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Image Printing on the Surface of Anti-
Biofouling Zwitterionic Polymer Brushes by
Ion Beam Irradiationa
Hiromi Kitano,* Hisatomo Suzuki, Takuya Kondo, Kenta Sasaki,
Shintaroh Iwanaga, Makoto Nakamura, Kohji Ohno, Yoshiyuki Saruwatari
A CMB monomer was polymerized on a glass plate with a surface-confined ATRP initiator
containing a 2-bromoisobutyryl group. The glass platemodifiedwith a PCMB brushwas highly
hydrophilic and showed a strong resistance against non-specific adsorption of proteins and
cell adhesion. Upon ion beam irradiation, furthermore, the PCMB brush was ablated and a
hollow space with a designed shape could be
made to which HEK293 cells (from human
embryonic kidney) and Hep G2 (from human
hepatoma) cells non-specifically adhered, while
no adhesion of these cells to the non-treated area
on the brush was observed. The present results
clearly indicate the usefulness of ion beam-
printed patterns of anti-biofouling zwitterionic
polymer brushes in the biomedical field.
Introduction

The modification of solid surfaces with a functional moiety

drastically enlarges the usefulness of solid materials. In

recent years, various kinds of ‘‘polymer brushes’’, those are

polymer chains accumulated on solid surfaces, have been
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extensively investigated. It has been clarified that by the

introduction of polymer brushes, changes in surface proper-

ties such as wettability, adhesiveness, etc., can easily be

made.[1] The reason for these properties has been attributed

to the condensed structure of the well-defined brush.

Furthermore, polymer brushes which resist against non-

specific adsorption of proteins and cells are expected to be

biocompatible materials.[2–6]

Therearemainly twostrategies for constructingpolymer

brushes on the surface of solid materials. One is surface-

initiated polymerization, the so-called ‘‘grafting-from’’

method.[7–15] The other is the grafting of preformed

polymers on the surface of solid materials via covalent

bonds, the so-called ‘‘grafting-to’’ method.[15–23]

These graftingprocedures caneasily be carriedoutby the

application of the preparation procedure of self-assembled

monolayers (SAMs)which conjugate organic and inorganic

components. Organosilane compounds such as alkyl silane,

for example, form a SAM on inorganic material surfaces

(silicon and glass) via covalent Si–O bonds,[24–26] while

organosulfur compounds such as alkyl or aromatic thiols

and disulfides form a SAM on noble metal surfaces via

chemisorptive Au–S and Ag–S bonds.[27–30]
elibrary.com DOI: 10.1002/mabi.201000437 557



558

www.mbs-journal.de

H. Kitano et al.
Atom-transfer radical polymerization (ATRP) belongs to

the living radical polymerizations and can be applied to a

widevarietyofmonomers, varying the topologyofpolymer

(linear, branched, etc.) and the composition of polymeric

chains (block or graft copolymers, etc.).[31–37] The ATRP

method has also been applied to the polymerization of

various zwitterionic monomers.[2–6,38–48]

