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CHARGED POLYMER BRUSH GRAFTED
ONTO POROUS HOLLOW-FIBER

MEMBRANE IMPROVES SEPARATION
AND REACTION IN BIOTECHNOLOGY

Kyoichi Saito*

“Form and Function”, PRESTO, Japan Science and

Technology Corporation, 1-18-9 Midori, Inage,

Chiba 263-0023, Japan

ABSTRACT

An epoxy-group-containing polymer brush anchored onto the pore

surface of a porous hollow-fiber membrane, followed by the

introduction of ionizable groups, extends due to mutual

electrostatic repulsion, and holds proteins in multilayers. This

phenomenon provides novel insight into the static structure and

dynamic behavior of the charged polymer brush, and enables

highly efficient protein recovery, chiral separation, and enzymatic

reaction. Various proteins were recovered using the porous

hollow-fiber membranes immobilizing the charged polymer brush

at a higher rate and higher capacity compared to bead-packed

column because of convection of the protein solution through the

pores and multilayering of the proteins in the polymer brush.
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INTRODUCTION

A polymer brush is defined as long polymer chains grafted with sufficiently

high density onto the surface of polymeric and inorganic substrates. The interface

formed by the polymer brush has attracted considerable attention from the

viewpoints of adsorption, adhesion, lubrication, and wetting (1,2). Most

theoretical (3,4) and experimental (5–9) studies have addressed a neutral, i.e.,

uncharged, polymer brush to elucidate the conformation and dynamics of such

polymer brushes. Zhulina and co-workers (10,11) theoretically studied a charged

polymer brush, i.e., polyelectrolyte brush, immersed in various solutions.

However, experimental observations of the charged polymer brush are required

in order to understand the behavior well.

Radiation-induced graft polymerization is a powerful method to anchor the

polymer brush onto polymeric substrates of various shapes and quantities (12).

The polymer brush on the pore surface of a porous hollow-fiber membrane will

enable high-performance separation and reaction (Fig. 1). First, an epoxy-group-

containing polymer brush, i.e., poly-glycidyl methacrylate (poly-GMA) brush,

was polymerized onto the porous hollow-fiber membrane by the radiation-

induced graft polymerization, and then the resultant epoxy group of the polymer

brush was converted into various functional groups capable of efficiently

collecting proteins (13) and removing metal ions (14).

Immobilization of the polymer brush on porous flat-sheet membranes has

been reviewed by Ito (15), where the polymer brush was formed in the

neighborhood of the membrane surfaces by the plasma-induced graft

polymerization. The resultant membranes are expected to be mainly applicable

to stimuli-sensitive materials.

In this article, the epoxy group of the poly-GMA brush anchored onto the

porous hollow-fiber membrane by radiation-induced graft polymerization, was

converted to two adjacent hydroxyl (diol) groups and ionizable groups. In

particular, the ionizable-group-containing polymer brush (charged polymer

brush) exhibits a characteristic static structure and dynamic behavior. From the

determinations of liquid permeability and protein adsorptivity of the porous

hollow-fiber membrane, the effective length of the charged polymer brush

anchored to the pore surface was discussed, and the applicability of protein

multilayering induced by the charged polymer brush to biotechnology was

demonstrated.

IMMOBILIZATION OF POLYMER BRUSH

Radical formation on a polymeric substrate by the electron beam,

gamma ray, photo, and plasma irradiation is required to immobilize the
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polymer brush. Of these, radiation-induced graft polymerization is advan-

tageous in that substrates of various shapes can be modified on both laboratory

and commercial scales. According to the irradiation technique, radiation-

induced graft polymerization is classified into pre-irradiation and simultaneous

irradiation techniques. The former technique has practical merits of smaller

amounts of homopolymers, and segregation of the polymerization process

from irradiation.

