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ABSTRACT
CREATION OF AFFINITY MEMBRANES CONTAINING FUNCTIONALIZED
POLYMER BRUSHES FOR HIGH-CAPACITY PURIFICATION OF
HISTIDINE-TAGGED PROTEINS
By

Parul Jain

Porous membrane absorbers are attractive for rapid protein purification, but their
binding capacity is low relative to nanoporous beads. Modification of membranes with
functionalized polymer brushes, however, can greatly enhance capacity. Porous alumina
membranes containing poly(2-hydroxyethyl methacrylate) (poly(HEMA)) brushes
derivatized with nitrilotriacetate-Ni** (NTA-Ni’") complexes facilitate purification of
polyhistidine-tagged ubiquitin (HisU) in less than 30 min. These materials have a
binding capacity of 120 mg HisU/cm’ of membrane, and the purity of the eluted HisU is
>99%, even when the feed contains 10% bovine serum.

Unfortunately, the submicron pore size in commercial alumina membranes limits
their use to simple solutions because complex mixtures such as cell extracts often plug
the small pores. Polymeric membranes, on the other hand, can have larger pore
diameters (1-10 pm) that allow lower pressure drops and purification of more complex
solutions. Nylon membranes containing poly(HEMA)-NTA-Ni** brushes can isolate
polyhistidine tagged (His-tagged) cellular retinaldehyde binding protein (CRALBP) from
a cell extract with purities at least as good as those obtained with commercial Ni**

columns. Unfortunately, these membranes have a low protein binding capacity (25 mg



protein/cm’ of membrane), perhaps because the organic solvents employed in brush
synthesis and derivatization partially damage the membrane structure.

A newly created aqueous procedure for growth of polymer brushes inside
polymeric membranes avoids contact of polymer membranes with organic solvents. This
method includes layer-by-layer adsorption of macroinitiators and subsequent aqueous
ATRP from these immobilized initiators. However, the formation of protein-binding
brushes still requires conversion of poly(HEMA) hydroxyl groups to carboxylic acid
moieties, which involves the use of organic solvents that may damage the membrane. A
new surface-initiated aqueous ATRP of an acidic monomer, 2-(methacryloyloxy)ethyl
succinate (MES), overcomes this problem and p.rovides a rapid, one-step route to
polyacid brushes. ATRP from initiators immobilized on Au-coated Si wafers yields
poly(MES) films with an ellipsometric thickness of 120 nm in less than 15 min. FTIR
spectroscopy and ellipsometry studies show that poly(MES) brushes and their derivatives
bind the equivalent of many monolayers of BSA as well as lysozyme.

Finally, modification of nylon membranes with poly(MES)-NTA-Ni** allows for
high-capacity purification of His-tagged proteins directly from a cell lysate. These
membranes show remarkable HisU, BSA, and lysozyme binding capacities of 85, 80 + 2
and 118 + 8 mg protein per cm® of membrane, respectively. Most importantly, the
poly(MES)-NTA-Ni**-modified membranes allow isolation of His-tagged CRALBP
directly from a cell extract in less than 15 min with purities comparable to commercial
affinity columns. Thus, porous nylon membranes modified by poly(MES)-NTA-Ni2+
brushes are attractive candidates for rapid, high-capacity purification of His-tagged

proteins.
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Chapter 1

Introduction and background

This dissertation describes the growth of polymer brushes on and in porous
supports to form high-capacity membrane absorbers capable of purifying proteins
modified with polyhistidine tags (His-tags). The research builds on previous studies of
the synthesis and application of polymer brushes towards protein immobilization, so to
put this work in perspective, I first define polymer brushes and then describe different
approaches for the synthesis of polymer brushes (Section 1.1). Subsequent sections
discuss the applications of polymer brush-modified surfaces for protein immobilization
and isolation. Specifically, I describe the use of polymer brush-modified flat surfaces,
beads, and monoliths towards protein immobilization aﬁd purification followed by the
application of polymer brush-modified substrates as protein microarrays (Section 1.2.1.).
Sections 1.2.2. and 1.2.3. present polymer-brush based capture of proteins for analysis by
mass spectrometry, capillary chromatography, and electrochromatography. Subsequently
I describe selective protein purification in polymer brush-modified membranes via
affinity and ion-exchange interactions (Section 1.2.4.). Finally, I present an outline of the
dissertation.

1.1. Polymer brushes
1.1.1. Definition of polymer brushes

Polymer brushes are assemblies of polymeric molecules tethered to a substrate
such that the graft density is high enough to force the polymer chains to extend away
from the surface.' The end of the polymer chain is usually held on the surface by

physisorption or covalent bonding, whereas the bulk of the chain extends into the solution



or air interface as shown in Scheme 1.1.> In an appropriate solvent, brushes can be
swollen and highly extended for rapid capture and purification of proteins or other

analytes.””

Highly swollen, hydrophilic brushes are also useful for minimizing non-
specific adsorption of proteins,”® and the functional groups in such brushes can be readily
tailored for specific separations.
1.1.2. Synthesis of polymer brushes

Initially, polymer brushes were formed by physical adsorption of block
copolymers.>'® In this case, one block has affinity for the surface, while the other block
extends into the solvent. However, because such systems are often unstable, recently
developed synthetic techniques use covalent attachment of polymers to substrates to
provide more robust brushes. Covalent grafting generally occurs using either “grafting

tO”“ or “graﬁing ﬁ,om”lZ-M

techniques. In the “grafting to” method, end-functionalized
polymer chains bind to a substrate via chemical reaction between active groups on the
surface and active end groups in the polymer chains (Scheme 1.1.A.)."" This method
results in relatively low grafting densities because steric hindrance prevents incoming
polymer chains from diffusing through previously deposited chains to reactive surface
sites. In contrast, in the “grafting from” strategy, the polymer chains grow directly from
surface-tethered initiators (Scheme 1.1.B.)."*'* The “grafting from” approach yields a
high density of chains because small monomers can readily reach growing chains or
initiators on the surface. Initiator immobilization on the surface is a vital step in the

