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ABSTRACT

POLYMER BRUSH MEMBRANES FOR PERVAPORATION AND HIGH

CAPACITY PROTEIN BINDING

By

Lei Sun

Atom transfer radical polymerization (ATRP) Of 2-hydroxyethyl methacrylate

from the surface of porous alumina supports yields polymer-brush membranes that can be

readily modified to control their properties. Derivatization of poly(2-hydroxyethyl

methacrylate) (PHEMA) coatings with octyl, hexadecyl, or pentadecafluorooctyl side

chains provides films that are sufficiently hydrophobic to allow highly selective

pervaporation of volatile organic compounds from water. Moreover, the polymerization

and derivatization reactions readily yield defect—free films with thicknesses of 200 nm or

less, and this minimal thickness results in fluxes of ~1.4 kg/mzh (0.05 wt% VOCs at 22

°C) through fluorinated films. These fluxes are generally an order of magnitude greater

than those through high-performance poly(dimethyl siloxane) pervaporation membranes.

The use of different monomers may further enhance the flux and selectivity of

pervaporation membranes prepared by ATRP.

In related work, ATRP of PHEMA brushes inside the pores of alumina supports

followed by functionalization of PHEMA with nitrilotriacetate-Cu2+ complexes yields

membranes that adsorb proteins via coordination of Cu2+ to histidine residues.

Adsorption isotherms show that these membranes have binding capacities as high as 0.9

mg of bovine serum albumin (BSA) per cm2 of external membrane surface area (150



mg/cm3 Of membrane), and breakthrough curves indicate that saturation of the

membranes with BSA or myoglobin occurs in less than 15 min. Nine cycles of protein

loading, elution, and membrane regeneration result in no detectable loss of binding

capacity. The unusually high capacity Of these membranes for rapid protein binding

makes them attractive for applications such as purification of his tagged proteins.

Expansion on the protein adsorption work demonstrates that polymer brushes

derivatized with Ni2+ complexes are very attractive for purification of his tagged proteins.

Protein binding experiments with films on gold substrates show that PHEMA-NTA-Ni2+

brushes are capable Of selectively binding large amounts (3.1 ug/cmz) of his tagged

ubiquitin (HisU). Porous alumina membranes modified with derivatized brushes also

show remarkable capacities (0.72 mg/cmz) for the binding of HisU. Most importantly,

gel electrophoresis studies show that these high-capacity membranes are highly selective

for purification Of his tagged proteins. Even in a 20-fold excess of BSA, membranes

gave 99% HisU.
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Chapter 1 Introduction and Background

This dissertation describes the growth of polymer brushes on and in porous

supports to form high—flux pervaporation membranes as well as membrane absorbers

capable of purifying proteins modified with histidinex tags. The research builds on

previous studies of the synthesis and application of polymer brushes, so to put this work

in perspective, this introduction first describes polymer brushes and several of their

extensively investigated applications. Subsequently, I discuss a number of recent

techniques for synthesizing polymer brushes in a controlled fashion. Sections 1.3 and 1.4

of the introduction then present brief background on the importance of pervaporation

membranes and membrane absorbers, respectively, and Show why polymer brushes might

be attractive for these applications. Finally, I present an outline of the dissertation.

1.1. Polymer Brushes

1.1.1. Definition and Assets of Brushes

Polymer brushes are assemblies Of macromolecules bound to a substrate with a

chain density high enough to force the polymers to extend from the surface.1 The brushes

 
Figure 1.1. Polymer brushes on a flat or spherical surface.



can be held on the surface by either physisorption or covalent bonding, usually near one

end of the polymer chain.2 Because of their surface confinement, in appropriate solvents

polymer brushes are extended away from the rigid substrate boundary and can be highly

swollen, which makes them attractive platforms for capture and purification of proteins,

as demonstrated herein}5 The high swelling of polymer brushes should also allow

molecules to rapidly diffuse through them, which is important for both rapidly capturing

biomolecules and allowing fast transport Of small molecules in pervaporation separations.

An additional asset of polymer brushes is that they contain a high density of functional

groups that can be readily derivatized to tailor brush properties for specific applications.

1.1.2. Applications of Brushes

Polymer brushes first found application in the early 19505, when Clayfield and

coworkers grafted poly(ethylene oxide) onto colloidal particles to effectively prevent

flocculation.6 More recently, brushes have been employed as materials for lithographic

masks, adhesion promoters, lubrication, nonfouling coatings, and responsive surfaces, as

described below.2

1.1.2-a. Polymer Brushes as Lithographic Resists

Lithography is a process used in semiconductor device fabrication to transfer a

pattern from a photo mask to the surface of a wafer. Patterned polymer brushes have

drawn significant attention fOr lithography because of the diversity of chemical structures

suitable for brush formation and the physical/mechanical robustness of the grafted films.

Micropatteming of functional polymer brushes on substrates is of crucial importance to

the development of biochips, microarrays, and microdevices for cell-growth, regulation

of protein adsorption, and drug delivery.7 Ober and coworkers prepared Oligo(ethylene



glycol) (OEGn)-containing styrene polymer brushes and compared the biocompatibility

of these brushes with that Of assemblies of surface-bound OEGn-terminated silanes with

selected chain lengths.8 The monomer (4-(Oligoethyleneoxy)oxymethylstyrene) was

prepared by reaction of 4-chloromethylstyrene and monomethoxy OEG derivatives of

varying lengths in the presence of sodium hydride. Surface initiated nitroxide-mediated

polymerization was used to polymerize this monomer to form polymer brushes. Polymer

brushes possessed a superior ability to inhibit protein adsorption and cell adhesion when

compared to surface assemblies with the same OEGn length. They attributed this result to

the greater thickness and surface coverage of polymer brushes with respect to monolayers

of OEGn—terminated silanes.

Various techniques have been reported for fabricating patterned polymer brushes,

including microcontact printing, UV/electron—beam lithography, scanning-probe

lithography, and imprint lithography.9 Microcontact patterning (also called soft

lithography) was principally introduced by Whitesides and coworkers and is a

remarkably Simple technique that allows generation of patterned surfaces in any

laboratory.IO In this procedure (Figure 1.2),



 
Figure 1.2. The Microcontact printing process. (a) a patterned PDMS

stamp is placed in ethanol containing octadecanethiol (ODT); (b) ODT from

the solution lightly adsorbs to the PDMS stamp; (c) The PDMS stamp with

the CDT is placed on the gold substrate; ((1) The stamp is removed and the

CDT remains adsorbed to the gold. (Redrawn from Angew. Chem. Int. Ed.

1998, 37, 550—575.)



an elastomeric polydimethylsiloxane (PDMS) Stamp is used to transfer a monolayer of

molecules of an ink to a surface at contacted regions. After printing, a different self

assembled monolayer (SAM) can be formed on the unmodified regions of the surface by

exposing the patterned substrate to a dilute solution containing a second adsorbing

molecule. If one of the two adsorbed molecules iS an initiator of polymerization, polymer

brushes can be grown from these initiators to amplify the surface pattern.”I3 Hawker

and coworkers prepared patterned brushes using atom transfer radical polymerization

(ATRP) and speculated that the brushes would provide a significantly more robust resist

than a simple monolayer.ll Huck and coworkers successfully grew thick poly(N-

isopropylacrylarnide) (PNIPAM) brushes using surface initiated polymerization (SIP)

from patterned monolayers to prepare smart micro-pattemed domains.l4 PNIPAM is a

very interesting material that is widely investigated due to its inverse solubility-

temperature relationship in water, i.e., PNIPAM dissolves in water at low temperature,

but becomes insoluble when the solution temperature reaches the liquid critical solution

temperature (LCST), 32 °C. Atomic force microscopy (AFM) experiments Showed that

patterned PNIPAM chains grown from a surface display a reversible phase transition

accompanied by measurable changes in adhesion between the surface and the AFM tip. A

hydrophilic to hydrophobic change occurs when raising the temperature from 25 °C to 35

°C.

Zauscher and coworkers reported a “top-down/bottom-up” technique to fabricate

patterned polymer brush arrays on the micrometer and nanometer length scales.‘5 Their

approach combined the traditional electron beam lithography technique (top down) with

SIP (bottom up). The primary advantage of electron beam lithography is that it provides a



way to overcome the diffraction limit of light to prepare features in the sub-um regime.

Electron beam widths were projected to be on the order of nanometers as of the year 2005.

The electron beam can also be replaced with UV irradiation.'6 The combination of SIP

and electron beam lithography gives control over polymer functionality, shape, feature

dimension and inter-feature spacing on the nanometer length scale. This technique

yielded patterned polymer brushes with a height of about 300 nm and width of 1.8 pm.

Scanning probe lithography is an emerging area of research in which the scanning

tunneling microscope or AFM is used to pattern nanometer-scale features. Zauscher

presented a strategy to fabricate stimulus—responsive, surface-confined PNIPAM brush

nanopattems prepared in an approach that combines “nanoshaving”, a scanning probe

lithography method, with SIP.l7

Another mechanism for formation of polymer-brush nanopattems is a new

nonconventional lithographic method called nanoimprint lithography.l8 This method is

regarded as one of the “10 emerging technologies that will change the world” by MIT

Technology Review.'9 The key advantage of this lithographic technique is the ability to

pattern sub—25 nrn structures over a large area with a high-throughput and low—cost.20 In

the first step of nanoimprint lithography, a mold with nanostructures on its surface is

pressed into a thin resist cast on a substrate, followed by removal of the mold. This step

duplicates the nanostructures on the mold in the resist film. The second step is the pattern

transfer where an anisotropic etching process, such as reactive ion etching is used to

remove the residual resist in the compressed area. Carter and his coworkers patterned

polystyrene (PS), poly(methyl methacrylate) (PMMA), and poly(2-hydroxyethyl)

methacrylate (PHEMA) into submicrometer sized features on a silicon wafer using a



combination of nanoimprint lithography and living free radical polymerization.”

(lnitiators were attached to exposed areas of the pattern and polymerization from these

initiators followed.) They also grew polydihexylfluorene brushes from a nanoimprint-

pattemed surface using metal-catalyzed step-growth condensation polymerization.19

Polymer brushes of well-defined nanoscopic structure, molecular weight, and

controllable molecular architecture were obtained and have potential application in a

variety of different areas such as molecular-scale electronics, magnetic storage,

optoelectronics, and biotechnology.21

In one final approach to the use Of polymer brushes to amplify surface patterns,

Luzinov and coworkers developed the use of capillary force lithography and SIP to

generate patterned binary brushes containing poly(ethylene glycol) methyl ether

methacrylate and PNIPAM.9 They found that when an ultrathin PS pattern was deposited,

over a layer of polymerization initiator already anchored to a surface (Figure 1.3), the

pattern could withstand subsequent polymerization conditions and stay intact during

brush synthesis, provided that no solvent for PS was involved. Thus, no monomer and

catalyst were delivered to the initiator located under the PS-protected areas. They utilized

this interesting phenomenon and achieved a variety of combinations of binary patterned

polymer brushes.
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Figure 1.3. Schematic diagram Showing the formation of patterned

surfaces by capillary force lithography and SIP. (Redrawn from J. Am. Chem.

Soc. 2006, 128, 8106-8107.)



1.1.2-b. Polymer Brushes as Adhesion Promoters

Adhesion at polymer/polymer and polymer/solid interfaces is of great importance

for numerous applications from microelectronics to the aircraft industry.22 For both

permanent and reversible adhesion, it is essential that the chemical composition and

morphology of the interfaces to be joined are well controlled. Polymer brushes provide a

controlled and tailorable surface, and because they are often covalently bonded to

surfaces, they can promote adhesion to the substrates on which they reside.

Creton and coworkers investigated the adhesive properties of binary

heterogeneous polymer brushes made from a mixture of end-functionalized PS and

poly(2-vinylpyridine) chains.22 The adhesive properties were tested using a soft

hydrophobic pressure-sensitive adhesive (PSA), which contains a symmetric (PS-

polyisoprene-PS) triblock copolymer and a low molecular weight, high-Tg resin that is

completely miscible with the isoprene phase. To test the adhesive properties of the

binary polymer brushes, a Silicon wafer coated with the binary brush film is glued on the

end of a cylindrical stainless Steel probe. The probe then approaches and comes in contact

with the PSA layer deposited on a glass microscope Slide. By observing the events

occurring at the adhesive/brush interface with a CCD camera and recording the

stress/strain curve, the adhesive properties of the binary brushes were investigated. The

adhesive properties of the binary brush structure can be reversibly switched by exposing

the brush to solvents that bring PS or poly(2-vinylpryridine) to the surface. When PS is at

the surface, adhesion to the hydrophobic PSA is strong, while little adhesion occurs when

poly(2-vinylpyridine) is at the surface. This class of adhesives is gaining increasing

interest in industry and medicine for its low toxicity and ease of use. However, more



work is needed on model systems to better understand the subtle interactions taking place

at the interface between a brush with mixed composition and an adhesive.

Polymer brushes can also be modified to control cellular adhesion. The ability to

Spatially control such adhesion on a biocompatible substrate is an important factor in

designing new biomaterials for use in wound healing and tissue engineering applications.

Since arginine-glycine-aspartic acids (RGD) were found to promote cell adhesion in 1984,

numerous materials have been functionalized with RGD for academic studies or medical

applications?“ 24 Current efforts to precisely engineer cell-adhesive or non-adhesive

surfaces often focus on including the ROD peptide sequence in a SAM.” 26 Metter’s

group recently developed a novel method for creating ROD-ligand density gradients in

anionic polymer brushes (poly(methacrylic acid) salts) to control the spatial attachment

of fibroblasts across patterned surfaces.” By utilizing a controlled photopolymerization

technique, polymer brushes exhibiting spatially defined gradients in chain density are

created. Subsequently these brushes are functionalized with RGD to create ligand density

gradients capable of inducing cell adhesion on an otherwise weakly adhesive substrate.

Their studies of cell adhesion indicated that these ligand-functionalized surfaces are

noncytotoxic, with cellular adhesion increasing with ROD-ligand density across the

gradient of polymer brush density.

Polymer brushes are much more flexible than SAMS because of their long chain

lengths. The flexibility and high density of functional groups in polymer brushes, as well

as the ability to modify the surfaces of both inorganic and polymeric materials, give these

materials significant advantages over SAMS for the preparation of ligand-functionalized

materials.26
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1.1.2-c. Polymer Brushes as Lubricants

The use of lubricants to reduce friction between rubbing surfaces has been

documented Since antiquity.28 More recently, research has focused on boundary

lubrication by surfactant-like species coating the surfaces. Klein and coworkers first

discovered that polymer brushes can facilitate the Sliding of one surface over another in

1994.29 They determined the normal (Fnormat) and Shear (Fshcar) forces between curved,

molecularly smooth mica surfaces using a surface forces apparatus, and then attached PS

brushes to the mica surfaces and measured the shear forces again.30 The shear forces with

polymer brushes were orders of magnitude lower than the forces needed for sliding the

bare surfaces. The attachment Of polymer brushes resulted in an entropy-driven long-

range equilibrium separation of the surfaces, which gave decreased friction. Theoretical

studies suggested only a limited interpenetration of the brushes, so as the surfaces slide

past each other, there is rapid relaxation of the interpenetrating chains and low friction.

After proving that the presence of neutral polymer brushes may lead to a massive

reduction in sliding friction between the surfaces to which they are attached, Klein further

showed that hydrated ionic brushes can also act as extremely efficient lubricants between

Sliding charged surfaces.30 They created a diblock copolymer brush of poly(methyl

methacrylate) and poly(sodium sulphonated glycidyl methacrylate) (PMMA-b-PSGMA)

on mica. The copolymer contains hydrophobic (PMMA) and hydrophilic polyelectrolyte

(PSGMA) blocks (Figure 1.4). Effective friction coefficients with these polyelectrolyte

(PE) brushes are lower than about 0.0006 — 0.001 even at low Sliding velocities and at

pressures of up to several atmospheres. These low values of the effective friction

coefficient reveal a remarkable capacity for lubrication by the PE, di—block brushes. The

11
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Figure 1.4. (a) Chemical structure of PMMA-b-PSGMA copolymer. (b)

Schematic representation of Fshcar and 13mm. between the brush-bearing

surfaces. (Redrawn from J. Polym. Sci., Part B: Polym. Phys. 2005, 43, 193-

204.)

authors attributed this to the exceptional resistance to mutual interpenetration displayed

by the compressed, counterion-swollen brushes, together with the fluidity of the

hydration layers surrounding the charged, rubbing polymer segments. They also

mentioned that these charged polymer brushes may have applications as biolubricants in

artificial implants.

1.1.2-d. Polymer Brushes as Stabilizers of Colloidal Particles

Interactions between polymer-coated colloidal particles have been an important

issue for both industrial applications and scientific investigations.31 These interactions

form one of the bases of steric stabilization of colloidal dispersions that are widely used

in industry.32 Since Clayfield and coworkers found that polymer brushes can effectively



prevent flocculation and maintain the stability of colloids,6 much research has been

performed in this area.”37

In the absence Of a macromolecular covering, flocculation of colloids occurs

rapidly because attractive van der Waals forces between the colloids cause them to

aggregate. However, when two polymer-coated particles approach, a reduction in the

number of configurations available to the flexible polymer chains gives rise to an

“entropic” repulsive force between the particles, which may keep colliding particles

separated such that the van der Waals interaction energy is insufficient for coherence.38

The Birshtein group found that colloidal stability is significantly influenced by a

mechanism called capillary condensation in a binary solvent system. Capillary

condensation occurs in porous particles when multilayer adsorption from a vapor

proceeds to the point at which pore spaces are filled with liquid separated from the gas

phase. In particular, when the particles are somewhat hydrophilic, there will be a

molecularly thin film of water adsorbed onto their surfaces. When two particles come

near to each other, there will be a thick water film between the two particles.

Consequently, the particles cannot separate without breaking the water film, and such

films can hold particles together. Birshtein’s group referred to this process as capillary

condensation mediated flocculation and Showed theoretically that one way to protect

particles from capillary condensation flocculation is to graft hydrophobic polymer

brushes onto their surfaces.37
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Figure 1.5. Swelling—based method for preparing stable, functionalized

polymer colloids. (Redrawn from J. Am. Chem. Soc. 2005, 127, 1592-1593.)