A porous hollow-fiber membrane made of polyethylene (Asahi Kasei

Corporation, Japan) was used as a substrate. This membrane was used for

microfiltration of the colloidal suspension and microbial broth. The hollow fiber

had inner and outer diameters of 2 and 3 mm, respectively, with a pore diameter

of about 500 nm and a porosity of 70%. Radiation-induced graft polymerization

was suitable for producing radicals throughout the porous hollow-fiber

membrane, resulting in the uniform immobilization of the polymer brush across

the membrane thickness.

The reasons for selecting the porous hollow-fiber membrane as the

substrate are as follows:

1. The reduction in pore diameter is accompanied by the immobilization

of the polymer brush on the pore surface. The determination of

permeability, defined as flux evaluated by dividing the flow rate at a

constant permeation pressure by the inside surface area of the hollow-

fiber membrane, enables the estimation of the effective height of the

polymer brush based on hydrodynamic analysis (16). Then, water

breaking pressure, defined as the minimum pressure required to initiate

water permeation through a dried porous hollow-fiber membrane,

depends on the degree of hydrophilicity of the polymer brush anchored

on the pore surface (17). Since, at present, a direct characterization,

e.g., the determination of molecular weight distribution of the polymer

brush isolated from the substrate, is difficult, a simple characterization

of the polymer brush by the determination of the liquid permeability of

the porous membrane immobilizing the polymer brush is effective.

2. A protein solution is forced to permeate outward through the pores

surrounded by a functional polymer brush. The diffusional mass-

transfer path of the protein in the solution to the functional group can be

minimized because the protein can be transported by the permeation

flow driven by the transmembrane pressure (18). Therefore, an

adsorptive method using porous membranes, which immobilize the

polymer brush is superior to the conventional method using a bead-

packed bed (19), where the overall adsorption rate is governed by the

diffusion of the protein into the bead interior. Moreover, a porous

membrane of hollow-fiber form is more advantageous than that of flat-
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ORDER                        REPRINTS

sheet form because a higher ratio of surface area to volume is attained

by fabricating the porous hollow-fiber membrane module for scale-up

of protein recovery.

In the pre-irradiation technique, first, radicals are formed on the substrate

by the irradiation of electron beam in a nitrogen atmosphere at ambient

temperature. The electron beam was irradiated using a cascade-type accelerator

(Dynamitron model IEA 3000-25-2, Radiation Dynamics, Inc., New York).

Secondly, the irradiated substrate is immersed in a monomer solution previously

deaerated to initiate the graft polymerization. Here, the alkyl radical contributing

to the grafting was found not to decay below the glass transition temperature of

the substrate (20). This is practically favorable in that the two procedures of

irradiation and grafting can be segregated; the polymer brush is easily appended

onto various substrates apart from irradiation facilities.

A uniform immobilization of the polymer brush was attainable across the

porous hollow-fiber membrane thickness of about 0.5 mm. The degree of grafting

is defined as the percentage weight increase of the substrate due to the polymer

brush:

degree of grafting ¼ 100ðW1 2 W0Þ=W0;

where W0 and W1 are the weights of the substrate and the polymer brush-grafted

substrate, respectively. The poly-GMA brush was anchored at a degree of

grafting ranging of up to 200%, which was followed by a reaction with

diethylamine. The HCl-adsorbed polymer brush containing a diethylamino group

exhibited a uniform chloride profile across the membrane thickness as observed

by the x-ray microanalysis (21); this demonstrates that the polymer brush was

anchored uniformly throughout the membrane by the radiation-induced graft

polymerization. This bulky modification is favorable for high-capacity adsorptive

separations.

The poly-GMA brush can be converted to a functional polymer brush at a

definite conversion under the control of solvent, reaction temperature, and time.

For example, a molar conversion, defined by the molar percentage of the

ionizable group introduced to the epoxy group before reaction, ranged up to 90%

at a degree of grafting of 100%. The functional group density of the resultant

porous hollow-fiber membrane exceeded that of a commercially available ion-

exchange bead.