15,16

“grafting from” method and affords some control over brush density. Typical

initiator-attachment strategies include reaction of surface hydroxyl/amino groups with

17,18

acid chlorides or acid bromides (Scheme 1.2.(a)), "'° modification of Au surfaces using



A. “Grafting to” B. “Grafting from”

0 Reactive end group in m Monomer
polymer chain
Reactive group on the ? Initiation site
surface

Scheme 1.1. Schematic representation of different approaches to polymer brush
synthesis. (A) “Grafting to” method in which active groups on the surface and
reactive end groups in the polymer chains react to form a covalent bond. (B)
“Grafting from” method in which the polymer chains grow from surface-tethered

initiators.



thiols or disulfides (Scheme 1.2.(b)),'®'” reaction of alumina or silica with silanes
(Scheme 1.2.(c)),'8‘20 and adsorption of polyelectrolyte macroinitiators (Scheme
1.3.).2"* A number of recent review articles provide an extensive discussion of the

synthesis of polymer brushes.”*
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Scheme 1.2. Possible methods for attaching initiators to (a) hydroxylated surfaces,

(b) Au, and (c¢) alumina.
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Poly (2-(trimethylamino)ethyl methacrylate-co-
2-(2-bromoisobutyryloxy)ethyl acrylate)

Scheme 1.3. Growth of polymer brushes via ATRP from macroinitiator deposited on

a surface using layer-by-layer adsorption.

The “grafting from™ approach has been used to modify various surfaces with

almost all of the known polymerization techniq includi ionic,”® anionic,”’

radical,®  ring-opening hesis,””* photochemical,**? and electr
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polymerization. However, controlled radical polymerization techniques such as atom-
transfer radical polymerization (ATRP)**® reversible addition-fragmentation

3738

transfer,””*® and nitroxide-mediated polymerization” have emerged as some of the most

powerful synthetic methods for brush formation because they afford controlled polymer



growth and relatively low polydispersity. Additionally, surface-initiated polymerization
with these techniques frequently results in minimal polymerization in solution.

ATRP is especially attractive for controlled polymerizations due to its mild
reaction conditions (room temperature in many cases), use of readily available catalysts,
initiators and monomers, and tolerance to impurities.**** This polymerization technique
proceeds as described in Scheme 1.4. Radical generation in ATRP involves an initiator

(an organic halide) undergoing a reversible redox process catalyzed by a transition metal
complex,* and R- is the reactive radical that initiates the polymerization. The controlled

nature of ATRP is due to the reversible activation-deactivation reaction between the
growing polymer chains and a copper halide-ligand species (ki and Keeac: are the rate
constants for activation and deactivation reactions respectively). The ligand forms a
complex with the cuprous and cupric salts and helps to solubilize them in the organic
reaction system. Fast deactivation by reaction with the CuBr;(ligand) complex leads to a
low concentration of propagating radicals, thereby minimizing chain termination and
radical transfer reactions. A successful ATRP requires (a) fast and quantitative activation
of initiator so that all the propagating species begin growth at the same time and (b) rapid
reversible deactivation of growing radicals to minimize termination of living polymers.
The combination of these steps ensures a narrow molecular weight distribution because
all the propagating chains grow at the same time and for the same duration of time.**

The use of controlled polymerization is particularly important for creating films in
complex geometries such as the pores of membranes, where the brushes can serve as
high-capacity, selective adsorbents. In the synthesis of such materials, uncontrolled

polymerization or formation of polymer in solution can rapidly plug pores to prevent



flow. Surface-initiated ATRP in membrane pores minimizes polymerization in solution
and allows for control over the polymer brush thickness through variation of
polymerization time. Husson and coworkers used ATRP to grow poly(poly(ethylene
glycol)methacrylate) brushes (Figure 1.1.(i)) inside regenerated-cellulose ultrafiltration
membranes.* At a constant pressure, the water flux through the membrane decreased
monotonically with increasing polymerization time because growth of the brushes
decreased the pore diameters. This study also showed that the molecular weight cutoff of
the membrane decreases with increasing polymerization time, further confirming that
ATRP provides control over the diameter of the pores in the membrane. Yusof and
Ulbricht studied the effects of photo-grafting conditions and monomer concentration on
polymer brush growth inside membrane pores.*> They found that the density of polymer

chains in the membrane correlates with the density of the entrapped photo-initiator,

benzophenone.
kact
R—Br + CuBr(ligand) ——== Re + CuBr, (ligand)
kdeact

l Monomer (M)
RM,

CuBr, (ligand)
RM,—Br + CuBr (ligand)

Scheme 1.4. Mechanism of ATRP. (Redrawn from Odian, G. Principles of

Polymerization; 2004, Fourth ed.; Wiley-Interscience, pp 316.).
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1.2. Applications of polymer brushes
In recent years, polymer brush-modified surfaces were examined for

applications in various fields of science and technology. This section describes recent
developments in the use of polymer brush-modified flat surfaces, beads and monoliths for
protein immobilization and purification. Subsequently, I discuss the applications of
polymer brushes in protein microarrays, for enzyme immobilization, in mass
spectrometry, and in chromatography and electrochromatography.
1.2.1. Protein immobilization and purification with polymer brush-modified
substrates
1.2.1.-a. Advantages of using polymer brushes for protein immobilization and
purification

Polymer brushes are attractive for protein immobilization and purification
because swollen brushes can potentially bind the equivalent of many monolayers of
protein. Increases in binding capacity may enhance the efficiency or sensitivity of
analytical devices such as membrane absorbers, protein microarrays, and modified
matrix-assisted laser desorption/ionization (MALDI) plates used for protein capture prior
to analysis. Several methods for immobilizing proteins in brushes have been reported,
including covalent binding, electrostatic adsorption (ion exchange), and binding to metal-

