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ABSTRACT

AFFINITY MEMBRANES WITH FUNCTIONALIZED POLYMER BRUSIES FOR RAPID,
HIGH CAPACITY PURIFICATION OF TAGGED PROTEINS

By
Nishotha Anuraj

Porous membranes are useful for protein purificaiecause convective mass transport
rapidly brings proteins to binding sites, which sldlominimize diffusion-based limitations and
also decrease non-specific adsorption and incrpesein purity. Unfortunately membranes
have low binding capacities compared to columnspimdifying membrane pores with polymer
brushes can greatly enhance protein binding. ifaEsis describes an aqueous method to grow
polymer brushes from macroinitiators adsorbed imim@nes pores. Compared to growth of
brushes from silane initiators, this method leawlgfold increases in membrane permeability
and an order of magnitude decrease in the timanezjor brush polymerization. The aqueous
method is applicable to a wide range of polymerambrane including nylon, polyethersulfone

and polyvinylidine fluoride. Poly(2-(methacryloylgpethyl succinate brushes grown from

- . . 3
macroinitiators in nylon membranes bind as mucA23 mg lysozyme/cmof membrane, and

when functionalized with nitrilotriacetate-?\fi complexes these brushes bind 85 mg’/msﬁ

polyhistidine-tagged (His-tagged) proteins. Moneportantly, these membranes isolate His-
tagged proteins directly from complex cell extracibis thesis also investigate the effect of
reduction of the areal density of the polymer basslon protein binding and purification of

maltose binding protein using maltose attachedtgnper brushes.
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Chapter 1. Introduction and Background

1.1. Introduction

This thesis describes the growth of polymer brashiéhin porous substrates to create
high-capacity membrane adsorbers for purificatibragged recombinant proteins. Specifically,
adsorption of a macroinitiator in the membrane tmthplifies growth of polymer brushes and
increases the permeability of the resulting memdsaf-fold relative to polymerization from

silane-based initiators. Moreover, the new memdgsamcapture as much as 85 mg of
polyhistidine-tagged (His-tagged) protein persornrﬁ membrane and provide highly pure protein
directly from cell extracts. Preliminary studidsaexamine the possibility of capturing maltose

binding protein (MBP).

My research builds on previous methods to modifyntignes with polymer brushes that
bind tagged proteins. To put the work in perspegtikiis chapter first explains the importance of
protein purification and compares different puafion strategies. Subsequent sections describe
prior work in the development and application ofyprer brush-modified membranes for protein

purification. Lastly, this chapter presents anioetbf the thesis.
1.2. Background

1.2.1. Protein purification

Proteins are among the fundamental building blclm‘ksells,l’2 and the ever-expanding

research into protein structure, function, andradBons often requires convenient methods for



. . 34 . . . . .
protein isolation.”” " An increasing demand for biopharmaceutical pretench as monoclonal

antibodies, plasma proteins and growth factors edsmires efficient purification processes.

Protein isolation is vital to eliminate impuritiéisat interfere with functionality, remove toxins

Affinity tag Desired protein

promoter

t Expression
% gene to be
vector expressed ¥
expression host
¥
£ s (o e

/ - o < A

'-, Remove 6,,7 Purification of C,,J
- tag tagged protein
Figure 1.1. Expression and purification of a recombinant, exbgrotein. Reproduced with

thanks from Jinhua Dai. “For interpretation of tleéerances to color in this and all other
figures, the reader is referred to the electroeison of this thesis”.

Although advances in cell culture technology hawveraased the titer of many

recombinant proteins, downstream processing ofecaall culture media remains a bottle neck
. L. . 7,8 . . . .
in obtaining pure proteins.” Because an organism contains thousands of proteidstheir
amounts may vary over several orders of magnitisidation of a target protein is often

challenging. To overcome this challenge, scientiBequently append affinity tags to

recombinant proteins. Figure 1.1 illustrates thenegal scheme of recombinant protein



production and separation, where specific bindimgthe tagged protein to surfaces is an

N . . . 9,10 . .
extremely powerful initial step in protein puriftean.”””~ When performed in a column, this

technique is often termed affinity chromatograpéyen though the separation often occurs in a

batch mode.
1.2.2. Affinity chromatography

. , . . . 11-13
Several chromatographic techniques are availabl@ratein separations. = Reverse-

phase chromatography is reasonably selective gratates proteins in large part based on their

relative hydrophobicities. However this method rieggl organic-solvent mobile phases that

. . : .11
permanently denature some proteins and eliminatenctifunality. lon-exchange

. . . ..11,14-16 .
chromatography fractionates proteins based on tblearge density, whereas size-

exclusion chromatography (gel filtration) separadseger proteins from small ones, and is useful

. : 11 . . e
for concentrating protein samples.Nevertheless, because of its high specificityjnaff

chromatography is the most powerful method to teoka single target protein from complex

biological fluids. These separations rely on spedifteractions such as those betwestigens

and antibodies or between receptors and |iggh1g$18 Additionally, affinity chromatography

occurs with high yields and often mild elution cil'rmhs.lg’zo

Affinity based purification of recombinant protsitypically exploits specific interactions

between a binding tag appended to the protein térast and a complementary ligand

immobilized on a solid suppolr?. Some examples of affinity interactions include -Higs



L : 21,22 : : : . 23
binding to metal-ion complexeS,” MBP interacting with carbohydrate matrices,

glutathione-S-transferase binding to glutathiozr?eand streptavidin binding to bioti2n5. This

research focuses on His-tags and MBP, so the foilpsections describe purification with these

particular tags.
1.2.2.1. Immobilized metal ion affinity chromatograhy for His-tagged protein purification

Immobilized metal-ion affinity chromatography (IMAds a robust, highly versatile

method of protein purification based on the affirof specific amino acids for transition metal

19,26-28

ions bound to a solid support. Porath et al intoedulIMAC in the mid-1970s. In this

. . 2+. 2 2+ . I . . .
technique, metal ions such as +NlCo " or ci" bind to chelators (e.g. iminodiacetic acid or

nitrilotriacetic acid (NTA)) that are immobilizech@ support. A wide range of solid supports are

available for immobilization of metal chelates, gmalymeric materials with hydroxyl groups are

. 27
particularly common.

In typical protein purification, interaction of é&fent chelated metal ions with proteins

occurs through histidine, tryptophan, or cysteiresidues, depending on the metal-ion

19,27,29

complex. For metal-ion complexes that specifically bindidazole, the number and

relative position of accessible histidine residdetermine the extent of protein binding. Thus, in
expression of recombinant proteins in bacteridisca@ short DNA sequence is appended to the

gene of interest to add a short stretch of histidasidues (typically 6) to either the N-terminal o

C-terminal of the recombinant protein. This “Hagt binds strongly to l\%i+, Co2+ or Cu2+

28 . . L. . .
complexes.” Because most proteins contain one or more naistalime residues, the metal-ion



complex selected for capturing His-tagged protsimsuld not interact too strongly to imidazole
. . I . ZKI 2+
or many different proteins will bind to the supporfor this reason, chelated Niand Co ,

, s . . 27,30,31
rather than C%f complexes, are usually employed in purifying Higged proteins.

.2+ 7 ."'!,‘
Porous membrane Poly(MES)-NTA-Ni
brush
NH2 N
His-tagged

protein

His-tagged protein binding to
2+
poly(MES)-NTA-Ni  brushes

Figure 1.2. Binding of His-tagged protein to a NTA-Niderivatized poly(MES) brush
inside a membrane pore. "Reprinted with permiséiom Jain, P.; Vyas, M. K.; Geiger, J.
H.; Baker, G. L.; Bruening, M. LBiomacromolecule201Q 11, 1019-1026. Copyright 2010
American Chemical Society".



Figure 1.2 shows a typical affinity interaction Wween immobilized NTA-I\ﬁ+ and a

His-tagged protein. Elution of specifically boundiskiagged proteins can occur with

displacements agents (usually free imidazole) livad to the metal binding site or by altering

iy . 19,27
conditions such as pH and ionic streng?h.

IMAC has many assets including low cost, spedificsimplicity and mild elution
conditions. Additionally the binding site can begeeerated many times without loss of

performance, and the selectivity can be contrdiigadhoosing different metal ions and altering
. : _ 27,28 .
physical properties such as pH, ionic strength terdperature. However, non-specific

binding of proteins due to naturally occurring sigg histidine or cysteine clusters presents a
significant challenge in purification. Addition dbw concentrations of a competing agent, such

as imidazole, to the loading medium helps to owaethis challenge but often decreases protein

binding capacit)?z’33

1.2.2.2. Carbohydrate matrices for MBP-tagged proti@& purification

Although IMAC is the most common method for reconanit protein purification, other
affinity-based methods address specific issuesdfdoeing recombinant protein production and

purification. When a target protein or peptide m® stable within the cell, it is sometimes

expressed as part of a fusion protgeéllnThe fusion partner should express at high leveisinv

the cell, and frequently it also facilitates theifcation of the target protein. IBscherichia coli
MBP frequently serves as a fusion partner becausgpresses in high levels, facilitates the

separation of the fusion proteins in a single chatmgraphic step, elutes under mild elution

iy . . .35-37
conditions and enhances the folding and solubiitihe target protein.



In 1978 Ferenci and Klotz reported that cross-lihleenylose can successfully purify

. 36 . .
MBP proteins,  and subsequent studies showed that a number lwfloairate-based materials
: . : : 8
selectively capture MBP-fusion proteins. Exampleslude amylose-agarose composﬁes,
39 : éo :
maltoheptaose-agarose resinsand dextrin sepharose mediaA mixture of cellulose and

34 . . . 23 .
starch ~ and microporous cellulose membranes modified \aithylose ™ also provide MBP-

fusion protein purification systems.
1.2.3. Stationary phases for isolation of proteins

For several decades, packed-bead columns havedsasvihe primary mode of protein
purification for both preparative and analytical eds. In a typical column-based
chromatographic separation, the solution containihg target molecule is loaded on a

chromatographic matrix, and the flow of mobile phagparates the components so the target

. . 11,41 . -
appears in a band eluting from the columh.” In contrast, with an affinity-based column the

target selectively binds to the ligand while théest components pass through the column.
Washing with buffers removes any remaining impesitiand the bound target finally elutes in a

pure form after displacement from the resin dua tmmpeting binding agent, denaturation, or

.17
other mechanism.

The major drawback of packed-bead columns is tloat Bitra-bead diffusion of solutes
results in long separation time and low throughpiiis diffusion limitation also leads to large
elution volumes and necessitates a post-separatinoentration of the analyte. Additionally,

compact stationary phases give rise to large presiops across the packed bed and difficulties



. . . .6,10,12,17,42 .
in packing columns for large scale purification. The development of mono-disperse,

non-porous chromatographic media has helped tocowes the diffusion limitations of packed-

bed systems, but these media are generally exgeresifibit a low binding capacity due to their

. . 43,44
low surface area and still cause high pressuresdrop

1.2.4. Membrane adsorbers

Numerous reviews and reports demonstrate and s#isthe advantages of membrane

h10,12,17,42,45—47

adsorbers over column-based protein purifica?l’g. For affinity-based

separations, micro-porous membranes overcome tire lmmatation of conventional bead-based
columns, slow diffusion into bead pores. Convextiransport in the membrane pores rapidly
bring proteins to ligands grafted on the pore s&fa In contrast, in columns packed with
nanoporous beads, convective flow passes arountehds so diffusion in nanochannels must
transport proteins to binding sites within the belae only diffusional limitation that exists in a
porous membrane is transport of the target fromadtee of the flowing liquid to the pore
surface. For micron-size pores, however, thisttron is minimal (Figure 1.3). Moreover since
membranes are thinner than packed beds, the peedsap across the membrane is significantly

less than that across a packed column. This méleemembrane system particularly attractive

. e .. 06,1242
for large scale protein purification.

Although membrane adsorbers provide rapid proteirnfipation compared to column-
based methods, membranes suffer from low bindipgaa#es relative to porous beads due to

their low internal surface area. Muller originalproposed overcoming this limitation by

modifying membrane pores with polymer brushes pin@asent multiple protein binding sitgé.
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Functionalization of the brushes with a varietylighnds yields membranes with a number of
. ... 48-53__, . . o .

different specficities. This thesis explores ways to enhance the pernigabibnd protein-

binding capacities of membrane adsorbers modifigk polymer brushes. Thus, the next section

discusses the details of polymer brush synthesisradification.

1.2.5. Polymer brushes

Polymer brushes are assemblies of polymer chaittsamie end tethered to a substrSsﬁe.
The high grafting density of the attached polymeains causes them to stretch away from the
surface‘r,)5 and derivatization of the side chains of such legscan immobilize protein binding
ligands (Figure 1.4).
Protein

binding
site

J1lll o~

I |
 ——_—

Initiator coated Monomer Polymer brush
surface coated surface

Figure 1.4.Polymer brushes with multiple protein binding site

When exposed to a favorable solvent the brushell ane extend to better expose the binding

. . o .. .. 56
sites for rapid protein immobilization. Attachment of polymer brushes to surfaces canagly

10



physically adsorbing block copolymgr750r covalent bonding of polymer end groups to a
complementary group on the substrate. The lattedemis now more common because it
provides more stable brushes. Covalent tetherimgocaur with either a grafting-to methg?j,

where end functionalized polymer chains binds tbssates through chemical bonding, or a

grafting-from procedurg? where polymer chains grow directly from initiatoegtached

covalently to the surface (Figure 1.4). The twahéeihng methods form brushes with very
different grafting densities. In the grafting-to ttmed, steric hindrance from initially grafted
chains limits the accessibility of the reactiveface to give relatively low grafting densities. In
contrast, in the grafting-from method small monasnesadily reach the reactive, growing
surface to provide higher grafting densities. Addially, variation of the initiator density on the

surface affords control over the areal density olymer chains in brushes grown from a

su bstrateG.0

Several types of polymerization can effect polyngeowth from surfaces including
..B61 . .62 . .63 . . 64 . .__..B65
cationic, ~ anionic, radical, " ring opening metathesisand photochemical polymerization.

Controlled radical-based polymerization includingonaic transfer radical polymerization

(ATRP),66’67 reversible addition fragmentation transtSer and nitroxide-mediated

. .. 69 .
polymerizations™ are most frequently used for brush formation asy tbffer control over

thickness and architecture of the polymer brushy wWwérk focused on growth of brushes by

ATRP,66 which | describe in more detail in the next sattio

11



1.2.5.1. Surface-initiated ATRP

ATRP is perhaps the most powerful and simple tepiaifor the synthesis of polymer
brushes with low polydispersity. When performedhwnitiators anchored to a substrate, ATRP
is particularly powerful because radicals only foom the surface unless chain transfer occurs.
This confines growth to the surface and minimizekymerization in solution that could lead to
physisorption of polymers not covalently linked ttee substrate. ATRP is attractive for the
growth of polymer brushes within membrane pores tugs mild reaction conditions such as
room temperature in an aqueous medium. The useadily available polymerization systems

(catalyst, monomer) and a tolerance to many imiggriblso make ATRP appealing for

e . 66,67
membrane modification.

Kact
RX + Cu(Xfligand —<«—=— _ R’ _+ Cu(ll)Xslligand
Initiator Catalyst Kdeac M Kt

Kp Termination

Schem¢ 1.1 ATRP polymerization mechanism.

ATRP achieves control over polymerization by mamtegy a low concentration of
radicals through transfer of a halogen atom betvggewing chains and a metal ion complex. In

the activation step, the halogen atom (generallgr@r) transfers from the growing chain to the

catalyst, typically a Cu(l) species, to form a cadlion the surface (Scheme 1%)The reverse

reaction results in a reduced metal ion and a dorrohain. The equilibrium between the
dormant and the active state lies significantly do¥s the dormant state so a low fraction of

chains are active at a given time. This low con@iuin of active radicals leads to minimal chain

12



termination and a relatively constant rate of chgrowth. The fast initiation and the rapid
conversion between the active and radical-cappenalat stage also yield low polydispersity for
chain molecular weights. The polymerization ratpetels on the type and the amount of the
transition metal catalyst, ligand, solvent and iatdr. ATRP is particularly important for
polymer brush formation within membrane pores, wheemtrolled growth of the polymer chains

allows optimization of protein binding capacity out plugging the pores and preventing fluid

67
flow.

