMPS-co-
PEGDA) monolith reported in this study.
3.3.8 Tentative Explanation of the Sharp Peaks Obtained

It is interesting that the permeabilities of thermalith in aqueous buffers A and B
were different (see Table 3.3). An increase in @aipility was observed with the use of
the same buffer with 0.5 M NaCl additive. This eefls a responsive property of the
poly(AMPS-co-PEGDA) monolith upon contact with salfiklund et al*® reported that
poly(TRIM) monolith with a surface grafted with SBERowed a salt dependant
permeability. However, the permeability decreaséd an increase in NaCl
concentration in the range of 0-0.2 M. Interesfngb such trend was observed for the
monolith prepared by copolymerization of TRIM aréES

The salt dependant permeability of the poly(AMPSP&GDA) monolith is
expected to have an influence on the chromatograppgptides. The mobile phase flow
rate in the monolithic column increased in my systiuring the salt gradient run because
the nano flow gradient in the column was generhted passive splitter (see Section
3.2.3). Thus, two gradients effected the elutiopetides from the monolithic column.
One was a simple salt gradient, which narroweg#ide bands during elution. The
other was a naturally formed flow gradient. Thevigradient would provide an
effectively sharper salt gradient than set in tregpam. As seen in Figure 3.3, the
sharper the salt gradient, the narrower the pedkwi Double gradient elution was

previously demonstrated in ion exchange liquid oitography of small ions, where a
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flow gradient was intentionally employed to achiéast separatioff’ It should be
emphasized that although a natural flow rate gradigisted in these studies, it did not
contribute significantly to the sharpening of pdptbands, especially under shallow (e.g.,
1% B/min) salt gradient conditions, where a floweracrease of ~1.4 times (based on
Table 3.3) was estimated for a 100 min interval.

It is hypothesized thdhe extremely sharp peaks achieved in this stuely ar
primarily due to the nature of the poly(AMPS-co-HEA monolith. While the
poly(AMPS-co-PEGDA) monolith was shown to exhildiosg hydrophobicity, the
hydrophobicity was mainly derived from the sideiosaf the monolith that attached the
functional AMPS monomer. The backbone of the polymenolith contributed
negligible hydrophobicity due to the use of bothi@compatible crosslinker PEGDA and
a biocompatible acrylamido group in the AMPS. T nonspecific hydrophobic
interaction between the polymer backbone and peptolld occur. Because the side
chains are located on the surface of the polymaratiith upon contact with aqueous
buffer, mass transfer resistance would be smaljlti@g in high column efficiency. To
test this hypothesis, SCX chromatography of synthpptides 1-4 on a poly(AMPS-co-
EDMA) monolith was performed under the same coadgias in Figure 3.2E. Although
well separated, the peaks for all four peptideseviroad and tailing (data not shown).
This observation confirms that the extremely narpmaks obtained in this study were
primarily due to the use of the biocompatible clioker PEGDA.

3.4 Conclusions
A poly(AMPS-co-PEGDA) monolith containing as high40% AMPS was

prepared by one-step copolymerization. The monablbith several favorable features,
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such as high binding capacity, extraordinarily higolution and high peak capacity,
making it ideal for resolving complex peptide saesplsuch as protein digests. Due to its
excellent chromatographic performance and easeepfpation, the poly(AMPS-co-
PEGDA) monolith is expected to find many applicato

A unique structural feature of the new monolitthis use of PEGDA instead of
the conventional EDMA crosslinker, which is belidwe result in the high resolution and
sharp peaks obtained for peptide analysis. Dueadydrophobicity of the AMPS
monomer, a better monolith could be obtained ifaerhydrophilic functional monomer
was used. For example, if acrylamido methanesudfanid or 2-acrylamido-1-
ethanesulfonic acid was used in place of AMPShgigrophobicity of the resulting
monolith would be dramatically decreased. This #&haa turn, provide even better
separation of peptides and make efficient SCX ofgins possible with aqueous buffers
containing no acetonitrile. Unfortunately, neitioéthe two monomers is commercially

available. | am currently investigating their syadls.
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CHAPTER4 POLYMER MONOLITHSWITH LOW HYDROPHOBICITY FOR
STRONG CATION-EXCHANGE CAPILLARY LIQUID CHROMATOGRAPHY
OF PEPTIDES AND PROTEINS