20,46,47

ion complexes. Brushes containing carboxylic acid and epoxide groups are

d.®*  Poly(acrylic acid)

particularly common because they can be readily derivatize
(Poly(AA) Figure 1.1.(ii)) brushes are especially attractive for protein immobilization
because in aqueous solution these films swell to four times their initial thickness to

facilitate binding of large biomolecules.*****

10



1.2.1-b. Protein immobilization on brush-modified flat surfaces

Due to the ease in handling and characterization, polymer brush-modified flat
surfaces such as silicon and gold-coated silicon wafers have been extensively used for
studying protein immobilization. Dai and coworkers modified Au-coated Si with
poly”(AA) brushes and their derivatives and immobilized lysozyme in these films via ion-
exclhange (Scheme 1.5.A.) and metal-ion affinity interactions (Scheme 1.5.B.).° Both
methods give high protein-binding capacities. Remarkably, about 80 monolayers (16.2
pg/cr’) of lysozyme adsorb on a 55 nm thick poly(AA) film on Au via electrostatic
adsorption. Functionalization of the poly(AA) brushes with nitrilotriacetate (NTA)-Cu®*
comp lexes yields films capable of adsorbing large amounts of protein via metal-ion
affinity interactions. A 55 nm poly(AA) film modified with NTA-Cu®* binds 5.8 ;,tg/cm2
of bowvine serum albumin (BSA), 7.7 pg/cm’ of myoglobin and 9.6 pg/cm?® of anti-
Immumnoglobulin G. This corresponds to around 20 monolayers of protein in these films.
Recent 1y, Cullen, et al. used poly(AA)-NTA-Cu?* brushes to immobilize Ribonuclease A
at a capacity of 11 pg Ribonuclease A per cm? of film, which is 30 monolayers of the

immob» i 1 ized enzyme.*’

11
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1.2.1-c. Protein immobilization and purification using brush-modified beads

Beads are attractive substrates for protein purification because of their high
surface area. Several groups used beads modified with polymer brushes to purify
proteins directly from egg white via ion-exchange.’'> As an example, Bayramoglu and
coworkers used poly(methacrylic acid) (poly(MAA), Figure 1.1.(iii))-grafted chitosan
beads for purification of lysozyme from 50% diluted egg white at pH 6.0.> The
chitosan-g-poly(MAA) beads showed a lysozyme binding capacity of ~66 mg
lysozyme/g of beads. Single-step purification of lysozyme from egg white with these
beads resulted in 94% pure lysozyme as determined by high-performance liquid
chromatography. The high purity is achieved because lysozyme has a net positive charge
at pH 6.0, whereas most other proteins in egg white are negatively charged at this pH.

Recently, a number of groups demonstrated the immobilization of proteins on
magnetic beads modified with polymer brushes (Figure 1.2.).>*>* Because these beads
can be collected or focused using a modest magnetic field, they are attractive for use in
drug delivery, immunoassays, protein and enzyme immobilization, and in the separation,
isolation, and analysis of biomolecules. Huang and coworkers immobilized BSA in
poly(glycidyl methacrylate-co-glycerol monomethacrylate) brushes grafted to magnetic
microspheres.>* The epoxide groups in poly(glycidyl methacrylate) (poly(GMA), Figure
1.1.(iv)), units can covalently bind proteins, whereas the hydrophilic poly(glycerol
monomethacrylate) (Figure 1.1.(v)) units enable the microspheres to disperse efficiently
in aqueous solution. These materials have a binding capacity of ~27 mg BSA per g of
beads. The poly(glycidyl methacrylate-co-glycerol monomethacrylate) brushes can also

immobilize penicillin G acylase (PGA), and the activity of this enzyme depends on the

13
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Figure 1.2. (A) Schematic representation of protein immobilization on polymer
brush-modified magnetic beads. (B) Image of 100-nm diameter silica-coated

magnetic beads with (right) and without (left) collection by a magnet.

ratio of the constituent monomers.*® The maximum PGA activity (753 U per g of beads)
occurs when the weight ratio of GMA to glycerol monomethacrylate used to form the
brushes is 60/40. Enzyme activity decreases when more of the hydrophilic monomer,
glycerol monomethacrylate, is present because the enzyme substrate, penicillin, must
diffuse through the hydrophilic polymer to the enzyme. With >60% of the hydrophobic
polymer, GMA, the activity of the beads also decreases because the brushes collapse in

water and bind little enzyme. Compared to its free form, microsphere-immobilized PGA

14



is less sensitive to changes in temperature and pH. The activity of the immobilized
enzyme decreased by 8.5% when the temperature was changed from 45 °C to 55 °C,
while for the free enzyme under the same conditions, the enzyme activity decreased by
80%. Approximately 64% of the enzyme activity was retained after ten cycles of
repeated use.

1.2.1-d. Protein immobilization and purification using brush-modified monoliths

Polymer brush-modified silica monoliths have also been used for purification of

57,58 28,59,60

proteins using ion-exchange, size exclusion, and hydrophobic-interaction

chromatography.®'**

Kikuchi er al. reviewed the use of polymer brush-modified
stationary phases for applications in different areas of chromatography.(’2 Importantly,
controlled, surface-initiated radical polymerization enables fine control over the thickness
of polymer brushes so modification of porous stationary phases with brushes affords

. 9
control over pore size.”*

Huang and Wirth modified nanoporous silica gel with
poly(acrylamide) (Figure 1.1.(vi)) brushes and used this gel for a size-exclusion-based
chromatographic separation of proteins.”® The thickness of the poly(acrylamide) brushes
was 10 nm, which was much smaller than the average pore size of the silica gel (86 nm).
Thus the polymer film reduced the pore size of the silica gel but did not plug the pores.
Using a column of the modified gel, thyroglobulin (mol. wt. 66430 Da), ovalbumin
(44000 Da), and ribonuclease (13700 Da) were separated in order of decreasing
molecular weight.