1.2.5.2. Functionalization of polymer brushes for ptein binding

Although ATRP can employ monomers with a wideietgrof functional groups, post-
polymerization derivatization of polymer brushessidll attractive for introducing protein-
binding groups in the film. Derivatization requirdee presence of versatile “handles” on the
polymer brush, the most common of which are hydramarboxylic acid and epoxide groups.

Poly(2-hydroxyethyl methacrylate) (poly(HEMA)) ane of the polymer brushes most

widely used to functionalize surfac7e%. Reaction of the hydroxyl groups of poly(HEMA) Wit

succininc anhydride in the presence of a base leasisle chains containing terminal carboxylic

acids that can bind protein through ion-exchangéeifurther derivatized to include IMAC

ligands such as NT&?’F)OACtivation of the hydroxyl groups of poly(HEMA) tin p-nitrophenol

chloroformate yields carbonate intermediates teatlity react with amine groups to immobilize

proteins and peptide7$1. Poly(glycidyl methacrylate) brushes contain epoxgieups and are

. o Lo T2
very attractive because they allow derivatizatiatheut activation.” Unfortunately, however,

the ring-opening reactions frequently require maoyrs.

13
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Poly(acrylic acid), poly(methacrylic acid) and p@ymethacryloyloxy)ethyl succinate)

(poly(MES)) are also very attractive for immobiliman of proteins because they contain native

. . 48,51,73 . . . . :
carboxylic acid groups.’ " "These carboxylic acids can be directly activated eacted with

amine groups of prote?r? or with aminobutyl NTA, which serves as an IMAGCetdtor (Scheme

1.2)%

1.2.5.3. Protein purification with polymer brush-malified membranes

Several groups successfully modified a range ocbgp®omembranes with polymer brushes

and achieved high protein-binding capacities anecsgity toward the protein of interest. The

substrates in these studies include alurAf?lrand silica7,4 and a variety of polymer membranes
such as polyvinylidene difluoride (PVDE?,nonn?l polyethersulfone (PEg)(? polyethylen(z7

78 .
and regenerated cellulose. For example, He and coworkers prepared anion-exgeha

hydrophilized  polypropylene  membranes containing ly({f2-methacryloyloxy)ethyl)

trimethylammonium chloride brushes and capturedr®gerum albumin and trypsin inhibitor

with binding capacities of 80 mg/grrand 120 mg/crgr’l of membrane respectiveT;?. Bhut and
coworkers grafted poly(2-dimethylaminoethyl metlyéaie) brushes in regenerated cellulose to
form anion-exchange membranes with lysozyme bindiagacities of 130 mg/c%nand then
purified anthrax protective antigen protein frontdt cell extracts in these materia]fIGS’.5 2 In

poly(ethylene terephthalate) track-etched membrayiaag and coworkers grew poly(HEMA)

and subsequently grafted poly(2-lactobionamidoethgthacrylate) from the poly(HEMA) to

15



form a well-defined, comblike glycopolymer layer. These membranes showed a binding

capacity of 23.6 mg/c?nfor lectins specifically binding to galacto‘réeé.

Metal-ion affinity interactions have been exploited create selective membrane

adsorbers. Shi and coworkers purified hemoglolmmfa hemolysate and achieved a binding

capacity of 17.5 mg of hemoglobin per g of membraseng immobilized C%f ions in a
chitosan-modified anodisc alumina membrgge.Modification of alumina membranes with

poly(HEMA) and subsequent derivatization of thesashes with NTA-CEI+ or NTA-Ni2+
complexes gives affinity membranes with an equililor binding capacity of 130 mg of
protein/crﬁq’ of membrane5.0 Ramstedt and co-workers bound His-tagged prosstestively and
reversibly to poly(oligoethylene glycol methacrgatand poly(HEMA) brushes that were

functionalized with NTA-I\FI+ moieties?’1 Jain and coworkers showed that nylon membrane

modified with poly(MES) brushes and functionalizedth NTA-Ni2+ complexes selectively

bind His-tagged cellular retinaldehyde binding protdirectly from cellular extracts with purity

levels comparable to those of commercial affiniplucmins. These membranes also have a
remarkably high binding capacity of 85 mglgcm‘ membrane for His-tagged prote|EF1lsThese
applications of polymer brush modified membranesad} show the advantage of modifying

membrane pores with polymer brushes.

This thesis presents a rapid, simplified procedoregrowth and functionalization of
polymer brushes in polymeric membranes. This ntetyields membranes that exhibit high-

capacity protein binding along with highly specifprotein separation. Remarkably these

16



modified polymer membranes have 1/4 the hydraeisistance of similar membranes modified

. 51 . . L
with polymer brushes, and protein capture occurs in only 35 ms of rexidetime.

Additionally the polymer brush synthesis requireyd min of polymerization of the monomer

. - . - : . 51 .
to yield binding capacities similar to or higheathpreviously reported values.Moreover this

is a completely aqueous method for the synthesipobfmer brushes so it is applicable to

modification of many polymeric membranes such dsmyPES and PVDF.
1.3. Outline of the thesis

Chapter 2 of this thesis describes a simple, ramd, completely aqueous procedure for
growth and functionalization of polymer brushesnyion, PES, and PVDF membranes. The

approach combines adsorption of a macroinitiatotymerization of MES (a water-soluble,
. - . ... 5176 _ .
acid-containing monomer) from the initiator, andseguent aqueous derivatization. = This

is the first application of macroinitiator adsogptito create protein-adsorbing membranes. The
brushes grown from these initiators behave verfedihtly from brushes grown from silane-
based initiators immobilized in membranes. Comgbate membranes modified with a
trichlorosilane initiator, the macroinitiator-moil membranes require much shorter
polymerization times (5 min versus 1 h) to achisirailar protein-binding capacities. A low
hydraulic resistance and rapid protein capture ntakse new membranes very attractive for

rapid purification of His-tagged protein directipi cell extracts.

The work described in chapter 3 aims to reduceatkal density of polymer-brushes and
increase the capacity and kinetics of protein lgdio polymer-brushes. To obtain reduced

density polymer brushes, | examined two differdrdategies. In the first method, functionalizing

17



the surface with a mixture of initiator and an indiluent reduces the density of the active

immobilized initiators on the substra?t%. However, 15 nm-thick polymer films grown from 1%

or 100% initiator in the monolayer show similar {@a binding capacities. Thicker (50 nm)
films also show similar protein binding with polynfédms grown from monolayers with 5% and
100% initiator. In a second method, the selectibmonomer and derivatization steps leads to

variations in chain density. Specifically, poly(l8 was synthesized by polymerization of

HEMA and subsequent reaction of this polymer brugin succinic anhydride (SAE}(,) or by

direct polymerization of ME§?’ The two methods yield the same polymer formul#, the

spacing of the chains should be much greater wi#ctdpolymerization of MES because the
monomer is much larger. Our results show that ~5@maok poly(MES) brushes bind about 180
nm of lysozyme, while ~50nm-thick, poly(HEMA) brieshreacted with succinic anhydride bind

only 80 nm of lysozyme. This suggests that lessédrushes bind more protein.

In chapter 4, | attempt to immobilize maltose onlypwer-brush modified porous
membranes for capture of MBP fusion proteins. limgple, this should yield a high protein-
binding capacity due to the multiple binding sitegesent on polymer brushes. Infrared
spectroscopy confirmed successful attachment ofos®lto polymer brushes on gold surfaces,
but unfortunately the immobilized maltose failedbiod MBP, perhaps because of the improper

orientation of the binding sites of maltose.

The last chapter summarizes the conclusions oftli@sis and presents some proposals

for future work.
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Chapter 2. An All-agueous Route to Polymer
Brush-modified Membranes with
Remarkable Permeabilites and Protein

Capture Rates.

2.1. Introduction

Although rapid advances in biotechnology have dyegtcreased the synthesis and

applications of recombinant proteins, isolationtlsése proteins remains a bottleneck in their

production%’2 Specific adsorption of proteins to ligands immizeitl in packed columns is

probably the most powerful step in protein purilﬁica.3’4 Nevertheless, high pressure drops,

challenges in packing large columns and slow masssfer may limit the utility of column-

. 4-6 7 . . . o .
based separations. Membrane adsorbergprovide an alternative for rapid protein isolation

because flow through functionalized membrane prapglly transports the protein of interest to

immobilized ligands. Moreover, scale-up of membraaparations by increasing surface area is

. . . . . 6,8-15
relatively simple and causes little or no increiasgressure drop.

Despite the possibility of fast separations, howeweembranes suffer from a modest

L . . . . 1
binding capacity due to their low internal surfameea relative to nanoporous beags.ln

attempts to increase capacity, a number of grougiteg functionalized polymer chains to the
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pores of the membrane. The chains contain mulbpiding sites, and membranes modified with

5,11,17-26

polymer brushes show high binding capacities arldcgee protein binding. For

example, Yang and Ulbricht grafted poly(2-hydroxyét methacrylate) (poly(HEMA)) in
poly(ethylene terephthalate) track etched membrandsthen grew poly(2-lactobionamidoethyl

methacrylate) from poly(HEMA) to form a well-defihecomb-like glycopolymer layer. Such
membranes capture as much as 24 m?é/cfﬂectins that specifically bind to galactolsge.Bhut
and Husson grafted poly(2-dimethylaminoethyl metjlate) brushes in regenerated cellulose to

form anion-exchange membranes with lysozyme bindiagacities of 130 mg/c?Fn5 These

.. . . 27
membranes successfully captured anthrax proteatitigen protein from Eoli cell extracts.

The most common method for specific protein isolatexploits interactions between
polyhistidine-tagged (His-tagged) protein and meial complexes. Several recent studies

demonstrate specific binding of His-tagged protetos metal-ion complexes in polymer

11,18,20-22,28

brushes. We showed that growth of poly(2-(methacryloyloxing succinate

(poly(MES)) brushes in nylon membranes and funefiaation of the brushes with
nitrilotriacetate (NTA)-N|2+ complexes leads to membranes that isolate Histhgggllular
retinaldehyde binding protein directly from celltmcts.21 Nevertheless, modification of

polymeric membranes is challenging because the marab often dissolve or swell in organic

solvents.

This chapter describes a simple, rapid, and comlgleueous procedure for growth and

functionalization of polymer brushes in nylon, petlyersulfone (PES), and polyvinylidine

26



fluoride (PVDF) membranes. The approach combindsomtion of a macroinitiator,
polymerization of MES (a water-soluble, acid-contag monomer) from the initiator, and

subsequent aqueous derivatization. Although we odstrated these different steps

. 2129 . . . L . .
previously, this is the first application of macroinitiator smfption to create protein-

adsorbing membranes. Most importantly, the brugfiesin from these initiators behave very
differently from brushes grown from silane-basedtiators immobilized in membranes,

presumably because of a lower density of graftdgnper chains. Compared to grafting using a
trichlorosilane initiator, the macroinitiator-modifi membranes require much shorter
polymerization times (5 min versus 1 h) to achiesienilar protein-binding capacities.

Moreover, when using the macroinitiators, modifipdlymer membranes have 4-fold less
hydraulic resistance than membranes prepared hatlrichlorosilane initiator. Thus, these new
systems are attractive for rapid purification ofstagged protein directly from cell extracts.

Remarkably, lysozyme capture in these membranesaaur during a ~35 ms residence time.
2.2. Experimental Section
2.2.1. Materials

Hydroxylated nylon (LoProdyne® LP, Pall, lubh pore size, 11Qm thick), nylon (GE,
non-hydroxylated, 1.2am pore size, average thickness|88), polyethersulfone, (GE, 12m
pore size, average thickness 188), hydrophilic PVDF (Millipore, 0.45um pore size, 11fm
thick), and regenerated cellulose membranes (WhatR& 60 — lum pore size) were cut into
25 mm-diameter discs prior to use. Coomassie pro#sisay reagent (Thermo Scientific),
Histidine;-tagged Ubiquitin (HisU) (human recombinant, Enzte [Sciences), Concanavalin A

from Canavalia ensiformigJack bean) Type IV (Con-A, Sigma Aldrich), tris[2
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(dimethylamino)ethyllamine (METREN), ATRP Solutions), and other chemicals frognta-
Aldrich were used as received unless noted otherischlorosilane initiator (11-(2-bromo-2-
methyl)propionyloxy)-undecyltrichlorosilangs), and the macroinitiator [(poly(2-
(trimethylammonium iodide)ethyl methacrylate-2-(2-bromoisobutyryloxy)ethyl
acrylate)fg’glwere synthesized according to literature procesiuBeffers were prepared using

analytical grade chemicals and deionized (Millid@,2 MQ2 cm) water.
2.2.2. Initiator attachment

Membranes discs were cleaned for 10 min with UVilezaand placed in a homemade

2
teflon cell that exposed an external membrane saif@ea of 3.14 cm (In a few cases we used

2 I
larger membranes and holders that exposed 11.4egternal surface area.) The macroinitiator

solution (2 mg/mL in water) was then passed throtnghmembrane for 10 min at ~1 mL/min

using a peristaltic pump, and the membrane wagdingth 20 mL of water at the same flow
rate before drying in a stream ob.NFor membranes other than hydroxylated nylon,rpio

adsorption of the macroinitiator a poly(sodium yrshe sulfonate) (PSS, Mw ~ 70 000) layer
was deposited by passing 10 mL of 0.02 M aqueos (8ntaining 0.5 M NaCl) through the
membrane at 1 mL/min. Water (10 mL) was pumpedutjncthe membrane after deposition of
PSS, followed by the macroinitiator and a subseguénhmL water rinse. Trichlorosilane
initiator attachment occurred by circulating a 1 nmtiator solution in 20 mL of anhydrous
THF through the clean nylon membrane for 2 h atoav frate of 3 mL/min, followed by

subsequent rinsing with 20 mL THF and 20 mL of etlaThe membrane was dried under a

steam of N prior to polymerization.
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2.2.3. Polymer brush synthesis

2. NHS*, EDC**
3. aminobutyl NTA

Figure 2.1. Schematic showing macroinitiator immobilizationthun membrane pores,
polymerization of MES from an initiator-modified mérane, derivatization of poly(MES)

with NTA-Ni2+ complexes and protein binding to such polymer loegs

Using our prior procedurzel,’32 poly(MES) brushes were grown from membranes coated

with initiators. A 10-mL mixture of neat MES monomend 1 M aqueous NaOH (1:1, v/v) was

degassed with three freeze-pump-thaw cycles. A L1 solution of anhydrous dimethyl

formamide (DMF) containing CuBr (2 mM), CuBf(1 mM), and Mg(TREN) (6 mM) was
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similarly degassed, and in ayMlled glove bag, this solution of catalyst wasxel with the

monomer/NaOH solution. Polymerization of MES withive pores of the membranes (Figure
2.1) occurred in a piilled glove bag by circulating the polymerizatioatalyst solution through
the initiator-modified membrane at a flow rate oml/min. Unless mentioned otherwise, the
polymerization time for membranes was 5 .mimmediately after polymerization, 20 mL of
ethanol followed by deionized water (20 mL) weregel through the membrane at ~2 mL/min.
In the case of polymeric membranes other than xydisted nylon, the catalyst salts and ligand
were added directly to the monomer-solvent mixuaweng the degassing process to avoid the
presence of DMF, which may dissolve membranes F&&S. Functionalization of the

poly(MES) side chains with NTA-metal ion complexasurred as reported previously (Figure

2.1).21’32

Attenuated total reflectance Fourier transformargd (ATR-FTIR) spectroscopy (Perkin
Elmer Spectrum One Instrument, air background) el &s field-emission scanning electron

microscopy (FESEM, Hitachi S-4700I1) verified filgtowth on polymer membranes.