Very recently, Crocker and coworkers used a swelling-based method to prepare

Stable, brush-functionalized polymer colloids (Figure 1.5). They first adsorbed block

copolymer surfactants, poly(ethylene glycol)—b-poly(propylene g1ycol)-b-poly(ethylene

glycol), from deionized water onto the surfaces of the PS particles and then swelled the

particles with a small amount of toluene, allowing the hydrophobic block of the

surfactant to penetrate the surface. Finally, they deswelled the particles by stripping the

solvent. Optical microscope images show the high stability of these particles. Unlike

physical adsorption, the swelling method permanently anchors the molecules to the

polymer surfaces, and the poly(ethylene glycol) chains of the anchored polymer provide a

steric barrier to aggregation, even at high ionic strength.33



1.1.2-e. Polymer Brushes as Nonfouling Coatings

Biofouling is a ubiquitous phenomenon that can occur on surfaces ranging from

living marine organisms (known as epibiosis) to synthetic surfaces such as separation

membranes. Most frequently biofouling is an undesirable process that needs to be

prevented. For example the buildup of biofoulant films in groundwater wells can limit

the rate Of water recovery. Elimination of biofouling will require biocompatible materials

that eradicate, or largely reduce, the nonspecific adsorption of proteins and other

biomolecules. In recent years special attention has been given to the modification of

protein—surface interactions using grafted polymer brushes.39 It is believed that the role

of the polymers tethered to the surface is to present a steric barrier to approaching

Protein   
Grafted

O‘— polymer

Surface

Figure 1.6. Schematic representation Of protein molecules in contact with

a polymer brush. (Redrawn from Curr. Opin. Solid State Mater. Sci. 1997, 2,

337—344.)



proteins (Figure 1.6).40 TO be specific, the protein approaches the polymer surface by

diffusion and is affected by the van der Waals attraction between the polymer brush and

protein through water. Further approach of the protein initiates the compression of

polymer chains, which induces a steric repulsion effect; an additional van der Waals

attraction becomes important between the substrate and protein through the water

solvated polymer brush layer. The van der Waals component with the substrate decreases

with increasing surface density and chain length Of terminally attached polymer chains.

Thus, high density of polymer brushes tends to prevent more protein adsorption.

Surfaces coated by terminally grafted, water soluble chains are highly resistant to

protein adsorption in aqueous media.“ In 1997, Szleifer wrote a review article discussing

the understanding of the ability of tethered polymer chains to prevent protein adsorption

along with the up-to—date experimental status of these systems. Some theoretical studies

that enable calculation of the interactions of proteins with tethered polymer layers are

also included in the review. In the last 10 years, experimental and theoretical studies that

utilize polymer brushes to prevent nonspecific protein adsorption appeared

continuously.” 4' 46

Among all the polymer brushes used for antifouling, poly(ethylene glycol) (PEG)

is the most widely used. The ability of PEG films to reduce the adsorption of proteins

onto surfaces has opened a broad field Of applications in biotechnology.40 Both the ability

of PEG to prevent protein adsorption and its low toxicity have resulted in various

attempts to create surfaces presenting PEG to the environment.45

Chilkoti et a1 synthesized PEG brushes from gold using SIP and examined the

adsorption of different proteins onto these modified gold Slides.42 They observed no
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protein adsorption from pure solutions of fibronectin or 10% or 100% fetal bovine serum.

Wang and coworkers extended the formation of brushes using SIP to poly(vinylidene

fluoride) (PVDF) substrates.43 The fluorine atoms on the polymer surface served as direct

initiation sites. Then they used ATRP to prepare poly(2—(N, N-dimethylamino) ethyl

methacrylate) and poly(ethylene glycol) methacrylate brushes from PVDF. Protein

adsorption experiments revealed substantial resistance to fouling for both grafted films in

comparison with the native PVDF surface.

1.1.2-f. Polymer Brushes as Responsive Materials

Some polymer brushes can act as materials that respond to environmental

conditions such as pH, temperature or photo-irradiation, and PE brushes are particularly

notable in this regrard.47 The conformation and swelling of PE brushes strongly depends

on the ionic strength, valence of counter ions, and the pH of the solutions to which they

are exposed. Stamm et al. synthesized a mixed PE brush of carboxy terminated

poly(acrylic acid) and poly(2-vinylpyridine)) on silicon wafers. They first absorbed 3-

glycidoxypropyltn'methoxysilane (GPS) on the silicone wafer. Then a grafted layer of

carboxy terminated poly(tert—butyl acrylate) was prepared via spin coating of this

polymer on the GPS modified Si wafer and subsequent annealing in a vacuum oven at

150 °C for 20 min. Carboxy terminated poly(2-vinylpyridine) was then grafted on the

same surface using a similar procedure. Finally, hydrolysis of poly(tert—butyl acrylate)

yielded poly(acrylic acid). The charge Of the mixed PE brush can switch rapidly with a

change in pH, and the swelling of the brushes also changes dramatically. The

responsive/switching behavior of the PE brush can be explored to tune surface properties

17



in aqueous environments by applying a pH signal, which is of potential interest for

microfluidic technologies, smart nanodevices, and drug delivery systems.48

PNIPAM exhibits large swelling changes in aqueous media in response to small

changes in temperature (Scheme 1.1). AS mentioned before, the LCST of PNIPAM is

0". 0"
u H u

p N __ H_< p N _ H-<

Heating up ‘ Ca 0

I Cooling down P N ' P N

b ‘4-

 

   
> LCST

< LCST

Scheme 1.1. Diagram of the reversible formation of intermolecular

hydrogen bonds between PNIPAM chains and water molecules (left) and

intramolecular hydrogen bonding between C=O and N—H groups in PNIPAM

chains (right) below and above the LCST. (Redrawn from Angew. Chem. Int.

Ed. 2004, 43, 357-360.)

near 32 °C. PNIPAM chains hydrate to form expanded structures in water when the

solution temperature is below its LCST but become compact structures by dehydration

when heated up above the LCST.49 Temperature-responsive properties of PNIPAM

brushes have been utilized in a variety of applications including controlled drug

delivery50 and solute separation.5 '
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Scheme 1.2. Photochromic transformation of spiropyran. (Redrawn from

Macromolecules 1998, 31, 2606-2610.)

To realize a photo response in polymer brushes, Irnanishi et al. grafted a Spiropyran-

containing methacrylate-MMA block copolymer onto a glass filter. The

photoisomerization of the Spiropyran groups (Scheme 1.2) might induce structural

variations in the macromolecular chain, and it also yields changes in film color.52 The

appearance of a blue color upon ultraviolet light irradiation indicated isomerization of the

pendant Spiropyran groups to merocyanine groups, and this color change occurred

reversibly upon ultraviolet and visible light irradiations. Toluene permeation through the

glass filter modified with the grafted copolymer increased upon ultraviolet-light

irradiation, and decreased after visible-light irradiation.

1.2. Growth of Polymer Brushes from Surfaces

1.2.1. Surface Initiated Polymerization

Because polymer brushes have many potential applications, the preparation of

these materials on solid substrates has been investigated extensively. Successful

synthetic techniques for forming brushes can be divided into two large categories:

“ raftin to” methods53 and “ raftin from” methods.“ 55 In “ raftin to” a roaches,
8 g g g g g PP
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preformed end functionalized polymer molecules react with functional groups on a

substrate to form polymer brushes. The “grafting to” technique results in relatively low

densities of polymer chains on the surface because steric hindrance prevents incoming

polymer chains from diffusing through the film to reactive sites on the substrate.

When higher grafting densities are needed, the “grafting from” approach is the

method of choice for brush formation. “Grafting from” is accomplished by covalently

anchoring initiators on the substrate and then activating these initiators to start

polymerization. The polymer brushes grown from the surface by this technique possess

high chain densities (~1 chain per 2 nmz) because monomers, rather than polymer chains

must diffuse to the surface for film growth to occur. 3

“Grafting to” can be accomplished with a number of polymerization techniques

including free-radical, cationic, and anionic polymerization, as well as ring-opening

metathesis polymerization (ROMP), ATRP, nitroxide-mediated polymerization WW),

and reversible addition fragmentation chain transfer (RAFT) polymerization. The

following sections will focus on the synthesis of polymer brushes using these various SIP

techniques.

1.2.2. Surface Initiated Free Radical Polymerization

Free radical polymerization is a relatively versatile tool to grow polymer brushes

on a surface because it allows the use of a variety of monomers, including those with

polar and unprotected functional groups.56 Immobilized azo compounds are usually used

as initiators in surface initiated free radical polymerization because they can be readily

activated at low temperatures or with UV light. To immobilize the initiator, a

difunctional anchor molecule is frequently linked to the surface of the substrate and the
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initiating azo species is linked to this anchor molecule in one or several additional steps.57

However, if the surface reactions are not quantitative, the stepwise generation of the

initiator monolayers can lead to low initiator densities that consequently reduce the

density of brushes.

To avoid these problems, Riihe and coworkers developed a system in which the

complete initiator is attached to the substrate in one step as shown in Scheme 1355' 58’ 59

The initiator system contains an anchoring group (A) that connects the molecule to the

surface, the initiator itself (I-I*), and a cleavable group (CD) that allows for the

detachment of the polymer brushes after polymerization. (Detachment of the brushes is

useful for analysis of the polymer composition using methods such as gel-permeation

chromatography.) The complete initiator is first self assembled on the substrate, and in a

subsequent reaction the initiator is activated and polymer is grown in situ from the

surface of the substrate. Riihe and coworkers reported the free radical polymerization of

styrene using SAMS of azo initiators covalently bound to high surface area silica gels54

and studied the kinetics and mechanism of this free radical polymerization.” Very

recently, they grew mixed polymer brushes consisting of PS and PMMA on a Silicon

surface using this polymerization technique. These mixed polymer brushes Show

nanophase separation into defined patterns, depending on the molecular parameters of the

brushes.60‘ 6' This nanopattem has a domain memory effect, which is defined as the

ability of single patterns of the brush topography to recover after erasure and regeneration

of the nanopattem by exposure to selective and nonselective solvents, respectively. To be

specific, the Size, Shape, and position of the PS-PMMA domains are found to vary with

the nature of the solvent to which the brushes are exposed. The brushes are treated first
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with toluene (good solvent for both blocks), which leads to strong swelling and Structure

erasure. Subsequent exposure to acetone (a selective solvent for PMMA) leads to a film

that contains PMMA chains at the surface and PS chains in its interior.

Bruening and Huang extended this method of polymerization to include siloxane-

based initiators attached to thin oxide surfaces formed on SAMS on Au.56 That study was

performed because Au surfaces are homogeneous and compatible with a broad variety of

surface analytical techniques including ellipsometry, contact angle measurements, AFM,

Fourier transform infrared spectroscopy (FTIR), surface plasmon resonance, and quartz

crystal microbalance gravimetry. In addition, contact-printing schemes allow patterning

of layers on Au surfaces.l3 Bruening and Huang also applied free-radical polymerization

to grow PS from azo—initiator thiol monolayers attached directly to a planar Au substrate.

However, the stability of alkanethiol monolayers appears to decrease in the presence of

free radicals in solution. Desorbed alkanethiols may serve as efficient chain-transfer

reagents that hinder polymerization. To overcome this problem, they utilized a simple

cross-linking procedure (Scheme 1.4) to enhance the stability of SAMS and make thermal

radical polymerization from Au surfaces more effective.
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Scheme 1.3. Schematic description of the preparation of polymer brushes

by radical polymerization from covalently immobilized initiators. (Redrawn

from Macromolecules 1998, 31, 592-601.)
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1.2.3. Surface Initiated Anionic Polymerization

Among the surface initiated polymerization techniques, living anionic

polymerizations are very attractive for possible control of polymer architecture.62

Anionic polymerization has been used to grow polymer brushes from a variety of

substrates such as silica,"3 clay nanoparticles64 and flat surfaces.62‘ 65' 66

Jordan et a1. presented the first report of surface initiated anionic polymerization,

with the growth of styrene from a SAM on gold.65 A SAM of 4’-bromo-4-

mercaptobiphenyl was self assembled on gold and reacted with s-BuLi to obtain 4’-lithio-

4-mercaptobiphenyl, which served as the initiator for the anionic polymerization of

styrene. This synthetic approach results in homogeneous “brush type” PS layers with a

very high grafting density as well as surprisingly high stability.
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Scheme 1.5. Schematic illustration of anionic SIP from clay surfaces.

(Redrawn from Langmuir 2002, I8, 451 1—4518.)

However, controlled anionic polymerization requires the proper choice of initiator,

monomer, and solvent as well as high purity reagents and an inert atmosphere.67

Recently, Advincula et al. reported the synthesis of polymer brushes on clay

nanoparticles using 1,1-diphenylethylene (DPE) initiators (Scheme 1.5).64‘68 Anionic SIP
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directly from clay particles is difficult, because the hydrophilic larnellar hosts inevitably

contain moisture, which can terminate a propagating living anion. To overcome this

problem, they demonstrated that by using a DPE derivative as the initiator and carefully

controlling the polymerization conditions (high temperature and high vacuum to remove

excess water), SIP from silicate clay surfaces is feasible. They inferred a “living” nature

for anionic polymerization Of PS from the DPE initiators on nanoparticles by

demonstrating a linear relationship between monomer concentration and molecular mass

and Observing the appearance/disappearance of a red-colored Li-DPE anion complex.

They then investigated the feasibility Of anionic SIP of homopolymers and block

copolymers using SAMS of DPE derivatives on Si, SiOx and Au surfaces. The initiator

precursor DPE was functionalized with alkylsilane or alkylthiol groups and grafted onto

planar Si wafers and Au-coated surfaces, respectively. n-BuLi was used to activate the

DPE initiator, which allowed the anionic polymerization of PS or PS-b-polyisoprene to

proceed in benzene solution with both types of substrates.

1.2.4. Surface Initiated Cationic Polymerization

Compared to anionic polymerizations, cationic polymerizations are not as well

studied and have nOt been made suitable for complex macromolecular synthesis.69

Factors that influence surface initiated cationic polymerization include solvent polarity

and additives.70
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Scheme 1.6. Surface initiated cationic polymerization of 2-oxazolines.

(Redrawn from J. Am. Chem. Soc. 1998, 120, 243-247.)

Jordan and Ulman presented the surface initiated cationic ring opening

polymerization of a 2-substituted 2-oxazoline to give poly(N-acylethylenimine).71 They

first formed a SAM of triflate groups attached to n-alkyl chains as the initiator (Scheme

1.6). After 7 days of polymerization, the resulting polymer brush layer (10 nm thick) of

linear poly(N-propionylethylenimine) (PPEI) was of uniform thickness and was found to
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be very stable. PPEI modified surfaces are of interest for their low toxicity and

denaturing potential toward numerous proteins as well as their resistance to protein

adsorption. Later, the Ulman group extended the polymerization of PPEI to the surface of

gold nanoparticles.72 3D (Io-functionalized SAMS of thiolates on gold nanoparticles were

used to initiate the polymerization, and the resulting gold/polymer nanocomposite was

found to be thermally stable.

Because the surface area per polymer chain is generally greater than the surface

area per initiator bound to a surface, only a fraction of the immobilized initiators can

initiate polymerization. Zhao et al. described the cationic polymerization of tethered PS

brushes on silicate substrates and presented a discussion of initiator efficiency. They

used nondeuterated (2-(4-(1l-triethoxysilylundecyl) phenyl-2—methoxypropane) and

deuterated (2-(4-trichlorosilylphenyl)-2-methoxy-d3-propane) initiators to form the SAM

on the silicate substrate. FTIR-ATR was used to estimate the initiator efficiency, which

was about 7%.

1.2.5. Surface Initiated Ring-opening Metathesis Polymerization

Surface initiated ring opening polymerization is an attractive tool for coating

surfaces with thin layers of polycaprolactone, polylactide and other polymers. ROMP Of

strained cyclic monomers, in particular functionalized norbomenes, has attracted recent

attention for the synthesis of polymers with useful electrical properties.73 Whitesides and

coworkers formed a variety Of patterned polymer films using the ROMP catalyst

developed by Schwab et a1. "-75 [(Cy3P)2C12Ru=CHPh, Cy=cyclohexyl]. The surface

bound catalytic Sites were produced by forming a trichlorosilane-derived SAM containing

norbomene groups, and then exposing the SAM to a solution of the above catalyst.
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Subsequent exposure of the substrate to norbomene-based monomers produced a

polymeric film on the surface. Typical polymerization times were 30 min and film

thicknesses were about 90 nm.76

Zauscher et al. combined AFM anodization lithography with ROMP to produce

nanopattemed polymer brushes.77 They showed for the first time that AFM anodization

lithography, a form of field-induced scanning probe lithography, offers a powerful means

to nanopattem semiconductor surfaces. First, anodic oxide patterns were generated on

octadecylmethyldiethoxysilane (ODMS)-SAM coated silicon substrates (Scheme 1.7).

Next, a 5-(bicycloheptenyl)triethoxysilane linker was covalently tethered to the patterned

area, allowing for the subsequent attachment of a Ru-based metathesis catalyst. Finally, a

nanopattem was amplified by immersing the patterned substrate in a monomer solution

containing 5—ethylidene-2-norbomene (ENB).

29



ODMS

SAM

   

(e)

 

/ CI,,,.F|‘1

T IU‘CI

2

L,=PCy3 or IMesH2

L2=Pcw

Ph

/ H H

n

—Sl— \ Me

polyENB

Scheme 1.7. Stepwise fabrication of polymeric nanostructures by surface

initiated ROMP on 8102 nanopattems generated by anodization lithography.

a) ODMS resist SAMS were pre-coated on silicon substrates; b) anodization

lithography was performed by applying a positive bias voltage to the p-type

Si/SiOz substrate; c) an-Si(OEt)3 linkers were then covalently attached to

the patterned SiOz features; (1) A Ru-based metathesis catalyst (first- or

second—generation Grubbs catalyst) was then covalently tethered to the

linkers; e) ROMP of ENB was performed in solution or vapor phase.