In the case of smaller proteins, however, strong interactions between analytes and

polymer chains limit the use of polymer brushes in size-exclusion chromatographic

columns.**  Yoshikawa, er al. studied the interactions of proteins with poly(2-

15



hydroxyethyl methacrylate) (poly(HEMA), Figure 1.1.(vii)) modified silica as well as
the effects of the poly(HEMA) on size-exclusion chromatography.®’ Their findings
suggest that the interactions of poly(HEMA) brushes with proteins are minimal on the
outermost surface but more prominent inside the brushes. Thus, for large proteins that
cannot penetrate the brushes, the separation is dominated by size-exclusion. However,
for smaller proteins, which can enter the brushes, both size and adsorption affect the
separation. The ability to use both size-exclusion and adsorption may allow some
separations that are not possible with size-exclusion alone.
1.2.1.-e. Polymer brush modified substrates as protein microarrays

In the last decade, microarrays of antibodies and enzymes have emerged as
important tools for rapid, parallel analyses of a wide range of analytes.**®® In the
immobilization of proteins in arrays, however, unwanted non-specific adsorption often
lowers the signal-to-background ratio and also generates false-positive identifications.®
Thus an efficient array substrate should demonstrate specificity towards the desired
protein in appropriate areas and at the same time show minimal non-specific interactions.

Recent studies suggest that surfaces modified with polymer brushes are more
efficient substrates for protein microarrays than nonpolymeric self-assembled monolayers

(SAMs) containing the same functional groups.®”*®

Brushes are advantageous over
monolayers for several reasons. First, as shown in section 1.2.1-b., brushes have a high
protein-binding capacity that can enhance the sensitivity of protein arrays. A second
asset of protein arrays formed with polymer brushes is that the three-dimensional

structure of swollen brushes should allow ready access to binding sites. In the case of

non-polymeric self-assembled monolayers, immobilized antibodies/enzymes lie flat on

16



the surface and are not highly accessible to the antigen/substrate molecules. For instance,
silicon wafers modified with copolymer brushes containing poly(2-methacryloyloxyethyl
phosphorylcholine) (poly(MPC)) (Figure 1.1.(viii)) and poly(GMA) can immobilize 4
times more antibody F,,’ fragments than a SAM containing epoxy groups.67 Moreover,
the antibody fragments immobilized on the polymer brushes show ~6 times higher
activities than antibodies attached to epoxysilane films. This increased activity suggests
that the antibody fragments immobilized in polymer brushes are more accessible to
antigens than the antibodies immobilized on the monolayers.

Hydrophilic polymer brushes are especially attractive substrates for antibody
arrays because water-swollen films typically show low non-specific protein adsorption.
Poly(ethylene glycol) (PEG) (Figure 1.1.(ix)) %’ brushes are especially recognized as
biocompatible materials that resist protein adsorption, but poly(AA),”® poly(HEMA),%*
and poly(carboxybetaine methacrylate) (poly(CBMA), Figure 1.1.(x)) ® brushes also
exhibit low non-specific interactions and can be functionalized to allow binding of
proteins. Zhang and coworkers modified gold films with poly(CBMA) brushes using
surface-initiated ATRP and showed that these brushes prevent the non-specific
adsorption of fibrinogen, lysozyme and human chorionic gonadotropin (hCG).®
Immobilization of anti-hCG on N-hydroxysuccinimide (NHS)-modified poly(CBMA)
brushes (Scheme 1.6.) results in specific binding of hCG while maintaining resistance to
non-specific protein binding.

Similarly, Tugulu, et al. utilized glass slides modified with poly(HEMA),
poly(oligo(ethylene glycol)methacrylate), or poly(MPC), for synthesizing nonfouling

films for protein microarrays. The presence of the polymer brushes prevents non-specific

17



protein binding and at the same time, immobilization of O°-benzylguanine onto the
brushes results in chemoselective immobilization of O°%-alkylguanine-DNA-
alkyltransferase (AGT) fusion proteins (Scheme 1.7.).%

Wang et al. developed a chitosan-g-methyl-PEG-coated poly(dimethyl siloxane)
(PDMS) microchip to minimize non-specific protein adsorption.”” The methyl-PEG units
provide hydrophilic domains and minimize non-specific adsorption of biomolecules. A
fluorescence image of the polymer-coated microfluidic channels was acquired after
exposure to fluorescein isothiocyanate (FITC)-labeled bovine serum albumin (BSA) for a
period of 24 h. The image shows no detectable fluorescence, indicating effective
suppression of BSA adsorption on this microchip.” On the other hand, a PDMS
microchip without polymer modification showed bright fluorescence after exposure to

FITC-BSA for 24 h.



: c';|.|3
Au \/{—CHZ—ClilBBr

Cs

S AT

CH,~CH,—N*—CH,-CH,~C—0"
CH;

Poly(CBMA) Brush
1.  NHS/EDC
2. Anti-hCG

i

Au JCHz—gl;]Br
L0

0 CHa 0

\CHZ—CHZ—N*—CHZ—CHz—C—NH
CH,

l hCG ’

i
Au \/I-CHZ—(Fl?‘Br
) ,C:O

¢° o g
\CHz‘CHz—N"—CHz-CHz'C—NH
CH,

Scheme 1.6. A schematic illustration of anti-human chorionic gonadotropin (anti-

hCG) immobilization on N-hydroxysuccinimide (NHS)-modified poly(CBMA)
brushes. Immobilization of anti-hCG results in specific binding of hCG protein.
Poly(CBMA) brushes were modified with NHS in the presence of 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC). Redrawn from

Zhang, Z.; Chen, S. F.; Jiang, S. Y. Biomacromolecules 2006, 7, 3311-3315.
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Scheme 1.7. Fabrication of protein-functionalized poly(oligo(ethylene
glycol)methacrylate) brushes: (a) grafting of ATRP initiator and surface-initiated
ATRP of oligo(ethylene glycol)methacrylate; (b) activation of hydroxyl groups with
p-nitrophenyl chloroformate; (¢) functionalization with O°(4-(13-amino-2,5,8,11-
tetraoxatridecyl)oxymethylbenzyl)guanine and quenching of residual p-nitrophenyl
chloroformate groups; (d) immobilization of O°-alkylguanine-DNA-alkyltransferase
(AGT) fusion protein on benzylguanine surfaces. Redrawn from Tugulu, S.; Amold,

A.; Sielaff, 1.; Johnsson, K.; Klok, H. A. Biomacromolecules 2005, 6, 1602-1607.
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In addition to minimizing non-specific interactions, substrates for protein
microarrays should also prevent denaturation of protein molecules. Ober and coworkers
developed a lithographic method (Scheme 1.8.) to produce protein patterns with minimal
denaturation and a low level of non-specific interactions.”’ A patterned PEG surface was
back-filled with ATRP initiators, and poly(AA) brushes were grown from the initiator-
containing regions. FITC-labeled BSA was covalently immobilized on poly(AA) brushes

that were activated with NHS/1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide

UV light

VA

Photoresist ——| | | |—_
PEG PEG PEG
— —
Silicon Silicon Silicon
O, plasma to ] Strip
etch PEG photoresist j '_l
— i I—
Silicon Silicon

Surface-initiated

Back-fill with polymerization of Na
ATRP initiator acrylate
[T o
Silicon Silicon

Scheme 1.8. Patterning of PEG and poly(AA) brushes on a silicon surface. Redrawn
from Dong, R.; Krishnan, S.; Baird, B. A.; Lindau, M.; Ober, C. K.