2.2.4. Synthesis of multilayer polyelectrolyte filma derivatized with NTA

. . 33 .
This procedure was adopted from a previous repofihe membrane was cleaned with

UV/ozone for 10 min, and 10 mL of 0.02 M aqueou$&R8lution My ~70 000, containing 0.5

M NaCl) was passed through the membrane at 1 mL/P8S deposition was followed by

passage of 0.02 M poly(allylamine hydrochlorideAkR Myy ~56 000, containing 0.5 M NacCl,

pH adjusted to 4.0) and subsequently 0.02 M poty(&cacid) (PAA, My ~90 000, containing
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0.5 M NaCl, pH adjusted to 4.0). Water (10 mL) wasssed through the membrane after
deposition of each polyelectrolyte layer. Polymenaentrations are given with respect to

repeating unit, and pH values were adjusted wittONaor HCl. Membranes containing

PSS/PAH/PAA films were then dried under a streagfand a solution containing NHS/EDC

(0.1 M of each in water) was circulated through tiembranes for 30 min followed by rinsing
with water and ethanol, 20 mL each. An aqueoustisollof NTA (0.1 M, pH 10.2) was then

flowed through the NHS-modified membranes for 3@,nand the membrane was subsequently

rinsed with 20 mL of water. Finally, the NTA-éTJcomplex was formed by circulating aqueous
0.1 M CuSQ through the membrane for 2 h followed by rinsinghwvater and ethanol (20 mL

each). The membrane was dried under a stream ahtll used for protein binding studies.

2.2.5. Protein binding

A solution of lysozyme (0.30 or 1.0 mg/mL) in 20 nphosphate buffer (pH 7.4) was
pumped through the poly(MES)-modified membrane gisirperistaltic pump (flow rate of 1 or
30 mL/min), and the permeate was collected for y@ml at specific time intervals.
Subsequently, the membrane was rinsed with 20 mwashing buffer 1 (20 mM phosphate
buffer with 0.1 % Tween 20, pH 7.4) followed by &0 of phosphate buffer. The protein was

then eluted using 5-10 mL of 20 mM phosphate byfiér 7.4) containing 1 M KSCN.

Similar procedures with different buffers and elisewere used for Con A and HisU
binding studies. In case of HisU, the washing @uffwashing buffer II, 20 mM phosphate
buffer containing 0.1% Tween-20 surfactant and QVLBlaCl) and elution buffer (0.5 M NacCl

and 0.5 M imidazole in 20 mM phosphate buffer) waraintained at pH 7.4. For Con A, a
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solution of 0.30 or 0.10 mg protein/mL was madihmM phosphate buffer of pH 6 to avoid
protein aggregation. The washing buffer 1l and ielutbuffer (20 mM phosphate buffer

containing 50 mM EDTA) were also maintained at pH Bor Con A binding, the membrane

could be reloaded with 83 by passing a 0.1 M CuSGsolution through the membrane and

rinsing prior to reuse. The concentrations of prote loading, rinsing, and eluate solutions were
determine using a Bradford assay as described beloweach case, 3 membranes were
individually tested, and the average binding capasireported. (For HisU only 2 measurements
were performed due to the high cost of the profeirror bars and reported uncertainties are

standard deviations.
2.2.6. Quantification of protein binding (Bradford assay)

To determine the amount of protein in loading, ings or eluent solutions, 30 pL of
permeate was added to 1.5 mL of a solution of Cesimaeagent, and the mixture was shaken a
few times and allowed to react for 10 min at ro@mperature. The UV/Vis absorbance spectra
of these solutions were then obtained with a Pdgkmer UV/Vis (model Lambda 40)
spectrophotometer. Calibration curves for the dimwes of lysozyme, Con A or His U
solutions at 595 nm were prepared using a seripsodéin solutions (concentration range of 0 to
0.3 mg of protein per mL) that were mixed with Ca@ssie reagent in a 30 pL to 1.5 mL ratio.

All spectra were measured against a Coomassienehizak.
2.2.7. Protein separation from a cell extract and etermination of protein purity

His-taggedmyc-inositol-1-phosphate synthase (MIPS) was over-esga@ irE.coli cells
by the research group of Professor James Geigercdlls were lysed with sonication in 20 mM,

pH 8 phosphate buffer that contained 10 mM imidazasid 300 mM NaCl, and centrifuged at 4
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°c. Supernatant (5 mL) was pumped thorough the MEE)‘E()-NTA-NiZJr-modified nylon

membrane at room temperature at a flow rate of miLBnin. Subsequently the membrane was
rinsed with 20 mL washing buffer Il at pH 8 follod/doy 20 mL washing buffer Il (pH 8, 20

mM phosphate buffer with 45 mM imidazole and 0.15NECl), and the bound protein was
eluted with 10 mL (2 mL fractions) of 20 mM, pH 8gsphate buffer with 0.5 M NaCl and 0.5
M imidazole. The purity of the eluted protein wdstermined by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). 208 gradient gel obtained from Bio-Rad

. . . . . . .34 .
was used, and the protein bands were visualizedystandard silver staining or Coomassie

- 35
blue staining protocols.

2.2.8. Determination of hydraulic permeability

Membrane
holder

Feed tank
Permeate

Figure 2.2. Apparatus for measuring hydraulic permeabilityred membrane.

A pressurized feed tank connected to a sealednteflembrane holder (similar to an

amicon cell) was used to determine the pure watdr tauffer permeabilities before and after
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modification of the membrane (Figure 2.2). The fémok was filled with water or buffer, the

system was pressurized withp i 0.68 atm (10 psig), and permeate was collected defined

time periods. Three measurements of permeate flere wecorded for 3 different membranes

with each modification, and the reported valuestlaeeaverages of these data.

2.2.9. Determination of the amount of C5+ in the membrane

A calibration curve was created by measuring theodiance of CuSf standard
solutions in 50 mM EDTA (pH 7.4) using a Perkin-EimUV/Vis (model Lambda 40)
spectrophotometer, and a sample solution was aatdg eluting C%+ from poly(MES)-NTA-
Cu2+-coated membranes with 7.0 mL of 50 mM EDTA (pH).7.Zhe amount of Czu+ in the

solution was calculated from its absorbance atri#fB3using the calibration curve.
2.3. Results and Discussion

2.3.1. Synthesis and characterization of polymer lishes in nylon membranes

. . 29 . . L
Based on prior work in our group and preliminary studies on polymerization from

macroinitiators adsorbed on Au-coated wafers (beeappendix), we developed methods to
grow polymer brushes from adsorbed macroinitiatoresembranes. To create initiation sites, we
simply pass a macroinitiator solution through tmmodified membrane and rinse the system
with water. Hydrophobic interactions between thelkibones of the macroinitiator and the nylon
membranes presumably provide strong adsorptiomeftacroinitiator. After a subsequent 5-

min polymerization by pumping a MES/catalyst sauatthrough the membrane, ATR-IR spectra
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clearly show a carbonyl peak at 1740_%:r(Figure 2.3 (b)), consistent with the presence of

poly(MES) in the membrane.
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Figure 2.z, ATR-FTIR spectra of a hydroxylated nylon membréeéore (a) and after
the following modifications: (b) formation of poMES) brushes in the pores of the
membrane; (c) activation of the poly(MES) with NESXC; and (d) reaction with

aminobutyl-NTA.

Remarkably, the macroinitiator adsorption is sugfitly robust to allow reuse of poly(MES)-

modified membranes at least 5 times for proteirogud®n (Figure 2.4). (We discuss protein

binding studies in much more detail below.)
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Figure 2.4. Binding capacities (blue diamonds) and elution cegficies (red hollow

squares) for 5 cycles of lysozyme adsorption anticgl on a single hydroxylated nylon

membrane modified with poly(MES). Flow rate- ~ 1 mmlir; Feed concentration- 0.3

mg/mL; elution buffer- 1 M KSCN in 20 mM phosphabeiffer, pH 7.4, Elution

efficiency is the amount of protein in the eluenidked by the amount of adsorbed protein

as determined from the breakthrough curve.

Activation of the carboxylic acid groups of poly(Mk followed by reaction with

aminobutyl NTA and complexation of a metal ion (g 2.1) lead to polymer brushes
containing immobilized metal ion complexes capabfebinding protein. ATR-IR spectra

confirm the derivatization process (Figure 2.3Jhe IR spectrum of the bare nylon membrane

(Figure 2.3 (a), all spectra were obtained witraarbackground) contains dominant amide | and

amide Il peaks at 1630 and 1533 %mrespectively. Reaction of the—COOH groups of
poly(MES) with a mixture of EDC and NHS in waterneerts these groups to succinimidyl

o . -1 . :
esters that give rise to absorption bands at 18#01&@79 cm and also increase the absorption

around 1730 cr_% (Figure 2.3 (c)). Subsequent reaction of the B3 -activated poly(MES)
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with aminobutyl-NTA results in a loss of the absabes due to the succinimidyl esters (Figure

2.3 (d)). Additionally, a new absorbance at 168ﬁldesults from a combination of carboxylate

groups of NTA and amide bonds formed between po®yland NTA. However, this signal is

not distinct because of the large amide peaks is rdgion. An additional broad absorbance

around 1600 cfr11 could stem from carboxylate groups of either NTAhydrolyzed active

esters. Reflectance FTIR spectra of films on Attedbedemonstrate the absorbances due to

11,32

NTA After exposing the brush to E:TJ there is no observable change in the IR spectrum.

However, the membrane appears blue, and elememédysass demonstrates the presences of

Cu2+ (see below).

SEM images also provide evidence for the polyméomaand derivatization process
(Figure 2.5). The SEM image of the bare nylon memer(1.2 um pore size, Figure 2.5 (a))
contains many open pores. After a 5 min polymeorabf MES the structure appears less

porous, presumably because poly(MES) coats muchhef membrane (Figure 2.5 (b)).

Derivatization of the poly(MES) with NTA-I%iJr/Cu2+ leads to more extensive coverage of

membrane pores (Figure 2.5 (c)).
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Figure 2.5, SEM images of (a) a bare nylon membrane with nami.2 um pores, (b) a
similar membrane modified with poly(MES), and (c)rembrane coated with poly(MES)-

NTA-Cu2+ polymer brushes.

38



Because the amount of polymer in the membrane®vis dnd ATR-IR spectra are

qualitative, monitoring the growth of poly(MES) time membrane is difficult. We can, however,

readily determine the amount of %futhat binds to membranes modified with poly(MES)ANT

. + . .
brushes. Figure 2.6 shows that the amount 0% Quaptured in these membranes increases

rapidly with the time allotted for polymerizatiof MES from the macroinitiator. However,

after 30 min of polymerization, the éﬁbinding capacity reaches a plateau at 25 mg 02f+Cu
per crﬁq’ of membrane. The initial increase reflects growftipolymer in the membrane, whereas

. . . . . . g
the subsequent plateau may stem from terminatiguolyimerization or steric hindrance to 2Cu

binding.
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Figure 2.6. Cu2+ binding capacities of poly(MES)-NTA-modified nylomembranes as a
function of polymerization time. Poly(MES) was gnmofrom adsorbed macroinitiator.

39



As we show below, 5 min of MES polymerization idfsient to achieve maximum

protein binding. After modification with NTA, thenembranes modified with a 5-min

L . . %+ 3 .
polymerization time bind 10 + 0.4 mg of Cuper cm of membrane. Assuming every NTA
binds one C%Jr ion and every carboxylic acid group of poly(ME®gacts with one aminobutyl
NTA molecule, this amount of 83 implies 35 mg of poly(MES) (before derivatizatiopgr

cm3 of the membrane (the membrane volume, 0.03% iccludes both porous and nonporous
regions). For comparison, maximum protein bindiviten growing poly(MES) brushes from

trichlosilane initiator-modified nylon membranesqueges 1 h of polymerization, and %:u

analysis suggests that this system contains 11()(JingES)/cm3 of membranez.1

2.3.2. Membrane Permeability

Effective membrane adsorbers should have bothralhigling capacity and a reasonably

high permeability. At 0.68 atm of transmembranespuee, a bare hydroxylated nylon membrane

with a 1.2 um nominal pore size has a pure watdrdufic permeability of 118 + 1 mL/(ch

min atm), but this value drops to 85 + 4 mL/(2cmin atm) after adsorption of the macroinitiator

and a 5-min polymerization of MES. The polymerdireis presumably decrease pore diameters
and reduce permeability. Because permeabilityrapgrtional to pore diameter raised to the

fourth power, even thin films cause a significanbp in flux. After immobilization of

aminobutyl NTA, the hydraulic water permeabilitycdeases to 69 + 4 mL/(c2rmnin atm) due to

the increase in brush thickness. Complexation w2f+(br Ni2+ by NTA does not significantly
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alter the permeability (76 + 6 mL/(<:2rrmin atm)). Notably, however, even after growth of

poly(MES) for 5 min, derivatization with aminobutMTA, and formation of the NTA-metal ion

complex, the pure water flux only decreases by 35%.

For nylon membranes modified with poly(MES) bruslggewn from trichlorosilane

initiators, the water permeability is only 21 + 4LA(m:m2 min atm), 1/4 of that for the

e .21 . . .
macroinitiator-based modification. The trichlorosilane-based system requires longer

polymerization times (1 h versus 5 min) to achiéueding capacities similar to those of the
macroinitiator-based membranes, and the longer itawlts in more polymerization and smaller
pore diameters. After derivatization with NTA-metah complexes, the trichlorosilane-based
modification still gives 4-fold lower flux than gngh of brushes from the macroinitiator and

subsequent derivatization.

Figure 2.7 shows the water permeability of nylormbeanes as a function of the time
allowed for MES polymerization from adsorbed magcittators. The permeability decreases
continuously with polymerization time, and after -0 min of polymerization, the
macroinitiator-based membranes have a permeasilityiar to membranes modified with the
trichlorosilane initiator and a 1-h polymerization. This suggests that 30-45 min of

polymerization from the macroinitiator gives thersaamount of poly(MES) in the membrane as

the 1-h polymerization from the trichlorosilanetiator, which is consistent with 85 binding

capacities. A 30 min polymerization from the maaitcator leads to binding of 27 £+ 2 mg of

2+ 3 L T .
Cu  per cm of membrane, whereas 1 h polymerization from imdmdad trichlorosilane

initiators gives 29 + 4 mg/c:?n21 We speculate that the poly(MES) chains are meparsated
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and swollen when grown from the macroinitiatorlé€ast initially), so binding a given amount of

protein requires less polymer brush, which leads ltawer hydraulic resistance.
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Figure 2.7. Evolution of the lysozyme binding capacity (reduages) and hydraulic
permeability (blue diamonds) of nylon membraneshwhe time allowed for growth of
poly(MES) brushes. Hydraulic permeability was oied at a pressure of 0.68 atm, and
binding amounts were determined from breakthrougives during passage of 15 mL of 0.3
mg/mL lysozyme solution through the membrane.

Because protein binding typically occurs in buffargl not pure water, we also examined
the permeability of membranes to pH 7.4, 20 mM phase buffer. By deprotonating the acid

groups of polymer brushes, buffers can effect andtec increase in brush swelling and decrease

flux.36_38At 0.68 atm, the macroinitiator-based, poly(MES)dified nylon membrane exhibits

a buffer permeability of 37 +3 mL/(chrmin atm), about 1/2 the initial pure water permiggb
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However, after passing buffer through the membr#repure water permeability drops to 18 +

3 mL/(cm2 min atm). In subsequent measurements, the butemgability is still 37 £ 3

mL/(cm2 min atm) and the pure water permeability remai@st13 mL/(cm2 min atm). After

synthesis, pure water may not be sufficient to digprate the brush, so the water flux is higher
than the buffer flux. In contrast, after deprotamain buffer, the brush likely remains ionized in
pure water so hydraulic permeability decreasesmpzoed to pure water, the high ionic strength

(50 mM) of the buffer collapses deprotonated brasfmmewnhat, so flux is higher in the buffer

, 36 . . :
than pure water once deprotonation occursRelative to the buffer solution, flux increases-1

fold in 0.1 M NacCl, further indicating that the lshes collapse at high ionic strength to enhance

permeability. The buffer flux through trichlorosie-based poly(MES)-modified membranes (8

+3 mL/(cm2 min atm)) is 4- to 5-fold less than that of manrator based poly(MES) modified

membranes.
2.3.3. Lysozyme Binding

Lysozyme binds to poly(MES) by ion exchange andvigles a convenient, inexpensive
probe of how protein binding varies with polymetiaa time in poly(MES)-modified
membranes. Figure 2.7 shows lysozyme binding déteamfrom breakthrough curves for a
series of membranes prepared using different MB@m@rization times. The lysozyme binding
increases when going from a 2-min to a 5-min polyna¢gion, presumably because of more
binding sites in thicker brushes. However, withther polymerization the brushes likely
become more crowded so the interior adsorptiors site less accessible to proteins and binding

does not increase. Longer brushes may even blakipraccess to relatively small pores and
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decrease binding. The trend in Figure 2.7 is \fferent from that for the amount of ?:+u

bound by poly(MES)-NTA (Figure 2.6) becausezéis much smaller than proteins.