4.1 Introduction

High performance liquid chromatography has growmriportance for proteomics
research due to its high resolving power, excelleptoducibility and ease of interfacing
with mass spectrometfyBecause of the extreme complexities of peptidetumes in
“shotgun” proteomic$,orthogonal two-dimensional (2-D) liquid chromataghy is
required for which overall peak capacity is thedurct of the peak capacities of each
dimension. The most widely used 2-D liquid chrongagéghy combination is ion-
exchange chromatography [especially strong catiama&nge chromatography (SCX)]
followed by reversed-phase (RP) chromatographor this combination, it is important
to use a hydrophilic SCX column that possessesdgiklgl mixed-mode (i.e., ion-
exchange and hydrophobic interaction) retentiopegftides. Otherwise, the resultant 2-D
liquid chromatography is not strictly orthogonatlahe final overall peak capacity is
compromised. In the worst case, some very hydrophmptides will not elute from the
first dimension SCX column. Currently, the Polyselfhyl A stationary phase, which
was developed in the late 19805sis used most widely for SCX chromatography of
peptides. However, although relatively hydrophitieg Polysulfoethyl A column has
been found to exhibit some hydrophobicity, and 5%2acetonitrile is required to

suppress hydrophobic interactions to improve beftide peak shapes and resolufidn.
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Polymer monoliths that have comparable chromatdgcgperformance to
particle packed columns were introduced in apprexéty 199G°° To date, a variety of
polymer monoliths with a broad range of surfacenuis&ies have been introduced for
use in liquid chromatography (please refer to Céraptfor detailed review}*® In
contrast to monomers used for preparation of potymanoliths, the number of
crosslinkers is much more limited. Very little affthas been directed toward study of
crosslinker effects on chromatographic performaifibés is quite surprising since the
crosslinker is an integral part of the resultingmolgth, typically accounting for 30-70%
by weight. As a result, the crosslinker should keeeted to significantly affect both the
rigidity of the resulting monolith and its overalblarity.

Lee’s group was the first to use polyethylene glytiacrylate (PEGDA) as a
biocompatible crosslinker to synthesize an inelyiper monolith for the analysis of
peptides and proteins (see Chaptel®2).polyethylene glycol methacrylate-based
crosslinker has also been used to prepare RP nininalblumns-’ The biocompatibility
of PEGDA is mainly a result of the PEG segmenhminolecule. PEG is a well known
material that can effectively resist the adsorptibbiomolecules®*®and has found
application in various fields related to proteisistanc&®??

Using PEGDA as crosslinker, | recently prepare@&X polymer monolith for
capillary liquid chromatography of peptides (seefter 3%* Using simple one-step
copolymerization of 2-acrylamido-2-methyl-1-propandfonic acid (AMPS) and
PEGDA, the resulting monolith provided extremelyroa peaks and high peak
capacity. Although not completely understood, tkieaordinary chromatographic

performance is believed to be related to the uskebiocompatible crosslinker PEGDA.
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In addition, it was demonstrated that excessivdlswecould be avoided by using a high
percentage (60 wt%) of crosslinker.

Although quite successful, an obvious drawbackefgoly(AMPS-co-PEGDA)
monolith is its relatively strong hydrophobicityei, 40% acetonitrile is required to
suppress hydrophobic interactions with hydrophgiigtides. | believe that the
hydrophobicity mainly comes from the AMPS monomecdwuse it has a 4-carbon moiety
(C4) in the molecule (see the structure of AMP§uFe 4.1).

In an attempt to decrease the hydrophobicity ophig(AMPS-co-PEGDA)
monolith, two other commercially available sulfomicid-containing monomers,
sulfoethyl methacrylate (SEMA) and vinyl sulfonicié (VS), were investigated to
prepare SCX monoliths. It was hoped that by deangake hydrocarbon character of the
group that linked the sulfonic acid functionalitydathe acrylate or vinyl group, a
monolith with decreased hydrophobicity would resitilie final goal of this study was to
apply the more hydrophilic monoliths to the resintof various proteins, including
lipoproteins.

4.2 Experimental Section
4.2.1 Chemicalsand Reagents

2,2-dimethoxy-2-phenylacetophenone (99%), 3-(trirarysilyl)propyl
methacrylate (98%), and PEGDA (Mn ~258) were puseddrom Sigma-Aldrich
(Milwaukee, WI) and used as received. SEMA wasiabthfrom Polysciences
(Warrington, PA), and VS (sodium salt, 30% aquesnlation) was purchased from
Sigma-Aldrich. Both of the monomers were used witHarther purification. Porogenic

solvents for monolith
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Figure 4.1. Chemical structures of PEGDA crosslirded several sulfonic acid-

containing monomers.
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synthesis and chemicals for mobile phase buffgugragion were HPLC or analytical
reagent grade.

Bradykinin fragment 1-7 and proteins (myoglobinmfrequine skeletal muscle,
cytochrome c¢ from bovine headt;chymotrypsinogen A from bovine pancreas and
lysozyme from chicken egg white) were obtained fi®igma-Aldrich. Synthetic peptide
standard CES-P0050 was purchased from Albertad®splinstitute (Edmonton, Alberta,
Canada). High density lipoprotein (HDL) was fromilachem (La Jolla, CA).
Ethylenediaminetetraacetic acid (EDTA, disodiun,slihydrate, ultrapure grade) was
provided by Invitrogen (Carlsbad, CA).