CHARACTERIZATION OF POLYMER BRUSH INTERFACE

Over a threshold amount, the polymer brush will hinder the substrate

pore surface; conversion of the poly-GMA brush into the diol-group-
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containing polymer brush (diol polymer brush) by the addition of water to the

epoxy ring will render the pore surface hydrophilic. Pure water flux of the

dried membrane is determined after a methanol treatment, i.e., immersion in

methanol and then in water. When the diol polymer brush of about 7 mol kg21

of the polyethylene substrate was anchored, the pure water flux of the

membrane without methanol treatment coincided with that of the membrane

with methanol treatment (Fig. 2a) (22). This observation suggests that an

increasing amount of the diol polymer brush anchored on the pore surface

produced a more self-wettable interface.

Evaluation of non-selective adsorption of proteins is a way to

measure the interfacial characteristics. The diol polymer brush reduced the

amount of bovine g-globulin (BGG) adsorbed non-selectively (Fig. 2b). At

an excess of about 7 mol of the diol polymer brush per kg of the

polyethylene substrate, the equilibrium binding capacity for BGG leveled

off because the substrate was sufficiently covered by the diol polymer

brush to minimize the non-selective adsorption via hydrophobic interaction,

i.e., to hydrophilize the pore surface. The dependence of the BGG

equilibrium binding capacity on the diol group density agreed well with

that of pure water flux.

Iwata et al. (18) introduced a diol group into the polymer brush via a

ring-opening reaction of the epoxy group to reduce unspecific adsorption of

undesired proteins onto the membrane. The amount of bovine serum albumin,

in units of grams per liter, onto the diol-containing porous hollow-fiber

membrane was as low as that of bovine serum albumin to agarose, where the

value of the density of the modified hollow-fiber membrane, evaluated by

dividing the weight of dry membrane by the volume, excluding the lumen part,

of wet membrane, was approximately 0.4 g-dry mL21-wet for the diol-group-

containing porous hollow-fiber membrane. The diol group was selected as a

coexisting group of cation-exchange and hydrophobic groups on the polymer

brush.

Introduction of an ionizable group, i.e., ion-exchange group, to the

polymer brush causes the polymer brush to stretch from the pore surface

toward the pore interior due to mutual electrostatic repulsion (Fig. 3a). The

degree of extension of the polymer brush is controllable by the molar

conversion of the epoxy group to the ionizable group (23). A protein solution

was forced to permeate through the pores immobilizing the charged polymer

brush. For example, bovine serum albumin (BSA; Mr ¼ 68; 000; pI 5.0)

dissolved in a buffer solution was bound to a diethylamino-group-containing

polymer brush via electrostatic interaction during permeation. The amount of

BSA captured by the polymer brush, determined by integrating the difference

in BSA concentration between the feed and effluent, was converted to the

degree of multilayer binding of protein by dividing it by a theoretical value for

SAITO540
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ORDER                        REPRINTS

Figure 2. Hydrophilization of a polyethylene pore surface by diol-group-containing

polymer brush. An increase in the density of the diol polymer brush rendered the surface

self-wettable, resulting in the reduction of the non-selective adsorption of proteins.
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ORDER                        REPRINTS

Figure 3. Protein multilayering by the charged polymer brush. Driven by a pressure

difference across the membrane, a protein solution was permeated through the pores of the

porous hollow-fiber membrane that immobilizes the charged polymer brush. The

integration of the protein concentration difference between the feed and effluent gives the

amount of protein adsorbed. The degree of multilayer binding of the protein was evaluated

by dividing the adsorbed amount by a theoretical value for monolayer binding capacity.

An increasing molar conversion achieved a higher degree of multilayer binding of the

protein because mutual repulsion of the polymer brush forms a three-dimensional space for

binding the proteins.

SAITO542
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ORDER                        REPRINTS

the monolayer binding capacity of protein:

degree of multilayer binding of protein

¼ ðamount of protein adsorbedÞ=ðmonolayer binding capacityÞ

monolayer binding capacity ¼ avMr=ðaNAÞ;

where av, a, Mr, and NA are the specific surface area of the hollow fiber, the

area occupied by a protein molecule, the molecular mass of the protein, and

Avogadro’s number, respectively. With an increase of mole fraction in the

diethylamino group of the polymer brush, the degree of multilayer binding of

BSA increased, and reached 11 at a molar conversion of 80% (Fig. 3b).