Nevertheless, binding 113 + 8 mg Iysozyme?cmc membrane with only 5 min of
polymerization is comparable to 1 h polymerizatiomsing a similar membrane and a

trichlorosilane initiator (118 = 8 mg/c3m21 Remarkably, the macroinitiator method allows

membrane modification in much less time (10 minopposed to 2 h for initiator attachment
prior to rinsing, and 5 min as opposed to 1 h faymerization) than the trichlorosilane initiator
method and gives the same binding and a 4-foldtgrgeermeability. The binding determined

from lysozyme elution from the poly(MES)-modifiecembrane (5-min polymerization from the

macroinitiator) is 108 £ 13 mg/cefncomparable to that measured from break througlesu

We note that the binding amounts reported in tbiisn resulted from passing only 15
mL of 0.3 mg/mL lysozyme solution through the mear®&, which is not sufficient to

completely fill all binding sites. We maintainedighprocedure to compare Figure 2.7 with

similar data reported for the trichlorosilane sm;gel Figure 2.8 shows the breakthrough curves

for the macroinitiator-based system. In the remeirof the manuscript, binding capacities are

those at saturation, unless mentioned otherwise.
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Figure 2.8. Breakthrough curves for lysozyme binding on hydtatgd nylon membranes
containing poly(MES) grown for 2 min (red circle®),min (green triangles), 10 min (black
stars), 15 min (blue diamonds), 1 hr (pink squar&kg curves obtained for 30 min and 45
min were similar to that of a 1 hr polymerizatiamdahence, not shown in the graph. Flow rate
— 1 mL/min; feed solution concentration — 0.3 mg/mL

The performance of the macroinitiator (the abitiyinitiate polymerization) diminishes
with time.21 In Figure 2.9, we compare lysozyme binding forp@ly(MES) modified
membranes, one with MES grown from a fresh madraior (used within a week of its

synthesis, binding of 119 mg Iysozymelgc)rrand a second membrane modified with a 6 month

old macroinitiator (binding of 96 mg Iysozyme/%)n The results suggest that initiation

efficiency declines as the macroinitiator ages.eXiberiments in this manuscript were performed
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with macroinitiator used within 10 months of syrdise Note that these binding capacities are

also not at the saturation.
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Figure 2.C. Breakthrough curves for lysozyme binding to hydilaigd nylon membranes
containing poly(MES) grown from adsorbed macroatdr which was < 1 month old (red
diamonds) and about 6 months old (blue squares).

2.3.4. Protein binding capacity as a function of éw rate

Membrane adsorbers are particularly attractive ripid separations because radial

diffusion distances are short, and convection Isripgteins to binding sites. Moreover, rapid
. 13,14
flow rates can occur with only modest pressure slrop = We compared the breakthrough

curves for lysozyme binding to poly(MES)-modifiedembranes at flow rates of 1 and 30
mL/min. These flow rates correspond to linear gtles of 19 cm/h and 570 cm/h, and
residence times of 1000 msec and 35 msec, resphct{ilote that these residence times assume
a membrane porosity of 50%, whereas the linearcitglos that above the membrane.) As
Figure 2.10 shows, the breakthrough curves arenealg independent of the flow rate over this

range, so a 30-fold increase in linear velocitysloet lead to early breakthrough and a change in
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the dynamic binding capacity. Thus, neither diffasnor binding kinetics limit protein binding
at these linear velocities, and adsorption ocaurdgss than 35 msec. The membrane geometry
likely determines the shape of the breakthrouglvesjras breakthrough will occur sooner for

large pores than smaller ones.

Recommended linear velocities through typical comumé gels are 150 cm?ﬁ

(compared to 570 cm/h for membranes), and the gndapacity for His-tagged proteins in such

resin-packed columns is about 2-fold less thanntieenbranes in this study (40-50 mg/mL of

His-tagged protein compared to 85 mg?cin the membrane?f) Thus the brush-modified

membranes have the potential to greatly increasedtie of protein binding.
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Figure 2.1(. Breakthrough curves for the passage of 0.3 mg/ydodzyme through a
poly(MES)-modified nylon membrane at flow rates lofmL/min (blue diamonds) and 30
mL/min (red squares Similar curves were obtained for two different meantes
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2.3.5. Scaling up poly(MES)-modified membranes

The high permeability of membranes modified usingcroinitiators should permit the

. - . . . 40
use of membrane stacks to increase binding capaditput creating high pressure dropsTo

test this concept, we polymerized MES for 5 mirbidifferent membranes and stacked these

membranes in a membrane holder (Figure 2.11). The water flux through this stack was 5 +

0.06 mL/(cm2 min atm), which is ~20-fold less than the flux thgb a single membrane (85 + 4

mL/(cm2 min atm)). The flux was 1/4 of the expected valpessibly because misalignment

between pores in adjacent spongy membranes leduigh@ressure drops between membranes.

Protein solution

Stack of membranes

Membrane

holder
Permeate

Peristaltic pump

Figure 2.11. Apparatus used to measure the binding capacity sthck of polymer brush
modifiedmembranes.
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The lysozyme binding capacity of the membrane stears 76 + 8 mg/cr371or about 30 %

less than individual membranes. This also mightiltefrom blocked inlets or outlets of some
pores due to stacking. Nevertheless, the bindapgacty of the stack of 5 membranes is still
3.5-fold more than the capacity of a single meméyaand the linear velocity through the
membrane (~175 cm/hr at 0.68 atm) is comparableg@dcommended flow rate for commercial
columns. Placing small spacers between the membnanght increase both binding capacity

and permeability.

We produced stacks of 5 membranes in two diffeneys. In one case, we modified the
membranes individually prior to stacking, and ie 8econd variation, we stacked 5 membranes
in the holder prior to modification. Both methogleld comparable binding and permeability,
suggesting that simultaneous modification of mamgmiranes can occur without a loss of

polymerization efficiency.

Scale up can also occur by simply increasing threemdier of the membrane. To
demonstrate this effect, we modified a 3.8 cm di@m@embrane and compared its performance

to 2 cm-diameter membranes (3.6-fold increase nfase area). The water flux through the

larger membrane is 60 + 3 mL/(gnnnin atm), slightly less than that obtained witle th cm
diameter system (85 + 4 mL/(grmnin atm)). Within experimental uncertainty, thelume-

normalized lysozyme binding capacity measured Herlarger membrane (105 + 14 mgfbn’s

the same as for the smaller system. Overall, tBe@-diameter membrane binds 3.3-fold more

protein than 2 cm-diameter membranes, and theymeeglsops for the two systems differ by only

49



~20%. Thus increasing the membrane area providesalde alternative for scaling up

separations, as expected.
2.3.6. HisU binding to poly(MES)-NTA-N|2+-m0dified membranes

Affinity purification methods rely on specific int&ctions between immobilized ligands

and affinity tags appended to the protein of irgerBolyhistidine is the most commonly used tag

in recombinant protein purificatio‘hl, and we employ HisU as a model His-tagged protein t
determine the binding capacity of pon(MES)-NTAgIJ\erodified nylon membranes. Figure
2.12 shows the breakthrough curve for HisU bindmg pon(MES)-NTA-N|2+-modified nylon

membrane along with similar curves for Con A birggio pon(MES)-NTA-C&+ and lysozyme

binding to poly(MES). Integration of the differaax between the feed and the permeate

concentrations in the breakthrough curves givedibgcapacities of 88 + 4, 86 + 10 and 122 +
9 mg/crﬁg’ for HisU, Con A and lysozyme, respectively. Thenpeate flow rate for this analysis

was initially set at 1 mL/min but declined to 0.8.9 mL/min at the end of the experiment due to
the protein loading. (The peristaltic pump coult maintain the flow rate at higher pressure
drops.) The similar shapes of the break throughkiesufor all 3 proteins again suggest that the
geometrical inhomogeneity of the pore structurehie spongy nylon membrane defines the
shape of the curve, rather than binding kineticgiffusion limitations. The similarity in the
curves occurs in spite of the variation in proteire (HisU - 10.7 kDa; Lysozyme — 14.3 kDa,;
Con A — 104 kDa) and the binding mechanism (Hisd @on A — affinity binding; lysozyme —

ion exchange).
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Figure 2.1z. Breakthrough curves for adsorption of lysozymeuébtliamonds), HisU (green
triangles) and Con A (red squares) in nylon memdgsanodified with poly(MES) (lysozyme),

pon(MES)-NTA-Ni2+ (HisU) or pon(MES)-NTA-C&+ (Con A) brushes. The feed solution
contained 0.3 mg protein/mL, and the flow rate Wwesveen 0.8 and 1.0 mL/min.

After obtaining the breakthrough curve of HisU, washed the pon(MES)-NTA-I%iJr-

HisU membrane with washing buffer 1l (20 mL) folleat by 20 mL of phosphate buffer and

eluted the protein with 5-10 mL of elution buffesntaining 0.5 M imidazole and 0.5 M NacCl.

Bradford assay of the eluent gives a binding capaufi 96 + 7 mg/cr%, consistent with the
binding capacity value from the breakthrough cuiMas binding capacity is 4- to 6-fold higher

19,42-45

than those reported for affinity membranes in tiberdture and about twice that of

commercial IMAC resins (40-50 mg/mL of reS|:?19)’.46 Elution of Con A with phosphate buffer

(pH 6) containing 50 mM EDTA, and lysozyme with gpbate buffer (pH 7.4) containing 1 M
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potassium thiocyanate gives membrane binding chpsaodf 88 + 2 and 136 + 4 mg/gm

respectively, again confirming the binding capacbjained from break through curve analysis

and demonstrating efficient elution.

2.3.7. Con A binding to a monolayer of NTA—C&+ and other pon(MES)-NTA-Cu2+

brushes

A major premise of this work is that polymer brushgreatly increase the binding
capacities of membrane adsorbers. To help denatesthis premise, we deposited NTA
complexes in a nylon membrane by linking aminobiylA to a poly(acrylic acid)-terminated
polyelectrolyte film (Figure 2.13). Covalent attasdént of NTA to this surface uses the same
reaction as attachment to poly(MES), but the stmecof the polyelectrolyte film should only

yield approximately a monolayer of NTA.

n
Wn
NH,HCI
SO3
PSS PAH

PAA-aminobutyl NTA
SR ST NS ST S

Figure 2.13. Formation of a monolayer of NTA-éﬁ from a polyelectrolyte multilayer
adsorbed within a membrane pore.
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Figure 2.14 shows the breakthrough curve obtaimedife monolayer of NTA-CZu+

along with the breakthrough curves for Con A bingdito poly(MES)-NTA-C&+ modified

membranes prepared using both the macroinitiatoni(bpolymerization) and the trichlorosilane

initiator (1-h polymerization). The Con A bindingpacities determined from the curves are 23 +
8, 76 + 6 and 86 = 10 mg of Con A per %m‘ membrane for the monolayer, trichlorosilane-
based brush and macroinitiator-based brush, rasphct Within experimental error, the
capacities determined from the eluate analysis{T7 80 + 8 and 88 + 3 mg/cSmwere the

same. Breakthrough curves and the eluent analgsealrthat binding to the brushes is about 4
times higher than the monolayer, clearly showing #ldvantage of growing polymer brushes

within the pores of the membrane.
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Figure 2.14.Breakthrough curves for binding of Con A to a mlayer of NTA-Cu2+ (blue
diamonds), a macroinitiator-based pon(MES)-NTAgéﬂnodified membrane (green

triangles) and a trichlorosilane initiator-basedy(MES)-NTA-Cu2+-modified membrane
(red squares The feed solution concentraticwas 0.1 mg/mL
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The amount of copper present in the NTA monolagetaining membrane is 2.2 + 0.3

mg/cmg, or 4- to 5-fold less than the amount széliln the macroinitiator-based poly(MES)-
2+ . C,2+ .
NTA-Cu  system (10 £ 0.4 mg/c3r)1 Thus the ratio of Cu to protein is around 10:1 for both
pon(MES)-NTA-Cu2+ and the monolayer of NTA-C?J. In contrast, the trichlorosilane-based
2+ . 21
poly(MES)-NTA-Cu contains much more copper (29 + 4 mg%:m and has about a 3-fold
lower ratio (3:1) of protein to C,ZJ than the macroinitiator system. As films increase

. +
thickness, access to g:ucomplexes apparently decreases.

Bovine serum albumin (BSA) is commonly used to exanprotein binding to C2u+

complexes. BSA binding to the macroinitiator-basgdtem was quite low (~ 30 mg/g)nand
we were unable to reproduce the BSA binding calescreported earlier for the trichlorosilane
based syster%% even though lysozyme and HisU binding were repcdile. Since SDS-PAGE

of BSA showed a number of bands, we selected Caathfer than BSA for this work.
2.3.8. Purification of His-tagged MIPS and HisU fran cell extracts and protein mixtures

The above studies reveal the high binding capaoitymembranes modified with
pon(MES)-NTA-Ni2+, but do not address selectivity. To demonstrhtd thembranes can

isolate His-tagged protein from complex cell extsaave purified His-tagged MIPS that was
over-expressed ig. coli. Figure 2.15 (a) shows the SDS-PAGE analysib®fcell extract (lane
1) and the eluate from a membrane loaded with éfleegtract and rinsed with buffers (lane 2).

Remarkably, the eluate contains a single detectadnid. The total time for purification of 5 mL
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of cell extract was about 13 min, including 3 mmda20 sec to flow the extract through the
membrane at 1.5 mL/min, 4 min (each) to rinse tleenfirane with washing buffer Il and IIl at 5

mL/min, and 1 min and 20 sec for elution at 1.5 milo/.

BSA —>

Ovalbumin =

Con A —>

Myoglobin =—>
HisU =—>

1 2 3
(b)

Figure 2.1t. SDS-PAGE analysis (silver staining) of (a) an astrfrom E.Coli containing
over expressed His-tagged MIPS (lane 1) and HigeddVIPS purified from the cell extract

using a pon(MES)-NTA-I\F+-modified membrane (lane 2); (b) a mixture of BSA,
ovalbumin, Con A, myoglobin and HisU (lane 1), 8ane solution after passing through the
membrane (lane 2) and the eluent from the meml{tane 3).

In addition to selectivity, high protein recover@® vital when purifying tagged proteins.
Unfortunately, in most purification of overexpredseecombinant proteins from cell lysates,

ignorance of the initial protein concentration grets calculation of recovery. Thus, to determine

recovery with a pon(MES)-NTA-I\%Jr-modified nylon membrane, we prepared a protein

mixture containing BSA, ovalbumin, Con A, myoglobamd HisU in equal amounts (0.05

mg/mL of each in 20 mM phosphate buffer). This migt (10 mL) was passed through the
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pon(MES)-NTA-Ni2+ modified membrane at 1.5 mL/min, followed by rmgiwith washing

buffer Il and phosphate buffer, and elution of bwaind protein with 2 mL of phosphate buffer
containing 0.5 M imidazole and 0.5 M NaCl. SDS-PAGEthe permeate loading solution
suggests selective and complete removal of the Ksgure 2.15 (b) — lane 2), whereas similar
analysis of the eluent shows a single band for Hisgure 2.15 (b) — lane 3). The high purity of
the eluted protein allowed quantitation using adBved assay, and the eluted protein recovery
on a single membrane was a remarkable 94 + 4 %erdD, less than 10% of the protein was

lost in the loading, rinsing and elution steps.