Biomacromolecules 2007, 8, 3082-3092.
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hydrochloride (EDC). The fluorescence image of these films showed well-defined,
bright BSA patterns. In contrast, the PEG modified regions were dark due to minimal
attachment of BSA. Thus this method can yield protein microarrays with low non-
specific binding.”

Proper orientation of an enzyme or antibody is required to maintain biological
activity and should be taken into account when developing a substrate for immobilizing
biomolecules. Randomly oriented proteins frequently show decreases in activity due to
the inaccessibility of the active site. Control over protein orientation is generally
achieved by (a) changing the surface charge,” or (b) using site-specific immobilization
through biotin-streptavidin interactions or thiol-disulfide interchange reactions between

67.69.73.7  Iwata and coworkers utilized well-

polymer brushes and protein molecules.
defined block copolymer brushes consisting of poly(MPC) and poly(GMA) on silicon
wafers to immobilize antibody F,,’ fragments in a defined orientation.’’””’*  The
orientation of the antibody fragments was defined by derivatizing the GMA units with
pyridyl disulfide and immobilizing the antibodies via thiol-disulfide interchange reactions
(Scheme 1.9.). Increases in the length of poly(GMA) units resulted in increased loading
of the antibody fragments due to the availability of more binding sites. The fluorescence
intensity after reaction of immobilized antibody fragments with FITC-labeled antigen
also increased with an increasing length of poly(GMA) units because of the increased
loading of the antibody fragments. Polymer brushes without pyridyl disulfide moieties
were also used to immobilize antibody F,,’ fragments via reaction with the epoxy groups

on GMA units. The fluorescence intensity arising from binding of labeled antigen to

antibodies linked to unmodified poly(GMA) blocks was 20 times lower than that
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Scheme 1.9. Immobilization of Fab" fragments in defined orientation on poly(MPC)-
b-poly(GMA) brushes. The proper orientation was achieved by (a) introduction of
pyridyl disulfide units onto the polymer brushes followed by (b) a thiol-disulfide
interchange reaction between thiol groups in Fab’ fragments and pyridyl disulfide
units in the polymer chain. The activity of the immobilized antibody fragments was
investigated by (c) reaction with FITC-labeled mouse immuglobulin G. Redrawn
from Iwata, R.; Satoh, R.; Iwasaki, Y.; Akiyoshi, K. Colloid Surface B 2008, 62, 288-

298.
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obtained using antibodies attached to pyridyl-disulfide-modified brushes. Presumably,
the random orientation of antibodies attached to unmodified poly(GMA) results in a
lower activity.
1.2.1-f. Polymer brushes for enzyme immobilization

Enzymatic reactions in non-aqueous media are also important in industrial
applications,”® but enzymes frequently do not show sufficient activity in non-aqueous
solvents. To overcome this problem enzymes have been coated with surfactants’’ and
immobilized on microspheres” and in polymer brush-modified membranes.”®'
Enzymes immobilized in polymer brush-modified membranes show higher activity than

-8 This is because

enzymes coated with surfactants or immobilized on microspheres.
convective flow brings the substrates to the immobilized enzymes and minimizes mass-
transport limitations. Goto and coworkers immobilized lipases via ion-exchange inside a
porous polyethylene hollow fiber (Figure 1.3.). The anion-exchange sites were created
by radiation-induced grafting of poly(GMA) brushes followed by reaction of the GMA

units with diethylamine.®

The immobilized lipase showed 23-fold higher activity than
the native lipase (suspended in substrate solution) in the esterification reaction between
lauric acid and benzyl alcohol. The grafted poly(GMA) acts as a hydrophobic surfactant
to stabilize the enzyme and enhance activity. Moreover, reuse of the immobilized lipase

three times in a batch reactor over a period of 24 h resulted in no loss in activity, whereas

there was a 75% decrease in the activity of native lipase under similar conditions.®'
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Grafted polymer brush
(protection from
non-aqueous
environment)

Hollow fiber

Micropore Immobilized lipase

Figure 1.3. Sch ic repr ion of lipase i bilized in a porous hollow-fiber

polyethylene membrane. The pores of the membrane were modified with poly(GMA)
brushes followed by reaction with diethylamine. Lipase immobilization occurred via
ion-exchange interactions, and the lipase-containing membranes were used to study
the esterification reaction between lauric acid and benzyl alcohol. Redrawn from
Goto, M.; Kawakita, H.; Uezu, K.; Tsuneda, S.; Saito, K.; Goto, M.; Tamada, M.;

Sugo, T. Journal of the American Oil Chemists Society 2006, 83, 209-213.