(Scheme and caption taken from Small 2006, 2, 848 — 853.)
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1.2.6. Surface Initiated Controlled Radical Polymerization

Controlled radical polymerization has attracted much attention over the past

decade because it provides Simple and robust synthetic routes to well-defined, low-

polydispersity polymers. Among the controlled radical polymerization techniques, NMP,

ATRP, and RAFT polymerizations have already been applied to SIP by immobilizing

either a dormant species or a conventional radical initiator on the surface.78

The living character of NMP depends on the reversible capping of the active

chain-end radical with a nitroxide leaving group. The first application. of NMP to surface

initiated graft polymerization was reported by Hussemann et al. in 1999.79 They

succeeded in densely grafting PS using a surface-bound dormant Species with a 2, 2, 6, 6-

tetramethyl-l-piperidinyloxy (TEMPO) moiety (Scheme 1.8). A free dormant compound

with TEMPO was also added to the solution to help control the polymerization. The

stable TEMPO will cleave during the initiating process and subsequently reversibly cap

the chain-end radicals to control the concentration of radicals at a given time. PS brushes

over 100 nm thick were produced in 16 hours using this method. The living nature of the

grafting was suggested by the formation of a block copolymer brush.
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Scheme 1.8. Synthesis of polystyrene brushes by TEMPO-mediated

radical polymerization. (Redrawn from Macromolecules 1999, 32,

1424-1431.)
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RAFT polymerization is another important technique for controlled radical

polymerization. In RAFT, chain growth is initiated using a conventional free radical

initiator such as azobisisobutyronitfile (AIBN) and mediated by a dithioester chain

transfer agent. Baum and Brittain prepared styrene, methyl methacrylate, and N,N-

dimethylacrylamide brushes under RAFT conditions using silicate surfaces that were

modified with surface-immobilized azo initiators (Scheme 1.9).80 2-Phenylprop-2-yl

dithiobenzoate was added as a free (unbound) RAFT agent to control the graft

R O

I CN

R' 8 CN N

Chain Transfer Agent

(CTA)

AIBN,

solvent

0 CN R S u “

H'KZHQH—
OWS + free polymer

RI n

Scheme 1.9. General process of surface-initiated RAFT polymerizations using 2-

phenylprop-2-yl dithiobenzoate as the chain transfer agent and a substrate-

immobilized azo initiator. (Redrawn from Macromolecules 2002, 35, 610-615.)

polymerization. At temperatures up to 90 °C and times of up to 48 hours, PMMA brushes

with a thickness of 28 nm and poly(N,N-dimethylacrylamide) and PS brushes up to 11

nm thick were grown. Although RAFT is relatively slow compared to ATRP and NMP,
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the fact that this technique supported the easy re-initiation.of the polymer chains suggests

it is a highly controlled process.

1.2.7. Surface Initiated Atom Transfer Radical Polymerization

Since Matyjaszewski and Sawamoto first reported the use of ATRP in 1995,81 ‘ 82

this technique has become one of the most widely employed techniques for the formation

of polymer brushes. Among all the controlled radical polymerization techniques, it is

particularly successful and has attracted commercial interest because it utilizes a simple

experimental setup and employs readily accessible and inexpensive catalysts (usually

copper complexes formed with aliphatic amines, imines, or pyridines, many of which are

commercially available), as well as Simple initiators (often alkyl halides).83 ATRP is

probably the most robust and efficient controlled radical polymerization technique for

preparing well-defined polymers with controlled topology, composition and functionality.

This technique is compatible with a variety of functionalized monomers and the living/

controlled character of the ATRP process yields polymers with a low polydispersity

(Mw/Mn).84

The controlled nature of ATRP is due to the reversible activation—deactivation

reaction between the growing polymer chains and a copper—ligand species. Scheme 1.10

Shows the mechanism of ATRP.
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Scheme 1.10. Mechanism of ATRP. (Adapted from J. Am. Chem. Soc. 1998,

120, 243-247.)

Typically, ATRP utilizes a transition metal complex as a catalyst (e.g.,

Cu(I)X/bpy) and an initiator with a transferable halogen. The transition metal complex

acts as a halogen atom transfer agent between active and dormant chain ends. Fast

deactivation by the Cu(IDXZ/ligand complex, where X is the transferred halogen atom,

leads to a low concentration of propagating radicals, thus ensuring that chain termination

and radical transfer reactions are minimized so that polymer chains are able to grow at

slow, but nearly constant rates to yield a narrow molecular weight distribution.

Monomers which have been successfully polymerized by ATRP include

styrenes,85 acrylates,86 and acrylonitrile.87 All of these compounds contain substituents

capable of stabilizing propagating radicals (e.g., phenyl or carbonyl groups).88 In contrast,

ATRP is not compatible with monomers containing carboxylic acid groups (because the

carboxylic acid side groups react with the metal complexes to form carboxylate salts

which are inefficient catalysts for ATRP) and halogenated or alkylsubstituted alkenes

(due to their low intrinsic reactivity toward radical polymerization).

A variety of transition metal catalysts have been successfully used in ATRP,

including Cu,89’ 90 Fe,” Ru,92 Ni,93 Mo, 94and Rh95 complexes. Among these transition
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metal catalyst systems, the Cu halide system is the most popular due to its compatibility

with various monomers. To increase the solubility of Cu salts in organic media and to

i) bidentate ligands
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Scheme 1.11. Ligands used for copper-mediated ATRP. (Redrawn from

Curr. Org. Chem, 2002, 6, 67-82.)

adjust the redox potential of the metal center for appropriate reactivity, various

polydentate nitrogen based ligands, such as phenanthroline and its derivatives, and

pyridineirnines, have been used for copper-mediated ATRP (Scheme 1.11).96

Ejaz et a1. first succeeded in using ATRP to synthesize dense polymer brushes

7 They deposited the initiator by the(low-polydispersity PMMA) on silicon wafers.9
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Scheme 1.12. Schematic illustration of the immobilization of ATRP

initiators using the LB technique. (Redrawn from Macromolecules 1998, 31,

5934-5936.)

Langmuir—Blodgett technique and subsequently exposed this substrate to monomer and

the ATRP catalyst (Scheme 1.12). PMMA film thicknesses of up to 80 nm were

achieved in less than 12 hours at 90 °C, as measured by ellipsometry.

Au-coated substrates provide a model surface that is readily characterized and

complimentary to Si, but due to the limited thermal stability of the S — Au bond in

initiator monolayers, ATRP can only be carried out at a relatively low temperature. Kim

and coworkers reported surface-confined ATRP of MMA on gold surfaces using room-
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temperature ATRP.98 The use of very active Cu-MebTREN complexes as catalysts

allowed for successful room-temperature polymerization of dense PMMA brushes on

gold. Based on solution studies by Arrnes and coworkers,99 Huang and coworkers found

that room-temperature, water-accelerated ATRP allows for growth of thick polymer films

in short reaction times. They obtained 700 nm thick PHEMA films in just 12 hours using

water as the solvent.3 Huck and coworkers Observed a similar effect in the aqueous-

based polymerization of poly(glycidyl methacrylate).100’ 10' They were able to grow 125

nm-thick poly(glycidyl methacrylate) brushes in 100 min.

Surface initiated ATRP was applied not only on planar substrates but also on

various types of fine particles. Patten extended the technique to silica nanoparticlesloz‘ .

'03 In his procedure, (2-(4-chloromethylphenyl)ethyl) dimethylethoxysilane initiator was

deposited on the surface of the nanoparticles, and well-defined PS chains were grown

from the modified nanoparticle surfaces. Besides silica nanoparticles, ATRP of polymers

on gold,'04’ '05 iron oxide106 and magnetic particles has been demonstrated.107

Porous materials with polymer brushes grafted on them are also fascinating

targets for chromatographic and other applications such as the membrane absorbers

described herein. Wirth et al. reported the grafting of poly(acrylamide) (PAAm) on a

porous silica gel and showed the protein separation ability of these materials.” A living

PAAm thin film is grown from a self assembled benzyl chloride monolayer on silica gel

using Cu(bpy)2Cl to control the radical polymerization. TO test for intact pore structure of

the PAAm-modified silica gel, a Size-exclusion separation was performed for sodium

azide and four proteins: thyroglobulin (MW, 669,000), ovalbumin (MW, 44,000),

ribonuclease A (MW, 13,700), and aprotinin (MW, 6,500). The five species eluted in
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order of decreasing molecular weight, as expected for a size exclusion separation. This

proved that the polymerization is sufficiently well controlled that films grown on

nanoporous silica leave the pores intact. Later on, they applied ATRP of acrylamide to

coat the channels of PDMS microchips and studied the electrophoretic behavior of

proteins in these channels.'09 Bare PDMS is adsorptive toward proteins due to its

hydrophobicity, and it would be valuable to be able to modify the surface of PDMS to

make it permanently hydrophilic and resistant to protein adsorption. By growing PAAm

in the PDMS channels, adsorption of bovine serum albumin was largely reduced.

1.3. Introduction to Pervaporation Membranes

Membrane separation techniques such as microfiltration, ultrafiltration, reverse

osmosis, dialysis, electrodialysis, gas separation, and pervaporation have been applied to

industrial, medical, and biological fields.”°‘ I" Pervaporation is an especially promising

membrane—based technique in which a liquid mixture contacts the surface of a membrane,

and selective transport of one component through the membrane to a vapor phase (often a

modest vacuum) affords separation (Figure 1.7).”2 It is attractive because it allows for

the separation of azeotropic mixtures and often requires less energy than conventional

distillation.l '3 Many of the successes with pervaporation involve the removal of water

from organic solvents, but the reverse separation has also been demonstrated.

Hydrophilic membranes allow selective pervaporation of water for dehydration of

organic solvents, while hydrophobic films often permit selective passage of volatile

organic compounds (VOCS) from aqueous solutions for water remediation or VOC

analysis by membrane- introduction mass spectrometry.
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Figure 1.7. Schematic diagrams of (a) a pervaporation system and (b) a cross-

sectional view of the membrane cell of the apparatus. (Figure taken from J. Membr.

Sci. 2005, 248, 161 — l 70.)

In the pervaporation process, the separation effectiveness of a membrane is

quantified by two parameters, flux and selectivity.”2 The membrane selectivity comes

from the different solubilities and diffusivities of the components in the membrane. A

solution-diffusion model is generally used to describe the transport of molecules in

Sample stream CAm (vacuum)
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Figure 1.8. Schematic diagram of a solution-diffusion model.
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membranes. In this model (Figure 1.8), the permeation process can be divided into three

steps: (1) sorption into the membrane at the feed side (often assumed to be at

equilibrium), (2) diffusion through the membrane, and (3) desorption at the permeate side.

Solubility is a thermodynamic property, and diffusivity is a kinetic property, but they

both affect the selectivity.‘ '4

Selective removal of organics from water is very important in chemical analysis

and purification of waste streams.”5 The solution-diffusion mechanism suggests that

pervaporation of organic compounds from water will require a material with high

sorption selectivity for the organic molecule and a minimal diffusion selectivity for

water.”6'”8 Hydrophobic polymers with high free volumes, especially PDMS, provide

these characteristics, and there are a number of reports of selective pervaporation of

volatile organic compounds through such materials.”9"2'

In addition to selectivity, both analytical and preparative pervaporation

applications require high fluxes that necessitate the use of membranes that are as thin as

possiblem’ 123 However, due to the mechanical weakness of ultrathin polymer films,

high-flux membranes generally consist of a thin, selective skin layer on a nonselective,

highly porous support.124 Although PDMS membranes provide high selectivity towards

removal of organics from water, it’s difficult to achieve defect-free skin layers that are

less than 500 nm thick using simple techniques for forming PDMS membranes.125

To overcome this problem, polymer brushes can be used as selective layers on

porous supports. As mentioned previously in this chapter, there are a lot of controlled

polymerization techniques available to grow polymer brushes on a porous support. ATRP

is especially useful for preparing well-defined polymers with controlled topology,
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composition and functionality, and polymer brushes prepared by this technique will be

well suited to cover the pores of porous membrane but not block their interior pores.

1.4. Importance of Membrane Absorbers

Potential therapeutic applications of proteins along with rapid developments in

biotechnology and genetic engineering have 'greatly increased the rate of production of

various proteins and enzymes.'26‘ 127 Sales of therapeutic proteins are projected to reach a

remarkable value of $90 Billion in 2009.128 Accompanying this increase in the scale of

protein production is a need for fast and convenient purification techniques. Affinity

chromatography is probably the most convenient way to purify proteins due to its ability

to separate biomolecules based on their biological interactions)” '29 but the rate of

separations with packed—bead affinity columns is limited by slow diffusion of

biomacromolecules within bead poresm’13 1

Compared to column chromatography, membrane chromatography has a lower

pressure drop, higher flow rate, and higher productivity as a result of the

microporous/macroporous structure of the thin membrane.132 Flow through membrane

pores greatly enhances mass transport to binding sites. Easy packing and scale-up of

membranes is an additional asset of membrane chromatography. Consequently, this

technique is a promising large-scale separation process for the isolation, purification, and

recovery of proteins and enzymes. Many publications have reported the performance of

adsorptive membranes (ion-exchange membranes, affinity membranes, and hydrophobic

interaction membranes), as well as their theoretical description and optimal designm' 129'

133

42



Despite their potential, the major disadvantage of membrane absorbers is their

low binding capacity relative to beads. The specific surface area of membranes is simply

not as great as that of beads. This can be overcome to some extent through the use of

polymer chains grafted in membrane pores and binding of multilayers of proteins to these

polymers. For example, Ulbricht and Yang achieved a lysozyme-binding capacity of 20

mg/cm3 by grafting poly(acrylic acid) to polypropylene membranes modified with

adsorbed photoinitiators.4

Our research aims at utilizing the controlled growth of polymer brushes in porous

membranes to develop affinity membranes with remarkably high protein-binding

capacities. The use of ATRP to grow PHEMA from initiators bound to a porous alumina

surface affords relatively fine control over polymer molecular weight, which allows large

increases in capacity without clogging of membrane pores. PHEMA brushes are

particularly attractive because they can be functionalized to exploit a number of affinity

interactionsm’ ‘34' '35 Specifically, functionalization of PHEMA with nitrilotriacetate-

Cu2+ complexes results in protein binding via metal-ion affinity interactions, and the

microporous alumina support provides a ~500-fold increase in surface area relative to

two-dimensional supports.

1.5. Outline of the Dissertation

In Chapter 2 of this dissertation, I report preparation of composite pervaporation

membranes via ATRP of 2-hydroxyethyl methacrylate from the surface of porous

alumina membranes and subsequent derivatization of PHEMA using a series of acid

chlorides. The pervaporation performance of a series of derivatized PHEMA membranes
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is compared to provide correlations between membrane chemistry and transport

properties. Sorption studies, which helped us elucidate the factors behind the selectivities

of different films, will also be presented in this chapter. Last but not the least, I compare

the performance of our membranes with related membrane systems that have been

described in the literature.

Chapter 3 of this dissertation first describes the growth, characterization, and

derivatization of polymer brushes to yield protein-binding materials. To quantify the

binding capacity of these polymer brushes on gold substrates, we developed a simple

technique which utilizes both FTIR and ellipsometry for calibration of IR absorbances.

Subsequently, chapter 3 presents synthesis and derivatization of polymer brushes inside

the pores of porous alumina membranes. Simple surface area calculations clarify why we

need to grow polymer brushes inside of highly porous membranes. Finally, protein

binding studies in membranes and a comparison with related research illustrate the

extremely high protein-binding capacity of our polymer brushes.

In chapter 4, I show that derivatized polymer brushes are very attractive for

purification of histindinex—tagged proteins. Brushes formed on a gold substrate were

capable of selectively binding the equivalent of many monolayers of his tagged ubiquitin.

Porous alumina membranes modified with derivatized brushes also show remarkable

capacities for the binding of his tagged ubiquitin. Gel electrophoresis studies show that

these high-capacity membranes are highly selective for purification of his tagged proteins.

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

some proposed future work.
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Chapter 2

Polymer Brush Membranes for Pervaporation

2.1. Introduction

This chapter describes our efforts to utilize polymer brushes as the skin layer of

pervaporation membranes, where polymer brushes are grown only from the surface of the

substrate so that they cover underlying pores without filling them.

Our hypothesis in this area is that polymer brushes grown on top of porous

supports may provide a platform for preparing ultrathin skin layers and enhancing flux.

In support of this hypothesis, this chapter reports preparation of composite pervaporation

membranes via ATRP“1 of HEMAS'7 from the surface of a porous substrate (Scheme 2.1).

Although this work employs porous alumina as a support, formation of brush membrane

skins should be possible from a wide range of porous materials such as cellulose,8

PDMS,9 PS'0 and PEs adsorbed on various surfaces.ll To make PHEMA membranes

sufficiently hydrophobic for pervaporation of organic analytes from water, we derivatize

them with hydrophobic acid chlorides, i.e., octanoyl chloride, palmitoyl chloride, and

pentadecafluorooctanoyl chloride. Jennings previously showed that derivatization of

PHEMA can yield hydrophobic films,” '3 and we reported that fluorinated PHEMA

'1 However, derivatizedmembranes show modest selectivities in gas separations.

PHEMA films are much more attractive for pervaporation than gas separations, as they

allow unusually high pervaporation fluxes (>1 kg/mzh). The ability to derivatize

PHEMA with a variety of hydrophobic molecules permits comparison of different
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membrane materials without the need to develop new polymerization processes, and this

chapter compares the pervaporation properties of three different elaborations of PHEMA.

Sorption studies help elucidate the factors behind the selectivities of different films.

2.2. Experimental Section

2.2.1. Materials

Octanoyl chloride (99%), palmitoyl chloride (98%), pentadecafluorooctanoyl

chloride (97%), dimethylformamide (DMF, anhydrous, 99.8%), tetrahydrofuran (THP,

anhydrous, inhibitor free, 99.8%), ll-mercaptoundecanol (97%), 2-bromopropionyl

bromide (97%), ethyl 2-bromoisobutyrate (98%), CuCl (99.999%), CuBrz (99%), and

2,2’-bipyridine (bpy, 99%) were used as received from Aldrich. 2-hydroxyethy1

methacrylate (HEMA, Aldrich, 97%, inhibited with 300 ppm hydroquinone monomethyl

ether) was purified by passing it through a column of activated basic alumina (Spectrum),

and the trichlorosilane initiator (1 1-(2-bromo-2-

methy1)propionyloxy)undecyltrichlorosilane) was synthesized according to a literature

procedure.3 Sorption and pervaporation tests employed deionized water (Milli-Q, 18.2

Mflcm) and one of the following solvents: ethyl alcohol (EtOH, 100%, Pharmco), ethyl

acetate (EtOAc), dichloromethane (CH2C12), trichloroethylene (TCE), or benzene. Other

than ethanol, solvents were analytical grade and purchased from Aldrich. AnodiscTM

porous alumina membranes (Fisher) with 0.02 um-diameter surface pores were used as

supports for membrane formation, while gold-coated wafers (200 nm of sputtered Au on

20 nm Cr on a Si (100) wafer) were used as substrates for ellipsometry, contact angle

measurements, and reflectance Fourier Transform Infrared (FI‘IR) spectroscopy.