S

“—

Figure 2.1€. Extract from E.Coli containing spiked HisU (lane 1), flow through frdime
membrane (lane 2), elution from metane (lane 3) and HisU standard solution (lan

As a more stringent test of recovery, we obtainexfuale Escherichia colicell extract

void of His-tagged protein, diluted the extract With phosphate buffer, spiked it with 2.5 mg

of HisU and passed this solution through a pon(MSA-Ni2+-modified membrane.

Following rinsing with washing buffer Il and phosyté buffer, we eluted the bound protein with

a phosphate buffer containing 0.5 M imidazole artdM NaCl. Gel electrophoresis confirmed
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the purity of the eluted protein (Figure 2.16 —e&), and a Bradford assay of the eluate gave a
recovery of 91 + 2 % for this membrane. The higbovery occurs even when the total HisU

binding (2.5 mg) approaches the membrane capaci®ynig).
2.3.9. Polymer growth and protein binding in otherpolymeric membranes

Macroinitiator adsorption and MES polymerizatiorcocin aqueous solutions, so growth
of poly(MES) brushes should be possible in a watege of polymeric membranes. To examine
the versatility of this method, we attempted to vgrpoly(MES) in PES, PVDF, non-
hydroxylated nylon, and regenerated cellulose mamds and studied lysozyme binding to these
brushes. We could not modify the regenerated astilbecause it became very fragile after
exposure to water. Figures 2.17 (a), (b), ancskow the ATR-IR spectra of PES, PVDF and
non hydroxylated nylon membranes, respectivelyptgeind after growth of poly(MES). After
polymerization, all of the spectra contain a straraybonyl absorbance that confirms the
presence of poly(MES) in the membranes. We skgitbdified the membrane modification
procedure in these cases to include depositionlayer of PSS prior to the attachment of the

macroinitiator to the membrane. PSS sticks welinany surfaces and provides a negatively

N 9 o
charged substrate for macroinitiator adsorp%onAIso, we added the polymerization catalyst

directly to the monomer/solvent mixture during tiegassing process to avoid the use of any

DMF. DMF may damage membranes, particularly PESh@roxylated nylon membranes, this

altered procedure yields a lysozyme binding capaxfitL19 mg/crﬁ, showing that the changes

to the process do not affect the polymer brush graw protein binding. The lysozyme binding

capacities obtained from breakthrough curves folSPBEVDF and nonhydroxylated nylon

membranes were 65 mg/gn64 mg/cn% and 115 mg/cr% respectively. Thus, the completely
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aqueous polymerization can modify a wide varietpolffymeric membranes, but it may be most
effective on nylon. Binding capacity will vary Wwitmembrane geometry as well as the

effectiveness of poly(MES) growth.
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Figure 2.17 (a. ATR-FTIR spectra of PES membrane before (a) dier &) growth of
poly(MES) brusles
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(b) ~
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Figure 2.17 (b). ATR-FTIR spectra of PVDF membrane before (a) after §b) growth of
poly(MES) brushes.
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Figure 2.17 (c. ATR-FTIR spectra of a non-hydroxylated nylon meart® before (a) and
after b) growth ofpoly(MES) brusies

2.4. Conclusions

Polymerization of MES from immobilized macroinias in porous membranes is a
rapid method (10 min of initiator attachment anchi& of polymerization) for synthesizing high-

capacity, protein-binding membranes that are highdymeable. Poly(MES)-modified nylon

membranes bind 122 + 9 mg/gmf lysozyme, and after further derivatization wyMES)-

NTA-Ni?* the membranes bind 88 + 4 mgl’scnsf HisU. Lysozyme capture in these membranes

can occur during a ~35 ms residence time, and tl®&) Binding capacity is twice as high as

commercial resin packed columns. Additionally pME(S)-NTA-Ni2+-modified membranes

purify His-tagged MIPS directly from cell extradtsless than 15 min using a simple peristaltic
pump. Remarkably, the recovery of HisU from a eallract is ~ 90 %. Scale up of the protein

separation can occur both by stacking several mamelsr and increasing the membrane
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diameter. The polymerization method is completaiyieous and thus compatible with nylon

(hydroxylated and non-hydroxylated), PES, PVDF aresumably other polymeric membranes.
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Chapter 3. Protein Binding to Polymer

Brushes with a Reduced Areal Chain Density

3.1. Introduction
Porous membranes are attractive for proteinfipation because convective mass
transport rapidly brings proteins to adsorptioresitnd overcomes diffusion limitations on

binding rates. Convective flow may also decraame specific adsorption and increase protein
.15 o

purity. However, when compared to packed-bed columns mereb show low binding

capacities. Thus, much current research focusesaglifying membranes with polymer brushes

. C 6-9
to increase the number of protein-binding sites.

Monomer

&
bl e
_ e FROTEIN
= ATRF BINDING
Initiator coated
surface

Polymer brush
coated surface

Monomer

&
BINDIMG
LC\

Low density polymer
brush coated surface

Figure 3.1 Enhanced protein binding to reduced density potyieishes (b)
compared to regular polymer brushes (a).
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Control over the density and functionality of polmbrushes should facilitate their

T 10-13 .
application in a number of areas.  For example dense polymer brushes can potentialye

: . . 14 15 . .. 1516 o
as anticorrosion coatings, etch masks™ and lithographic films. In contrast, applications

such as biomolecule immobilization for sensing a&®gharation require less dense polymer
brushes. As Figure 3.1 suggests, lower densifipslgmer chains may greatly enhance protein

binding to polymer brushes. Several studies replontays to control the areal chain density of
17-20
polymer brushes.

This chapter examines two strategies to reducarids chain density in polymer brushes
and potentially increase their protein-binding @afya The first method relies on diluting

initiators in a self-assembled monolayer to de@ethe number of sites available for chain
20,21 L

growth. Bao and coworkers successfully decreased thetgieafdhiol initiators on Au and

silane initiators on Si@using a mixture of initiator and an inert anaiLogand | employ a similar

approach. Scheme 3.1 shows the active initidtoand the inactive spacer or diluent molecule,
2. | grew reduced density polymer-brushes from mayeis containing various ratios band2

to investigate the effect of chain density on proteinding. A larger chain spacing might

. . o ., 18
increase brush swelling to enhance the proteinifgndapacity, and Bao et al reported that

widely spaced brushes exhibit a 20-fold increasenialling compared to dense polymer filrln7$.
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Scheme 3.. Synthesis of reduced density polymer-brushes fnoomolayers containing
initiator (1) and diluent 2) molecules. Polymerization of MES (reactid) and
polymerization of HEMA followed by reaction with stinic anhydride (SA) (reactiof)
yield poly(acid) brushes with nominally the samenfala but different chain spacing.
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Our second strategy to reduce initiator densitiesebn derivatizing monomers prior to
polymerization rather than after brush formatidn. this approach we compared two synthetic
pathways to poly[(2-methacryloyoxyethy)succina@dl¢(MES)) films. The first path includes

polymerization of (2-hydroxyethyl methacrylate) (MB) from a surface and subsequent

reaction of this polymer brush with 52& whereas the more direct route is simple

polymerization of ME§.3 Although the two methods yield the same polyn@miula, the

spacing of the chains should be very different. ri¢ization of poly(HEMA) with succinic
anhydride (poly(HEMA-SA)) will increase the sizemdlymer side chains and make the brushes
more crowded, whereas direct polymerization of (MdES) should yield more widely separated
polymer chains because long side chains are preheirig brush formation (Scheme 3.1-
compare reaction& andB). In fact, poly(MES) films and poly(HEMA-SA) haweery different
binding capacities. In the case of ~50 nm-thiak§) the poly(MES) brushes bind about 180 nm
of lysozyme, while poly(HEMA-SA) captures only 8throf lysozyme.

3.2. Experimental

3.2.1. Materials

11-mercaptoundecanol (97%, MUD), 2-bromoisobutyosydbmide (98%, BIBB), 2,2'-
dipyridyl, CuCl (99%), KCO3, NaHPO4 SA, NaHCQ N-(3-dimethylaminopropylIN’-
ethylcarbodiimide hydrochloride (EDCN-hydroxysuccinimide (NHS), dimethylformamide
(DMF, anhydrous, 99.8%), CuBr (99.999%), CpB©9%), MES inhibited with 750 ppm

monomethyl ether hydroquinone, TWEEN-20 surfactambyvine serum albumin (BSA),

lysozyme, ethylenediamine tetraacetic acid, 1,1180,70-hexamethyltriethylenetetramine

(HMTETA), 4-dimethylaminopyridine (DMAP), 2-methypropionyl chloride andN,N,-
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Bis(carboxymethyl)-L-lysinehydrate (aminobutyl rldtriacetic acid, NTA) were used as

received (unless specified) from Sigma Aldrich. CySHO (CCIl), NakbhPO, (CCI),
NapHP(Oq, (CCl) and NaOH (Spectrum) were also used as redeivTris[2-

(dimethylamino)ethyllamine (M€TREN) was obtained from both Sigma Aldrich and ATR

solutions. HEMA (Aldrich) was purified before usg passage through a column of activated
basic alumina (Spectrum). Buffers were preparedguanalytical grade chemicals and deionized

(Milli-Q, 18.2 MQcm) water. Synthesis of the initiatdr, Scheme 1and the diluentd, Scheme

1) molecules was performed using a published pmteelc?’l? Both compounds were stored

under nitrogen for future use
3.2.2. Preparation of initiator-modified Au substraes

Ethanolic solutions containing 1 mM initiatdr, or diluent,2, were mixed in appropriate
ratios, and Au-coated Si wafers (200 nm of sputtéye on 20 nm of sputtered Cr on Si wafers)
were cleaned with UV-ozone for 15 min and immerdadthese solutions for 24 h.

Subsequently, the wafers were rinsed sequentiallly ®thanol and water, and dried under a

stream of N.. These initiator-modified substrates were thandferred to a filled glove bag

where polymerization was carried out at room te@ajpee.

3.2.3. Polymerization of MES and HEMA on Au substrées

Polymerization mixtures were prepared as descrtlnzea‘nﬁre?’23 Briefly, 10 mL of a

mixture of neat MES monomer and 1 M aqueous NaQH, {/v) was first degassed with three

freeze-pump-thaw (FPT) cycles. A 1 mL solutionDdF containing CuBr (2 mM), CuBr(1

mM), and MgTREN or HMTETA (6 mM) was similarly degassed, andhiN>-filled glove bag,

69



this solution of catalyst was mixed with the monoiNaOH solution. Polymerization from the

initiator-modified Au wafer occurred by immersirigetwafer in the polymerization mixture in a

N> glove bag for the desired time. Following the podyization, the Au wafer was taken out of

the glove bag, sonicated in DMF for 10 min andethsith ethanol and water.

Polymerization of HEMA from the immobilized initiat was performed as described

previously22 by immersing the wafer in a degassed solution aomg 15 mL of purified

HEMA, 15 mL water, 82.5 mg (0.825 mmol) of CuC4 Bg (0.24 mmol) of CuBt and 320

mg (2.04 mmol) of 2,2’-bipyridyl for defined timeepods in a nitrogen filled glove bag. After
polymerization, the wafer was sonicated in DMF I6r min and rinsed with ethanol (20 mL),
deionized water (20 mL), and acetone (20 mL).

In cases where error bars are reported, 2 Au watere individually tested, and the
average data is reported. Error bars are startdadtions.
3.2.4. Polymer brush derivatization and protein imnobilization

The functionalization of the poly(MES) side chaifts protein binding occurred as

reported previousl;z/.3 Briefly, the carboxylic acid groups of the poly(i8Emodified substrates

were activated using an aqueous solution contaifNiH® (0.1 M) and EDC (0.1 M) for 1 h.
This was followed by sequentially rinsing with 2Q rof deionized water and 20 mL of ethanol.

The substrate was then immersed in an aqueousosohit NTA (0.1 M, pH 10.2) and rinsed

with 20 mL of water. Finally, the NTA-(?J complex was formed by immersing the film-coated
wafer in an aqueous 0.1 M Cug®olution for 2 h followed by rinsing with waterlfmved by

ethanol (20 mL each). The substrate was dried Wjtlprior to protein binding. In the case of
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poly(HEMA) brushes, the derivatization was also fgened as reported befo%é. The
poly(HEMA)-coated wafers were immersed in a DMFusioih containing SA (10 mg/mL) and
DMAP (15 mg/mL) for 3hrs at 55C followed by rinsing with DMF (20 mL), deionizedater
(20 mL) and ethanol (20 mL). These poly(HEMA-SAu&ines were further modified to form
NTA- Cu2+ complexes as was done for poly(MES) brushes.

For lysozyme binding, poly(MES) and poly(HEMA-SAjushes were immersed in a 1
mg/mL solution of lysozyme in phosphate buffer (@M, pH 7.4) for 18 hrs. The films were
then rinsed with 20 mL of washing buffer (phospHaué&er containing 0.1% Tween-20, pH 7.4)

followed by 20 mL of phosphate buffer and 20 mletfanol. The protein-containing substrates

were dried under a stream ob.N To immobilize BSA, pon(MES)-NTA-C2u+-modified Au

substrates were immersed in a solution of 1 mg/rBIA B phosphate buffer for 18 h. The films

were then rinsed with 20 mL washing buffer followegd20 mL of phosphate buffer and 20 mL

ethanol and dried under a steam of N

3.2.5. Quantification of protein binding

To quantify the amount of protein bound to polyrharshes on Au-coated Si wafers, the

method reported by Dai and co-workzef'rSNas employed. Briefly, a calibration curve was

obtained by plotting the ellipsometric thicknessspin-coated BSA or lysozyme films against
. . 22,24 .

the reflectance FTIR absorbance of their amidenidba’™  The amide absorbance of lysozyme

or BSA adsorbed to poly(MES) or pon(MES)-NTA-%:Jrufilms was then compared to the

calibration curve to obtain the thickness added wuerotein adsorption. These results were

confirmed by ellipsometric studies that examineel difference in film thickness due to protein
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binding. Before characterizing the poly(MES) andy(j\zlES)-NTA-Cu2+ films by reflectance

FTIR spectroscopy and ellipsometry, the films wienenersed in phosphate buffer (pH 7.4) for

15 min followed by rinsing with 20 mL of ethanoldadrying under a stream ofoNo account

for any variations in the film absorbance due toghtdnges.
3.3. Results and Discussion
3.3.1. Polymerization of MES and HEMA on Au waferswith controlled initiator density
Scheme 1 shows polymerization of HEMA)(and MES B) from diluted initiator
monolayers, and subsequent reaction of the poly(MEMith SA. Variation of the ratio of
and?2 in the monolayer-forming solution affords contomler the immobilized initiator density
and in turn the brush density. As Figure 3.2 shqudy(MES) films grown from monolayers
containing 50 % and 100 % initiator show similaickmesses, as would be expected because
steric constraints do not allow polymerization froavery initiator in a self-assembled
monolayer. In fact, consistent with previous stésdihe thickness as a function of initiator
density drops most steeply when the initiator dgrisismall (<10 %) and a large fraction of the
initiators give rise to growing chains. Figure &Bo reveals that the relative thickness per
initiator (normalized thickness) increases ~5-fatldgwing from 25 % to 1 % or 0.1 % initiator.

Presumably this reflects a much higher initiatidiicency at low initiator densities and not a

. . . .17.25 -
large increase in chain molecular welg%‘t. Bao and coworkers reported similar trends for

poly(HEMA) and poly(methacryllic acid). Based drese results, | selected 1% and 5% initiator
densities for comparison of protein binding withm grown from monolayers with 100%

initiator density.
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Figure 3.2 Thickness &) and normalized film thicknessh() (measured thickness divided by
the percentage of initiator in the monolayer) ofy(dES) brushes grown from complete and

diluted initiator monolayer on Au -coated waferat&yst system CuBr (2 mM), Cuf(1
mM), and HMTETA (6 mM). The polymerization time sa h.