Two ionizable groups, i.e., sulfonic-acid and diethylamino groups, were

introduced to the poly-GMA brush anchored on the pore surface of the porous

hollow-fiber membrane (24). Aminoacylase (Mr ¼ 86; 000) dissolved in an

appropriate buffer was forced to permeate through the pores to bind the

respective polymer brush. Changes in both protein concentration and permeation

pressure under a constant flow rate of the protein solution were continuously

determined: binding of aminoacylase to the sulfonic-acid polymer brush induced

a decrease in permeation pressure, whereas that to the diethylamino polymer

brush induced an increase in permeation pressure. This result occurs when there

is a difference in the initial extension structure of the polymer brush: the sulfonic-

acid polymer brush stretches higher because of higher ionization, resulting in the

entanglement of the protein to form a compressed structure.

Proteins captured by the polymer brush in multilayers were quantitatively

eluted by permeating 0.5 M NaCl. During elution, the permeation pressure

decreased because the polymer brush collapsed while releasing the adsorbed

protein.

The charged polymer brush immobilized onto the pore surface of the

porous hollow-fiber membrane can hold proteins in multilayers, e.g., 11 layers of

BSA corresponding to about 13 nm in an end-on orientation. This is an effective

height for the polymer brush for protein recovery. Thus, experimental

determination of liquid permeability and protein adsorptivity provides

quantitative image of the polymer brush anchored on the pore surface.

MULTILAYERING OF PROTEINS BY POLYMER BRUSH

At present, protein purification is mainly achieved by chromatography

using a bead-packed column. Proteins bind to the functional groups attached to

the bead matrix such as agarose and polystyrene based on electrostatic,

hydrophobic, and affinity interactions. However, the column chromatography
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requires a long time and tedious procedures for protein processing. To overcome

this drawback, a novel method using a porous membrane to immobilize the

charged polymer brush was suggested. This method enabled high-rate and high-

capacity adsorption of proteins because of the convective flow of protein

solutions across the porous membrane and the multilayer binding of proteins into

the charged polymer brush.

Lysozyme (Mr ¼ 14; 300; pI 11) contained in egg-white at a concentration

of about 3 wt% decomposes the microbial membrane wall; therefore, lysozyme

has been used as a component of cold medicines. Highly efficient adsorption of

lysozyme was verified using the charged polymer brush (25,26). Lysozyme

dissolved in a buffer (pH 8) was permeated outward across the porous hollow-

fiber membrane immobilizing the sulfonic-acid polymer brush (dg 100%, molar

conversion 35%). Prior to lysozyme permeation, the permeation of MgCl2
solution was effectively achieved because Mg ions ionically crosslink the

polymer brush to significantly improve the liquid permeability (26). The protein

concentration change in the effluent as a function of the effluent volume, i.e.,

breakthrough curve, is shown in Fig. 4. Initially, lysozyme did not appear in the

effluent penetrating through the outside surface of the porous hollow-fiber

membrane; however, with increasing effluent volume, the lysozyme concen-

tration gradually increased. Finally, the concentration of the effluent reached that

of the feed. The equilibrium binding capacity of the membrane for lysozyme was

calculated as 0.42 g g21 of the membrane, which amounted to a degree of

multilayer binding of 38. After equilibration of the protein adsorption, washing of

the pores and elution of the adsorbed protein were performed during the

permeation of the buffer and 0.5 M NaCl, respectively. The lysozyme bound to

the polymer brush was quantitatively eluted to yield a highly-concentrated

protein solution (26).