4.2.2 Polymer Monolith Preparation

UV transparent fused silica capillary tubing (#% i.d., 375um o.d., Polymicro
Technologies, Phoenix, AZ) was silanized with TRi\ptovide a pendant vinyl group
for anchoring of polymer monoliths following a pesture developed by Vidiet al?®
with slight modifications. Briefly, a 5 m long cdlary was rinsed sequentially with
ethanol and water. The capillary was then fillethv@ M HCI, and heated at 12G for 3
h in a GC oven with both ends sealed with a unigpcburch, Oak Harbor, WA). After
surface activation, the capillary was rinsed agdath water and ethanol, and dried at 120
°C for 1 h under a nitrogen gas purge. Silanizatibiine surface-activated capillary was
performed with 15% (v/v) TPM in dry toluene at %5 overnight. After silanization, the
capillary was washed with toluene and acetone se@lig, and then dried under a
nitrogen gas purge at room temperature overnigbtt Bnds of the silanized capillary
were sealed with rubber septa until further use.

Monomer solutions (see Table 4.1 for reagent coitipoywere prepared in
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Table 4.1. Reagents and dynamic binding capaafipsly(AMPS), poly(SEMA) and poly(VS) monoliths.

Reagent Dynamic binding capacify
DMPA Monomer PEGDA Water Methanol Ethyl ether UV time Peptide Protein
(9 (9) (@) (9) (9) (9) (min)  (pequivimL)  (mg/mL)
AMPS’ 0.008 0.32 0.48 0.20 0.55 1.70 3 157 332
SEMA 0.008 0.32 0.48 / / 0.80 30 62 8
VS 0.0008 1.07 0.48 / 0.75 / 3 11 32

@ Dynamic binding capacity was measured based ongteke of bradykinin fragment 1-7 (peptide) oroeytrome ¢ (protein). For
experimental conditions, please refer to Secti@B3’ The reagents and dynamic binding capacity for (#PS) monolith are

from Sections 3.2.2 and 3.3.4, respectivelfhe VS monomer is a 30 wt% water solution.
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1-dram (4 mL) glass vials by admixing initiator, noaner, crosslinker and porogens. The
monomer solutions were ultrasonicated for 10 spéuced into the surface silanized
capillary by capillary action, and irradiated focertain amount of time using a UV
curing system reported in Section 3.2.2. Afterrtienoliths were prepared, they were
connected to an HPLC pump and flushed with methandlwater to remove porogens
and any unreacted monomers. Scanning electron gnagbs (SEM) of the monoliths
were obtained as previously described in Secti@r23.

4.2.3 Capillary Liquid Chromatography (CLC)

The CLC system used in this study was describekttail in Section 3.2.3. To
decrease the system delay time and set the gpditoa~1:1000, the splitter capillary was
changed to 40 cm lorg30um i.d., and the original stainless steel tubing)(&th longx
1/32 inch 0.dx 200um i.d.) from the mobile phase mixer was replaceith &n open
tubular capillary (70 cm long¢ 360pum o0.d.x 75um i.d.). The chromatographic
conditions are given in the figure captions. Theatyic binding capacities of the test
peptides and proteins were measured, followingtéxdte procedure previously
described in Section 3.2.3.

Safety Considerations. The SEMA and VS monomers, and the PEGDA
crosslinker are sensitizing agents. Appropriate I8S$fiformation should be consulted
for handling of these materials. Sunglasses tluatkidUV light and gloves should be
worn to avoid burns caused by the high-power UMnAgusystem during the preparation

of the monoliths.
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4.3 Resultsand Discussion
4.3.1 Preparation of Polymer Monoliths

The proper selection of porogen is of paramounbirignce in the preparation of
a monolith for use in chromatography. Because PE®R4 used as crosslinker and
sulfonic acid-containing monomers similar to AMP8revused, the initial choice of
porogen was a mixture of water, methanol and edthgr as used in Section 3.2.2.
Although polymer monoliths were formed using tlasipe, cracks along the axis of the
capillary were observed under an optical microsc@peés resulted in monoliths with
extremely low flow resistance and poor column éficy, because of channeling of the
mobile phase through the cracks in the monolithwIgerogens had to be found to
prepare the poly(SEMA) monolith. After extensiveesming, a binary porogen
composed of ethyl ether and hexanes yielded msdlitat were macroscopically
uniform and possessed very low flow resistancethiéuioptimization, however, revealed
that ethyl ether was unnecessary to be includedcaporogen. The optimized reagent
composition for the poly(SEMA) monolith is givenTable 4.1. Figure 4.2 shows an
SEM image of the poly(SEMA) monolith. The monohtias attached to the capillary
wall, and no cracks were observed. A morphologycsido conventional
polymethacrylate monoliths was obtained.