1.2.2. Polymer brush-based capture of proteins for analysis by mass spectrometry
The identification and analysis of the proteins associated with specific diseases is

a major opportunity in analytical chemistry. Identification of phosphorylated proteins, in

particular, is important because changes in phosphorylation states can cause various

diseases including cancer.*> Mass spectrometry is often employed for the identification
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and analysis of phosphorylated proteins, but the low abundance of the phosphorylated
proteins and suppression of signals by non-phosphorylated proteins make such analyses
challenging. One way to overcome this problem is to develop methods for selective
capture of the proteins of interest from a pool of unwanted proteins. A recent review
describes a number of techniques for phosphopeptide enrichment such as immobilized
metal-affinity chromatography (IMAC), reversible covalent binding, and metal oxide
affinity chromatography.®

Capture of peptides directly in polymer brushes on a MALDI plate is attractive
for high-throughput analysis of moderately complex samples. Dunn and coworkers used
poly(HEMA) brushes in on-plate enrichment of phosphopeptides for analysis by matrix-
assisted laser desorption/ ionization mass spectrometry (MALDI-MS) (Figure 1.4.).%’
Au-coated Si wafers were modified with poly(HEMA )-nitrilotriacetate (NTA)-Fe(III)
brushes, and small volumes (~I1pL) of digest containing phosphopeptide, non-
phosphopeptides and salts were spotted on these films. After incubation, the films were
washed and dried, and matrix was added for MALDI-MS analysis. In a specific example,
mass spectra of a P-casein digest were obtained with and without enrichment on
poly(HEMA)-NTA-Fe(IlI) brushes. Enrichment on the brushes yielded a 30-fold
increase in the signal intensities of several phosphorylated peptides relative to the
conventional MALDI-MS analysis. Additionally, the enrichment procedure resulted in
signals from several phosphopeptides that were undetectable in conventional MALDI-
MS, as well as decreased signals for nonphosphopeptides. Finally, enrichment decreased
the detection limit to 15 fmol for the peptide with m/z 2062 in a B-casein digest. The

effectiveness of polymer brushes in the enrichment of phosphopeptides is likely due to
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Figure 1.4. Protocol for phosphopeptide enrichment using poly(HEMA)- NTA-

Fe(III) films on Au MALDI plates.
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the high density of peptide-binding sites, as 60 nm-thick poly(HEMA)-NTA-Fe(III)
brushes have a binding capacity of ~0.6 pg/cm’ for phosphoangiotensin. Remarkably,
these brushes showed ~70% recovery of a synthetic monophosphopeptide and 100%
recovery of a diphosphopeptide. In contrast, MALDI plates modified with a monolayer
of NTA-Fe(III) gave a monophosphopeptide recovery of only ~9%.

1.2.3. Polymer brushes for capillary chromatography and electrochromatography

84,85

Polymer brushes may also find use in capillary chromatography and open-

86,87

tubular capillary electrochromatography (OT-CEC), where the polymers are grafted
on the inner walls of the capillary and separation is achieved without the need for packing
of the column. The advantages of using polymer brushes in capillary chromatography
and OT-CEC include optimization of separation efficiency by controlling the polymer
brush thickness as well as the ease of derivatization of the polymer chains for specific
binding. Huang and Wirth found that polyacrylamide coated capillaries enhance protein

% Miller and coworkers used substituted

separations by decreasing surface adsorption.
poly(HEMA) brushes as stationary phases in OT-CEC and demonstrated that
derivatization of the brushes by appropriate reagents allows for separation of a wide
range of molecules.®® Specifically, derivatization of poly(HEMA) brushes with octanoyl
chloride or ethylenediamine (Scheme 1.10.) facilitated separation of a series of phenols
and anilines, which could not be separated using bare silica capillaries or underivatized
brushes. They studied separation of three amines, aniline, 4-nitroaniline and 3, 5-
dichloroaniline, using a bare silica column as well as a capillary coated with

ethylenediamine-derivatized poly(HEMA). These amines could not be resolved using

bare silica columns whereas the use of polymer-coated capillaries resulted in full
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2004, 1044, 323-330.
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resolution. Although the peaks were broad, they were fully separated. Moreover,
increasing the thickness of the coatings enhanced the resolution for several aniline pairs
presumably due to increase in effective stationary phase to mobile phase volume ratio.
1.2.4. Selective protein purification in polymer brush-modified membranes
1.2.4-a. Membrane absorbers for protein purification via affinity interactions
Purification is often the bottleneck step in producing proteins for therapeutié or
research purposes. Perhaps the most powerful method for protein purification is affinity
adsorption in which immobilized ligands interact specifically with an affinity tag that is
genetically engineered into the protein of interest. Modified surfaces selectively bind the
proteins containing the affinity tags, whereas other cellular proteins can be washed away.

8.8 streptavidin,” glutathione-S-

The most common affinity tags are polyhistidine,
transferrase,”’ and maltose binding protein.’> The use of polyhistidine tags allows
purification by IMAC where selectivity is usually based on the interaction of the
polyhistidine with a Ni** complex immobilized on silica beads or in a gel (Figure 1.5.).
However, drawbacks to IMAC include slow diffusion of macromolecules into porous
beads, difficulties in packing large columns, relatively high pressure drops, and long

separation times.”>**

These drawbacks become particularly important in large scale
separations.

Membrane absorbers” have the potential to provide more rapid affinity
purification than column-based methods because convective flow, rather than diffusion,

brings proteins to binding sites in membrane pores. Convective rinsing of pores may also

help to remove non-specifically adsorbed proteins.** Additionally, the development of
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disposable membranes for one time use would avoid chall with

samples.**

Unfortunately, typical protein-absorbing membranes suffer from low binding
capacities relative to porous beads. In order to increase the capacity of membrane
absorbers, the membrane pores can be modified with polymer brushes (Figure
1.6.).2%7%% The brushes are attractive because they have multiple protein binding sites
and can be easily modified with ligands for specific biological recognition. A wide range
of polymeric and inorganic membranes such as alumina,”®® silica,”” PVDF,”® nylon,m
polyethersulfone,” regenerated cellulose,'®' and polyethylene'* have been modified with
polymer brushes to develop protein-absorbing membranes with high protein-binding
capacity as well as selectivity towards the protein of interest. The ability of polymer

brushes to enhance protein binding to membranes depends greatly on both membrane
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geometry and the polymer brush. Sun et al. showed that modification of microporous
alumina membranes with poly(HEMA) and subsequent derivatization of the
poly(HEMA) brushes with NTA-Cu®* gives membranes with a BSA-binding capacity as
high as 130 mg/cm’ of membrane (~95 mg of BSA per g of membrane), which is several
fold higher than the capacities of other protein absorbing membranes.'®*** This high
capacity stems in part from both the relatively small pore diameter (0.2 pm) in the
membrane and the thickness of the polymer brushes. Binding capacity should increase as

pore size decreases, but unfortunately so does resistance to flow.