Ideally, we would like to compare protein bindirag films of the same thickness grown
from monolayers with different fractions of inittaf so we examined film thickness as a
function of polymerization time from different mdagers. Figure 3.3 shows results for
polymerization of MES from Au wafers modified withonolayers containing 1 %, 5 % and 100
% initiator. When HMTETA served as the ligand ire tATRP ligand system (Figure 3.3 (a)),
films grew quickly from monolayers with 1% and 5%itiator, but growth essentially stopped

after 1 h, suggesting that significant terminatamcurs in this case. Interestingly, with 100%
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initiator the film thickness increased almost lingavith polymerization time over 8 h. The high

initial density of initiators in these films may k&their growth less susceptible to termination.
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Figure 3.3 Evolution of ellipsometric film thickness with terfor polymerization of
MES using Mg(TREN) (b) and HMTETA (a) as the catalyst ligan#dms were
grown from monolayers containing 100%),(5% @), 1% (A) initiator.
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With a catalyst ligand, M&TREN),23 that typically yields more controlled ATRP, the

monolayers with 1% and 5% initiator give slowetialigrowth but a more constant growth with

time (Figure 3.3 (b)). This is consistent with thee of MEg(TREN) leading to a high fraction of

dormant chains (low radical concentration) durirdymerization. However, even after 48 h of

polymerization, the maximum thickness of films grofkom 1 % initiator was only 15 nm.
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Figure 3.4 Evolution of ellipsometric film thickness with tenfor polymerization of HEMA.
Polymerization occurred from monolayers contairfiog% @), 5% @), and 1% @) initiator.

Catalyst system CuCl (0.825 mmol), CyB0.24 mmol) and 2,2’-bipyridyl (2.04 mmol).

We also wish to compare poly(MES) films with pol{¥MA) coatings reacted with SA,
and this requires study of the kinetics of HEMA ypoérization from monolayers containing
different fractions of initiator. Compared to MESEMA shows a relatively controlled

polymerization when using bipyridine as the cataljgand (Figure 3.4) and monolayers
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containing 100% and 5% initiator. However, withl &b initiator density, the poly(HEMA)
thickness was 1-2 nm irrespective of the duratibpabymerization. Again, the small number of
initiators in the 1% monolayer may make these filespecially susceptible to termination,
particularly by small amounts of impurities.
3.3.2. Protein binding as a function of chain areadensity

This study aimed to reduce the chain areal demsippolymer brushes and increase the
rate and capacity (normalized to thickness) ofgirobinding to these brushes. Our hypothesis is
that when the chain density decreases, film swgehiill increase and expose more sites for
protein immobilization. To investigate the effect chain density on protein binding, we
determined the amount of protein bound to polymrasibes of similar thickness but grown from
monolayers with different initiator fractions. Witpoly(MES), the maximum polymer brush
thicknesses for films grown from monolayers withol 5 %, and 100 % initiator were 15 nm,
50 nm and 250 nm, respectively. Thus, to compageptiotein binding by the reduced density
films with that of the high density polymer filmae chose 15 nm-thick films grown from each
type of initiator monolayer. Poly(HEMA) was not &@ble for this study because the maximum
thickness of films grown from 1% initiator was orily2 nm.

Poly(MES) films capture lysozyme via ion-exchangéhereas BSA binds to poly(MES)-

NTA-Cu2+ brushes through metal ion affinity interaction.cAadingly, we modified 15 nm thick
poly(MES) films with NTA-Cu2+ complexes to form BSA-binding brushes. Wafers edatith

poly(MES) and poly(MES)-NTA-C%J+ brushes were immersed in 1 mg/mL solutions of

lysozyme and BSA, respectively, in 20 mM phosplatiéer (pH 7.4) for 18 h. After removal of

the film from the solution, rinsing, and drying,fleetance FTIR spectroscopy was used to

76



determine the amount of protein bound to the fifoibbwing the method reported by Dai and
co-workersz.4 As Figure 3.5 shows, regardless of the initiataction (1 %, 5 % or 100 %) 15
nm thick (before derivatization) films bind similamounts of protein, about 80 nm (40
6 27 . L .
monolayers% of lysozyme and 40 nm (10monolayerspf BSA. The insensitivity of protein

binding to the initiator fraction may result frornet low thickness of the polymer brush (15 nm
before derivatization). These very thin films nallyswell extensively to allow protein access.
Perhaps short chain lengths in the films lead 1g small difference in swelling. However, Bao
and coworkers reported that poly(HEMA) brushes grdvom 0.1% initiator with a dry brush

thickness of 4.2 nm swell to 75 nm in water.

100 - @)

Amount of protein (nm)

/A

Lysozyme BSA

Figure 3.5 Lysozyme (a), and BSA (b) binding capacities of df-thick poly(MES)
(lysozyme) or poly(MES-NTA-C%r) (BSA) brushes grown from monolayers containing 1%

(1), 5% (2) and 100 % (3) initiator. Binding oceed from a 1 mg/mL solution for 18 h. The
protein binding is the thickness of a spin-coaikd Wwith the same amount of protein as that
sorbed in the film.
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Because the maximum thickness of poly(MES) growmfia 1% initiator monolayer was
15 nm, we could only study protein binding to tlackrushes with films polymerized from 5 %
and 100 % initiator. In this case, we determined Hinding of lysozyme to 50 nm thick

poly(MES) and poly(HEMA)-SA brushes. (The poly(HEMBW) thickness of 50 nm is that after

reaction with SA, and for BSA binding both typesbofishes were derivatized with NTA-EfLu

complexes.) As Figure 3.6 shows, the binding caipacof all types of polymer brushes do not
change significantly when polymerization occursnir®@% rather than 100% initiator. This
suggests that although chain density may diffegllsvg is independent of initiator density. The
longer chains that result from fewer initiatorslapke to give the same polymer density as in

films with a higher chain density.
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Figure 3.6 Amount of lysozyme (a), and BSA (b) bound to 50 paty(MES) (1,3) and 50
nm poly(HEMA)-SA (2,4) brushes grown from monolesyeontaining 5% (I) and 100% (I1)
initiator densities. For BSA binding poly(MES) apdly(HEMA-SA) films were derivatized
with NTA-Cu2+. Binding occurred from a 1 mg/mL protein solutifmm 18 h. The protein

binding is the thickness of a spin-coated film ville same amount of protein as that sorbed in
the film.
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The most interesting and useful observation from fireliminary study is that in all

cases poly(MES) brushes and their NTAgémierivatives bind 2- to 5-fold more protein than

poly(HEMA-SA) brushes, even though the films hawenmally the same chemical formula.
With polymerization from a 100% initiator monolaye50 nm poly(MES) film binds 180 nm of
lysozyme, whereas 50 nm poly(HEMA)-SA brushes b8@ nm of lysozyme. The direct
polymerization of poly(MES) should yield more wigedeparated polymer chains than reaction
of poly(HEMA) with SA, because with poly(MES) lorgjde chains are present during brush
formation to separate chains (Scheme 3.1). EJgenompared with poly(HEMA-SA) the
higher accessibility of the less crowded poly(MHEg)ds to much larger protein binding.

Crowding should be most apparent with films growaonf 100 % initiator and derivatized
with NTA-Cu2+. Binding of BSA to the NTA-C%J+ films should be an especially good indicator

of steric constraints because the molecular ma&Séf (67 kDa) is nearly 5-times greater than

the molecular mass of lysozyme (14 kDa). Remaskdbk flms grown from 100% initiator,

binding of BSA to pon(MES-NTA-ClZJ+) is 5-fold greater than binding of BSA to poly(HEM

SA-NTA-Cu2+). These results strongly suggest that bindingdly(MES) brushes is greater

than binding to poly(HEMA-SA) because of less crowgdn the film.
3.4. Conclusion

This study aimed to increase the capacity andafeotein binding to polymer brushes
by decreasing the areal density of polymer chaive initially reduced the chain density by
including a diluent molecule in initiator monolager However, 15 nm-thick poly(MES) brushes

grown from 1% or 100% initiator in the monolayeroshsimilar protein binding capacities.
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Thicker (50 nm) films also showed similar proteimding with poly(MES) or poly(HEMA)
films grown from monolayers with 5% and 100% irtia

In a second method to examine the effect of arkaincdensity on protein binding to
polymer brushes, we compared poly(MES) brushes ywaly(HEMA) derivatized with SA.
Both brushes have the same repeat unit, but desawiain of poly(HEMA) with SA will result in
more crowded brushes. Direct polymerization of (diS) provides more widely separated
polymer backbones because longer side-chains asemr during brush formation. Protein-

binding studies show as much as 2.25-fold gregsazlyme adsorption to poly(MES) than to

poly(HEMA-SA). Derivatization of poly(MES) and pgHEMA-SA) with NTA-Cu2+ to

capture BSA leads to even greater difference ineprdbinding by the two types of polymer

brushes. For 50 nm thick poly(MES) and poly(HEM&4- brushes, BSA binding was 80 nm

and 15 nm respectively (~5 fold high for poly(MES)ith films derivatized with NTA-C121+.

Increased brush crowing due to insertion of NTAZ-Jf:lilker has a greater effect on the already

crowded poly(HEMA-SA) than on poly(MES).

80



REFERENCES

81



3.5. References

(1)
(2)
)
(4)

(5)
(6)
(7)
(8)
(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

Kawai, T.; Saito, K.; Lee, Wlournal of Chromatography B003 790, 131-142.
Bhut, B. V.; Husson, S. Mournal of Membrane Scien2€09 337, 215-223.
Thommes, J.; Etzel, MBiotechnology Progres007, 23, 42-45.

Steve Brandt; Randal A. Goffe; Stephen B. KassD'Connor, J. L.; Zale, S. Eature
Biotechnologyl988 6, 779 - 782.

Roper, D. K.; Lightfoot, E. NJournal of Chromatography 2995 702, 26.
Van Reis, R.; Zydney, Alournal of Membrane Scien2@07, 297, 16-50.
Muller, W.Journal of Chromatography 299Q 510 133-140.

Yang, Q.; Ulbricht, MMacromolecule2011 ASAR

Jain, P.; Vyas, M. K.; Geiger, J. H.; Baker, IG. Bruening, M. L.Biomacromolecules
201Q 11, 1019-1026.

Matyjaszewski, K.; Miller, P. J.; Shukla, Nmpmaraporn, B.; Gelman, A.; Luokala, B.
B.; Siclovan, T. M.; Kickelbick, G.; Vallant, T.; ¢ffmann, H.; Pakula, T.
Macromoleculed4999 32, 8716-8724.

Edmondson, S.; Huck, W. T. Burnal of Materials Chemistr004 14, 730-734.

De Vos, W. M.; Kleijn, J. M.; De Keizer, A.;t&rt, M. A. C.Angewandte Chemie
International Edition2009 48, 5369-5371.

Shah, R. R.; Merreceyes, D.; Husemann, M.;sRee Abbott, N. L.; Hawker, C. J.;
Hedrick, J. LMacromolecule200Q 33, 597-605.

Bantz, M. R.; Brantley, E. L.; Weinstein, R.; Moriarty, J.; Jennings, G. Klournal of
Physical Chemistry R004 108 9787-9794.

Zhou, F.; Liu, W. M.; Hao, J. C.; Xu, T.; Chex.; Xue, Q. J.Advanced Functional
Materials2003 13, 938-942.

Von werne, T. A.; Germack, D. S.; HagbergCE.Sheares, V. V.; Hawker, C. J.; Carter,
K. R. Journal of the American Chemical Soci2603 125 3831-3838.

Bao, Z. Y.; Bruening, M. L.; Baker, G. Macromolecule2006 39, 5251-5258.

He, D.; Ulbricht, MJournal of Membrane Scien2€08 315 155-163.

82



(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

Yang, Q.; Kaul, C.; Ulbricht, M.angmuir2009 26, 5746-5752.

Wu, T.; Efimenko, K.; Vicek, P.; Subr, V.; Gar, J.Macromoleculef2003 36, 2448-
2453.

Jones, D. M.; Brown, A. A.; Huck, W. T. Ssangmuir2002 18 1265-1269.

Jain, P.; Sun, L.; Dai, J. H.; Baker, G. Lru&ning, M. L.Biomacromolecule2007, 8,
3102-3107.

Jain, P.; Dai, J. H.; Baker, G. L.; BrueniMy,L. Macromolecule2008 41, 8413-8417.

Dai, J. H.; Bao, Z. Y.; Sun, L.; Hong, S. Baker, G. L.; Bruening, M. LLangmuir
2006 22, 4274-4281.

Kim, J. B.; Bruening, M. L.; Baker, G. WUournal of the American Chemical Society
200Q 122, 7616-7617.

Tsuneda, S.; Shinano, H.; Saito, K.; Furusg@kiSugo, TBiotechnology Progres994
10, 76-81.

Carter, D. C.; He, X. M.; Munson, S. H.; Twjdg. D.; Gernert, K. M.; Broom, M. B.;
Miller, T. Y. Sciencel989 244, 1195-1198.

83



Chapter 4. Attempts to Synthesize Affinity
Membranes that Isolate Maltose Binding

Protein-Fusion Proteins

4.1. Introduction

Rapid increases in recombinant protein synthesisuftdamental studies and therapeutic

applications demand efficient purification methdds a wide variety of proteinls’.2 Affinity-

based isolation, the most popular and convenient twacapture target proteins from complex
biological quids? usually relies on specific interactions betwednnaling tag on the protein and
a complementary ligand immobilized on a supf])'dn.a typical purification, the target protein

selectively binds to ligands in a matrix while tother components pass through the matrix.

Rinsing removes residual impurities, and recovdryhe target protein occurs through elution

using a competitive binder or other conditions tiasociate the protein-ligand compFéx.

Affinity tags are crucial to these separationstesy/tallow selective capture of proteins

from crude cell extracts without pretreatment tmoge cellular materials. Equally important,

these tags give rise to generalized protocols tdypdifferent proteinsl.’5 Common affinity tags

. o ., 6,7 . : .

include polyhistidine (Hig), maltose binding protein (MBI§),gIutathlone-S-transferase
9 o : d’lO 11 -

(GST), calmodulin-binding peptide and streptavidin.  Hisg is the most popular affinity tag

. . e o 2 . 12,13
because it allows rapid purification by binding\b ¥ complexes on a stationary phase.
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Figure 4.1 Expression and purification of MBP-tagged fuspwotein. MalE is the gene that

encodes MBP.
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However, some proteins and peptides cannot betlyiregnthesized in a stable form within a
cell, and in such cases the target is producedagasop a fusion protein. The fusion partner

should be expressed at high levels within the aalli would be especially beneficial if it
facilitated the purification of the fusion protellﬁ.One of the fusion partners most widely used in
Escherichia colis MBP, which facilitates isolation of the fusi@motein in a single adsorption

step.15 Additionally purification with this tag occurs uedphysiological conditions including

mild elution (generally 10 mM maltoség).’16 Moreover MBP improves folding of the target
protein to increase solubility. This becomes esiciimportant when the target is a
heterologous eukaryotic protein expressed in biaﬂxd:terfells.l’17 Figure 4.1 shows expression of
an MBP fusion protein and purification with an affy medium.

Purifications of MBP-tagged protein generally enyptwossed-linked amylose resi}rs.
Commercially available resin from New England Biiddas a composite of amylose and agarose
with a binding capacity of 6-8 mg of fusion protgiar mL of binding mediun%%3 The maltose

transport system ikscherichia colimediates the entry of maltodextrins into the eell MBP

recognizes not only maltose but also maltodextmmgo at least maltoheptaose. Sigma Aldrich

produces maltoheptaose agarose resins that exhibitsding capacity of 6 mg/mL of resllﬁ.

GE Life Sciences claims that their dextrin sepham&dium binds about 7-16 mg/mL of MBP-
. . 20

fusion proteins.