The preparation of the poly(VS) monolith was oraiiy thought to be somewhat
challenging because the VS monomer could only b&irdd as a 30 wt% water solution
and not in the neat form. This introduced the resfuent that water must be included in
the monolith recipe and the weight ratio betweenavi water had to be equal to (no

addition of water) or less than 3/7 (with additmfrwater). Fortunately, the preparation of
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Figure 4.2. SEM images of poly(SEMA) and poly(VS)moliths. (A) poly(SEMA)
monolith (scale bar = 2(m); (B) higher magnification of the monolith in (Agcale bar
= 2 um); (C) poly(VS) monolith (scale bar = 20m); (D) higher magnification of the

monolith in (C) (scale bar =j2m).
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the poly(VS) monolith was far less difficult thant@ipated. A combination of water and
methanol was found effective in generating a stble-through monolith. The
optimized reagent composition is listed in Table &EM of the optimized poly(VS)
monolith (Figure 4.2C-D) revealed a different masjagy compared to the poly(SEMA)
monolith, but a similar morphology to the poly(AMP8onolith.
4.3.2 Hydrophobicity of the Poly(SEMA) Monolith

Four synthetic undecapeptides (see Table 3.1) usad to determine the
hydrophobicity of the poly(SEMA) and poly(VS) moitbk. Figure 4.3 shows a gradient
elution separation of the four synthetic peptideisg buffers that contain different
amounts of acetonitrile. For the most hydropholaptmle 4 with hydrophobicity index
24.2 at pH 2.6 40% acetonitrile was required to suppress thedphbic interaction
between the monolith and the peptide. For the dtiree peptides, there was negligible
difference between the elution patterns betweend20% acetonitrile additives.
However, when higher concentrations of acetonifglg., 30 or 40%) were used in the
mobile phase, narrower peaks were observed. Inrgletige elution pattern of the four
synthetic peptides using poly(SEMA) were similattiat of the poly(AMPS) monolith.
However, much lower column efficiency was obseri@dhe newly prepared
poly(SEMA) monolith, although resolution of the fqueptides was acceptable. A peak
capacity of 21 was achieved for the poly(SEMA) oatuusing buffers containing 40%
acetonitrile, in contrast to 71 for the poly(AMR8&pnolith.

It is surprising that the hydrophobicity of poly(8B) is similar to that of

poly(AMPS) although there is less hydrocarbon otteran the SEMA molecule.
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Figure 4.3. SCX chromatography of four synthetidecapeptides. Conditions: 15 cm x
75um i.d. poly(SEMA) monolithic column; buffer A wasrBM NaHPO, (pH 2.7) and
buffer B was buffer A plus 1.0 (panel A) or 0.5 M@l (panels B, C, D and E), both
buffers containing 0, 10, 20, 30, or 40% (v/v) acdtile (panels A, B, C, D, and E,
respectively); 2 min isocratic elution of 1% B,léaed by a linear AB gradient (5%
B/min for panels B, C, D and E, and 2.5% B/minganel A) to 100% B and various
times of isocratic elution with 100% B until pepid was eluted; 1.8 min gradient delay
time; mixture of peptides 1-4 (Table 3.1); @&2min pump master flow rate; 510, 460,
440, 440 or 440 nL/min column flow rates (panelBAC, D, and E, respectively);

online UV detection at 214 nm.
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Therefore, for overall hydrophobic interaction, etliactors must be considered. Due to
the single bond connection to the monolith backbdme sulfonic acid functional group
would rotate freely into and out of the backbomesdme circumstances, analytes could
directly interact with the backbone of the monol#ithough the contribution to
hydrophobicity by the biocompatible PEGDA crossénkvas found to be insignificant,
the carbon-carbon linkage resulting from polymeraaof vinyl groups in the monomer
could lead to some hydrophobic interactions. Tkius overall hydrophobicity must
result from the sum of the hydrocarbon componehtseoside chains of the functional
groups and the backbone of the polymer.

The backbone hydrophobicity is mainly determinedh®ytype of vinyl group
and the surface coverage by the functional grofippresent, there is no good
methodology available to directly measure the s@f@verage by the functional groups.
One indirect method is to use dynamic binding cap#o estimate the surface coverage.
The dynamic binding capacity of the poly(SEMA) mbiinowas measured to be 62
pequiv/mL, based on the uptake of bradykinin fraghier (see Table 3.1). This value is
smaller than that of the poly(AMPS) monolith (1%&quiv/mL), indicating a lower
surface coverage by the sulfonic acid groups;rassits in less hydrophobicity.
However, another more important factor that afféicesbackbone hydrophobicity is the
type of vinyl groups in the monomer. The backboyérbphobicity of poly(AMPS) is
low because of the use of the biocompatible acrigargroup. As a result, the overall
hydrophobicity of poly(SEMA) (from the C2 sulforécid linkage and the backbone) is

comparable to that of poly(AMPS) (mainly from thé lihkage).
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Although disappointing for decreasing column hydhaipcity, the poly(SEMA)
monolith had very low flow resistance, which matdeaseful in performing fast
separations. Figure 4.4 shows a separation ofbilreundecapeptide standards in 5 min
using a fast flow rate (linear velocity of 43 cmfhand a sharp gradient. The total
analysis time could be further decreased to 2 misitnply using a sharper gradient rate
(50% B/min). However, the peak for peptide 4 beeammewhat skewed under these
conditions.
4.3.3 Hydrophobicity of the Poly(VS) Monalith