Protein binding
polymer brush

Protein @
—_—

Porous membrane

Figure 1.6. Protein binding to a polymer brush inside a membrane pore.
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1.2.4-b. Membrane absorbers for protein purification via ion-exchange interactions
Membrane absorbers are also being used for protein immobilization via ion-
exchange interactions. The separation is achieved by differential absorption of charged
proteins at oppositely charged membrane surfaces. For instance, Kawakita and
coworkers formed anion-exchange membranes through modification of porous glass with
poly(GMA)-diethyl amine brushes. The resulting membranes showed a BSA binding
capacity of 12 mg protein per g of membrane.”” Kumar, er al. grafted
poly(vinylbenzyltrimethylammonium chloride) (Figure 1.1.(xi)) brushes onto cotton
cellulose and achieved an equilibrium binding capacity of 40 mg BSA per g of
membrane.'”  Ulbricht and coworkers formed cation-exchange microfiltration
membranes by photo-grafting copolymers of acrylic acid and a cross-linking monomer,
methylene bisacrylamide, inside the pores of polypropylene membranes.’'*  The
incorporation of cross-links within the grafted polymer layers led to higher dynamic
protein-binding capacities than grafting of a linear polymer, even when the amount of
functional groups was same in both cases.* Overall, the poly(acrylic acid-co-methylene
bisacrylamide)-modified membranes exhibited a lysozyme binding capacity of 60
mg/cm’, which is 30 times higher than the binding capacity of an unmodified membrane.
Husson and coworkers reported that regenerated cellulose membranes modified with poly
_(AA) brushes via 1 h of ATRP show static lysozyme binding capacities of 99 mg/mL.'"'
This capacity is 2-3 times higher than the capacity of commercial Sartobind C
membranes. However, the Sartobind C membranes are 40 times more permeable because

of a larger pore size.
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Scheme 1.11. Modification of a porous high-density polyethylene hollow fiber
membrane with poly(GMA) brushes and subsequent reaction of the brushes with 3-
aminopropionic acid (AC), (2-aminoethyl)phosphonic acid (AP), or 2-aminoethane-1-
sulfonic acid (AS). Redrawn from Iwanade, A.; Umeno, D.; Saito, K.; Sugo, T.

Biotechnology Progress 2007, 23, 1425-1430.

Iwanade and coworkers modified porous hollow fiber membranes with
poly(GMA) brushes and reacted the epoxide groups of the polymer with ampholite
molecules containing amino and anionic groups such as carboxylic acids (Scheme
1.11.).'"™ The resulting membranes showed multilayer protein binding for lactoferrin,
cytochrome C, and lysozyme. In a specific example, membranes containing (2-
aminoethyl)phosphonic acid as an ampholite had equilibrium adsorption capacities of 130
mg/g, 150 mg/g and 190 mg/g for lysozyme (feed concentration of 0.2 g/L), cytochrome
C (feed concentration of 0.5 g/L) and lactoferrin (feed concenfration of 1.0 g/L),

respectively. Moreover the elution efficiency was >99%. However, mutual repulsion
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between the anionic groups caused extension of the polymer brush and a 3-fold decrease
in the flux relative to unmodified membranes. In fact, decreased membrane permeability
due to extended polymer brushes is the major disadvantage of grafting charged polymer
brushes into porous membranes. To overcome this drawback, Iwanade and coworkers
suggested ionic cross-linking of the negatively charged polymer brushes with divalent
cations.'”

Growth of polymer brushes in membranes can also help to decrease the dispersity
of pore sizes. A relatively narrow pore-size distribution is important for obtaining narrow
breakthrough curves. Singh and coworkers tuned the ion-exchange capacity and the pore
size of commercially available microporous PVDF membranes using controlled
polymerization of poly(2-vinylpyridine) (Figure 1.1.(xii)) inside membrane pores.”®
Growth of the brushes decreased the width of the pore-size distribution and prevented
premature breakthrough of proteins in the largest pores. Controlling the polymerization
time also provided control over the average pore size of the membranes and the ion-
exchange capacity.

1.3. Outline of the dissertation

This dissertation aims at developing affinity membranes for high-capacity protein
binding as well as rapid and selective purification of His-tagged proteins. Chapter 2
shows that ATRP affords controlled growth of polymer brushes inside porous alumina
membranes without clogging the pores. Growth of poly(HEMA) brushes inside porous
alumina membranes and subsequent functionalization of poly(HEMA) with NTA-Ni**
complexes allows rapid, highly selective purification of His-tagged proteins. Gel

electrophoresis reveals that the purity of His-tagged ubiquitin eluted from these materials
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is >99%, even when the initial solution contains 10% bovine serum or a 20-fold excess of
BSA. Moreover, the binding capacity of the membrane is at least 5-fold greater than that
for membranes reported in the literature.?**"* Separations can be completely performed
in 30 min or less and membranes are fully reusable.

Unfortunately, purification of His-tagged proteins using porous alumina
membranes is limited to relatively simple solutions and low flow rates because of a
limited pore size. Polymeric membranes, on the other hand, can have larger pore sizes
than porous alumina, which should allow rapid purification with more complex solutions.
In Chapter 3, I discuss the use of porous nylon membranes modified with poly(HEMA)-
NTA-Ni** brushes for purification of His-tagged cellular retinaldehyde binding protein
directly from a cell lysate with purities that are at least as good as those obtained with
Ni** columns.