55



2.2.2. Polymerization of HEMA and Subsequent Derivatization

The alumina substrates were first cleaned in a UV/ozone cleaner (Boekel model

135500) for 15 minutes, inserted into a glove box, and immersed in a 2 uM solution of

trichlorosilane initiator in anhydrous THF for ~12 h. After removal from the glove box,

samples were rinsed with acetone, sonicated in DMF for 5 minutes, rinsed with water and

acetone, and finally dried with a flow of nitrogen. Deposition of initiators on Au-coated

wafers occurred through formation of a mercaptoundecanol monolayer and subsequent

derivatization of this layer with 2-bromopropionyl bromide as described in the literature.7

Polymerization of HEMA occurred by immersion of the initiator-coated substrate

in an aqueous HEMA solution containing a Cu catalyst system (Scheme 2.1).5 To

prepare this polymerization solution, 15 mL of purified monomer was added to 15 mL of

deionized water, and this solution was degassed via three freeze-pump-thaw cycles. Next,

82.5 mg (0.825 mmol) of CuCl, 54 mg (0.24 mmol) of CuBrz, and 320 mg (2.04 mmol)

of bpy were quickly added to the mixture, which was then subjected to another freeze-

pump-thaw cycle and stirred until a homogeneous, dark brown solution formed. Initiator-

coated substrates and the sealed flask containing the polymerization solution were then

transferred to a glove bag that was purged with nitrogen for about 1 h. The

polymerization solution was finally transferred to the container holding the substrates,

and polymerization was carried out for 2 h. After polymerization, substrates were

removed from the container, sonicated in DMF for 10 minutes, rinsed with water

followed by acetone, and dried with a flow of nitrogen. Subsequent derivatizations of

PHEMA were carried out by immersing the PHEMA-coated substrates in DMF solutions

containing 0.2 M octanoyl chloride, pentadecafluorooctanoyl chloride, or palmitoyl
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chloride and 0.1 M pyridine. After a 2 h immersion in the solution of acid chloride,

substrates were rinsed with DMF followed by ethanol, and dried with a flow of nitrogen.

2.2.3. Characterization of Membranes

Film growth on alumina supports was verified by field-emission scanning electron

microscopy (FESEM, Hitachi S-470011, acceleration voltage of 10 kV). Membranes

were freeze-fractured under liquid N2 and sputter-coated (Pelco model SC-7) on both

sides with 5 nm of gold prior to FESEM. Ellipsometric thickness determinations were

performed using a rotating analyzer ellipsometer (model M-44, J.A. Woollam). We

assumed a film refractive index of 1.5, except in the case of the fluorinated film, where

both refractive index and thickness were fit to ellipsometric data. These ellipsometric

studies were carried out with films grown from gold-coated wafers. For each polymer

film, thicknesses were measured at three different spots and averaged. Reflectance FTIR

spectroscopy of films on gold-coated wafers was performed with a Nicolet Magna-IR 560

instrument using a Pike grazing angle (80°) accessory. Static water contact-angle

measurements (Firsttenangstroms contact angle analyzer) on alumina membranes were

also performed before and after derivatization.

2.2.4. Pervaporation Experiments

0ur home-built pervaporation apparatus was described previously.M Briefly, the

solution was pumped across the surface of a membrane (effective area of 3.1 cm2) that

was supported by a stainless steel frit. The membrane cell was connected to a coiled

stainless steel feed tube, and both the membrane cell and coiled tube were immersed into

a thermostated water bath to control the temperature of the feed solution. 0n the

permeate side of the membrane, a vacuum pressure of 0.06 mbar was applied, and the
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permeate was collected in one of two liquid nitrogen-cooled traps. Feed solution was

usually pumped across the membrane at a flow rate of 5 mUmin, but in a few

experiments, we did vary flow rate to determine if there were large boundary layer effects

on transport. In pervaporation of 0.05 wt% EtOAc, CHzClz, or TCE through C8-PHEMA

at 65 °C, variation of feed flow rates from 1.4 mUmin to 11 mUmin yielded minimal

changes in flux (<3% variation) and selectivity (<10% variation). Pervaporation of 0.05

wt% CH2C12 through fluorinated PHEMA membranes at 22 °C also showed little

dependence on flow rate, suggesting that boundary layer effects are negligible. Tubing

on the permeate side was warmed with heating tape to avoid condensation. Finally, prior

to sample collection, pervaporation was performed for at least 1 h to achieve stable,

steady-state fluxes, and then the samples were collected in a second trap. The masses of

the collected samples were measured using an electronic balance, and the composition of

the permeate was determined by gas chromatography (Shimadzu GC-17A equipped with

a Restek RTx-BACl column), using methanol as an internal standard. In cases where the

permeate separated into organic and aqueous phases, the sample was diluted sufficiently

with water to achieve a homogeneous mixture.

The separation effectiveness of pervaporation is quantified by two parameters,

flux and selectivity. Flux (J) can be calculated using equation 1,

J Q
=— 1At ()

where Q is the mass of the permeate collected in time t, and A is the area of the

membrane exposed to the feed solution. In the case of a binary feed of components A

and B, selectivity or separation factor, a; , can be expressed by equation 2,
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A _ yA/YB
aB -

XA/XB

 

(2)

where x and y represent mass fractions in the feed and permeate, respectively. Reported

selectivities and fluxes are averages of results from three different membranes.

2.2.5. Sorption Measurements

Sorption experiments were performed with bulk polymers because of the inherent

difficulties in measuring sorption in ultrathin films. Derivatized HEMA monomers were

first synthesized by allowing acid chlorides to react with HEMA, and then these

monomers were polymerized in solution. Specifically, HEMA (10 mL, 0.08 mol) was

placed in a 250 mL round-bottom flask and dissolved in 100 mL of anhydrous

dichloromethane. The flask was sealed with a septum, and pyridine (8 mL, 0.1 mol) was

added to this solution followed by 0.09 mol of the desired acid chloride. The solution

was purged with nitrogen for 1 h and stirred overnight at room temperature. The mixture

was extracted with 1 M aqueous HCl, dried over Na2804, and the solvent was removed

by rotary evaporation. The product was purified by column chromatography (20%

EtOAc in hexanes, basic alumina as stationary phase) and dried under vacuum to obtain

monomers as colorless oils. C8-HEMA (18 g, 90% yield), 1H NMR (300 MHz, CDCl3) 5

6.17-6.04 (1H, d), 5.65-5.49 (1H, d), 4.47—4.19 (4H, m), 2.45-2.19 (2H, m), 2.06-1.84

(3H, s), 1.76-1.49 (2H, m), 1.42-1.23 (8H, m), 1.01-0.75 (3H, m). C16-HEMA (25 g,

85% yield), 1H NMR (300 MHz, CDCl3) 8 6.19-6.03 (1H, d), 5.65-5.48 (1H, d), 4.44-

4.22 (4H, m), 2.47-2.19 (2H, m), 2.03-1.85 (3H, s), 1.72-1.47 (2H, m), 1.44-1.10 (24H,

m), 0.98-0.76 (3H, m). Fluorinated-HEMA (30 g, 70% yield), 1H NMR (300 MHz,
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CDCl3) 5 6.23-6.02 ( 1H, d), 5.70-5.49 (1H, d), 4.39-4.16 (2H, m), 3.94-3.67 (2H, m),

2.07-1.83 (3H, s).

For polymerization, 0.05 mol of monomer was added to a 100 mL Schlenk flask

and degassed by three freeze-pump-thaw cycles. The flask was then inserted into a glove

box, and 40 mL of anhydrous dichloromethane was added to the monomer. Next CuBrz,

CuCl, and bpy (0.82 mmol, 0.24 mmol, and 2.0 mmol, respectively) were added to the

solution followed by the initiator, 0.50 mmol of ethyl 2-bromoisobutyrate. After 10 h,

the flask was taken out of the glove box, and the brown solution was extracted with

aqueous 1 M HCl to remove the copper complex. Evaporation of the solvent yielded

colorless, viscous polymers. Those polymers were then dissolved in acetone (3 g/10 mL),

and 2 mL of this polymer solution was cast on a 2 x 1 cm gold-coated Si wafer. After

letting the acetone evaporate for 4 h at room temperature, the cast films were dried

overnight in an oven at 60 °C, and finally removed from the substrate.

To measure sorption selectivities and polymer swelling by solvents, the

derivatized bulk PHEMA films were immersed for 24 h in room-temperature aqueous

solutions containing 0.05 wt % of a volatile organic compound (VOC). After that, the

films were taken out of the vessel, wiped quickly with filter paper, and weighed. Degree

of sorption of the VOC solution into the membranes was determined using equation 3,

where m and m; denote the weights of the dried membrane and the swollen membrane,

respectively.

Degree of sorption = (m1- m0) / m x 100 (3)

To measure sorption selectivity, we employed a literature procedure. Briefly,

solvent-swollen membranes were dried with filter paper and placed in a trap that was
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quickly cooled with liquid nitrogen and subsequently evacuated.l5 The sample was then

heated with a blow drier, and the vapor was collected in a second, cooled flask that was

connected to the first by a valve. The mass of the bulk polymer was then measured again

to make sure that we had removed essentially all of the water and solvent. The

concentration of the VOC in the collected solution was determined by gas

chromatography, and the separation factor was calculated using equation 2 with y

representing the composition of the adsorbed liquid that was eventually collected.

2.3. Results and Discussion

2.3.1. FTIR and SEM Characterization of Derivatized PHEMA Membranes

PHEMA is relatively hydrophilic and, hence, would not be expected to allow

selective pervaporation of VOCs from water. However, each repeat unit of PHEMA has

a hydroxyl group that can be easily esterified with a variety of acid chlorides. We let

PHEMA films react with octanoyl chloride, palmitoyl chloride and

pentadecafluorooctanoyl chloride in the presence of a base to obtain polymers with

hydrophobic side chains (Scheme 2.1). The static water contact angle on native PHEMA

films is 50°, but contact angles increase to 75°, 95°, and 98° for porous alumina-supported

films derivatized with octanoyl chloride (CS-PHEMA), palmitoyl chloride (C 16-

PHEMA), and pentadecafluorooctanoyl chloride (fluorinated PHEMA), respectively.

These values fall between the advancing and receding contact angles reported by

Jennings and coworkers.” '6 To verify derivatization of PHEMA using reflectance FTIR

5,13

spectroscopy, we grew films on gold-coated wafers as described previously. Figure

» 2.1 shows the reflectance FTIR spectra of PHEMA films before and after esterification.
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Nearly complete disappearance of the CH stretch at 3500 cm‘l and a doubling of the

carbonyl (CO) stretch at 1700 cm'1 suggest >90% conversion of the hydroxyl groups to

esters for C8- and C16-PHEMA films.5 In the case of fluorinated PHEMA, the CH

stretch also disappears, but the peak due to the newly formed ester carbonyl appears at

1790 cm‘l, rather than at the position of the initial ester of PHEMA. (The

electronegativity of the F atoms results in the shifted position of the carbonyl stretch.)
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Figure 2.1. Reflectance FTIR spectra of PHEMA films on gold before and

after derivatization with (a) octanoyl chloride, (b) pentadecafluorooctanoyl

chloride, and (c) palmitoyl chloride.
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Figure 2.2 shows cross-sectional FESEM images of PHEMA, C8-PHEMA, C16-

PHEMA, and fluorinated PHEMA films grown from porous alumina supports. Before

derivatization, the thickness of PHEMA films is about 50 nm, as shown in Figure 2.2(a),

and the film fully covers substrate pores. Ellipsometric measurements of PHEMA films

grown on gold-coated wafers under the same conditions also give a film thickness of 50

nm. After derivatization with octanoyl chloride, the molecular weight of the polymer

~ 5 ~

ii-‘x
i _

i '1

IV A

., a

‘lSO‘t-V 16 0mm xiii} SEW} 51520456 17’5‘. . . .

Fluorinated-PH EMA

 
Figure 2.2. Cross-sectional FESEM images of alumina supports coated with

(a) PHEMA, (b) C8-PHEMA, (c) Cl6-PHEMA, and (d) fluorinated PHEMA.

repeat unit should approximately double, so we would expect that the thickness of C8-

PHEMA films would be about twice that for PHEMA, assuming a similar density for



both films.5 Both ellipsometry results and SEM images such as that in Figure 2.2(b)

indicate that film thickness does indeed double upon reaction with octanoyl chloride.

For Cl6-PHEMA, we would expect to see a 180% increase in film thickness

based solely on the molecular weight of the new repeat unit. Ellipsometric measurements

show a thickness increase of 125%. The SEM image in Figure 2.2(c) suggests a ~200%

increase in thickness, but it is difficult to determine exactly where the film begins in this

image. In the case of fluorinated films, the polymer density should be higher than that of

hydrogenated aliphatic polymers,” '8 so it is not difficult to understand why we saw only

a 170% increase in film thickness in ellipsometry in spite of a 300% increase in the

molecular weight of the monomer unit. The FESEM image suggests a 240% increase in

thickness. We should note that the high density of fluorinated PHEMA reflects the high

atomic mass of fluorine relative to H and does not imply a low free volume for the

fluorinated film. Most importantly, the PHEMA membranes and their derivatives are an

order of magnitude or more thinner than typical PDMS membranes and other types of

hydrophobic membranes currently used in pervaporation.'9'2' Moreover, the ATRP

process (Scheme 2.1) allows effective control over the thickness of the membranes by

changing the polymerization time.

2.3.2. Pervaporation of Ethyl acetate-water Mixtures Using Derivatized PHEMA

2.3.2-a. Efi'ect of Feed Concentration

We initially employed EtOAc/water mixtures to probe the pervaporation

properties of derivatized PHEMA membranes as a function of feed concentration and

temperature. Figures 2.3, 2.4, and 2.5 show that trends in flux and selectivity related to

feed composition vary dramatically among the different membranes. For C8-PHEMA

65



   

300/0 "' 30

£1

8

§ 25% --25

0

D.

C a.

'3 20% - -- 20 .3

< a

9 IL

E 15%4 «- 15 ,5

° ‘6

S E

'3 10%- -- 10 g

E

g 5% a a. 5

O

3

00/0 1 I I I O

 

0.0% 2.0% 4.0% 6.0%

Weight Fraction of EtOAc in Feed

 

 

   

 
 

1.2

a

1

,3? 0.8

E

g 06 , +Total Flux

x +Water Flux

3 0 4 -
u. ° + EtOAc Flux

0.2 -

0 I I I

0.0% 2.0% 4.0% 6.0%

Weight Fraction of EtOAc in Feed

Figure 2.3. Permeate composition (top), separation factor (top), and flux

(bottom) in pervaporation of several ethyl acetate/water mixtures through C8-

PHEMA membranes at 50 °C. The standard deviations of flux values and

ethyl acetate weight fractions in the permeate were less than 15%.
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and ethyl acetate weight fractions in the permeate were less than 15%.
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membranes (Figure 2.3), the total flux increases modestly from 0.8 to 1.1 kg/mzh as the

EtOAc concentration in the feed goes from 0.1% to 6%. In contrast, total flux increases

4—fold on going from 0.1 to 6% EtOAc with Cl6—PHEMA membranes (Figure 2.4),

although even with 6% EtOAc, fluxes through C16-PHEMA are half of those through

C8-PHEMA. Fluorinated PHEMA membranes allow the highest fluxes (3- to 6—fold

higher than with C8-PHEMA), with a doubling in flux as EtOAc concentration goes from

0.1 to 6% (Figure 2.5).

The trends in flux values are likely a reflection of differences in side chain

packing in the different membrane systems. Hexadecyl side chains should pack in a

more crystalline arrangement than shorter octyl side chains, so one would expect lower

fluxes through C16-PHEMA membranes. (Cl6-PHEMA films are also 50% thicker than

C8-PHEMA membranes, but this should result in only a ~33% lower flux for these

membranes.) The more hydrophobic C16-PHEMA should also be more susceptible to

plasticization than C8-PHEMA, which is consistent with the large increase in flux

through Cl6-PHEMA on going from 2% to 6% EtOAc. In the case of fluorinated

PHEMA, the perfluorooctyl chain is bulkier than typical octyl chains, and this likely

leads to higher free volume and, hence, higher permeability for the fluorinated PHEMA

relative to C8-PHEMA.22’ 23 Although the fluorinated films have a slightly higher water

contact angle than Cl6-PHEMA, the fluorinated systems appear to be less prone to

plasticization, as suggested from a smaller relative increase in flux on going from 0.1 to

6% EtOAc. This may reflect the fact that typical hydrocarbons are less soluble in

fluorinated than hydrogenated aliphatic chains.24
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Separation factors also seem to depend on polymer packing. At low EtOAc

concentrations (0.1%), separation factors are similar for all three membranes (25, 45, and

30, for C8-PHEMA, C16-PHEMA, and fluorinated PHEMA, respectively). However,

separation factors for C8-PHEMA and fluorinated PHEMA decrease with increasing

EtOAc concentration, while selectivities of C16-PHEMA membranes show a 4-fold

increase on going from 0.1 to 6% EtOAc (Figures 2.3, 2.4, and 2.5). Perhaps due to the

tight packing in C16-PHEMA films, absorbed EtOAc molecules block the transport of

water. Such an effect was seen previously in the separation of TCE from water using a

fluoroalkyl methacrylate-grafted PDMS membrane.25

2.3.2-b. Effect of Feed Temperature

Figure 2.6 shows the fluxes and selectivities for pervaporation of EtOAc solutions

through C8-PHEMA membranes at several temperatures. In agreement with other

studies,”28 flux increases with increasing feed temperature, while selectivity remains

essentially constant. Generally, as temperature increases, the thermal motion of polymer

chains and permeate molecules intensifies, leading to more rapid diffusion of analytes

through the membrane and, hence, higher fluxes. In contrast, temperature changes do not

greatly alter separation factors because solubility (sorption) selectivity among permeating

molecules is not a strong function of temperature.26

High pervaporation temperatures could also affect membrane performance by

inducing polymer degradation. To test the stability of C8-PHEMA membranes, we

performed pervaporation of 0.05 wt% EtOAC at 65 °C before and after storage of the

membrane in the hot pervaporation solution for one week. The week-long exposure to 65

. °C 0.05 wt% EtOAc in water had no significant effect on pervaporation. Additionally,
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we examined the stability of Cl6-PHEMA and fluorinated PHEMA films on gold wafers

using FTIR spectroscopy. Storage of these films in 65 °C 0.05 wt% EtOAc in water for

one week yielded no change in their IR spectra other than a uniform ~10% decrease in

intensity, which is probably due to desorption of a small quantity of polymer from the

gold surface. The desorption could result from a small amount of physisorbed polymer

or the instability of the Au-thiol linkage at high temperatures.29
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Figure 2.6. Flux (top) and separation factor (bottom) for pervaporation of

water/ethyl acetate mixtures through C8-PHEMA membranes at several

temperatures. The standard deviations of flux values and separation factors

were less than 15%.
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2.3.3. Pervaporation of Different Organic Compounds through Derivatized

PHEMA Membranes

To further compare the properties of the derivatized PHEMA membranes, we

examined pervaporation of a series of VOCs in water. We utilized a relatively low VOC

concentration (0.05 %) in these experiments to avoid plasticization and ensure that the

VOCs remained soluble. For all VOCs, flux decreased in the order fluorinated PHEMA

(1.2-1.5 kg/mzh) >C8-PHEMA (0.3—0.5 kg/mzh) >Cl6-PHEMA (0.1 — 0.2 kg/mzh).