Zwitterionic polymers have been designed to mimic

phosphatidylcholine (lecithin) that is abundant in cell

membranes, and their applicability to the biomedical field

has extensively been investigated. For example, polymer

filmscomposedofbutylmethacrylate (BMA)andzwitterionic

monomers such as 2-methacryloyloxyethylphosphorylcho-

line (MPC, phosphobetaine), 3-sulfo-N,N-dimethyl-N-(3’-

methacrylamidopropyl)propanaminium inner salt (SPB,

sulfopropylbetaine with an amide form) and 1-carboxy-

N,N-dimethyl-N-(2’-methacryloyloxyethyl)methanaminium

inner salt [CMB, caboxymethylbetaine, Scheme1 (a)] were

found to be highly biocompatible.[49–53] The CMB monomer

can very easily be prepared by the simple coupling of 2-

(dimethylamino)ethyl methacrylate with potassium chloro-

acetate in water and subsequent electric dialysis.[54] Not

usingharmfulchemicals inthepreparationofCMBmonomer

is quite advantageous in comparisonwith other zwitterionic

vinylmonomers:b-propiolactone used for the preparationof

carboxyethylbetaine(CEB)[2] isanticipatedtobecarcinogenic,

and 1,3-propanesultone used for the preparation of sulfo-

propylbetaine is a cancer suspect agent. Phosphorus

trichloride used for the preparation of 2-chloro-1,3,2-dioxa-

phospholane as an intermediate in the synthesis of MPC

causes [55] irritation of eyes, nose and throat, and pulmonary

edema.

We have reported that the amount of proteins adsorbed

and the number of platelets adhered onto a film of random

copolymer of CMB and BMA were much less than that to
Scheme 1. Chemical Structure of (a) CMB, (b) Br-PUCS and (c) Et-Br.
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PBMA.[56,57] The usability of CMB/BMA copolymer as

dressings for wound healing was also reported.[58]

In addition, the solution behavior of zwitterionic

polymers has received much attention due to the unique

properties of typical polyelectrolytes.[59–61] Raman and IR

spectroscopy indicated that the hydrogen-bonded network

structure ofwater in thevicinity of zwitterionic polymers is

not largelydisturbed.[56,57,62–64] Basedon thesefindings,we

were convinced that the small perturbation effect of

zwitterionic polymers on the structure of water at

polymer/water interfaces is one of the important factors

for their excellent biocompatibility.

Besides it has been found that zwitterionic telomer

brushes (PMPC, PSPB and PCMB) constructed on a gold

surface via Au–S bonds resist non-specific adsorption of

proteins by using an electrochemical method (cyclic

voltammetry) and localized surface plasmon resonance

spectroscopy.[38,39,65] In a recent study, it was reported that

a CEB polymer grafted on a glass substrate highly resists

against protein adsorption and cell adhesion.[2]

In this report, a zwitterionicpolymerbrush-protectedglass

substrate was prepared by the ATRP of CMB from surface-

confined initiatingsites, anda resistanceagainstnon-specific

adsorption of proteins to the surfaces of PCMB brush was

examined. Furthermore, the brush was irradiated by an ion

beam for a short time, and the adhesion of cells to the hollow

spacehas appeared on the glass substrate due to the ablation

of the brush. Recently an image imprinting of polymer

surfaces has extensively been examined by many research-

ers.[5,66–69] Among various techniques for fabricating micro-

patterns, the ablation of polymer materials using ion beam

irradiation is quite advantageous due to its ease of use.

The usefulness of the ion beam to modulate the surface of

polymer materials has clearly been shown in this work.
Experimental Part

Materials

CMB [Scheme 1 (a)] was prepared by the coupling of 2-(dimethyl-

amino)ethyl methacrylate and potassium chloroacetate in water at

room temperature (r.t.) for 24h, and subsequent electric dialysis.[54]

Ethyl2-bromo-2-methylpropionate[Et-Br,98%,Scheme1(c)]and2,2’-

bipyridine (Bpy, 99.5%) were purchased from Merck. 2-Bromoiso-

butyrylbromide (98%), copper (I)bromide (99.999%), tetrahydrofuran

(THF, 99.5%) and N-methyl-2-pyrrolidinone (NMP, 99.0%) were

purchased from Wako Pure Chemicals, Osaka, Japan. Bovine serum

albumin (BSA) and lysozyme from egg white were obtained from

Sigma-Aldrich. Slide glass and micro cover glass from Matsunami

Glass (Kishiwada, Osaka, Japan) were cut into themost suitable size

(38� 26mm2). Silicon wafers [N(100), having 0.001–0.005 V � cm�1

resistivity, and 0.525�0.025mm thickness] from Furuya Metal Co.,

Ltd. (Tokyo, Japan)werecut intothemost suitable size (20�10mm2).