Figure 4.5 shows the elution of the four synthpgeptides under various
acetonitrile concentrations. It is obvious that dlverall hydrophobicity of the poly(VS)
column is much less than either poly(AMPS) or p8EMA) monoliths. As is seen in
Figure 4.5A for which no acetonitrile was used,tfep4 could be eluted in 40 min,
although a tailing peak was observed due to nomfspagdrophobic adsorption. With an
acetonitrile concentration of 30%, hydrophobic rattions could be suppressed, and
40% acetonitrile narrowed the peptide 4 peak somaewinther. The resolution of
peptides 2 and 3 was improved with the additioBG8% acetonitrile. Although
improvement was made with the addition of acetdajtthe effect of acetonitrile on the
peak profiles for peptides 2 and 3 was not as dtiaraa for either poly(AMPS) or
poly(SEMA) monoliths, indicating decreased hydrdpbiy of the poly(VS) monolith.
Peak capacity was increased from 20 (Figure 4.6R)/t(Figure 4.5D) with the addition
of 30% acetonitrile compared to no acetonitriled dacreased to 24 (Figure 4.5E) when
40% acetonitrile was used. Therefore, 20-30% adeileris sufficient to suppress the

hydrophobic interaction of the poly(VS) monolitth& hydrophobicity of the poly(VS)
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Figure 4.4. Fast SCX chromatography of synthetmtides using a poly(SEMA)
monolithic column. Conditions were the same asiguie 4.3E except that a faster pump
master flow rate of 48L/min, column flow rate of 1.pL/min and 20% B/min gradient

rate were used.
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Figure 4.5. SCX chromatography of synthetic pestigeing a poly(VS) monolithic
column. Conditions were the same as in Figure 43 tlve following exceptions: 16 cm
x 75um i.d. poly(VS) monolithic column; buffer B in pdn& contained 0.5 M NacCl,
pump master flow rate was d./min; gradient delay time was 8 min; 102, 98, 83,or

78 nL/min column flow rates (panels A, B, C, D, dadespectively).
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monolith must come from the backbone of the mohdigcause the VS monomer does
not have any extra carbon atoms in the linking grdihile the dynamic binding
capacity of the poly(VS) monolith was smaller thhat of the poly(AMPS) monolith,
indicating less hydrophobicity, a significant calotition to column hydrophobicity could
still come from the backbone of the monolith. Altigh somewhat
hydrophobic, it should be noted that the poly(V®nwlith could elute the most
hydrophobic peptide 4 in relatively short time waitih the addition of acetonitrile, making
it useful as a first dimension in proteomics stadie

The column stability and reproducibility of the p@fS) monolith are excellent.
The poly(VS) monolith was continuously used at ~106i head pressure for two months
without deterioration of column performance (iresolution, efficiency and peak shape).
This confirms that it is feasible to prepare a l&g&CX monolith by copolymerization of
a sulfonic acid-containing monomer and a crosshifkeigh percentage of crosslinker is
used. An evaluation of run-to-run reproducibilititwbuffers containing 30%
acetonitrile, gave relative standard deviation gal(RSD, n = 5) of retention times and
peak heights for the four synthetic peptides of 1.8, 0.8, and 0.5, and 2.5, 1.2, 2.0, and
1.6, respectively. Column-to-column reproducibilitgs also good; the RSDs (n = 3) for
retention times and peak heights were 2.5, 1.4,ahé 3.0, and 2.3, 2.8, 1.6, and 4.0,
respectively.
4.3.4 Strong Cation-Exchange Liquid Chromatography of Proteins

Figure 4.6 shows SCX chromatography of proteinddeats using the hydrophilic
poly(VS) monolith. Sharp peaks were obtained fofaalr proteins. Although the

poly(VS) monolith generated lower peak capacitytfa four undecapeptides than did

131



Detector response, mV

0 10 20 30 40 50 60
Retention time, min

Figure 4.6. SCX chromatography of proteins. Condgi 16 cm x 7fm i.d. poly(VS)
monolithic column; buffer A was 5 mM phosphate () and buffer B was buffer A
plus 1.0 M NaCl; pump master flow rate, @4/min pump master flow rate; column flow
rate was 104 nL/min; gradient delay time was 8 rirear gradient from 1% B to 50% B
in 20 min, ramped to 100% B in 2 min and followsd2® min isocratic run of B;
analytes: (1) 1.14 mg/mL of cytochrome c, (2) Ineé§mL of a-chymotrypsinogen A, (3)
1.10 mg/mL of ribonuclease A and (4) 1.50 mg/mllysbzyme; the baseline drift during
gradient elution and the rise of the baseline etettd of the gradient were due to the

difference in UV absorbances of buffers A and B.
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Figure 4.7. SCX chromatography of high densitgpiptein. Conditions were the same
as in Figure 4.6 with the following exceptions: feafA was 10 mM citrate (pH 5.0)
containing 0.01% EDTA, and buffer B was buffer Apll.0 M NaCl; 2 min 1% B, 20
min gradient from 1% to 100% B, and 12 min 100%aBalyte: 11 mg/mL HDL,; online

UV detection at 214 nm.
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the poly(AMPS) monolith, it yielded better peak files for proteins. This indicates that
a polymer monolith with less hydrophobicity waspgaeed. It also demonstrates that a
monolith with carefully designed hydrophilicity lieneficial for SCX chromatography of
proteins.