However, VOC/water separation factors did not vary greatly among the three types of

membranes (Table 2.1). Selectivity did increase with the hydrophobicity of the VOC

(decreasing water solubility) from EtOH to TCE, with the exception of CHzClz. The

higher than expected CH2C12/water selectivity may occur in part because the small molar

Table 2.1. Molecular properties22 of several VOCs and separation factors

(VOC/Water) for pervaporation (22 0C) of 0.05% solutions through C8-

PHEMA, Cl6-PHEMA, and fluorinated PHEMA membranes.
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Molar Solubility Separation Factor

Compound Volume 38' in water

(mL/mol) (W170) C8 C16 Fluorinated

Water 18.0 100 —— — — __

EtOH 58.5 78 Miscible 20:05 3.0103 1.0 10.5

EtOAc 98.5 77 8.24 48:3 56:5 49:1

CHzCl2 63.9 40 2.00 330230 430160 430160

benzene 89.0 80 0. 18 190130 250120 240120

TCE 90.2 87 0.1 l 430:50 540150 510190



volume of CHzClz relative to EtOAc, benzene, and TCE results in more rapid diffusion of

CHzClz.30 The low boiling point of CHzClz may also increase its pervaporative transport.

2.3.4. Sorption Behavior and the Solution-diffusion Model

In the solution-diffusion model, transport through membranes includes both

sorption and diffusion. To decouple the effects of diffusion and sorption on selectivity,

we measured sorption directly for all three PHEMA derivatives. To attain sufficient

sensitivity for these measurements, we employed bulk polymers rather than thin polymer

brushes grown from a surface, but sorption properties of bulk polymers and thin films

should be similar. Table 2.2 shows that both the degrees of sorption and VOC/water

Table 2.2. Degrees of sorption and sorption selectivities for five VOCs

(0.05% aqueous solutions) in C8-PHEMA, Cl6-PHEMA, and fluorinated

PHEMA films. Measurements were performed at 22 °C, and solubilities of the

VOCs in water are given for reference.

 

 

 

Degree of Sorption Selectivity

Solubility

Compound in water

(“‘70) ca C16 Fluorinated C8 C16 Fluorinated

EtOH Miscible 4.2107 3.7104 6.410.? 8111.2 12310.5 3.511 .2

EtOAc 8.24 4815 1011 5917 203130 36915 120117

CHzCl2 2.00 5018 2012 6817 52015 64516 450123

benzene 0.18 55112 2711 8819 580156 1600120 310130

TCE 0. l l 6819 3212 99115 1 540190 3700150 570180

sorption selectivities for the three derivatized PHEMA membranes generally increase

- with decreasing water solubility of the VOCs, as would be expected. The fluorinated
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membrane provides the only exception to this trend with the sorption selectivity of

benzene being 30% lower than that of CHzClz.

Among the three membranes, C16-PHEMA exhibits both the highest sorption

selectivity and the lowest degree of sorption. This is consistent with the high

hydrophobicity of this polymer and a low free volume. The fluorinated polymer has the

highest degree of sorption of the three derivatives, suggesting again that this material has

a high free volume. However, with the exception of CH2C12, sorption selectivities for

C8-PHEMA are 70% to 170% greater than those for fluorinated PHEMA. Although the

fluorinated membrane has a higher water contact angle than C8-PHEMA, the low

solubility of organics in fluorous phases likely reduces VOC/water sorption selectivity.25

Table 2.3. Separation factors (22 °C) for pervaporation (apv), sorption (as),

and diffusion ((1.1)) of VOCS (0.05% aqueous solutions) in C8-PHEMA, C16-

PHEMA, and fluorinated PHEMA membranes.

 

 

 

Molar C8-PHEMA C16-PHEMA Fluorinated PHEMA

Volume

Compound

(mUmO') “9v as 0In any as an aw as an

EtOH 58.5 2.0 8.1 0.25 3.0 12.3 0.24 1.0 3.5 0.26

EtOAc 98.5 48 203 0.24 56 369 0.15 49 120 0.41

CH2C12 63.9 330 520 0.63 430 645 0.67 430 460 0.93

benzene 89.0 190 580 0.33 250 1600 0.16 240 310 0.77

TCE 90.2 430 1540 0.28 540 3700 0.14 510 570 0.89
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The pervaporation separation factor, apv, in the solution-diffusion model is simply the

product of the sorption selectivity, as, and the diffusion selectivity, (in. Table 2.3

contains values of apv and as along with calculated values of (19 for all three membranes.

Because of the small molar volume of water (18 mUmol), an is less than 1 for all of the

membranes. The higher diffusion selectivity for the fluorinated membranes (lower

water/VOC selectivity) is probably another reflection of a high free volume. Among the

VOCS, CH2C12 shows the largest 019, which would be expected for this relatively small

molecule. However, ethanol has an even lower molar volume than CHzClz, but its an is

around 0.25 for all of the membranes. Perhaps ethanol is diffusing through the

membrane in a hydrated state.3| Trends in up for EtOAc, benzene, CHzClz, and TCE

correlate reasonably well with molar volume, with the exception of TCE in the

fluorinated membrane.

2.3.5. Comparison with Related Membrane Systems

Table 2.4 compares the pervaporation performance of fluorinated PHEMA

membranes with several PDMS membranes. Blume and coworkers coated microporous

polymer supports with PDMS to achieve 3.5-um thick PDMS skins (row 1, Table 2.4).32

Those membranes show TCE/water pervaporation selectivities that are similar to those of

fluorinated PHEMA, but the fluorinated PHEMA allows a 7-fold higher flux because it is

20-times thinner. When normalized to film thickness, the PDMS membranes are more

permeable than fluorinated PHEMA, but Blume and coworkers reported that their coating

method could not produce defect-free films with thicknesses less than 0.5 um.

In the case of commercial PERVAP 1060 and 1070 membranes, EtOAc/water

selectivity is 10- to 20-fold higher for the commercial membranes than for fluorinated
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PHEMA. However, EtOAc flux is 2.5 to lO-fold higher for fluorinated PHEMA, again

because of the minimal thickness of the polymer brushes (Table 2.4). (Both PERVAP

Table 2.4. Comparison of the pervaporation performance of fluorinated

PHEMA and several PDMS membranes.

 

Membrane

 

F dC trat' “r t lFl '
Membrane VOC ee oncen lon T Thickness o a ux S913313110"

(wt%) (°C) (kg/mzh) Factor

(um)

PDMS 32 TCE 0.05 30 3.5 0.2 440

Fluorinated

PHEMA TCE 0.05 22 0.17 1.5 510

PDMS 2°

EtOAc l 30 8 0.4 a 300

(PERVAP 1060)

PDMS 20 ,

EtOAc 1 30 10 0.11 450

(PERVAP 1070)

Fluorinated a

PHEMA EtOAc l 22 0.17 l 25

PDMSDMMA33 benzene 0.05 40 270 0.0514 1853

Fluorinated ,

PHEMA benzene 0.05 22 0.17 1.5 240

a EtOAc flux only.

1060 and PERVAP 1070 are composite membranes with a PDMS skin, but PERVAP

1070 is filled with zeolites.) In a recent paper, Uragami and coworkers polymerized

PDMS dimethyl methacrylate macromonomers to prepare extremely selective

membranes for pervaporation of benzene from water.33 These membranes have 8-fold

higher benzene/water selectivities than fluorinated PHEMA, but again the polymer brush

membranes allow much higher fluxes. All of these comparisons neglect the fact that the

transport through PHEMA membranes was measured at lower temperatures than those

used with the comparison membranes. Higher pervaporation temperatures could result in
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as much as a doubling of flux, so transport through fluorinated PHEMA is generally an

order of magnitude or more greater than that reported for high-performance membranes.

Additionally, decreasing the thickness of fluorinated PHEMA films may also allow

further increases in flux. Although these comparisons demonstrate the high fluxes that

can be achieved by using ultrathin polymer brushes as the skin layers in composite

membranes, they also show that it may be possible to achieve even higher fluxes and

selectivities if polymer brushes with different compositions can be prepared. Our future

work will focus on this area.

2.4. Conclusions

Membranes for selective pervaporation of VOCs were prepared by ATRP of

HEMA from the surface of porous alumina followed by derivatization of the resulting

PHEMA films with hydrophobic acid chlorides. Reflectance FTIR spectroscopy and

FESEM measurements confirm the derivatization process and show that the derivatized

PHEMA skin layers fully cover the porous alumina substrates. The VOC/water

pervaporation selectivities of these membranes reach values as high as 500, and the

minimal thickness of the PHEMA films allows fluxes that are an order of magnitude

higher than those of currently used pervaporation membranes. Flux through fluorinated

PHEMA is higher than through C8- or C16-PHEMA, presumably because the bulky

fluorinated side chains pack less tightly than alkyl chains. C16-PHEMA exhibits the

highest sorption selectivities, but the tight packing of the C16 chains likely results in

significant water/organic diffusion selectivity. Overall, tradeoffs between diffusion and

sorption selectivities result in similar pervaporation selectivities for fluorinated PHEMA,

, C8-PHEMA and C16-PHEMA. Given the similar selectivities, the fluorinated system
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appears to be most promising because of its high flux. ATRP of other monomers from

porous surfaces may yield membranes with even higher fluxes and selectivities.
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Chapter 3

High-Capacity, Protein-Binding Membranes Based on Polymer

Brushes Grown in Porous Substrates

3.1. Introduction

While the previous chapter discussed the synthesis of ultrathin polymer films at

the surface of porous substrates to prepare high-flux membranes, this chapter explores the

growth of brushes in the interior of porous substrates to prepare membranes with

unusually high adsorption capacities. Such systems may prove useful for rapid

purification of proteins, which is important because potential therapeutic applications of

proteins along with rapid developments in biotechnology and genetic engineering have

greatly increased protein production and the need for fast, convenient purification

technologies.“ 2 Affinity chromatography is currently the most convenient way to purify

proteins due to its ability to separate biomolecules based on their biological interactions}

3 but the rate of separations with packed-bead affinity columns is limited by slow

diffusion of biomacromolecules within bead pores.3’5

Affinity membrane chromatography, which was initially introduced by Henis and

coworkers in 1987,6 has the potential to overcome this disadvantage of packed-bead

columns because the protein solutions being treated must flow through the membrane

pores.7‘9 Additionally, membrane chromatography avoids challenges in packing of

columns, which makes it an attractive technique for large-scale separation processes. A

. . . 0 .

number of adsorptlve membranes are now avallable commerClally,l and a wrde range of
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2. 3 - 4 15
' ' chltosan,l and nylon have been used asporous materials such as cellulose,ll chitin,

substrates that can be modified for protein immobilization.

This research aims at utilizing the controlled growth of polymer brushes in porous

substrates to develop affinity membranes with remarkably high protein-binding

capacities. The use of ATRP to grow PHEMA from initiators bound to a porous alumina

surface affords relatively fine control over polymer molecular weight, which allows large

increases in capacity without clogging of membrane pores. PHEMA brushes are

particularly attractive because they can be functionalized to exploit a number of affinity

interactions. '6' l 8 Specifically, functionalization of PHEMA with nitrilotriacetate-Cu2+

complexes results in protein binding via metal-ion affinity interactions, and the

microporous alumina support provides a ~500-fold increase in surface area relative to

two-dimensional supports. Overall, the combination of the alumina supports and

functionalized polymer brushes described here yields a remarkable binding capacity of

0.9 mg of bovine serum albumin (BSA) per cm2 of external membrane surface (150

mg/cm3 of membrane). Typical membrane absorbers have protein capacities of 4 - 20

mycmsw—zl

A few recent studies demonstrated the possibility of using ATRP and other

polymerization techniques to prepare protein-adsorbing polymer brushesz’ '9’ ”'24

Matyjaszewski and coworkers reported electrostatic adsorption of 10 to 15 monolayers of

BSA to poly(dimethylamino ethylmethacrylate) brushes grown on flat surfaces.22

Luzinov and coworkers used ATRP to prepare poly(2-vinylpyridine) brushes in porous

PVDF. Although these brushes were reported to enhance lysozyme adsorption, no
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capacity was provided.25 The PHEMA-modified membranes described here clearly

demonstrate the advantages of polymer brushes for membrane-based affinity separations.

3.2. Experimental Section

3.2.1. Materials

AnodiscTM porous alumina membranes with 0.2 um-diameter surface pores were

obtained from Fisher Scientific. SEM images suggest that pore diameters in the bulk of

these membranes are about 0.25 um. Dimethylforrnamide (DMF, anhydrous, 99.8%),

ll-mercaptoundecanol (97%), 2-bromoisobutyryl bromide (98%), CuCl (99.999%),

CuBrz (99%), 2,2’-bipyridyl (bpy, 99%), 1-[3-(dimethylamino)propyl]-3-

ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 4-

dimethylaminopyridine (DMAP), ethylenediamine tetraacetic acid (EDTA), bovine

serum albumin (BSA), and myoglobin were used as received from Sigma Aldrich.

CuSO4-5H20 (Columbus Chemical), NaNa—bis(carboxymethyl)-L-lysine hydrate (Fluka,

aminobutyl-NTA), succinic anhydride (SA, Matheson Coleman & Bell), and Coomassie

protein assay reagent (Pierce) were also used as received. 2-Hydroxyethyl methacrylate

(HEMA, Aldrich, 97%, inhibited with 300 ppm hydroquinone monomethyl ether) was

purified by passing it through a column of activated basic alumina (Spectrum), and the

trichlorosilane initiator (11-(2-bromo-2-methyl)propionyloxy)undecyltrichlorosi1ane) was

synthesized according to a literature procedure.26 Buffers were prepared using analytical

grade chemicals and deionized (Milli-Q, 18.2 MQ cm) water.
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3.2.2. Polymerization of HEMA in Porous Alumina Membranes and on Au

Substrates

The alumina membrane was first cleaned in a UV/ozone cleaner (Boekel model

135500) for 12 minutes and sandwiched inside a membrane cell (Millipore, Swinnex 25).

A Masterflex 7518-60 peristaltic pump was used to circulate 1 mM trichlorosilane

initiator in DMF solution through the membrane for 3 h at a rate of 10 mUmin, and

subsequent rinsing with ethanol (20 mL), water (20 mL) and acetone (20 mL) at a flow

rate of 10 mL/min yielded an initiator-modified membrane. Polymerization of HEMA

occurred by circulating a solution containing 15 mL of purified HEMA, 15 mL methanol,

82.5 mg (0.825 mmol) of CuCl, 54 mg (0.24 mmol) of CuBrz, and 320 mg (2.04 mmol)

of bpy through the initiator-modified membrane using a peristaltic pump (7 mUmin) for

1 h. This HEMA solution was initially degassed using 3 freeze-pump-thaw cycles and

prepared as described in Chapter 2.16 After polymerization, the membrane was cleaned

by flowing ethanol (20 mL), water (20 mL) and acetone (20 mL) through the membrane

at 7 mUmin.

To prepare films for reflectance FTIR characterization, Au-coated silicon wafers

were modified with a mercaptoundecanol monolayer that was subsequently derivatized

with 2-bromoisobutyryl bromide as described previously.27‘ 28 Polymerization of HEMA

from these substrates occurred as described above, except the substrate was simply

immersed in a degassed polymerization solution that was kept in a glove bag.

3.2.3. PHEMA Derivatization and Protein Immobilization

To derivatize PHEMA-coated alumina membranes, a 55 °C DMF solution

containing SA (10 mg/mL) and DMAP (15 mg/mL) was passed through the membrane
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for 3 h at 7 mL/min followed by rinsing with DMF (20 mL), water (20 mL) and ethanol

(20 mL) at 7 mUmin (Scheme 3.1). Next, a room-temperature solution containing

EDC/NHS (0.1 M of each in pure water) was circulated for 30 min (6.8 mL/min) through

the membrane, which was then briefly washed with water and ethanol (20 mL each). The

EDC/NHS-activated membrane was allowed to react with a flowing (6.5 mUmin) 0.1 M

aminobutyl-NTA solution (adjusted to pH 10.2) for 1 h, rinsed with 20 mL water, and

finally exposed to a 0.1 M CuSO4 solution (6.5 mUmin) for 30 min and rinsed with 20

mL of water. The membrane was then taken out of the Swinnex 25 cell, rinsed

sequentially with 5 mL of water, ethanol and acetone using a pipette, and dried with a

flow of nitrogen. The water remaining in the pump tubing was next pumped out, and the

membrane was put back into the cell. A solution containing BSA or myoglobin (in pH

7.2 phosphate buffer) was then forced through the membrane, and the permeate was

collected for analysis at specific time intervals. Permeate volume was estimated using a

graduated cylinder. Subsequently, the membrane was rinsed with pH 7.2 phosphate

buffer, and protein was eluted using a 50 mM EDTA solution (pH adjusted to 7.2). To

prepare films for reflectance FTIR characterization, a PHEMA film on a gold substrate

was treated in a similar procedure by immersing the substrate in appropriate solutions and

rinsing with solutions from a pipette.
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Scheme 3.1. Derivatization of PHEMA for protein immobilization.
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3.2.4. Determination of Protein Concentrations

To determine the concentration of protein in permeate and eluent solutions, 50 uL

of the sample was added to 2.95 mL of a solution of Coomassie reagent, and the mixture

was shaken a few times and allowed to react for 5 min at room temperature. The UV/vis

absorbance spectra of these solutions were then obtained with a Perkin-Elmer UVNis

(model Lambda 40) spectrophotometer. Calibration curves for the absorbance of BSA

and myoglobin/Coomassie solutions at 595 nm were obtained using a series of protein

solutions (concentration range of 100 ug to 2 mg of protein per mL) that were mixed with

Coomassie reagent. All spectra were measured against a Coomassie reagent background.

3.2.5. Film Characterization Methods

Film growth inside alumina membranes was verified using field-emission

scanning electron microscopy (FESEM, Hitachi S-47OOII, acceleration voltage of 15 kV)

and energy dispersive X-ray spectroscopy (EDS, Phoenix EDAX instrument). For SEM

and EDS observations, the alumina membrane was attached to a Si wafer by double-sided

tape, and the alumina was dissolved by immersing it into 1 M NaOH at 25 °C for two

hours followed by careful washing several times with distilled water and ethanol.