All aqueous solutions were prepared with Ultrapure water

(18 MV � cm�1, Millipore System). Other reagents used were

commercially available.
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Synthesis

Synthesis of [11-(2-Bromo-2-methyl)propionyloxy]-
undecyltrichlorosilane [Br-PUCS, Silane ATRP Initiator,
Scheme 1(b)]

Br-PUCS was prepared from 10-undecen-1-ol by the two-step

reaction as described in the Supporting Information (Scheme S1

and S2).[9]

Preparation of Initiator-Coated Glass via Silane Coupling
(Scheme 2)

To toluene (40.0mL) in a sample vial was added Br-PUCS at

4�10�3
M. A glass plate (38� 26mm2), which had been washed

with water, methanol and acetone and subsequently cleaned by

UV/ozone method (UV/ozone cleaner UV253E, Filgen, Nagoya,

Japan), was immersed into the solution, and after replacing the

atmospherewithArgas, thevialwastightly sealed.After18 hat r.t.,

the glass plate was washed twice with pure toluene. Furthermore,

the plate was immersed in toluene andwashed by ultrasonication

for1min,andafter further rinsingwith toluene, theplatewasdried

in N2, and stored in a sample vial filled with Ar.

Preparation of PCMB Brushes on a Glass Plate via ATRP
(Scheme 2)

A magnetic stirrer chip and a home-made Teflon rack for glass

plates were placed into a sample vial (50mL). A solution of CMB

(4.67 g,20.0mmol) inmethanol (40.0mL)wasdegassedwithArand

added into the vial. While Ar was continuously purged, the glass

plate was put into the vial. While strirring, CuBr (57.4mg,

0.40mmol), 2,2’-bipyridine (125mg, 0.80mmol), and Et-Br

(78.0mg, 0.40mmol) were added, and the vial was tightly sealed.

After the reaction at 30 8C for 48h, the glass plate was removed

and washed with ethanol, NMP, water, methanol and chloroform.
Scheme 2. Preparation of surface-confined PCMB brush and free PCM
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The reaction conversion was determined by the analysis of

small aliquots using 1H NMR. The Cu(I) in the solution mixture

was converted to Cu(II) by bubbling air. After drying in vacuo, the

product in the liquid phase was dissolved in water, and passed

through a chelate resin column (IRC748 Amberlite, Organo Ltd.,

Tokyo, Japan). The solution obtainedwas purified byultrafiltration

(Amicon; membrane, YM-1, MWCO 1 000) and lyophilized to

give a white powder (E-PCMB). The molecular weight and its

dispersity were determined by gel-permeation chromatography

(GPC) using pullulan standards [column, Shodex OHpak SB-803HQ

(Showa Denko, Tokyo, Japan); mobile phase, 0.1 M aqueous NaBr

solution].
Characterization

Measurement of Contact Angles

Static contact angles, u, of a droplet of water (3–4mL) on the

surface of various polymer brushes constructed on the glass

substrates were determined fifteen times to obtain a reliable

average value (sessile drop method). Similarly, the u values of

air bubble (10mL) attached to the surface of the polymer

brush immersed in water were also determined (air-in-water

method).

Measurement of Brush Thickness

The thickness of initiator SAM and polymer brushes on a silicon

waferwasdeterminedbya spectroscopic ellipsometer (M-2000U, J.

A.WoollamCo., Inc.,USA).Measurementswere takenatan incident

angle of 708. The thickness was calculated from the ellipsometric

angles recorded in a wavelength range from 242 to 999nm

assumingthat the refractive indexof thegraft layer is1.49,which is

the experimental value for a poly(methyl methacrylate) film.[70,71]

All measurements were conducted in air at r.t.
B (E-PCMB) using ATRP.
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Figure 1. Schematic illustration of the anti-biofouling properties
of the PCMB brushes.
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Adsorption of Proteins to the Surfaces of Polymer Brushes

Twopieces of the PCMB-modified glass plateswere attached to aU-

shaped silicon spacer to give a glass cell. The polymer-modified

surfaceofeachglasschipwasfacing inside.Variouskindsofprotein

solutions [BSA and lysozyme; 4.5mg �mL�1 in PBS (pH¼7.4)] were

filled into the cell at 37 8C, and it was incubated for 90min. The

protein solution was discarded, and the cell was rinsed with PBS.