Various proteins such as albumin (27), urease (23), lactoglobulin (23), and

aminoacylase (24) were captured by the diethylamino polymer brush on the pore

surface at a high rate and high capacity. The high rate is ascribed to the negligible

diffusional mass-transfer resistance of the protein in the solution to the ionizable

group of the polymer chain aided by the permeation flow through the pores of the

porous hollow-fiber membranes. The high capacity is explained by the three-

dimensional, i.e., multilayer, binding of the proteins into the charged polymer

chain. Membrane chromatography was suggested in 1988 by Brandt et al. (28) to

overcome a dilemma in column chromatography between smaller diffusional

mass-transfer resistance into smaller beads and higher pressure loss across the

bed charged with smaller beads. In addition, tentacle beads were prepared in 1990

by Muller (29) to raise the protein binding capacity by grafting the ion-exchange

polymer chain onto the outer surface of a polymeric bead. Here, the radiation-

induced graft polymerization of the GMA on the porous membrane and

subsequent chemical modification of the epoxy group to the ionizable group
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ORDER                        REPRINTS

Figure 4. High-rate and high-capacity binding of proteins by the charged polymer brush.

Lysozyme was bound to the charged polymer brush in multilayers, resulting in 45-fold

higher capacity of the theoretical monolayer binding capacity. Lysozyme was transported

by convective flow through the pores to minimize the diffusional mass-transfer path of the

protein to the polymer brush, resulting in a high-rate protein binding. The lysozyme bound

to the polymer brush was quantitatively released to yield a highly-concentrated protein

solution.
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simultaneously realized two concepts of permeation flow through the pores and

tentacle binding along the pore surface.

The charged polymer brush can bind proteins selectively (30). The ion-

exchange group introduced to the polymer brush exhibits different electrostatic

interactions with proteins according to the protein surface charge density, size,

and shape. A mixture of ovotransferrin (pI 6.1) and ovomucoid (pI 4.1) in a buffer

(pH 8.0) was fed to the inside surface of the porous hollow-fiber membrane, the

pores of which were surrounded by the diethylamino-group-containing polymer

brush. The protein concentration changes in the effluent revealed that the protein

with a stronger affinity for the polymer brush, ovomucoid, expelled the protein

with a weaker affinity previously captured by the polymer brush, ovotransferrin,

with increasing feed volume (Fig. 5). Irrespective of a shorter residence time of

the order of 10 sec across the membrane thickness, a phenomenon similar to the

bead-packed column with a longer residence time of the order of 500 sec across

the column was observed.

Bovine serum albumin (BSA) has been reported to have a recognition site

for L-compounds of enantiomers (31). Enrichment of the L-compounds is being

Figure 5. Breakthrough curves of a binary protein system. A mixture of ovomucoid

(OM) and ovotransferrin (OTf) was forced to permeate through the pores of the membrane

immobilizing the anion-exchange polymer brush. A roll-up peak is observed; the stronger

affinity protein OM displaces the weaker affinity protein OTf, leading to a rise in the

effluent concentration of OTf above the feed value.

SAITO546

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

demanded in order to commercialize safe pharmaceuticals. Bovine serum

albumin multilayered by the polymer chain anchored on the pore surface of a

porous hollow-fiber membrane worked efficiently as a chiral selector, as

compared to BSA adsorbed on conventional beads in monolayer. The degree of

multilayering of BSA of the membrane was changed between one and six by

varying the molar conversion of the epoxy group to the diethylamino group in the

range of 40–90%. A buffer as a mobile phase was forced to permeate outward

from the inside to the outside through the pores, and subsequently a constant

amount of DL-tryptophan was injected as an analyte to the mobile phase. From a

chromatogram obtainable by the permeation (Fig. 6 as an example), the

separation factor defined as the ratio of the retention time of L-tryptophan to that

of D-tryptophan was found to increase with an increase in the degree of

multilayer binding of BSA in the diethylamino polymer brush (32,33) (Fig. 7). In

addition, the separation factor was constant irrespective of the flow rate of the

mobile phase because of the negligible diffusional mass-transfer resistance of the

analyte to the chiral selector aided by the convective flow through the pores (33).

Other combinations of chiral selector and enantiomer were effective for chiral

separations.