Subsequently, 7 nm of gold was sputtered onto the remaining polymer prior to FESEM

and EDS examination. Reflectance FTIR spectra of films on gold-coated wafers were

obtained with a Nicolet Magna-IR 560 instrument using a Pike grazing angle (80°)

accessory. The spectrum of reflection from a UV/ozone-cleaned gold-coated wafer was

used as a background.
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3.3. Results and Discussion

3.3.1. FTIR Characterization of PHEMA Derivatization and Protein Binding

Reflectance FTIR spectra of PHEMA films and their derivatives on Au-coated Si

confirm the steps of the derivatization and protein-adsorption procedure shown in

Scheme 3.1. To prepare brushes capable of protein binding, we first reacted PHEMA
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Figure 3.1. Reflectance FTIR spectra of a PHEMA film before (a) and after the

following sequential steps: (b) reaction with SA, immersion in a pH 9.9 buffer, and

rinsing with ethanol; (c) activation with EDC/NHS; ((1) reaction with aminobutyl

NTA followed by immersion in pH 9.9 buffer; (e) exposure to 0.1 M Cu2+ to form

N'I‘A-Cu2+ complexes; (f) exposure to 1 mg/mL BSA followed by immersion in pH

9.9 buffer. Spectrum (g) is the difference spectrum resulting from subtraction of (d)

from (f) and multiplication by a factor of 2.
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with SA to create free —COOH groups in the film. Prior to obtaining the reflectance IR

spectrum of SA~derivatized films, we immersed the film-coated gold slide in pH 9.9

buffer for 15 min and rinsed with ethanol. At pH 9.9, the newly introduced carboxylic

acid groups should be deprotonated,29 and consistent with derivatization and

deprotonation, the FTIR spectrum of these films contains a new peak around 1594 cm’1

(Figure 3.1b), which is likely due to the —C00’ symmetric stretch. The absorbance at
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Figure 3.2. Reflectance FTIR spectra of a PHEMA film (3750 to 1250

cm") on Au (a) before and (b) after derivatization with succinic anhydride,

'1‘

immersion in pH 9.9 buffer, and rinsing in ethanol.
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~1740 cm", which is assigned to ester carbonyl groups, approximately doubled after SA

derivatization, suggesting a high degree of conversion of the —OH groups of PHEMA to

ester groups. The disappearance of the —OH stretch of PHEMA (3650 - 3100 cm",

Figure 3.2) also indicates nearly 100% derivatization.

After activation of the —COOH groups of modified PHEMA using EDC/NHS,

peaks due to the succinimide ester appeared at 1817 and 1786 cm'1 (Figure 3.10.3032

The asymmetric stretch of succinimide (~1753 cm") overlaps with the C20 stretch (1740

cm") of the previously formed esters to yield a broad peak with an absorbance that is

about double that for the ester carbonyl after SA derivatization. The new peak at 1817

cm'1 is due to the carbonyl stretch of the active ester formed by reaction with NHS, while

the absorbance at 1786 cm'1 results from the symmetric succinimide stretch.

The EDC/NHS activated PHEMA was then reacted with aminobutyl—NTA

(Na,Na—bis(carboxymethyl)-L-lysine hydrate) and immersed in pH 9.9 buffer for 15 min

and rinsed with ethanol. Reaction of the active ester with both aminobutyl NTA and

water resulted in the loss of the active ester absorbances, and the shift of the 1753 cm'1

peak back to 1740 cm'1 (Figure 3.1d). The new peak at 1680 cm’1 provides evidence for

NTA immobilization and is probably due to the COO’ groups from NTA as well as the

amide bond formed between SA and NTA. The broad absorbance centered at 1600 cm’1

could result from carboxylate groups in either NTA or the hydrolyzed active esters.

Exposure of NTA-derivatized PHEMA to 0.1 M CuSO4 followed by rinsing with water

yielded immobilized NTA-Cu2+ that is capable of binding proteins through their histidine

groups. Unfortunately, there was no significant change in the IR spectrum (Figure 3.1e)

0f the film after Cu2+ coordination except that the peak at 1600 cm'I appeared to shift to
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1630 cm'l and become sharper. However, this shift could be due to the fact that spectrum

((1) was measured after treatment with pH 9.9 buffer, while the sample for spectrum (e)

was not treated with this buffer because Cu(OH); might precipitate in the film at high pH.

XPS data confirmed the presence of Cu2+ in the film and showed a Cu : N ratio of 0.4 : l,

which is consistent with our previous results and indicative of nearly one Cu2+ per NTA

moiety.33

After an overnight exposure of the PHEMA-NTA-Cu2+ film to a 1 mg/mL BSA

solution in pH 7.2 buffer followed by immersion in pH 9.9 buffer for 15 min and rinsing

in EtOH, we saw growth in the absorbance at 1680 cm"l (amide I band) and the

appearance of a small peak at 1545 cm'I (amide H band) (Figure 3.1f). Subtracting the

spectrum of PHEMA-NTA (Figure 3.1d) from that of PHEMA-NTA-Cu2+-BSA (Figure

3.10 yielded a bound-BSA spectrum, which is dominated by amide absorbances (Figure

3.1g). We chose to subtract the PHEMA-NTA rather than the PHEMA-NTA-Cu2+

spectrum because the former was taken after immersion in a pH 9.9 buffer as was the

spectrum of PI-IEMA-NTA-Cu2+-BSA. Comparison of the amide intensities in Figure

3.1g with those of spin—coated films of pure BSA suggests that about 40 nm of BSA

adsorbed to this film.33 Assuming a monolayer height of 4.0 nm,34 this thickness

corresponds to 10 monolayers of bound BSA. The PHEMA film was initially 50 nm

thick.
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3.3.2. SEM and EDS Characterization of PHEMA inside Alumina Membranes

 
Figure 3.3. FESEM images of PHEMA nanotubes synthesized by ATRP

in porous alumina substrates. (a) Top view of the nanotubes. (b) Cross-

sectional image showing the length of the nanotubes. (c) Highly flexible

PHEMA nanotubes. (d) Top view of the nanotubes obtained by removing the

surface layer by polishing with sand paper. The arrow in (b) shows the

approximate length of the tubes.

In chapter 2, we used ATRP to graft PHEMA from the surface of porous alumina

'6 In contrast,substrates and form composite membranes with ultrathin PHEMA skins.

this work aimed at grafting PHEMA within the pores of the membrane to achieve a high

surface area for protein capture. By pumping the initiator and monomer solutions

through the membrane, we were able to achieve polymerization throughout the support
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and increase the surface area from which polymerization occurred by 500 fold. One

challenge in such polymerizations is to grow polymer brushes without clogging the

membrane. To overcome this difficulty, we used methanol instead of water as the solvent

for brush growth to decrease the rate of polymerization.35

The SEM images in Figure 3.3 clearly demonstrate the formation of hollow

PHEMA tubes in the membrane pores.” 37 To obtain these images, we dissolved the

alumina template in 1 M NaOH and collected the polymer tubes before taking SEM

images. (PHEMA likely does not dissolve in 1 M NaOH because it is lightly cross-

linked.38) The right side of Figure 3.3a shows an image of the top of the brushes, which

is similar to images of bare porous alumina. Figure 3.3b indicates that the length of the

resulting nanotubes is about 45 um, which is slightly less than the thickness of the

alumina support (60 um), perhaps because the tubes curled up. Figure 3.3c shows the

flexibility of the tubes. The image in Figure 3.3d was obtained after removing the skin

layer of the membrane by polishing with sandpaper to reveal that the interior of the pores

is open. (Although Figure 3.3a shows that the pores are open at the surface of the

membrane, it does not necessarily imply that the interior of the pores is open.) Figure

3.3d shows open, interior pores, but the thickness of the polymers is much higher than

what we calculated from flow experiments (see below). Because the sanding process

may cause the pores to appear thicker than they are, we do not think that Figure 3.3d can

be employed to determine the inner diameter of the tubes.
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The energy dispersive X-ray spectrum of the nanotubes (Figure 3.4) reveals C and

O and not Al, demonstrating that these images are indeed those of PHEMA.

 

 

1.00 2.00 3.00 0.00 3.00 8.00 1.00

Figure 3.4. Energy dispersive X-ray spectrum of PHEMA nanotubes grown

by ATRP in porous alumina membranes. The nanotubes were obtained by

attachment of the membrane onto Si wafers and dissolution of the alumina in

1.0 M NaOH. These samples were sputtered with 7 nm of Au prior to

imaging. Peaks due to Si and Au are due to the support and sputtering,

respectively.
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3.3.3. BSA Binding to PHEMA-NTA-Cu2+ Brushes

To test the binding capacity of PHEMA-NTA-Cu2+ films, we initially pumped a

0.56 mg/mL BSA solution through the membrane, collected the permeate over specific
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Figure 3.5. UV-vis spectra of the permeate collected at certain time

intervals when 0.56 mg/mL BSA solution was pumped through porous

alumina membranes coated with PHEMA-NTA-Cu2+. The permeate flow

rate was initially 2.4 mL/min and 0.9 mUmin at the end of the experiment.

Prior to measurement of the UV-vis spectra, 50 uL of permeate was mixed

with 2.95 mL of Coomassie reagent. Pure Coomassie reagent was used as the

background.
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time intervals, and analyzed these solutions using the absorbance at 595 nm in a Bradford

assay. Figure 3.5 presents typical UV-vis spectra from the Bradford assays.

The breakthrough curve (Figure 3.6) obtained from these measurements shows

that essentially all of the BSA was adsorbed until breakthrough occurred, and that

saturation of the membrane took less than 15 min.” 39’ 40 Integration of the difference

between the feed concentration and the concentrations given in Figure 3.6 yielded a

.
0

o
?

    

  

  

.
0

0.
1

p ‘3
‘

.
0

"
3

B
S
A

C
o
n
c
e
n
t
r
a
t
i
o
n
(
m
g
/
m
L
)

_
o

o

—
s

0
)

 
 

I I U I I

O 2 4 6 8 1O 12

Volume (mL)

.
0
0

Figure 3.6. Breakthrough curve for BSA adsorption in porous alumina

membranes coated with PHEMA-NTA-Cu2+. The BSA concentration in the

feed solution was 0.56 mg/mL and the initial flow rate was 2.4 mUmin,

decreasing to 0.9 mUmin at the end of the experiment.

remarkable 0.8 mg of bound BSA per cm2 of external membrane surface area. Repetition

of this experiment on 4 different membranes yielded an average BSA binding of 0.82 t
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0.07 mg/cmz. This very high capacity is due in part to the high internal surface area of

the alumina, but even taking into account the surface area of the pores (assuming 50%

porosity, pore diameters of 0.25 pm, and a membrane thickness of 60 um), the capacity is

1.6 ug of BSA per cm2 of pore area or about 4 monolayers of BSA (assuming a BSA

density of l g/cm3 and a monolayer thickness of 4.0 nm) adsorbed throughout the pores

of these membranes.

Figure 3.7 shows how the amount of equilibrium binding of BSA to PHEMA-
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Figure 3.7. Equilibrium binding capacity of PHEMA-NTA-Cu2+-coated

alumina membranes as a function of BSA concentration. The solid line

represents the fit of the data to the Langmuir isotherm.

NTA—Cu2+ films in alumina membranes varies with the concentration of BSA. In this

experiment, binding was performed at a specific BSA concentration, and the membrane

98



was regenerated with 0.05 M EDTA (pH 7.2) followed by 0.1 M Cu2+ prior to examining

adsorption at another BSA concentration. As can be seen, BSA binding increases with its

concentration in the feed solution until approaching saturation at concentrations around 1

mg/mL. The data are reasonably described by the Langmuir isotherm,9“““i3 q = qu/(Kd

+ C), where q is the amount of protein bound, qm represents the saturation capacity, C is

the concentration of protein in solution, and Kd is the dissociation equilibrium constant.

The value of qm determined from the Langmuir plot is 0.9 mg per cm2 of external

membrane surface area, and the dissociation constant is 0.09 mg/mL, which also

corresponds to 1.3 uM. This Kd value is reasonably consistent with the previously

reported value of 2.3 uM for Chitosan-Cu2+-BSA,44 and indicates a strong binding

affinity between BSA and immobilized NTA-Cu2+ complexes.

The high protein-binding capacity of these membranes is also consistent with

decreases in flow rate after protein binding. As noted in Figure 3.6, flow rate decreased

from 2.4 to 0.9 mUmin during binding of 0.8 mg of BSA per cm2 of external membrane

surface area (130 mg/cm3). We achieved a similar decrease in flow rate when we loaded

protein in the membrane using a dead-end filtration cell (Millipore, Model 8010) with a

controlled pressure of 6.9 x 104 pascals (10 psig). Assuming Poiseuille flow in the

membranes (flow rate is proportional to pore radius raised to the 4th power), the drop in

flow rate suggests that the radius of the membrane pores decreased by a factor of 1.28

after protein binding. Using an open pore radius of 0.112 um after PHEMA-NTA-Cu2+

deposition (see below) and assuming a 50% porosity prior to film deposition, the

decrease in radius by a factor of 1.28 upon protein binding would yield a decrease in pore

volume of 0.16 cm3/cm3 of total membrane. With a protein density of 1 g/cm3, this
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decrease in pore volume agrees well with both the BSA binding capacity of 130 mg/cm3

for the membrane used to obtain Figure 3.6 and the saturated binding capacity of 150

mg/cm3 (Figure 3.7). Thus, the high protein-binding capacity is consistent with the flow

rates through the membrane.

Flow rates before polymerization and after deposition of PHEMA-NTA-Cu2+

were 10 mljmin and 6.5 mUmin, respectively, suggesting that the pore radius decreased

from 0.125 um before polymerization (radius estimated from FESEM images) to 0.112

tun after deposition of the PHEMA-NTA-Cu2+ film. This implies a film thickness of 10

nm, which appears to be less than that in the SEM images of PHEMA tubes in Figure 3.3,

but as mentioned previously, the polymers might be much thicker at their sanded surface

than in the bulk of the membrane. We should note that flow rate dropped from 6.5

mUmin to 2.5 mUmin almost instantaneously when we began filtering the BSA solution.

We think that a thin layer of contaminants may quickly adsorb at the membrane surface.

Elution with EDTA and/or regeneration with 0.1 M Cu2+ did not return the flow rate to

6.5 mL/min.
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Table 3.1. Comparison of the protein-binding capacity of alumina-PHEMA-

NTA-Cu2+ membranes with other membrane absorbers.

 

 

Th’ kn ‘ Surface Pore Binding Binding

Membrane ('C m)658 Area Size Porosity Ligate capacity capacity

11 (cm?) (urn) (mg/cmz) (mg/cm3)

Glass fiber20 8000 17.3 3 87% BSA 6.9 8.6

Poly (acrylic acid)

(Polypropylene 150 3.14 0.4 ----- Lysozyme 0.3 20

base polymer)”

Cellulose” 64 125 0.2 ----- BSA 0.027 4.2

PHEMA (This work)

. 60 3.14 0.2 50% BSA 0.9 150

(Alumina support)

Table 3.1 compares the BSA-binding capacity of PHEMA-NTA-Cu2+-coated

alumina membranes with several other membrane systems. Ruckenstein and Guo

modified glass fiber filters with trypsin or papain to bind proteins.” 45 They then packed

20 modified glass membrane filters (about 8 mm thick) into a cartridge and achieved an

extremely high binding capacity of 6.9 mg of BSA per cm2 of external membrane surface

area. However, if one takes the membrane thickness into account and converts binding

capacity into mg/cm3, the modified alumina membranes described here show a l7-fold

higher capacity (compare rows 1 and 4 in Table 3.1). Very recently, Ulbricht and Yang

used UV-initiated graft polymerization to grow poly (acrylic acid) from porous

polypropylene microfiltration membranes.19 The resulting membranes showed a

promising performance in adsorption of lysozyme using ion-exchange interactions (Table

3.1, row 2). Still the capacity of those membranes was 7-fold lower than that described

here. Kubota and coworkers modified porous cellulose membranes with iminodiacetate-

Cu2+ complexes,” but those membranes (Table 3.1, row 3) gave only 1/36 of the binding
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capacity described here . The growth of brushes from alumina using ATRP provides an

unusually productive method for introducing a high concentration of binding groups into

membranes.

3.3.4. Elution of BSA and Reuse of Alumina-PHEMA-NTA-Cu2+ Membranes

In addition to rapid, high-capacity adsorption, elution and regeneration are also

48
vital in the use of membrane absorbers.“ Figure 3.8 shows results from multiple
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Figure 3.8. Binding amounts (triangles) and elution efficiencies (squares) for

several cycles of BSA adsorption and elution followed by Cu2+ reloading of an

alumina membrane modified with PHEMA-NTA. (Flow rate - 0.9 mL/min;

BSA concentration - 0.6 mg/mL; Elution buffer — 50 mM EDTA, pH 7.2)

experiments comprising cycles of absorption of BSA, elution with 50 mM EDTA, and

regeneration with 0.1 M Cu2+ on a single alumina-PHEMA-NTA-Cu2+ membrane.

Within experimental error (<15%), there was no loss in binding amount over 9 cycles,

and >93% recovery of protein occurred in each cycle. The consistency in capacity over 9
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loadings implies that the elution buffer removed essentially all of the adsorbed protein

from the membranes, even though the average calculated elution efficiency was only

94%. There likely was a systematic error in the analyses that resulted in an

underestimation of elution efficiencies. Given the small volumes involved in the

breakthrough experiments along with inaccuracies in the volume measurements and the

need to integrate data such as those in Figure 3.5 to obtain adsorption amounts, this is

certainly possible.

To more accurately assess elution efficiency, we passed 10 mL of 0.56 mg/mL

BSA in pH 7.2 buffer through the membrane and analyzed this entire solution to

determine how much BSA was adsorbed in the membrane. We also passed 5-10 mL of

rinsing buffer through the membrane to rinse the system and determined the amount of

protein in this effluent. We subtracted the total amount of protein that came through the

membrane from the amount of protein added to the initial 10 mL BSA solution to

determine the amount of bound BSA. (In these experiments we used weight rather than

volume to more accurately determine the amount of solution passing through the

membrane.) We eluted the protein with 10-15 mL of 0.1 M EDTA and analyzed the

protein concentration in the entire solution. For three cycles of adsorption, elution, and

Cu2+ binding, the average amount bound to the membrane was 0.781002 mg/cmz, which

is in reasonable agreement with the previous measurements. The elution efficiency was

101 i 1 %. Hence, essentially all of the protein is eluted.

Control experiments with membranes that were derivatized with PHEMA-NTA

films but not exposed to Cu2+ showed elution of <0.02 mg/cm2 BSA from a membrane

loaded by a 0.56 mg/mL BSA solution and rinsed with buffer. These control experiments
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help to validate the experimental procedure and also indicate that the PHEMA-NTA films

are not prone to high levels of non-specific BSA adsorption under these conditions.