For desorption, a 5 wt.-% SDS solution was filled into the cell, and

after ultra-sonication of the cell for 60min (at 28 and 40kHz

alternately every 1min), the solution mixture was recovered, and

mixed with a solution of bicinchoninic acid (BCA). The absorbance

at 560nm was measured using a microplate reader (see Figure 1

and S1, Supporting Information).[57,58]
Scheme 3. Schematic of adhesion of cells to a hollow space in the surf
magnified.
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Irradiation of the Polymer Brushes with an Ion Beam
(Scheme 3)

The polymer-brush-modified cover glass was soaked in a 70 vol.-%

ethanol, and dried in a desiccator. The PCMB polymer brush on the

cover glasswas irradiatedbyan ionbeamusinga focused ionbeam

system (Hitachi FB-2100; ion beam, Gaþ). The acceleration voltage,

the diameter of aperture, and the standard beam current were

40 kV, 30mmand0.01–0.03nA, respectively. Thedwelling timeand

the processing time were 10ms and 30 s, respectively, in the

experiments with HEK293 cells, and 10ms and 60 s, respectively,

with Hep G2 cells. After the ion beam irradiation, the cover glass

was washed with PBS (-) and put in a Petri dish (plasma-treated

polystyrene; diameter: 60mm). HEK293 cells and Hep G2 cells in

Dulbecco’s modified eagle medium (DMEM) containing 10% fetal

bovine serum (FBS) and 1% antibiotics were seeded in the dish

(5� 105 cells per dish), and incubated at 37 8C and 5% CO2 for 12h.

After rinsing with PBS (-), the mediumwas changed with the new

one, and the glass substrate was further incubated for 24h. After

rinsingwithPBS (-), the cover glasswasobservedwithamicroscope

(DP-71, Olympus, Tokyo, Japan).
Results and Discussion

Preparation of Initiator-Coated Glass via Silane
Coupling

TheconstructionofaSAMofATRP initiator conjugatedwith

asilane coupling reagentontoaglass andasiliconsubstrate

was previously reported using the same or similar

compounds.[9] The silane coupling reaction was pursued

with 4� 10�3
M of Br-PUCS in toluene at r.t. for 18h. The

progress of themodification reactionwas confirmed by the

increase in contact angle of the glass plate (sessile drop
ace-confined PCMB brush. The length of the PCMB brush was largely

1, 11, 557–564
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Table 1. Contact angle of various glass substrates determined by
the sessile drop and air-in-water methods.

Sample Contact Angle

-

Sessile Dropa) Air-in-watera) Total

glass 8.2� 0.8 155.3� 2.8 163.5

Br-PUCS 86.6� 2.0 97.3� 2.2 183.9

PCMB50c) 10.5� 1.2 159.8� 2.8 170.3

a)Measurement conditions: temperature of air 25.0 8C, relative
humidity 45.5%, temperature of water 25.0 8C, indicated error is

one standard deviation; b) Preparation conditions: [CMB]:[Et-

Br]:[CuBr]:[Bpy]¼50:1:1:2 in methanol at 30 8C for 48h.