The usefulness of the poly(VS) monolith was furthemonstrated by SCX
chromatography of hydrophobic proteins. Lipopratesne important biological
macromolecular complexes of lipids and apolipopnstevhich function to transport
lipids in blood?® Disorders in lipoprotein metabolism are one ofriest important risk
factors for the development of coronary heart diseBecause they contain lipids and are
bulky, lipoproteins are very hydrophobic and, thdiffjcult to analyze using
conventional SCX columr.HDL is a very complex mixture that has been resolinto
12 subclasses using 2-D gel eletrophor&sissing the hydrophilic poly(VS) monolith,
five subclasses of HDL were resolved (Figure 4=dyther optimization of
chromatographic parameters for this applicaticamiderway.

4.4 Conclusions

In this study, | prepared stable SCX monoliths byatymerizing sulfonic acid-
containing monomers and PEGDA crosslinker. In tbgigh of SCX polymer monoliths
for peptides and proteins, it is important to cohtine overall hydrophobicity to decrease
nonspecific interactions. The overall hydropholyicit the monolith can be tuned by the
use of appropriate crosslinkers and monomers. ®h&ibution of hydrophobicity from
the monomer mainly results from the linking grobpttconnects the sulfonic acid
functionality with the polymerization functionalitifhe type of polymerization

functionality (e.g, vinyl or methacrylate or acnylalo) also results in different backbone
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hydrophobicity. Among the three monomers (AMPS, $EA0hd VS) studied, VS
resulted in a monolith with the least hydropholyicit

Further improvement should be achieved with theafiseore suitable monomers.
For example, if acrylamido methanesulfonic acidged as a functional monomer and
PEGDA as a crosslinker, an SCX monolith with naglghydrophobicity would be
expected. Although | have already synthesizedrtfusomer, | have not been able to
purify it sufficiently. Another potentially usefahonomer would have acrylate or
methacrylate at one end, PEG in the middle, arfdrsialacid at the other end. By using
PEGDA as a crosslinker, an ideal monolith with mmie completely comprised of PEG
and surface comprised of sulfonic acid would beamietd. Detailed description of the

improvement in hydrophilicity of SCX monoliths isqvided in Chapter 5.
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CHAPTER 5 FUTURE DIRECTIONS

5.1 Optimization of PoreVolume Distribution of the Poly(PEGM EA-co-PEGDA)
Monolith for SEC of Proteins

To date, only two reports have been found for piegaolymer monolithic SEC
columns™? The first report was based on poly(styrene-coryidienzene) prepared via
stable free radical initiatiohAlthough the monolith possessed relatively broadkp
volume distribution, the separation of model linpalystyrene standards (Molecular
masses of 3,200,000, 210,500 and 580) indicated:thamn efficiency was too low to
achieve moderate resolution. Only marginal sepamatias achieved for SEC of the three
polystyrenes. Another potential problem is the afseery hydrophobic polystyrene
chemistry. Although surface modification of the ysayrene could render it somewhat
hydrophilic, it is very difficult to completely mafg the surface via on-column
modification. As a result, it is very challengirggerform SEC of proteins using this
type of chemistry.

Lubbad et al. used the ROMP method to prepareympdiornene monolith for
SEC of synthetic polymersBy using a mixture of suitable crosslinkers, a oiith,
which possesses both good mechanical strengtmzoré, importantly, continuous pore
size distribution, was obtained. Due to the hydaipt nature of polynorbornene, the
monolith was evaluated for SEC of polystyrene stadsl Although the monolith was

used for fast separation, resolution of standatgspgrenes was still insufficient, as
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observed from overlay of chromatograms of sevewblgbyrene standards. The
norbornene-based monolith has the same limitagahe polystyrene-based monolith for
agueous SEC of proteins, as described in the prs\paragraph.