3.3.5. Adsorption of Myoglobin

We also examined the adsorption of myoglobin to alumina-PHEMA-NTA-Cu2+

membranes to see if molecular weight affects protein adsorption. BSA has a molecular

weight of 67 kDa, an isoelectric point of 4.9, 17 histidine residues, and dimensions of 4.0

mm x 4.0 nm x 11.5 nm.34 In contrast, myoglobin has a molecular weight of 17 kDa, an

9
isoelectric point of 7.0, 11 histidine residues and a size of 4.4 nm x 4.4 nm x 2.5 nm.4

Figure 3.9 shows the breakthrough curves for the two proteins on the same membrane.
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Figure 3.9. Breakthrough curves for adsorption of 0.3 mg/mL BSA and 0.35

mg/mL myoglobin on the same alumina-PHEMA-NTA-Cu2+ membrane. After

adsorption of BSA, the membrane was regenerated with 0.05 M EDTA and 0.1

M Cu“.
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The membrane showed high binding capacities for both BSA (0.67 mg/cmz, feed

concentration: 0.30 mg/mL) and myoglobin (0.50 mg/cmz, feed concentration: 0.35

mg/mL), but the breakthrough curve is sharper for myoglobin. This could be due to more

rapid diffusion of the smaller myoglobin in the brushes, but this needs further

investigation. Future studies examining how the rate of binding varies with brush

thickness and density should be helpful in this regard. (Brush thickness can be controlled

by varying the polymerization time, while density can be controlled by changing the

38. 50

denisyt of initiators. ) The fraction of histidine residues in myoglobin is also higher,

and this could result in more rapid binding.“

3.4. Conclusions

Immobilized metal-affinity membranes were prepared by ATRP of HEMA inside

the pores of alumina substrates followed by a series of derivatization steps to immobilize

NTA-Cu” complexes. FESEM measurements confirmed the growth of PHEMA brushes

inside the pores of alumina membranes, and reflectance FTIR spectroscopy verified the

efficacy of the derivatization procedures. Equilibrium binding essentially followed the

Langmuir isotherm, and the saturation binding capacity of PHEMA-NTA—Cu2+ for BSA

was 0.9 mg per cm2 of membrane. Moreover, saturation of the membrane with protein

occurred in less than 15 min. After 9 cycles of adsorption, elution, and regeneration, the

membranes showed no detectable loss of capacity, and elution efficiencies were

essentially 100%. The derivatized PHEMA brushes also showed rapid, high capacity

binding of myoglobin. Hence, the use of polymer brushes in the pores of membranes is

an effective means for creating high-capacity protein adsorbers.
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Chapter 4

Purification of Histidinex-Tagged Proteins Using Membranes

Modified with Polymer Brushes

4.1. Introduction

Advances in genetic engineering have generated an ongoing need for efficient

purification of recombinant proteins.l One of the most powerful methods for isolating

such proteins, affinity chromatography, is based on specific interactions between

immobilized ligands and an affinity tag (e.g., glutathione-S-transferrase (GST)2,

Streptavidin,3 or polyhistidine“) that is appended to the protein of interest. Polyhistidine,

the most frequently employed tag, allows purification by immobilized metal-affinity

chromatography (IMAC),5'8 where selectivity is usually based on the interaction of the

polyhistidine with an immobilized Ni2+ complex. Proteins containing a polyhistidine tag

(his tag) are selectively bound to the chromatographic matrix, while other cellular

proteins are washed away.9

The advantages of IMAC, which include ligand stability, high protein loading,

mild elution conditions, simple regeneration and low cost,'0 are very important when

developing purification procedures. Nevertheless, this technique has some serious

limitations, including long separation times, difficulties in packing large columns,

relatively high pressure drops, and slow intra-bead diffusion of solutes.”13 These

limitations will be particularly important for large scale separations.
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In an effort to solve some of these problems that are general to affinity

chromatography, membrane chromatography was first introduced in 1987.'4 In this

technique flow of solution through membrane pores containing immobilized ligands

enhances the rate of mass transport to the ligands, and scale up is in principle relatively

simple.9 Despite their potential, however, the major disadvantage of membrane

absorbers is that their low specific surface area (when compared to porous beads) yields a

relatively low binding capacity. To overcome this problem, we and others are developing

membranes modified with polymer brushes that have multiple protein-binding sites.”18

The controlled growth of polymers in membrane pores using ATRP is particularly

attractive because the thickness of the resulting polymer brushes can be readily controlled

to optimize capacity without completely filling pores. Our previous study (Chapter 3 of

this thesis) showed that growth of PHEMA from initiators bound to a porous alumina

membrane followed by functionalization of the PHEMA with nitrilotriacetate-Cu2+

(NTA-Cu2+) complexes resulted in membranes that bind large amounts of BSA and

myoglobin, presumably via formation of a complex between the histidine groups of the

proteins and the immobilized NTA-Cu“. Overall, the combination of a porous alumina

support and functionalized polymer brushes yielded a remarkable binding capacity of 0.9

mg of BSA per cm2 of external membrane surface (150 mg/cm3 of membrane).

However, the NTA-Cu2+ complex, as suggested from the high BSA-binding

capacity of membranes containing PHEMA-NTA-Cu2+ brushes, is prone to binding of

many proteins and is not sufficiently selective to effectively purify his tagged proteins.

This chapter describes the use of PHEMA-NTA-Ni2+, rather than PHEMA-NTA-Cu2+,

brushes to modify membranes and selectively purify his tagged proteins. It is well
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known that NTA-Ni2+ is highly selective for binding of his tagged proteins because the

 

 

Surface
    

Figure 4.1. Selective binding of PHEMA-NTA-Ni2+ to a his tagged

protein. (a: his tagged protein; b-d: non his tagged proteins).

interaction of NTA-Ni2+ with histidine is much weaker than the interaction of NTA-Cu2+

with histidine (Figure 4.1).4’ '9 Thus, polyhistidine is required for efficient binding to the

NTA-Ni2+ complex. This work demonstrates that membranes modified with PHEMA-

NTA-Ni2+ selectively bind his tagged ubiquitin (HisU) from solutions containing equal

amount of HisU, myoglobin, and BSA or a 20-fold excess of BSA relative to HisU. Gel

electrophoresis revealed that the purity of HisU recovered from such solutions is >99%,

and that the binding capacity of these membranes is as high as 120 mg HisU/cm3 of

membrane (for a 0.3 mg/mL HisU solution).
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4.2. Experimental Section

4.2.]. Materials

AnodiscTM porous alumina membranes with 0.2 um-diameter surface pores were

obtained from Fisher Scientific. Dimethylformamide (DMF, anhydrous, 99.8%), 11-

mercaptoundecanol (97%), 2-bromoisobutyryl bromide (98%), CuCl (99.999%), CuBrz

(99%), 2,2’-bipyridyl (bpy, 99%), 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide

hydrochloride (EDC), N-hydroxysuccinimide (NHS), 4-dimethylamin0pyridine (DMAP),

ethylenediamine tetraacetic acid (EDTA), imidazole (99%), TWEEN-20 surfactant,

bovine serum albumin (BSA), ubiquitin (N-terminal histidine6 tagged) and myoglobin

were used as received from Sigma Aldrich. NiSO4-5HZO (Columbus Chemical),

NaHzPO4 (CCI), NazHPO4 (Aldrich), Na,Nar—bis(carboxymethyl)-L-lysine hydrate

(Fluka, aminobutyl-NTA), succinic anhydride (SA, Matheson Coleman & Bell), and

Coomassie protein assay reagent (Pierce) were also used as received. 2—Hydroxyethyl

methacrylate (HEMA, Aldrich, 97%, inhibited with 300 ppm hydroquinone monomethyl

ether) was purified by passing it through a column of activated basic alumina (Aldrich),

and trichlorosilane initiator (11-(2-bromo-2-methyl)propionyloxy)undecyltrichlorosilane)

was synthesized according to a literature procedure.20 Buffers were prepared using

analytical grade chemicals and deionized (Milli-Q, 18.2 M!) cm) water.

4.2.2. Polymerization of HEMA in Porous Alumina Membranes and on Au

Substrates

The procedure for polymerizing HEMA inside alumina membranes was reported

in the last chapter. Briefly, the alumina membrane was sandwiched inside a membrane

cell (Millipore, Swinnex 25), and the trichlorosilane initiator solution was first passed
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through the membrane followed by subsequent rinsing. Polymerization of HEMA

occurred by circulating a degassed solution containing 15 mL of purified HEMA, 15 mL

methanol, 82.5 mg (0.825 mmol) of CuCl, 54 mg (0.24 mmol) of CuBrz, and 320 mg

(2.04 mmol) of bpy through the initiator-modified membrane for 1 hour. After

polymerization, the membrane was cleaned with flowing ethanol (20 mL), water (20 mL)

and acetone (20 mL).

To prepare films for reflectance FTIR characterization, Au-coated silicon wafers

were coated with a mercaptoundecanol monolayer that was subsequently derivatized with

2-bromoisobutyryl bromide as described previously?" 22 Polymerization of HEMA from

these substrates occurred as described above, except that the substrate was simply

immersed in a polymerization solution that was kept in a glove bag.

4.2.3. PHEMA Derivatization and Protein Immobilization

The derivatization procedure was also described in the last chapter and is shown

in Scheme 4.1. However, in this case the NTA-derivatized membrane was exposed to a

0.1 M NiSO4, rather than 0.1 M CuSO4, solution and rinsed with solvents. A solution

containing pure protein or a mixture of proteins (in 20 mM phosphate buffer, pH 7.2) was

then pumped through the membrane using a peristaltic pump, and the permeate was

collected for analysis at specific time intervals. Subsequently, the membrane was rinsed

with 20 mL pH 7.2 washing buffer (20 mM phosphate buffer containing 0.1% Tween-20

surfactant and 0.15 M NaCl) and 20 mL phosphate buffer, and protein was eluted using

5-10 mL elution buffer (20 mM sodium phosphate, 0.5 M NaCl, 0.5 M imidazole, pH

7.4). Ni2+ was later eluted using a 50 mM EDTA solution (pH adjusted to 7.2), and the

PHEMA-NTA film was recharged with Ni2+ prior to reuse. To prepare derivatized films
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for reflectance FFIR characterization, a PHEMA film on a gold substrate was treated in a

similar procedure by immersing the substrate in appropriate solutions and rinsing with

solutions from a pipette.

4.2.4. Determination of the Amount of Coordinated Ni2+ in the Membrane

A calibration curve was obtained by measuring the UV-vis spectra of Ni2+-EDTA

standard solutions (5, 10, 20, 40 mM NiSOa in 50 mM EDTA at pH 7.2), and a sample

solution was prepared by using 5.0 mL of 50 mM EDTA (pH 7.2) to remove Ni2+ from a

PHEMA-NTA-Ni2+-coated membrane. The UV-vis spectrum of the stripping solution

was acquired, and the amount of Ni2+ in the solution was calculated using the calibration

curve.

4.2.5. Determination of Protein Concentrations

To determine the concentration of protein in permeate and eluent solutions, 50 uL

of the sample was added to 2.95 mL of a solution of Coomassie reagent, and the mixture

was shaken a few times and allowed to react for 5 min at room temperature. The UV/vis

absorbance spectra of these solutions were then obtained with a Perkin-Elmer UVNis

(model Lambda 40) spectrophotometer. Calibration curves for the absorbance of BSA,

HisU and myoglobin solutions at 595 nm were obtained using a series of protein

solutions (concentration range of 100 ug to 1 mg of protein per mL) that were mixed with

Coomassie reagent. All spectra were measured against a Coomassie reagent background.

4.2.6. Determination of Protein Purity by SDS-PAGE

The protein soutions were analyzed by SDS-PAGE with a 15% cross-linked

separating gel and a 4% cross-linked stacking gel (acrylamide). Protein bands were

. . . . . . 13
Visualized usmg a standard Silver Staining procedure.
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4.2.7. Film Characterization Methods

Reflectance FTIR spectra of films on gold-coated wafers were obtained with a

Nicolet Magna-IR 560 instrument using a Pike grazing angle (80°) accessory. The

spectrum of reflection from a UV/ozone-cleaned gold-coated wafer was used as a

background. Film growth inside alumina membranes was verified using Transmission

FTIR (Mattson Galaxy Series 3000) with an air background.

4.3. Results and Discussion

4.3.1. Characterization of PHEMA Derivatization

In the last chapter, we examined PHEMA formation inside the pores of alumina

membrane using SEM and EDS, and verified derivatization of PHEMA only for films on

Au—coated Si. Here I present transmission FTIR spectroscopy that demonstrates both the

formation and derivatization of PHEMA within alumina membranes. Figure 4.2 Shows

the transmission FTIR spectra of PHEMA films and their derivatives inside the alumina

membrane. To ensure that derivatization happens throughout the pores, we passed the

reactant solutions through the membrane using a peristaltic pump. After each

derivatization step, the membrane was taken out of the membrane cell, immersed in

appropriate buffers, rinsed with ethanol and acetone and dried under a flow of nitrogen.

We then placed the membrane in a holder for taking IR spectra, and a spectrum of air was

used as a background. The transmission IR data are consistent with the spectra of films

on gold surface and prove successful derivatization inside the alumina.
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Figure 4.2. Transmission IR of (a) PHEMA films inside an alumina

membrane before (a) and after the following sequential steps: (b) reaction

with SA, immersion in a pH 9.9 buffer. (c) activation with EDC/NHS; ((1)

reaction with aminobutyl NTA followed by immersion in a pH 9.9 buffer;

(e) exposure to 0.1 M Ni2+ to form NTA-Ni2+ complexes.

To be Specific, we first passed a solution of SA in DMF through a PHEMA-

derivatized membrane to create free —COOH groups in the film. We then immersed the

membrane in pH 9.9 buffer for 15 min and rinsed with ethanol and acetone before taking

a transmission IR spectrum. The absorbance at ~1740 cm", which is assigned to ester
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carbonyl groups, approximately doubled after SA derivatization (Figure 4.2b), suggesting

a high degree of conversion of the —OH groups of PHEMA to ester groups. A new peak

also appeared at ~1594 cm", which is consistent with the deprotonation of the newly

introduced carboxylic acid groups.

Passing a 0.1 M mixture of EDC and NHS in water (pH~4.9) through the

membrane converted —COOH groups to succinimidyl esters. The membrane was then

rinsed with water, ethanol and acetone. Peaks due to the succinimide ester appeared at

1817 and 1786 cm'1 G=igure 4.2c). The asymmetric Stretch of succinimide (~1753 cm")

overlaps with the C=O stretch (1740 cm") of the previously formed esters to yield a

broad peak with an absorbance that iS about double that for the ester carbonyl after SA

derivatization. The new peak at 1817 cm'1 is due to the carbonyl stretch of the active ester

formed by reaction with NHS, while the absorbance at 1786 cm’1 results from the

symmetric succinimide stretch.

The EDC/NHS-activated PHEMA was then reacted with aminobutyl-NTA

(NaNa—bis(carboxymethyl)-L-lysine hydrate) and immersed in pH 9.9 buffer for 15 min

and rinsed with ethanol and acetone. Reaction of the active ester with both aminobutyl

NTA and water resulted in the loss of the active ester absorbances, and the shift of the

1753 cm‘1 peak back to 1740 cm1 (Figure 4.2d). The new peak at 1680 cm1 provides

evidence for NTA immobilization and is probably due to the C00' groups from NTA as

well as the amide bond formed between SA and NTA. The broad absorbance centered at

1600 cm'I could result from carboxylate groups in either NTA or the hydrolyzed active

CSICI‘S.
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Exposure of NTA-derivatized PHEMA to 0.1 M NiSO4 followed by rinsing with

water yielded immobilized NTA-Ni2+ that is capable of binding proteins through their

histidine groups. Unfortunately, there was no large change in the IR spectrum (Figure

4.2e) of the film after Ni2+ coordination except that the peak at 1600 cm'1 appeared to

Shift to 1630 cm"1 and become sharper. The Shift could be due to the fact that spectrum

(d) was measured after treatment with pH 9.9 buffer, while the sample for spectrum (e)

was not treated with this buffer because Ni(OH)2 might precipitate in the film at high pH.

The Similarity is probably due to the high spectral Similarity of the Na+ and Ni“ salts of

NTA. XPS data for a PHEMA-NTA-Ni2+ film on a gold substrate (Figure 4.3) confirmed

the presence of Ni2+ in these films and Showed a Ni : N ratio of 0.5 : 1, which is

consistent with our previous results and indicative of one Ni2+ per NTA moiety.” '7
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Figure 4.3. XPS Spectrum of a PHEMA-NTA-Ni2+ film on a gold substrate.
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To determine how much Ni2+ was bound to the PHEMA-NTA films inside

alumina membranes, we passed 5 mL of 50 mM EDTA through a PHEMA-NTA-Ni2+-
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Figure 4.4. Determination of the amount of immobilized Ni2+ in a

PHEMA-NTA-Ni2+ film in the membrane. The figure on the left shows the

calibration Spectra for Ni2+-EDTA standards (solid lines) as well as the

Spectrum of the sample (circle), which was prepared by passing 5.0 mL of 50

mM EDTA (pH 7.2) through a PHEMA-NTA-Ni2+-derivatized alumina

membrane. The plot on the right shows the calibration curve for absorbance

at 384 nm and indicates the absorbance of the sample.
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coated membrane and subsequently analyzed the EDTA solution for Ni2+ using UV-vis

spectroscopy (Figure 4.4). According to this procedure, the amount of Ni2+ bound in the

membrane is 29.5 umol. Considering the effective surface area of the membrane is ~1500

cm2 (pore diameter of 0.25 um, 50% porosity, and a membrane thickness of 60 pm), this

corresponds to a Ni2+ coverage of 18.4 nmol/cmz. Bruening and coworkers reported Cu2+

coverage to be 70 nmol/cm2 for a 55 nm PAA film derivatized with NTA—Cu2+ on a gold

substrate.15 Our Ni2+ coverage is ~Mt of the previously reported Cu2+ coverage,

presumably because of a thinner PHEMA film (10 nm according to flow experiments).l7

4.3.2. HisU Binding to PHEMA-NTA-Ni2+ Brushes on Gold Substrates

A gold substrate modified with PHEMA-NTA-Ni2+ was immersed in a solution

containing 0.01 mg/mL HisU in pH 7.2 phosphate buffer for 2 hours followed by

immersion in pH 7.2 phosphate buffer (no HisU) for 15 min and rinsing in EtOH. The

spectrum of the film Showed growth in the absorbance at 1680 cm'1 (amide I band) and

the appearance of a small peak at 1545 cm'1 (amide H band), similar to the BSA binding

spectrum shown in last chapter (Figure 3.1). Subtracting the spectrum of PHEMA-NTA-

Ni2+ from that of PHEMA-NTA—Niztiiisu yielded a bound-HisU spectrum, which is

dominated by amide absorbances (Figure 4.5a). (The negative peak at 1740 cm'1 likely

result from deprotonation of some —COOH groups.)