Image Printing on the Surface of Anti-Biofouling Zwitterionic . . .
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method) from8.2 to86.68 (Table1)due to theexchange from
OH groups to 2-bromoisobutyroylundecyl groups on the

glass plate.
Preparation of PCMB Brush via ATRP

Previously, it was reported that the use of oligomeric

methoxypoly(ethylene glycol) 2-bromoisobutyrate (OEG-

Br) initiator for polymerization of MPC by ATRP was

successful.[4–6] It was also reported that the polymerization

of SPB using the 2-bromoisobutyryl-group-carrying initia-

tor, CuBr and Bpy catalyst system at r.t. in methanol or a

methanol-water mixture had a good correlation between

the theoretical and experimental molecular weights.[38–48]

Based on these previous results, CMB was polymerized

in methanol (40.0mL) at 30 8C for 48h using the surface-

confined ATRP initiator with the initial molar ratio

of [CMB]:[Et-Br]:[Cu(I)Br]:[Bpy]¼ 50:1:1:2 in this report.
Figure 2. Plot of Mw=Mn (*), brush thickness (determined by
ellipsometry, *) and graft density (&) vs. Mn of free PCMB.
[CMB]:[Et-Br]:[CuBr]:[Bpy]¼ x:1:1:2 (x¼ 10, 30, 50, 100, 150, 200) in
methanol at 30 8C for 48 h. The graft density was obtained by
using Equation (1).
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The evaluation of both the living behavior and the

correlation of thickness and molecular weight of the

brush was carried out under the conditions of [CMB]:[Et-

Br]:[Cu(I)Br]:[Bpy]¼ x:1:1:2 (x¼ 10, 30, 50, 100, 150and200)

in methanol (40.0mL) at 30 8C for 48h.

Previously, it was observed that when the polymeriza-

tion was pursued both in solution and at the solid

surface simultaneously, Mw and Mn at the solid surface

were similar to that in the solutionphase.[71] Figure2 shows

the plots of Mw=Mn and brush thickness (determined by

ellipsometry) vs. evolution ofMn for the polymerization of

CMB. The Mn and Mw values of the polymer brush were

assumed tobe equal to that for the PCMBproduced in liquid

phase (E-PCMB). TheMw=Mn ratios of E-PCMBwere around

1.50, and seemed todecreasewith the increase inmolecular

weight, suggesting the progress of living polymerization.

The graft density of the brushes, s, in the figure was

determined according to[5]
1, 11, 5

H & Co
s ¼ drNA

Mn

(1)
where d is the layer thickness determined by ellipsometry,

r is the density of dry polymer layer (1.30 g � cm�3 for PMPC

was adopted),[5] NA is the Avogadro number, andMn is the

number-average molecular weight of polymer chains on

the surface.

The ellipsometric measurements were carried out to

confirm the formation of various kinds of polymer-brushes

on solid substrates. Figure 2 indicated that the thickness of

the PCMB brushes on the glass substrate increased linearly

with the evolution of Mn, which also supports the living

behavior of the polymerization reaction.

Since the graft density was almost constant irrespective

of Mn and the thickness of the polymer brushes (Figure 2),

the graft densitywas affected only by the surface density of

starting points, and the brushes grew equally above the

glass plate. Taking into account that the graft density of

PCMBwas0.38 chains �nm�2, and that of ethynyldimethyl-

chlorosilane SAM, which is analogous to the Br-PUCS SAM,

was about 1.8 residues �nm�2 on the average,[24] the

effectiveness of the initiation was estimated to be 21%.

The graft density of the PCMB brush was larger than

0.1 chains �nm�2. This value reaches the region where the

introduction rate of the polymer chain to the introduction

rate of the initiator residue is balanced.[1] Taking account of

thebulkiness of CMBmonomer, it is thought that apolymer

brush of satisfactorily high density could be constructed.

Characterization of the Brush Surface

The contact-anglemeasurementwas carried out to confirm

the formation of polymer brushes on glass substrates

(Table 1). Both the sessile dropmethod and the air-in-water
57–564
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Figure 4. Protein adsorption to various polymer brushes at 37 8C.
The y-axis expresses the relative amount of adsorbed BSA or
lysozyme when the relative quantity of BSA adsorption to bare
glass was 100%. BSA (&) and lysozyme (&); 4.5 mg �mL�1 in PBS.
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method indicated that the modification with Br-PUCS

(initiator) largely decreased the hydrophilicity of the glass

substrate in comparison with the bare glass, whereas that

with the PCMB brush largely increased, indicating that the

zwitterionic polymer brush was very hydrophilic.