Nevertheless, nylon membranes modified with poly(HEMA)-NTA-Ni*" brushes
have a relatively low protein binding capacity (25 mg protein/cm’ of the membrane),
perhaps because the organic solvents employed in the brush synthesis and derivatization
partially damage the membrane structure. Chapter 4 of this dissertation focuses on a
completely aqueous procedure for growth of polymer brushes inside polymeric
membranes. The aqueous process avoids the use of organic solvents that may dissolve or
corrupt porous substrates. This chapter describes the use of aqueous layer-by-layer
adsorption of polyelectrolyte macroinitiators and subsequent aqueous ATRP from these
immobilized initiators for successful, aqueous growth of poly(HEMA) brushes on

polymeric substrates.
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Despite the successful growth of poly(HEMA) brushes with aqueous initiation,
the creation of protein-binding brushes requires conversion of hydroxyl groups in
poly(HEMA) to carboxylic acid moieties. The formation of acid groups involves
reaction of poly(HEMA) with succinic anhydride in an organic solvent for several hours.
Chapter 5 describes surface-initiated aqueous ATRP of an acidic monomer, 2-
(methacryloyloxy)ethyl succinate (MES), that allows rapid, one-step synthesis of acidic
polymer brushes. This procedure avoids the need to react the brush with succinic
anhydride in an organic solvent. Also, poly(MES) brushes and their derivatives exhibit
high protein-binding capacities. Through FTIR and ellipsometry studies, I show that
poly(MES) brushes are capable of binding many monolayers of BSA as well as
lysozyme.

Modification of polymeric membranes with poly(MES) should allow for high-
capacity purification of His-tagged proteins directly from a cell lysate. In Chapter 6, |
describe the growth, derivatization, and characterization of poly(MES) brushes inside the
pores of nylon membranes to form protein absorbers. Analysis of the protein
breakthrough curves give a high binding capacity of 80 + 2 and 118 + 8 mg protein per
cm’ of the membrane for BSA and lysozyme respectively. Finally these membranes are
utilized to purify His-tagged proteins from cell lysate.

In the last chapter, I will present the conclusions drawn from my research and

some proposed future work.
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Chapter 2
High-capacity purification of His-tagged proteins by alumina

membranes containing functionalized poly(HEMA) brushes

2.1. Introduction

The expansion of recombinant protein expression has generated a great need for
rapid and convenient methods of protein purification."” Typical purifications involve a
series of steps, the most important of which frequently rely on affinity binding. Affinity
methods are based on specific interactions between immobilized ligands and an affinity
tag (e.g., polyhistidine,’ glutathione-S-transferrase,’ strept;avidin,5 or maltose binding
protein®) that is appended to the protein of interest. Proteins containing an affinity tag are
selectively bound to the chromatographic matrix, while other cellular proteins are washed
away.’

Affinity purification has several assests such as ligand stability, high protein
loading, mild elution conditions, simple regeneration and low cost.® However, this
technique often presents a bottleneck in the purification process because of slow diffusion
of proteins into the pores of chromatographic gels, which leads to long separation times.
Difficulties in packing large columns and relatively high pressure drops, are also

drawbacks to column-based affinity separations.”"!

These limitations will be particularly
important for large-scale separations. (The use of commercially available Gravity-flow

and Spin-trap columns allows some reduction in purification times for small-scale

separations'?).
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Protein-absorbing membranes’~ can overcome diffusional limitations in protein

separations because convective flow through membrane pores provides rapid mass

transport to binding sites.'*'®

Moreover, scale-up of membrane separations simply
involves increasing membrane area, which should avoid the challenges of packing large
columns and provide low pressure drops. Unfortunately, however, the low internal
surface area of membrane absorbers (when compared to porous beads) yields a relatively
low binding capacity. To overcome this problem, membranes are modified with polymer
brushes that have multiple protein-binding sites.'*?

We aim to develop affinity membranes for high-capacity protein binding as well
as rapid and selective purification of His-tagged proteins (Figure 2.1.). Previously, Sun
et al. demonstrated that growth of poly(HEMA) from initiators bound to a porous
alumina membrane and subsequent functionalization of the poly(HEMA) with NTA-Cu®*
complexes yields a remarkable binding capacity of more than 100 mg BSA/cm’® of

2 The high binding capacity is due to the strong interaction of NTA-Cu®*

membrane.
complex with histidine residue on proteins. However, since many proteins have exposed
histidine residues, NTA-Cu®* complexes are non-selective and thus not suitable for
protein purification. The NTA-Ni** complex, on the other hand, is highly selective for

His-tagged proteins due to the relatively weak interaction of NTA-Ni?* with histidine

groups, thereby requiring a polyhistidine tag for efficient binding.>*®
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This chapter shows that the use of alumina membranes modified with
poly(HEMA)-NTA-Ni*" brushes allows rapid and highly selective purification of His-
tagged proteins. Gel electrophoresis reveals that the purity of His-tagged ubiquitin
(HisU) eluted from these membranes is greater than 99%, even when the initial solution
contains 10% bovine serum or a 20-fold excess of BSA. The binding capacity of the
membrane is as high as 120 mg HisU/cm® of membrane, which is at least 5-fold greater
than that for membranes reported in the literature.”>***” Moreover, separations can be
completely performed in 30 min or less and membranes are fully reusable.

2.2. Experimental section
2.2.1. Materials

Anodisc™ porous alumina membranes with 0.2 pm-diameter surface pores were
obtained from Fisher Scientific. Dimethylformamide (DMF, anhydrous, 99.8%), 11-
mercaptoundecanol (97%), 2-bromoisobutyryl bromide (98%), CuCl (99.999%), CuBr;
(99%), 2,2’-bipyridyl (bpy, 99%), EDC, NHS, 4-dimethylaminopyridine (DMAP),
ethylenediamine tetraacetic acid (EDTA), imidazole (99%), TWEEN-20 surfactant, BSA,
lysozyme, ubiquitin, N-terminal histidine, tagged ubiquitin (HisU), and myoglobin were
used as received from Sigma Aldrich. Fetal bovine serum was obtained from HyClone.
NiSO45H,0 (Columbus Chemical), NaH,PO; (CCI), Na,HPO,4 (Aldrich), N, N4
bis(carboxymethyl)-L-lysine hydrate (Fluka, aminobutyl NTA), succinic anhydride
(Matheson Coleman & Bell), and Coomassie protein assay reagent (Pierce) were also
used without purification. HEMA (Aldrich, 97%, inhibited with 300 ppm hydroquinone
monomethyl ether) was purified by passing it through a column of activated basic

alumina (Aldrich), and trichlorosilane initiator (11-(2-brom<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>