There is clearly a need to develop novel polymenaiiths for agueous SEC of
proteins. In Chapter 2, an inert poly(PEGMEA-co-FEG monolith that exhibited
negligible hydrophobic and ionic interactions waitoteins was successfully developed.
The monolith was applied to SEC of peptides. Howeve separation of globular
proteins in the molecular weight range of 10-10@kizas observed. Inverse size
exclusion chromatography with the monolith revedlet the mesopore volume, which
determines the resolution of proteins, accountedty 4.2% of the total pore volume,
while most of the pore volume was contributed fribve macropores (77.8%) and
micropores (10.9%). Because of the 10.9% micropoleme, separation of peptides was
achieved. Thus, for SEC of proteins using this typmert monolith, a mesopore volume
of at least 10% must be obtained. It is also wedtin that the efficiency in SEC is much
lower for macromolecules (e.g., proteins) than $malecules (e.qg., peptides) due to the
smaller diffusion coefficients of macromolecufeBhis implies that a mesopore volume
much greater than 10% would be required to effebtiseparate proteins. It would be
desirable if a mesopore volume >20% was obtained.

| propose to synthesize polymer monoliths for agse®EC of proteins using the
inert PEGMEA chemistry. Two approaches will be exptl to optimize the mesopore
volume. The first is to use a template in the perodesign. | plan to investigate PEG as
a porogen for the preparation of a poly(PEGMEA-&=®A) monolith. PEG has been

used as porogen or coporogen for the preparatiothef polymer monolith$> However,
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in these two examples, the reasons for using PE3pasogen were mainly to adjust the
through-pore diameter and to control the surfacrdphilicity. The PEG | plan to use is
intended to control the mesopore volume. Duringfdinemation of the polymer monolith,
portions of the porogen will be trapped inside glels and between globules. After
polymerization and flushing, the porogen will besiwead out, leaving the desirable pores.
By choosing a suitable chain length of PEG porogdnch has a Stokes’s diameter that
is comparable to the diameters of globular proteimsnoliths with templated porous
structure will be obtained. My preliminary resudtsow that PEG (Mw of 3300) is a very
promising porogen to provide a monolith with largember of mesopores. SEC of two
model proteins, bovine serum albumin and thyrodiobwas recently obtained (data not
shown). Although not baseline separated, this detnates the potential of using PEG to
engineer the pore volume distribution. Furtherroptation (e.g., adjusting the ratio
between PEG and coporogen, tuning the ratio bette#@hmonomer to total porogen,
and increasing the column diameter and length)imitirove the SEC separation.

The other approach to adjust the mesopore volunweimcrease the crosslinker to
monomer ratio in the monolith recipe. Based onlaed study involving solid phase
extraction using a poly(styrene-co-divinylbenzemenolith, a significant increase in
surface area was obtained if the divinylbenzenedtirtker to styrene monomer ratio was
increased. The surface area of typical polymer monolithsiishie range of 1-20 ffy. By
using 80 wt% of divinylbenzene in the recipe, a oith with surface area as high as 400
m?/g was obtaine@This increase in surface area indicates an inerngasiicro and/or
mesopore volume. | plan to greatly increase the PE@tio in the poly(PEGMEA-co-

PEGDA) monolith recipe for increasing the mesopai@me. It is likely that a
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combination of both approaches proposed in thisediation will ultimately result in a
highly original polymer monolith that can be usedfast, efficient and high resolution
of proteins in the SEC mode.

5.2 Further Improvement in SCX Monolith Hydrophilicity

In Chapters 3 and 4, three polymer monoliths weepgred and used for SCX
chromatography of peptides and proteins. The pd#WR&) monolith generated the
highest resolution and peak capacity for the amalyispeptides. However, it was not
well suited for protein analysis due to its strényglrophobicity. The poly(SEMA)
monolith surprisingly possessed the same strongoipyabicity as poly(AMPS). An
attractive feature, however, was the low flow regise, making it possible to perform
fast SCX chromatography of peptides. The leastdphisbic monolith was obtained
when VS was used as the functional monomer. Thg¥8) monolith was useful for
SCX chromatography of both peptides and proteialsiching lipoproteins. Although
relatively hydrophilic, the poly(VS) monolith stiflossessed some hydrophobicity, i.e.,
20-30% acetonitrile was required to suppress hyabjz interactions for highly
hydrophobic peptides.

Clearly, a further decrease in hydrophobicity weult in a better SCX monolith
for the analysis of biological analytes. This camdchieved by designing and using more
suitable monomers. | propose to use two types afamers to achieve this goal. The
first monomer will be acrylamidosulfonic acid omgamidomethane sulfonic acid
(Figure 5.1). These two monomers, analogs to AMRSe shorter linking groups
between the acrylamido and sulfonic acid functitiesl. According to the studies

described in Chapters 3 and 4, the hydrophobianfiesonoliths prepared from such
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Figure 5.1. Chemical structure of the proposed muars.

142



H
cl . . N SO3H
Slightly basic
+ H,N SOzH
(6]

o) .
Aminomethane

Acryloyl chloride sulfonic acid

Figure 5.2. Scheme for the synthesis of acrylamitbame sulfonic acid.
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monomers will be greatly decreased. A similar perogystem (e.g., water, methanol,
ethyl ether and hexanes) will be used to synthéazenonolith. A challenging task,
however, will be the synthesis of such monomeptan to use acryloyl chloride and
sulfamic acid or aminomethylsulfonic acid as reatggFigure 5.2). Preliminary results
indicate that acrylamidomethane sulfonic acid casynthesized. | plan to purify the
product (monomer) from reactants by using prepagatin exchange chromatography.