Microporous membranes could potentially providetdasseparations than columns

because flow through membrane pores can prevemusiih limitations in MBP binding. Fast

. . . . 8,21,22 : .
separations are particularly attractive for largaks separations. Cattoli and Sarti showed
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that microporous cellulose membranes modified \aithylose bind an MBP fusion protein (51

kDa total molecular weight) with a capacity of 0rag/mL at a flow rate of 70 cmﬁm

In this work we attempt to immobilize maltose onlypeer-brush modified porous
membranes to create materials that isolate MBRfuygioteins (Figure 4.2). The brushes should
present a high protein-binding capacity due torthaultiple binding sites, and the membrane
based system should provide fast and efficientfipation. Preliminary studies show successful
attachment of maltose to polymer brushes on gatthses, but MBP binding to the brushes was
not seen. Future studies should examine the slityabf maltoheptaose- or dextrin-modified

polymer brushes for MBP binding.

HO
OH

Gold
OH

OH

Figure 4.2 Binding of MBP-tagged protein to polymer brushtaahed to a gold coated
silicon substrate.

4.2. Experimental
4.2.1. Materials

11-mercaptoundecanol (97%, MUD), 2-bromoisobutytylomide (98%), glycidyl
methacrylate (GMA), 2,2-dipyridyl, Copper(l) chide (99%), Copper(ll) bromide (99%),
sodium azide, and sodium ascorbate (NaAsc) werehpaed from Sigma Aldrich and used as

obtained. Copper sulfate (CCI) and maltose (Fis8ugentific) were also used as received. MBP

was purchased from Abcam, and disulfide initiatdS(CH)110COC(CH)2Br)2] was
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synthesized according to literature procec?ureBuffers were made using analytical grade

chemicals and deionized (Milli —Q, 18.2¢m) water.

4.2.2. Formation of azide-modified poly(GMA) brushe on Au23'25

Au-coated wafers (200 nm of sputtered Au on 20afirsputtered Cr on Si wafers) were
cleaned with UV/ozone (Boekel model 135500) formis and immersed in a 1 mM ethanolic
solution of disulfide initiator for 24 h followedylsequential rinsing with ethanol and water and
drying under a stream of nitrogen. The wafer waadferred to a nitrogen-filled glove bag for
polymerization. A polymerization solution of GMA (8L, 36.7 mmol) in methanol (4 mL) and
water (1 mL) was degassed using 3 freeze-pump-ttysles. Copper(l) chloride (36.4 mg,
0.368 mmol), copper(ll) bromide (3.9 mg, 0.017 mmahnd 2,2’-dipyridyl (141 mg, 0.904

mmol) were added to the monomer solution, which degassed again. The mixture was stirred

for 5 min to dissolve all solids and was transférte a I filled glove bag where the initiator-

coated wafer was immersed in the solution for 3ftpaymerization. The wafer was then

washed with methanol followed by water (20 mL otlga and dried under a stream 0f. N

These wafers were subsequently immersed in 0.1dilispazide in water at 40C for 48 h, and

the wafers were rinsed with water and dried inogién.

4.2.3. Synthesis of propargyl maltoszés 27

Propargyl maltose was kindly synthesized followiagliterature procedu%(fes’27 by

Somnath Bhattacharjee. Briefly, acetic anhydridem(p) was mixed with maltose (2 g) and
sodium acetate (0.2g), and the mixture was reflUre@ h at 140 °C. The solution was cooled

to room temperature, poured into ice water to obtai yellow oil layer that was then
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recrystallized in methanol to obtain acetyl maltoBke acetyl maltose (1 g) was dissolved in

dichloromethane (20 mL) and cooled to §G before addition of propargyl alcohol (0.13 mL).

Boron trifluoride/ether (0.55 mL) was added dromvie the above mixture, which was stirred

for 1 h at 0-5°C and then at room temperature for another 4,f.0% was added to neutralize

the excess acid, and the solution was continuosistyed for 30 minutes. The mixture was
filtered to remove unreacted solid, and the fiiratas concentrated to obtain a solid, which was

purified using column chromatography (ethyl acetéixane 1:1). 1-propargyl-acetyl maltose

(0.3 g) was dissolved in methanol (5mL) and coated-5°C. A solution of sodium methoxide

in methanol (1M) was added to the mixture drop veisd stirred at room temperature while the
reaction was monitored with TLC. After completidhe mixture was neutralized with Amberlite
IR-120 ion exchange resin, filtered and concentrédeobtain a white solid. The solid was dried
in vacuum and used without further purification.
4.2.4. Click chemistry to react propargyl maltose wh azide groups on Au

Propargyl maltose (1g) was dissolved in a waterharedl (1:1 V/V) mixture prior to

addition of copper sulfate (0.024g) and sodium dsate (0.074g). An azide-modified polymer

brush on a Au-coated wafer was immersed in theurgxtwhich was stirred at 26 for 48 h.

The wafer was washed with methanol and water aied dn nitrogen.
4.2.5. Protein immobilization
For MBP protein binding studies, the Au coated wafentaining maltose-modified

polymer brushes was immersed in a 0.2-1 mg/mL solwf MBP protein in 20 mM phosphate

buffer (pH 8) for 18 h at 4C. The film was then rinsed with the same bufféiofeed by 20 mL

ethanol and dried in nitrogen.
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4.2.6. Characterization of Au surface modificatiorand protein binding
Polymerization, each step of derivatization of $iee chain of the polymer, and protein
binding to the functionalized polymer brush werearetterized using reflectance Fourier

Transform Infrared (FTIR) Spectroscopy (Nicolet 87€pectrophotometer containing a PIKE

grazing angle (8F) accessory) and with a rotating analyzer Ellipsemémodel M-44, J.A.

Woollam, at an incident angle of 74 assuming a film refractive index of 1.5). A UVioe

cleaned Au coated wafer was used as the backgrantellipsometric measurements were
performed on at least on 3 spots on the film setfac
4.3. Results and discussion

Scheme 4.1 outlines the growth of poly(GMA) brusbaesAu-coated Si wafers and the

derivatization of these brushes to attach maltosdater binding of MBP-fusion proteinzs3.’25

Figure 4.3 shows the reflectance FTIR spectra pbthiafter polymerization of GMA and

subsequent derivatization of the poly(GMA) brusbeghe Au-coated surface. In Figure 4.3 (a),

the peak at 1740 (frlrl stems from the carbonyl groups of poly(GMA) andchfeons brush

growth. The ellipsometric thickness of the poly(GMAilms is 27 nm after 3 h of

polymerization. Immersing the wafer in 0.1M sodiaaide results in the appearance of a peak at

2100 crﬁ1 due to azide groups and a broad peak around 35030cn:mesponding to hydroxyl
groups (Figure 4.3 (b)). These absorbances cordpening of the epoxide ring to create an
azide and alcohol. Subsequent exposure of the fdnpropargyl maltose dissolved in a

water/methanol mixture along with copper sulfatel asodium ascorbate results in nearly

complete disappearance of the azide peak (Fig@réc)).
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Scheme 4.. Polymerization of poly(GMA) brushes from initiaskoon a Au-coated wafer,
derivatization of the brushes with azide groupsid attachment of maltose to the brushes
through “click” chemistry.
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In addition, the strong broad band ranging from 850350 (:rﬁ1 shows the various vibrations

of the C-O-C skeletal structure of the immobilizedltose. The broad band around 350(51cm

representing free OH groups increases in intenkityher confirming maltose immobilization.
The increase in the ellipsometric thickness fromngY for poly(GMA) brushes to 45 nm after
maltose immobilization, also corroborates the nsatonmobilization, but the thickness increase
is less than one might expect from the moleculasses of the polymer repeat units for

poly(GMA) before (140 g/mole) and after (567 g/maemplete derivatization.

‘ 0.02

OH

Absorbance

_J\_IAL

.

L

3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm-1)

Figure 4.5 Reflectance-FTIR spectra of (a) poly(GMA) brusbesAu-coated wafers and
the same brushes after (b) reaction with sodiundeazfc) immobilization of maltose
during exposure to a propargyl maltose solutiond &) immersion in a solution of
cellular extract with MBP-tagged protein.

A control experiment was performed by immersing #sde modified wafer into a

solution void of propargyl maltose but containirgpper sulfate and NaAsc. This wafer did not
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show the appearance of a broad band ranging frant@3.350 crﬁ1 and an increase around

3500 crﬁl, which indicates that the immobilization of maltossults from a click reaction

between propargyl maltose and the azide group @padhymer brush.
To examine whether the poly(GMA) brushes modifiegthwnaltose can bind MBP, we

immersed the fully derivatized brushes in a sohuttmntaining 0.2 mg/mL MBP (43 kDa) in

phosphate buffer (pH 8) for 18 hours af@. Following rinsing with phosphate buffer and

drying in stream of nitrogen, the reflectance FEBlgectrum of the film showed no changes due
to protein binding. Moreover, the ellipsometribrfithickness did not increase after immersion
of the film in an MBP solution. The same experimetth a higher concentration (1 mg/mL) of
MBP yielded the same result.

However, when we immersed the maltose-modified (&\§A) brushes in a cell extract

that contained MBP-tagged-ADP glucose pyrophosphasey (100 kDa) (the cell extract was

kindly provided by Dr. Geiger and his f&p amide I and Il stretches at 1660_cl;rand 1550 cm

1, respectively, appeared suggesting binding ofgomdb the modified polymer brush (Figure 4.3

(d)). Additionally, the ellipsometric film thicknesncreased by 9 nm after incubation in the cell
lysate and rinsing. However, we cannot confirm Wwkethe binding is due to the MBP-tagged
protein or other proteins with affinity for carbatrates (see below).

Lectins are a group of proteins with unique affititwards different carbohydrates, and

Concanavalin A (Con A), the most common lectindsispecifically to mannosyl and glycosyl

residues of sugarzsg. We incubated Au wafers modified with the maltosetaining polymer

brush in a 1 mg/mL solution of Con A in phosphatéfér for 18 h at room temperature.
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Following rinsing and drying the reflectance FTIgestrum of the film showed clear amide |
and Il bands, demonstrating binding of Con A to itiadified polymer brush. The ellipsometric
thickness of the polymer brush increased by 20aompborating Con A binding. These results
also provide evidence for successful immobilizatadnmaltose to the poly(GMA). A control
experiment was performed by immersing a maltoseifieddvafer in a phosphate buffer void of
Con A. This wafer showed no observable changeb®®TIR spectrum.

As mentioned in the introduction, current MBP-tagjgeeotein purifications occur using

resins with a binding capacity of around 6 mg/md lmalume.ls_20 Based on the relatively high

binding capacities of ~80 mg His-tagged protein/wiLmembrane adsorber, we think that
membranes can offer high capacities relative tormeraial resins for binding of lectins or MBP-
tagged protein as well. Nevertheless, we havecleatrly demonstrated that maltose-containing
brushes can bind MBP-tagged proteins. Bindingeofihs should be possible.
4.4. Conclusions

This preliminary study shows successful attachnoémhaltose to polymer brushes via
click chemistry and the subsequent binding of pnsteo the maltose-containing polymer
brushes. Unfortunately immobilized maltose failedbind MBP, but Con A binds to these

brushes in significant amounts.
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Chapter 5. Conclusions and Future Work

5.1. Conclusions and Future work

Chapter 2 described a simple, rapid and completglyeous procedure for growth and
functionalization of polymer brushes in nylon, P&® PVDF membranes. MES polymerization
from macroinitiators immobilized within the poref molymeric membranes is a rapid method
(20 min of initiator attachment and 5 min of polymation) for synthesizing high capacity

protein-binding membranes with a relatively hightevapermeability. Poly(MES)-modified

nylon membranes bind 122 + 9 mch’:m)f lysozyme and after further derivatization to
pon(MES-NTA-Cu2+) or pon(MES-NTA-N|2+), these membranes capture 86 £ 10 malom

3 . 2+ 2+
Con A and 88 = 4 mg/cmof His U. Poly(MES-NTA-NI )- and poly(MES-NTA-Cu )-

modified nylon membranes have a pure water perrigabif 85 + 4 mL/(cm2 min atm).

Remarkably, protein capture can occur during a 35 residence time in the membrane.

Additionally poly(MES)-NTA-N|2+-modified membranes facilitate purification of Hegged

MIPS from cell extracts in less than 15 min. Thecfion of total HisU recovered during elution
was at least 90 %. We also showed that stackingrakemembranes and increasing membrane
diameter are viable means for scaling up proteinfipation. The method for membrane
modification is completely aqueous and applicaloleatwide range of membranes including
hydroxylated and non-hydroxylated nylon, PES an®PV

This work should be expanded to include purificatad His-tagged protein from more
complex cell extracts. The presence of surfacstets of histidine residues and also tryptophan

and cysteine residues in contaminant proteins @ad Ito nonspecific binding to metal
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complexes. = For example, proteins like lipocalinglucosamine-6-phosphate synthasand

peptidoylproline cis-trans isomeraGSmOW affinity for N|2+ binding sites in IMAC columns and
elute along with the His-tagged protein of intereBecause the brush-modified membranes also
employ N|2+ complexes, however, this challenge may be diffitnlovercome. In some cases
hydrophobic interactions between the resin andeprstlead to non-specific binding to IMAC
columns. For example, Hsp 60 has affinity towatdsresins and gets co-purified with the over

7 e . . L . 8
expressed proteinPurification of proteins like small nuclear RNAtiaating protein complex

and GroEL-GroES chaperonin complex in a single-ssegifficult because highly abundant,

“sticky” proteins in the cell extract bind to thesin materiar. Relative to IMAC resins, both

flow through the membrane pores and the hydroptyilaf polymer brushes could decrease the
binding of unwanted proteins. Investigation of i membranes can improve protein purity
in these cases is an important area for futureareke

To fully demonstrate the utility of brush-modifiatembranes for protein purification, we
need to compare the performance (purity, separétios, operating pressure) of membranes and
columns for both large and small scale separatibasye-scale purification will require larger
membranes and perhaps membrane stacking. In tlesioppase of small samples with 100
volumes, reducing the membrane’s effective surfatleallow elution in volumes as small as

10-20 uL. Xu et al. recently demonstrated membrane heldkat treat such small-volume

samplesg. The high binding capacity of the membranes 1y waportant in this case because

. 1,10-12
the membrane volume will be smaﬁl.
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Chapter 3 presented research aimed at increasmgimpbinding capacity and enhancing
binding kinetics by reducing the areal density b&ias in polymer brushes. Larger spacings
between polymer chains may increase brush sweliingnake protein-binding sites more
accessible. In a first method, we achieved redwtesh areal densities in polymer brushes by
diluting the initiators and reducing areal dengifypotential polymerization sites. We choose
initiator fractions as low as 1% and 5% of a seeanbled monolayer and compared the protein
binding to brushes grown from these surfaces witldibg to polymer brushes grown from
monolayers with 100% initiator. Unfortunately, méagers with low initiator densities exhibited
very slow growth rates, and the amount of polynaitn was small even after long
polymerization times. This resulted in a maximuhmfthickness of only 15 nm with 1% initiator
monolayers, and these brushes showed similar prbteding capacities to a 15 nm-thick brush
grown from 100 % initiator monolayers.

In a second method we varied the chain densityregting poly(MES) brushes through
two different routes. In one scheme we polymerie#MA and subsequently derivatized the
side chains with SA, and in a direct route we pdayized MES. Derivatization of poly(HEMA)
with SA will result in more crowded brushes, wheradfirect polymerization of poly(MES)
provides more widely separated polymer chains mxdonger side-chains are present during
brush formation. Direct polymerization of MES ylsl significantly greater protein-binding
capacities. For 50 nm thick poly(MES) and poly(M&SA) brushes on Au-coated substrates,
the lysozyme binding capacities were 180 nm andnBQ respectively (~2 fold high for
poly(MES)) and BSA binding capacities were 80 nrd 46 nm, respectively (~5 fold high for

poly(MES)).
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Figure 5.1. Synthesis of reduced-density polymer-brushesgusionomers with long
side chain and subsequent side chain hydrolysisangles represent carboxylic acid.