Comparison of the amide intensities in Figure 4.5a with those of Spin-coated films

of pure HisU with known thicknesses suggests that about 31 nm of HisU adsorbed to this

film. This corresponds to a binding capacity of 3.1 (lg/cm2 or about 8 monolayers of

HisU (assuming a HisU density of 1 g/cm3 and a monolayer thickness of 4.0 nm).17
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Figure 4.5. Subtracted reflectance FTIR spectra of protein immobilized on

PHEMA-NTA-Ni2+ films after exposure of the films to (a) 0.01 mg/mL HisU or (b)

1 mg/mL BSA. The spectra were obtained by subtracting the spectrum of PHEMA-

NTA—Ni2+ from that of PHEMA-NTA-Ni2+-protein (both films were rinsed with

buffer and ethanol prior to the measurement).

To Show that PHEMA-NTA-Ni2+ films bind his tagged species selectively over other

proteins, we also immersed these coatings in 1 mg/mL, stirred BSA solutions for ~15 h.

Theamide intensities in the bound BSA spectrum (Figure 4.5b) Show that only 3.2 nm of
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BSA was absorbed to the film, or <10% of the amount of HisU that bound to these

coatings. Moreover, the concentration of HisU in solution was 0.01 mg/mL, while that of

BSA was 100-fold higher. At concentrations of 0.01 mg/mL, no BSA binding to

PHEMA-NTA-Ni2+ was detected.

4.3.3. HisU Binding to PHEMA-NTA-Ni2+ Brushes in Membranes

To test the HisU binding capacity of PHEMA-NTA-Ni2+ films in membranes, we

pumped 10 mL of a 0.3 mg/mL HisU solution in pH 7.2 phosphate buffer through the

membrane, collected the permeate over Specific time intervals and analyzed the permeate

samples using a Bradford assay. The breakthrough curve for HisU binding to PHEMA-

NTA-Ni2+ in membranes and similar curves for BSA and myoglobin binding to PHEMA

—NTA-Cu2+-modified membranes are shown in Figure 4.6. PHEMA-NTA-Cu2+ modified

membranes showed high binding capacities for both BSA (0.67 mg/cmz) and myoglobin

(0.50 mg/cmz), but the PHEMA-NTA-Ni2+-modified membrane Showed an even higher

binding capacity for HisU (0.72 mg/cmz). Moreover, the breakthrough curve was much

sharper for HisU. The sharpness of the breakthrough curves increases with decreasing

molecular mass of the absorbing Species, and suggests more rapid diffusion of smaller

proteins into the polymer brushes. Full breakthrough curves for BSA and myoglobin

binding to membranes with PHEMA-NTA-Ni2+ brushes could not be obtained because of

the minimal binding in this case.
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Figure 4.6. Breakthrough curves for adsorption of 0.3 mg/mL HisU, 0.3

mg/mL BSA, and 0.35 mg/mL myoglobin in membranes modified with

PIIEMA-NTA-Ni2+ (HisU) or PHEMA-NTA-Cu2+ (BSA and myoglobin).

The permeate flow rate was initially 2.4 mL/min and 0.9 mL/min at the end

of the experiment.

After measuring the breakthrough curve of HisU, the PHEMA-NTA-Ni2+-HisU

membrane was washed with 20 mL washing buffer followed by 20 mL phosphate buffer,

and HisU was then eluted with 5-10 mL elution buffer (imidazole). Analysis of the

eluent using a Bradford assay showed that 99% of the bound HisU was recovered.
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To prove that PHEMA-NTA-Ni2+ films selectively bind HisU, we also

investigated the binding of BSA and myoglobin to PHEMA-NTA-Ni2+ films in

membranes. A PHEMA-NTA-Ni2+-derivatized membrane was first loaded with 10 mL

of 0.2 mg/mL BSA or 10 mL of 0.2 mg/mL myoglobin in buffer. After washing the

membrane with washing buffer, we passed 6 mL of elution buffer through the membrane

and analyzed both the feed solutions before passing through the membrane and eluents.

Figure 4.7 a is the UV-vis spectrum of the 0.2 mg/mL BSA feed solution, while Figure

4.7 b is the spectrum of the eluent from the membrane loaded with BSA. The

absorbance of the eluent at 595 nm is <0.001, showing that an undetectable amount of

BSA was bound to and eluted from the membrane. Similar spectra for myoglobin (spectra

4.7 c and (1 Show that the membrane binds a small amount (0.05 mg) myoglobin.

However, the amount of myoglobin bound is only 3% of the amount of HisU bound

under similar conditions.
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Figure 4.7. UV-vis spectra of (a) a 0.2 mg/mL BSA solution; (b) eluent (imidazole

solution) from an alumina-PHEMA-NTA-Ni2+membrane treated with 10 mL of 0.2

mg/mL BSA solution and washing buffer; (c) a 0.2 mg/mL myoglobin solution; ((1)

Eluent (imidazole solution) from an alumina-PHEMA-NTA-Ni”membrane treated

with 10 mL of 0.2 mg/mL myoglobin solution and washing buffer. All solutions

were mixed with Coomassie reagent prior to measurement of the spectra, and blank

Coomassie reagent was used as a background.
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4.3.4. Separation of Protein Mixtures

Two sets of experiment were carried out to test the ability of alumina-PHEMA-

NTA-Ni2+ membranes to purify his tagged proteins. In the first experiment, 6 mL of

phosphate buffer containing BSA, myoglobin and HisU (0.05 mg/mL each) was passed

through the PHEMA-NTA-Ni2+-derivatized membrane, and the membrane was then

rinsed with 20 mL washing buffer followed by 20 mL phosphate buffer. Finally, we used

5-10 mL elution buffer to recover the bound protein and then analyzed the eluent by

electrophoresis. We then washed the membrane with 10 mL of 50 mM EDTA and rinsed

it with water. After recharging the membrane with 0.1 M Ni2+ and rinsing with 20 mL

water and 20 mL phosphate buffer, in a second experiment, 10 mL of phosphate buffer

containing 1 mg/mL BSA and 0.05 mg/mL HisU was passed through the membrane, and

the membrane was rinsed, treated with elution buffer, and analyzed using the procedure

described above.

Figure 4.8 Shows SDS-PAGE analyses of the protein samples. Lanes 2 and lane 6

are the feed and eluent of the first experiment. Bands for all three proteins are clearly

visible for the feed solution, but only a HisU band appears in the eluent, showing that the

membrane selectively binds HisU. The gel suggests that the purity of the HisU is >99%.

Lanes 7 and 8 demonstrate the results for the second experiment with a solution

containing 1 mg/mL BSA and 0.05 mg/mL HisU. In this case, only HisU appears in the

electropherogram of the eluent, even though BSA was in 20-fold excess in the feed.

Purity of the HisU relative to BSA is at least 99%. Analysis of the protein concentration

in the eluent using a Bradford assay showed that essentially all of the bound HisU
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(>99%) was eluted. These experiments clearly demonstrate the ability of PHEMA-NTA-

Ni2+-modified membranes to purify his tagged proteins.
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Figure 4.8. SDS-PAGE analysis (silver staining) of protein solutions and

eluents from alumina—PHEMA-NTA-Ni2+ membranes loaded with proteins.

Samples are: lane 1, Standard broad range ladder; lane 2, mixture of BSA,

myoglobin and HisU (0.05 mg/mL each); lane 3, pure BSA; lane 4, pure

myoglobin; lane5, pure HisU; lane 6, eluent from a membrane loaded with a

mixture of BSA, myoglobin and HisU (0.05 mg/mL each); lane 7, mixture of

BSA and HisU; lane 8, eluent from a membrane loaded with 10 mL of a

solution containing 1 mg/mL BSA and 0.05 mg/mL HisU.

128



4.4. Conclusions

PHEMA-NTA-Ni2+ brushes immobilized on both gold substrates and alumina

membranes were successfully prepared according to a procedure similar to that given in

Chapter 3. Transmission IR confirmed the growth and successful derivatization of

PHEMA inside the alumina membrane, and XPS data suggested that the ratio of Ni2+ to

NTA in these films is approximately 1:1. Protein binding experiments with films on gold

substrates Showed that PHEMA-NTA-Ni2+ brushes are capable of selectively binding

large amounts (3.1 ug/cmz) of HisU, and porous alumina membranes modified with

derivatized brushes also Showed remarkable capacities (120 mg/cm3) for the binding of

HisU. Most importantly, gel electrophoresis studies Showed that these high-capacity

membranes are highly selective for purification of his tagged proteins. Even in a 20-fold

excess of BSA, membranes gave 99% HisU.
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Chapter 5

Summary and Future Work

The research in this dissertation investigated the application of polymer brushes in

two areas: high flux pervaporation and high capacity protein binding. In chapter 2, I

discussed the synthesis of ultrathin polymer films at the surface of porous substrates to

prepare high-flux pervaporation membranes. Chapter 3 explored the growth of brushes in

the interior of porous substrates to prepare membranes with unusually high protein

adsorption capacities. Chapter 4 expanded on the protein adsorption work and

demonstrated that polymer brushes derivatized with Ni2+ complexes are very attractive

for purification of his tag proteins.

In applications of polymer brush-containing membranes as adsorbers, although

brush-modified alumina membranes are capable of high—capacity protein binding, they

 

Figure 5.1. FESEM image of a PVDF membrane (left) with a nominal

cutoff of 0.45 pm and an alumina membrane (right) with pore size of 0.25

am.
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suffer from low flux, fragility, and high cost. The largest pores available in commercial

alumina membranes are 0.25 um in diameter (Figure 5.1), and this greatly limits the flux

available with these systems. To overcome this challenge, our future research aims at

extending the very promising results with BSA and HisU binding to derivatized PHEMA

brushes in porous alumina to the preparation of polymer brushes in porous polymer

supports (Figure 5.1). The PVDF membrane Shown in Figure 5.1 has a nominal filtration

cutoff of 0.45 um, but as can be seen pore sizes are much larger than this. Most polymer

supports are both more robust and less expensive than the alumina substrates, and more

importantly, careful control over pore geometry in the polymeric substrates will allow the

increased permeabilities needed for high-flux, high-capacity membrane separations.

Nevertheless, formation of high-capacity absorbers in polymer supporters will require

new chemistries for initiator attachement, and could be quite difficult because of the

incompatibilitiy of many polymeric materials with organic solvents. Relatively thick,

highly adsorbing brushes will also be needed to maintain high capacities in large pores.

Pl-IEMA-NTA-Ni2+—modified membranes showed excellent performance in

selectively recovering HisU from protein mixtures. However, much more research needs

to be done with complex systems such as whole cell extracts and sera. Additionally, after

demonstrating separations from complex mixtures, we will need to remove imidazole

from the isolated protein and cleave the his tag to obtain the desired product. However,

literature procedures including Size exclusion chromatography and dialysis are already

available for these final purification steps." 2

In the case of pervaporation membranes, we have demonstrated that ultrathin,

brush skins allow high flux and reasonable selectivity. However, further research into
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polymerization of monomers which are more suitable for pervaporation should give

membranes with an order of magnitude improvement in both flux and selectivity. The

appendix describes some unfinished research in this direction. Brush membranes

prepared from high performance monomers will provide far superior performance to that

of commercial membrane systems.
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Appendix

Preliminary Work in Separating Organic Solvent Mixtures Using

Other Ultrathin Polymer Membranes

Introduction

Ethyl acetate—hexane mixtures are used as eluents in liquid chromatography in

academic laboratories, as well as in the pharmaceutical and chemical industry.

Conventional distillation-based separations of ethyl acetate and hexane for recycling are

not possible, however, due to the formation of an azeotropic mixture (Figure A1). In this

study, I examined the possibility of using a polymer membrane to recover hexane from
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Figure Al. Vapor liquid equilibrium of ethyl acetate-hexane

mixtures at 101.32 kPa. (The X and Y axes are the fractions of hexane

in the liquid and vapor phases, respectively.)
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ethyl acetate-hexane mixture. This appendix also describes efforts aimed at the

polymerization of dimethyldi(methacryloyloxy-1-ethoxy)silane (DMDMAES) from a

surfac to prepare ultrathin membranes with pervaporation properties similar to those of

PDMS.

Experiments and Results

Materials

Poly(allylamine hydrochloride) (PAH) (Mw = 70,000), sodium poly(styrenesulfonate)

(PSS) (Mw = 70,000), 3-mercaptopropionic acid (MPA), dimethylformamide (DMF,

anhydrous, 99.8%), tetrahydrofuran ('1‘HF, anhydrous, inhibitor free, 99.8%), acetone

(anhydrous, 99%), 2-bromopropionylbromide (2-BPB), and CuBr (99.999%) were used

as received from Aldrich. MnClz (Acros) and NaBr (Spectrum) were also used as

received. HEMA (Aldrich, 97%, inhibited with 300 ppm hydroquinone monomethyl

ether) was purified by passing it through a column of activated basic alumina (Spectrum).

Dichlorodimethylsilane (99%), triethylamine (Et3N, 99.5%), and N, N, N’, N’, N”-

Pentamethyldiethylenetriamine (PMDETA,99%) were also purchased from Aldrich and

used as received. Pervaporation experiments were performed using analytical grade ethyl

acetate and hexane (Aldrich). AnodiscTM porous alumina membranes (Fisher) with 0.02

um-diameter surface pores were used as supports for membrane formation, while gold-

coated wafers (200 nm of sputtered Au on 20 nm Cr on a Si (100) wafer) were employed

as substrates for ellipsometry and reflectance Fourier Transform Infrared (FTIR)

Spectroscopy.
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Monomer Synthesis

Dimethyldi(methacryloyloxy-l-ethoxy)silane (DMDMAES, Figure A2), was prepared

following a literature by the etherification reaction of HEMA with dichlorodimethylsilane

in anhydrous THF in the presence of Et3N (base).l Specifically, THF (100 mL), Et3N

(24.7 mL, 17.9 g, 0.177 mol), and HEMA (18.3 mL, 19.6 g, 0.151 mol) were added to a

250 mL round-bottom flask and kept under a dry nitrogen atmosphere. The contents were

stirred and cooled to 0-5 °C in an ice bath.. Next, dichlorodimethylsilane (7.3 mL, 7.8 g,

0.060 mol) was added Slowly for 5 minutes to the mixture while stirring, giving an

exotherm (3.2-10.8 °C), and the reaction mixture was stored in a refrigerator overnight.

Filtering of the reaction mixture removed the precipitated triethylamine hydrochloride,

and THF (50 mL) was then added to wash the filtrate. THF and unreacted Et3N were

subsequently removed under reduced pressure using a rotary evaporator at room

temperature. The resulting oily residue was purified by column chromatography (Silica

gel/CHzClzz hexane 75:25) to give an oily liquid, which was then distilled under vacuum.

The purity (>95%) of this cross-linkable monomer was confirmed by 1H NMR

spectroscopy, and the relevant Spectrum is displayed in Figure A2.

Polymerization of DMDMAES

Before polymerization, we first deposited a multilayer polyelectrolyte film on the

substrate and subsequently attached initiators to these modified surfaces. The initiator

anchoring was’done according to the literature procedure outlined in scheme A1.2

Polymerization of DMDMAES occurred by immersion of the initiator-coated substrate in

a degassed acetone solution containing DMDMAES and a CuBr/PMDETA catalyst

system (Scheme A1). To be specific, 43.2 mg CuBr, 10 mL
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Figure A2. ‘H NMR spectrum of DMDMAES in CDC13.

DMDMAES and 10 mL acetone were first mixed in a Schlenk flask and degassed via

three freeze-pump-thaw cycles. Then, 62.7 uL of PMDETA was quickly added to the

mixture, which was then subjected to another freeze-pump-thaw cycle and stirred until a

clear blue solution formed. Initiator-coated substrates and the sealed flask containing the

polymerization solution were then transferred to a glove bag that was purged with

nitrogen for about 1 h. The polymerization solution was finally transferred to the

container holding the substrates, and polymerization was carried out for 20 h.
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Scheme Al. Schematic diagram showing polymerization of DMDMAES

from a polyelectrolyte surface modified with an initiator. PSS stands for

poly(styrenesulfonate), and PAH represents protonated poly(allylamine).
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FTIR Characterization of Membranes

The FTIR spectrum (Spectrum a, Fig. A3) of initiator attached to 5 PSS/PAH bilayers

has a strong peak intensity in the amide region (1650—1560 cm"), indicating initiator

attachment. After growth of a PDMDMAES film, a strong carbonyl peak appeared at

1730 cm“1 in the spectrum (Spectrum b, Fig. A3) as well as a C=C stretching band (1637

cm") from unpolymerized vinyl groups. Ellipsometry results Show that the polymerized

film has a thickness of about 25 nm, including the polyelectrolyte layer which was 15 nm

thick.
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Figure A3. Reflectance FTIR spectra of (a) the initiator attached

onto 5 bilayers of PSS/PAH film, (b) PDMDMAES film after 20 h

growth from (a).
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Pervaporation Experiments

Pervaporation was performed at room temperature with mixtures of ethyl acetate and

hexane. Figure A4 shows the effect of feed concentration on the performance of the

membrane. As the weight fraction of hexane in the feed solution increases from 20% to

80%, the weight fraction of hexane in the permeate rapidly increase until it reaches a

limiting value. Our membrane greatly outperformed the vapor—liquid equilibrium

separation achievable by vacuum distillation, and permeate compositions were not

affected by the formation of the hexane/ethyl acetate azeotrope, as shown in Figure A4

(a). The hydrophobic nature of the membrane allows preferential adsorption of hexane,

which likely swells the membrane due to its hydrophobicity. The total flux of

hexane/ethyl acetate mixture increases with the hexane concentration in the feed, while

selectivity, initially increases and then decreases as the hexane concentration in the feed

increases. This is presumably because at the initial stage, the membrane is swollen by

hexane and preferentially absorbs hexane molecules. At extremely high swelling,

however, both hexane and ethyl acetate can diffuse through the membrane at similar rates,

and selectivity declines.

Future Work

Growth of a series of PDMS-like polymers from porous alumina supports using ATRP

should be investigated. The pervaporation performance of these polymers also needs to

be examined.
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