Another type of monomer that could be potentialgful for preparing SCX
monolith with negligible hydrophobicility is shown Figure 5.3. Because the
poly(PEGMEA-co-PEGDA) monolith has proven to berart monolith for proteins
(Chapter 2), the monomer | propose here will prexadmonolith that has negligible
hydrophobicity. This will in turn result in one tife best SCX polymer monoliths for
biological compound analysis.
5.3 Preparation of Anion-exchange Polymer Monoliths Using PEGDA as

Crosslinker

With the recent successful development of SCX mtrlfuture efforts will be

naturally directed towards the synthesis of aniechange monoliths. Once again, | will
use the biocompatible PEGDA crosslinker to decreas&bone nonspecific hydrophobic
interactions during the anion-exchange processh Bioéct copolymerization and surface
derivatization approaches will be explored to idtree the amine functionality (Figure

5.4).
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Figure 5.3. Scheme for the synthesis of the prapassel monomer.
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Figure 5.4. Approaches for the preparation of ax@wchange monoliths.
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In the derivatization approach, a poly(GMA) montolitsing PEGDA as
crosslinker will be prepared first, followed by chieal modification with diethylamine
to provide the desirable weak anion-exchange mtinditernatively, direct
copolymerization of amine-containing functional roarers such as DEAEM or AETC
with PEGDA will yield monoliths with weak and strgm@anion-exchange functionalities,
respectively. A systematic study will be performtecvaluate the different approaches
for the preparation of anion-exchange monolithagisnodel acidic protein standards
such as myoglobin, conalbumin, ovalbumin and soyliggosin inhibitor. My
preliminary results indicate that the poly(AETC) motith had the least hydrophobicity
and exhibited the highest column efficiency. Apation of the poly(AETC) monolith to
lipoproteins gave very encouraging results; 12 gses of high density lipoproteins
were resolved using simple gradient elution aniwchange chromatography. | will
optimize the synthesis variables and chromatogcapdmiameters for improvements in
both mechanical stability and chromatographic peréoce.

5.4 Preparation of Other Types of Polymer Monoliths Using PEGDA as
Crosslinker

It will be straightforward to prepare a monolithngsPEGDA as crosslinker for
use in hydrophobic interaction chromatography. This be easily achieved by using a
large amount of PEGDA and a small amount of hydotyghmonomer (e.g., butyl
acrylate) in the monolith recipe. The resulting midh will have a hydrophobicity that is
small enough to retain proteins only under highcemration of sodium sulfate. As a
result, separation will be guided by the hydrophbabieraction chromatography

mechanism. On the other hand, a reversed-phaselitharauld be prepared if | use a
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large percentage of hydrophobic monomers and d gpordion of PEGDA in the

monolith recipe. Considering the lack of good podyhacrylate or polyacrylate

monoliths for use in reversed-phase capillary L@roteins or peptidesmy aim is to
prepare a RP monolith that has very good chromapdugc performance, comparable to
the well developed polystyrene-based monolith. Bnibitious goal could be achieved
through optimization of the synthesis recipe. Aquan that can provide abundant
mesopores will be useful to achieve such a goaumrmass transfer resistance is much
smaller in mesopores than in micrpores in the mtnd?EG holds promise as a porogen
for such purposes.

In chiral separation, nonspecific hydrophobic andaic interactions are
detrimental. Chiral stationary phases mainly ineltitree types: three-point interaction,
protein, and cavity phas@&8.The most popular stationary phase is the threetpoi
interaction type. Any chemicals that possess thaired chiral recognition capability and
have polymerizable vinyl groups could be potentiathpolymerized with PEGDA to
yield chiral monoliths. With the use of the biocaatiple PEGDA crosslinker, | hope that
significant advances in chiral polymer monolithiateonary phases will be obtained.

Finally, the PEGDA crosslinker is also suitable poeparation of affinity
monoliths. For example, poly(GMA), a widely usedmalbith, is often used as a base
material for immobilizing affinity ligands. By usgnPEGDA to replace conventional
EDMA or TRIM crosslinkers, nonspecific binding fratme backbone will be decreased.
5.5 Application of PEGacrylate-based M onolithsto Proteomics Resear ch

The application of polymer monoliths in proteomesearch is scarce, compared

with packed columns. With the recent commerciaiizaof capillary polystyrene and
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polymethacrylate monoliths, more applications sti@gpear in the future. My approach
of using a biocompatible PEGDA crosslinker hasttethe development of efficient SEC
and SCX capillary monolithic columns. The proposexntk described in Sections 5.1-5.4
will enable the development of other novel andceghit monoliths that can be used in a
variety of chromatographic modes. This opens tlssipdity to use PEG acrylate-based
monolithic capillary columns for 2-D LC of proteinsurrently the most promising

method for proteomics research.
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