Future studies could focus on further reducing Ibrdensity by synthesizing polymer
brushes with long, cleavable side chains. Remaivede side chains after polymerization should
lead to a low areal chain density (Figure 5.1).uFég5.2 shows the structure of one possible
monomer. The tertiary esters should hydrolyze umdiéd, acidic conditions but remain stable

under aqueous polymerization conditions.

O O
Dl\):ojvo\(/\o)fnvojﬁom

Figure 5.2 Proposed structure of a cleavable monomer (pdiyleneglycol)-bis-acrylate).

One concern is that after hydrolysis the brusheghincollapse to restrict access to

interior binding sites. Cross-linking of the fénmay help to avoid this problem. In that case
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the rigidity of the polymer brushes can be incrdasg cross-linking them with an appropriate

reagent. The choice and percentage of cross-liskerucial as cross-linking might result in a
. o 't13
reduction of binding capacity.

Chapter 4 describes an attempt to capture MBP-thggeombinant protein from cell
extracts using polymer brushes derivatized withtosal. We successfully attached maltose to
polymer brushes via click chemistry and observedes@€on A binding to these films (20 nm of
Con A binds to a 25 nm-thick film). However, MBBas$ not bind to these films. Future work
could examine whether immobilization of oligometgls as maltaheptaose or dextrin will lead

to brushes that bind MBP-tagged proteins.

102



REFERENCES

103



5.2. References

(1)

(2)
3)
(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

Arnau, J.; Lauritzen, C.; Petersen, G. E.; IPegte JProtein Expression and Purification
2006 48, 1-13.

Porath, JTrends in Analytical Chemist4988 7, 254-259.
Porath, JProtein Expression and Purificatidt®92 3, 263-281.

David, G.; Blondeau, K.; Schiltz, M.; Penel, Sewit-Bentley, A.Journal of Biological
Chemistry2003 278 43728-43735.

Obmolova, G.; Badet-Denisot, M.-A.; Badet, Beplyakov, A.Journal of Molecular
Biology 1994 242, 703-705.

Hottenrott, S.; Schumann, T.; Pluckthun, Asdhier, G.; Rahfeld, J. Uournal of
Biological Chemistryi997 272, 15697-15701.

Bolanos-Garcia, V. M.; Davies, O. Riochimica Et Biophysica Acta-General Subjects
2006 176Q 1304-1313.

Hanzlowsky, A.; Jelencic, B.; Jawdekar, G.; kay, C. S.; Geiger, J. H.; Henry, R. W.
Protein Expression and Purificatid2006 48, 215-223.

Xu, F.; Wang, W.-H.; Tan, Y.-J.; Bruening, M. Analytical Chemistr201Q 82, 10045—-
10051.

Pavlou, A. K.; Reichert, J. NNature Biotechnolog004 22, 1513-1519.
http://www.gelifesciences.com/aptrix/upp009kH Content/78BDD97E3689F1
FFC1257628001D4242/%file/28913633AB.pdf (DextrirpBa&rose chromatographic
medium - dynamic binding capacity - 7-16 mg/ml nuea)j (accessed on March 21,
2011)

Jain, P.; Vyas, M. K.; Geiger, J. H.; Baker,LG Bruening, M. L Biomacromolecules
201Q 11, 1019-1026.

He, D.; Ulbricht, MJournal of Membrane Scien2€08 315 155-163.

104



APPENDIX

105



Poly(MES) Brushes Grown from

Macroinitiators on Au-coated Si

A.1l. Experimental
A.1.1. Polymerization of MES on Au-coated wafers

Au-coated wafers (200nm of sputtered Au on 20nrspfttered Cr on Si wafers) were
cleaned with UV/ozone (Boekel model 135500) forrif, immersed overnight in 5 mM 3-
mercaptopropionic acid (MPA) in ethanol, and ringetth ethanol to form a monolayer of MPA.

This substrate was then immersed in a solutionadroinitiator (2 mg/mL in water) for 10 min,

rinsed with water (20 mL) and dried in a streaniNef In some cases a bilayer of poly(sodium 4-
styrene sulfonate) (PSS, Mw ~ 70 000, deposited xd02 M solution containing 0.5 M NaCl)
and poly(diallyldimethylammonium chloride) (PDADMAGAw ~ 150 000, deposited from a
0.02 M solution containing 0.5 M NaCl) was depasioe the MPA-modified Au surface prior to
macroinitiator adsorption. (Polymer concentratians given with respect to the repeating unit.)
For macroinitiator multilayer films on gold, maandgiator and PSS layers were deposited

alternatively to form macroinitiator/PSS films. A isdlfide initiator,

[(S(CH,)110COC(CH)2Br)7] (synthesized following a published procecill)rewas attached to

the gold wafer surface by immersing the clean werfer 1 mM ethanolic solution of the initiator

for 24 h followed by sequential rinsing with ethband water and drying under stream @f N

Poly((2-methacryloyoxyethyl) succinate) (poly(MESPrushes were grown from

initiator-modified, Au-coated wafers. The polymatibn mixture was prepared as described
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before.2’3 Briefly 10 mL of a mixture of neat MES monomer ahd! aqueous NaOH (1:1, v/v)

was first degassed with three freeze-pump-thawesyclA 1 mL solution of DMF containing

CuBr (2 mM), CuBp (1 mM), and MgTREN (6 mM) was similarly degassed, and inafiNed

glove bag, this solution of catalyst was mixed wiita monomer/NaOH solution. Polymerization

on the initiator-modified Au surface occurred bynmiersing the wafer in the polymerization

mixture in a N glove bag for the desired time. Following the modyization, the Au wafer was

taken out of the glove bag, sonicated in DMF fomiié and rinsed with ethanol and water. The
sonication step was performed only for the diseHidhsed substrate to avoid possible removal of
the adsorbed macroinitiator from the surface.

A.1.2. Derivatization of poly(MES) and protein bindng

Functionalization of the poly(MES) side chain faotein binding occurred as reported
previously.z’3 Briefly, the carboxylic acid groups of the poly(lEmodified Au wafers were

activated by immersing the substrate in an aqusoligion containing NHS (0.1 M) and EDC
(0.1 M) for 1 h. This was followed by sequentialligsing with 20 mL of deionized water and

20 mL of ethanol. These wafers were then immens@h aqueous solution of aminobutyl NTA

(0.1 M, pH 10.2) for 1 h, and subsequently rinséith @0 mL of water. Finally, the NTA-(?J

complex was formed by immersing the substrate im@ueous 0.1 M Cu&solution for 2 h
followed by rinsing with water followed by ethan@0 mL each). The substrate was dried with
N> prior to protein binding.

For lysozyme binding studies Au wafers with poly(8)brushes were immersed in a 1

mg/mL solution of lysozyme in 20 mM phosphate buffgH 7.4) for 18 h. The films were then
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rinsed with 20 mL washing buffer (20 mM phosphatdfdr with 0.1% Tween 20, pH 7.4)

followed by 20 mL phosphate buffer and 20 mL ethaRibms were dried under a stream oi.N

To immobilize bovine serum albumin (BSA), poly(MElSTA-Cu2+-modified Au

substrates were immersed in a solution of 1 mg/rBIA B phosphate buffer for 18 h. The films
were then rinsed with washing buffer (20 mM phoseHauffer with 150 mM NaCl and 0.1%

Tween-20, pH 7.4) followed by 20 mL of phosphatdfér and 20 mL ethanol and were dried

under a steam of N

A.1.3. Characterization of polymer brush growth, deivatization and protein binding
Polymer film growth and subsequent modifications Aun substrates were confirmed

with reflectance Fourier transform infrared spestapy (FTIR) (Nicolet 6700 IR

spectrophotometer containing a PIKE grazing ar@le’} accessory) and ellipsometry (rotating

analyzer ellipsometer , model M-44, J.A. Woollarhpa incident angle of 78, assuming a film

refractive index of 1.5). Ellipsometric measurensewere performed on at least three spots on a

film.

A.1.4. Quantification of protein binding

To quantify the amount of protein bound to polyroarshes on Au coated Si wafers, the

. 4 . L
method reported by Dai and co-workers was employ@&tiefly, a calibration curve was

obtained by plotting the ellipsometric thicknessspin-coated BSA or lysozyme films against

the reflectance FTIR absorbance of their amident:ltgla5 The amide absorbance of lysozyme or

BSA adsorbed to poly(MES) or pon(MES)-NTA-%+u films was then compared to the
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calibration curve to obtain the thickness added wuerotein adsorption. These results were
confirmed by the increase in ellipsometric thiclsiafter protein binding. To avoid pH-induced

changes in film spectra, before characterization rbflectance FTIR spectroscopy and

ellipsometry, pon(MES)-NTA-C%+ films were immersed in phosphate buffer (pH Tof)15

min followed by rinsing with 20 mL of ethanol andyohg under a stream of I\

A.2. Results and Discussion

A.2.1. Polymer brush growth and characterization
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Figure A.1. Evolution of ellipsometric thickness with time feurface-initiated
polymerization of MES on Au-coated Si. Polymeri@aatoccurred using a disulfide
initiator (green triangles) or a macroinitiator adsed on either a MPA-modified

surface (blue squares) or a MPA-(PDADMAC/P&3)m (red diamonds). The

ATRP system contained CuBr (2 mM), CyBil mM), and M@TREN (6 mM),
along with 2.35 M MES.
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To investigate polymerization kinetics, we firsegrpoly(MES) brushes from Au-coated
wafers modified with either a monolayer of disuffidnitiator or a film containing the

macroinitiator. The disulfide initiator adsorbedetitly to the Au whereas the macroinitiator

adsorption occurred either on MPA-modified Au oraanMPA-(PDADMAC/PSS) film.

Figure A.1 shows ellipsometric thickness as a fimncbf time for growth of poly(MES)
with different initiation systems. After a few nuites, the brushes grow much more rapidly from
the disulfide initiator system than from the manrtator films, and poly(MES) is as much as 3-
fold thicker when grown from the disulfide initiatoThis difference may stem from lower

initiator densities in the macroinitiator film than the disulfide monolayer, but our previous

study showed similar thicknesses for poly(HEMA) wnofrom the different initiatorg. MES

polymerizes more rapidly than HEI\%Aand may be subject to higher rates of terminatdnch
could lead to a greater dependence of film thickmesinitiator density. Macroinitiator films on
MPA-modified and MPA-(PDADMAC/PSS)modified Au surfaces show similar

polymerization rates, suggesting that the initiat®nsity is similar for these two systems.
A.2.2. Protein binding to poly(MES) and its derivaives on Au surfaces
Figure A.2 shows FTIR spectra of poly(MES) brusbesAu-coated Si before and after

derivatization. A clean, Au-coated wafer servedhes background. For the native poly(MES),

the peak at 1740 6r1r1 (Figure A.2 (a)) corresponds to the ester carbolmgmersing the surface

in a 0.1 M EDC, 0.1 M NHS aqueous solution convehs carboxylic acid group to a

succinimide ester that exhibits absorption maxita84d7 and 1786 cmand an increase in the

absorption around 1750 é%n(Figure A.2 (b)). After reacting the activated YMES) with

110



aminobutyl NTA, the succinimidal ester peaks disgypand the carbonyl ester peak decreases

(Figure A.2(c)). The new peak at 1680_%r‘ri|kely results from a combination of absorbance du

to carboxylate groups of NTA and amide bonds forrbetlveen poly(MES) and NTA. The

broad peak around 1600 E:lmzould stem from carboxylate groups of either NTrAhgdrolyzed
active esters. After exposing the brush tonf;mhere IS no observable change in the IR spectrum

but elemental analysis (described in chapter 2)ahstnates the presences ot2 Eu
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Figure A.2. Reflectance FTIR spectra of a poly(MES) brush grofsom a
macroinitiator adsorbed on MPA-modified Au. Thespa show the film before (a)
and after the following modifications: activationttvNHS/EDC (b); reaction with

aminobutyl NTA (c) and complexation of 2 by NTA (d).

Protein binding studies demonstrate the utilityttiése polymer brushes. | examined

adsorption of two different proteins, lysozyme, @fhbinds through ion exchange to poly(MES)
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brushes and BSA, which binds through metal affinityeractions to poly(MES) brushes

derivatized with NTA-CL21+. For protein binding we immersed the polymer filors Au-coated

Siin a 1 mg/mL solution of protein in 20 mM phospdbuffer at pH 7.4 for 18 h. After removal
of the wafer from the solution and rinsing with teu$, reflectance FTIR spectroscopy allowed

determination of the amount of bound protein usangrocedure previously developed by Dai

4
and co-workers
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Figure A.3. Comparison of protein binding on polymer brusheswp from
disulfide initiator and a macroinitiator as a fuoat of poly(MES) film thickness.
The symbols correspond to lysozyme binding to pdEE) films grown from
disulfide initiators (black squares) or macroirtiis (red diamonds) and BSA

binding to NTA-CuZ+-derivatized poly(MES) grown from disulfide inita@ts (blue
circles) or macroinitiators (green triangles).
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The trends in lysozyme binding to polymer films\grofrom macroinitiator and disulfide
initiators are essentially the same. The bindingacdies initially increase with brush thickness,
suggesting the adsorption occurs both on the siidad the interior of the brushes. For thicker

films, however, steric hindrance likely decreaseseas to binding sites deep within the film.

Binding of the larger BSA to more crowed pon(MEIS‘:;'J'A-Cu2+ films does not increase

greatly with film thickness, indicating that acdédgy is limited to near the top of the film.
A.2.3. Effect of multilayers of initiator on polymerization and protein binding

To determine whether adsorption of multilayersnitiator increases polymer growth and

subsequent protein binding, we deposited macratoiti(PSS/macroinitiatgs)ilms on an MPA-

modified Au surface.
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Figure A.4. Reflectance FTIR spectra of macroinitiator/(RS&Iroinitiator)y,
films deposited on MPA-coated gold substrates (4.
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Reflectance FTIR spectra of these films show aorasly linear increase in the absorbance at

1730 crﬁl, which corresponds to the ester carbonyl in thermaitiator, as a function of
number of deposited layers of the initiator. Theabances due to GHand ChH groups in the

macroinitiator (~1490 cfrlw) and the vibrations at 1200, 1010 and 104610tmue to PSS also

show regular film growth and confirm controlled dsjtion. The ellipsometric thickness of the

films increases by an average of 4.2 nm with ealitianal bilayer.
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Figure A.5. Reflectance FTIR spectra of poly(MES) films gronom macro
initiator/(PSS/macro initiatof) films deposited on Au-MPA substrate (n = 0-4).

To investigate the ability of multilayers of magriator to initiate polymerization, we

grew poly(MES) brushes from the initiator-coatdché using ATRP for 2 h. The appearance of

the ester carbonyl peak at 1730_%r'm the reflectance FTIR spectra of the films cong the
growth of the polymer from the initiator-modifieduréace (Figure A.5). Moreover, the

absorbance at 1730 élmand the ellipsometric thickness increase mono#diyigvith the number
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of PSS/macroinitiator bilayers. These data sugthestinitiation sites throughout the multilayer
film initiate poly(MES) growth or that the multilay film gives a higher surface coverage.
Although the poly(MES) thickness increases with thember of macroinitiator/PSS
bilayers, the protein binding does not. In fagsozyme binding shows a slight drop when the
number of bilayers are above 2. This is consistatit the previous observation that protein
binding increases initially with poly(MES) thickreeand then plateaus due to steric hindrance to
binding. These studies suggest that a single layemacroinitiator should be sufficient to

provide high binding capacities.
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Figure A.6. Ellipsometric thicknesses of macroinitiator/(PS&¢no initiator) films
(red diamonds) and of poly(MES) brushes grown asehfilms (green squares)
(this  thickness was obtained after subtracting thihickness of
initiator/polyelectrolyte layer). The figure alshows the amounts of lysozyme
(blue triangles) and BSA (black circles) bindimgthe poly(MES) grown from the
macro initiator/(PSS/macro initiator)n films. Ihet case of BSA, the film was

derivatized with NT,é-Cu2+ prior to protein binding.
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