Multilayer binding of enzymes as a protein on the porous surface is

expected to bring about a higher activity than the entrapment of enzymes in

polymeric gels. For example, aminoacylase capable of asymmetrical hydrolysis,

Figure 6. Chiral separation of DL-tryptophan during the permeation of a racemic

solution through a BSA-multilayered porous hollow-fiber membrane. (a) Degree of

multilayer binding: monolayer. (b) Degree of multilayer binding: four layers.
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ORDER                        REPRINTS

dissolved in a buffer, was forced to permeate through the pores immobilizing the

diethylamino polymer brush to yield a degree of multilayer binding of about 15.

Subsequent crosslinking of aminoacylase with glutaraldehyde in the polymer

brush prevented enzyme leakage from the polymer brush. Permeation of acetyl-

Figure 7. High resolution of D-L-tryptophan by bovine serum albumin-multilayered

polymer brush. Bovine serum albumin (BSA) as a chiral selector was multilayered by the

charged polymer brush onto the pore surface of the porous hollow-fiber membrane. Then,

DL-tryptophan as an analyte was injected into the permeation flow of a mobile phase

through the pores. A higher degree of multilayer binding of BSA produced a larger

difference in the retention times of DL-tryptophan, i.e., a higher separation factor.
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Figure 8. High activity of asymmetrical hydrolysis of acetyl-DL-methionine by

aminoacylase-multilayered polymer brush. First, aminoacylase was captured by the

charged polymer brush at a degree of multilayer binding of six. Second, the enzymes were

crosslinked with glutaraldehyde to prevent the leakage from the polymer brush. Third,

acetyl-DL-methionine as a substrate was forced to permeate through the pores

immobilizing the aminoacylase-multilayered polymer brush. During the permeation of

the substrate solution, acetyl-L-methionine was specifically hydrolyzed to liberate

L-methionine. At different flow rates of the substrate solution, enzymatic activity was

evaluated by dividing the resultant L-methionine concentration times flow rate by the

membrane volume, including the lumen part. Due to the enzyme multilayering, the

enzyme exhibited a higher activity even at a higher flow rate, compared to the enzyme

immobilized on a glass bead. The activity for an aminoacylase-immobilized glass bead

(35) is denoted by a solid circle in the figure.
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DL-methionine solution through the pores surrounded by the aminoacylase-

multilayered polymer brush enabled an activity of 4.1 mol L21 hr21 even at a

space velocity of 200 hr21 (Fig. 8) (34), i.e., residence time of 1 sec, which was

fourfold higher than the activity of the aminoacylase-immobilized bead (35) at

a lower space velocity of 10 hr21. The polymer brush capable of multilayering

enzymes provides a novel matrix for immobilization with high capacity

(36,37).

Grafting and subsequent chemical modifications induced swelling of the

porous hollow-fiber membranes because some of the polymer chains formed

deep in the polyethylene matrix; however, the module was fabricated in the same

manner as the original hollow-fiber membranes used for microfiltration (38).

Practical applications of modified porous hollow-fiber membranes will be

limited by sterilization because of the lack of thermal stability at high

temperatures.

SUMMARY

A poly-GMA brush was readily anchored on the pore surface of a porous

hollow-fiber membrane by radiation-induced graft polymerization. Introduction

of functional groups and ligands into the epoxy group of the polymer brush

provided various functions, such as multilayer binding of proteins and chelate

formation with metal ions. This finding of protein multilayering by the charged

polymer brush is expected to promote fundamental studies of the charged

polymer brush and enable novel technological applications.

Radiation-induced graft polymerization is applicable to materials of

various shapes, such as hollow-fiber membrane, film (39), and non-woven fabric

(40). Moreover, other vinyl monomers, such as acrylonitrile and styrene as

precursors for functionalization can be used for grafting. Functional materials

with the polymer brush have been reported for the recovery of polyunsaturated

fatty acid (41), collection of uranium from seawater (42), and removal of metal

ions from ultrapure water (43).
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