The z-potential of the glass surface indicated that the

PCMB brushes were slightly negative, which is in contrast

to the largely negative values for the bare glass and the Br-

PUCS-SAM-modified glass (Figure 3). From the changes in

contact angle and z-potential, the progress of themodifica-

tion was definitely confirmed.

Meanwhile, the state of electric charges of zwitterionic

polymers is influenced by the pH values, and it is necessary

to consider the effect of pH on the properties of PCMB.

ThepKa valueof the carboxyl groups in the PCMBmolecules

was reported to be 2.9.[56] Therefore, PCMB seemed to be

almost zwitterionic under the conditions adopted for the

experiments of protein adsorption and adhesion of cells

discussed below (pH¼ 7.4). In other words, the effect of pH

is notworthy to be considered for PCMB in the experiments

under the physiological conditions. The slightly negative z-

potential of the PolyCMBbrushesmight be due to the effect

of glass surface beneath the brush.
Adsorption of Proteins to the Polymer Brushes on the
Glass Surface

Using the BCA method, the non-specific adsorption of

proteins (BSA and lysozyme) to the surfaces of the PCMB

brushes was investigated. The PCMB brushes for the

measurement of protein adsorption and cell adhesionwere
Figure 3. Surface z-potentials of various substrates in a 0.010 M

NaCl solution. Br-PUCS: Glass substrate modified with SAM of Br-
PUCS. PCMB50: Glass substrate modified with PCMB brushes.
Preparation conditions: [CMB]:[Et-Br]:[CuBr]:[Bpy]¼ 50:1:1:2; in
methanol at 30 8C for 48 h.
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prepared under the same conditions as that for the brushes

indicated in Table 1. Figure 4 indicates that the PCMB

brushes showed only a very slight non-specific adsorption

of proteins, which is in good contrast to the significant

adsorption to bare glass and the initiator-modified glass.

The tendencies in Figure 4 could be explained by the

hydrophilicity of the substrate, electric charges and the

freedom of the brushes on the surfaces. The tendency that

the proteins were extremely adsorptive to the bare glass

and not to the PCMB brushes is consistent with the

hydrophobicity of the substrates. BSA and lysozyme have

different pI values (BSA: 4.7–4.9;[72] lysozyme: 11.0),[73] and

are negatively and positively charged at pH¼ 7.4, respec-

tively. Thepolymerbrushes reduced theadsorptionof these

proteins, indicating thedecisive roleof zwitterionicbrushes

irrespective of the charge of proteins. The proteins attached

to the PCMB brushesmight be smoothly detached, keeping

their native structures.[49,50]

Previously, it was revealed that PMPC brushes of high

graft density showed a dramatic reduction of the protein

adsorption as compared to that of lower density.[4] There-

fore, it is understandable that the PCMB chains with a

high graft density are also resistant against non-specific

adsorption of proteins.
Ion Beam Irradiation of the Polymer Brush Surface

Next, we examined ion beam irradiation of the PCMB

surface. The irradiated area was designed to be heart-

shaped. Themicrographof thePCMBbrushes indicated that

the irradiated areawas coveredwithHEK293 cellswhile no

cells attached to other areas, definitely indicating anti-

biofoulingpropertiesof thePCMBbrushes [Figure5 (A)]. The

same tendency was observed for Hep G2 cells, too [Figure 5
1, 11, 557–564
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Figure 5. Micrographs of (A) HEK293 cells and (B) Hep G2 cells adhered to the heart-
shaped area to which ion beam had been irradiated beforehand. Substrate: PCMB
brushes (PCMB50) on a glass plate. The length of bar is 100mm.
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(B)]. The diamond-shaped hollow areawith a similar size to

that in the figure could also be fully coveredwith both HEK

293 and Hep G2 cells (data not shown), indicating that

image printing with ion beam irradiation can easily be

pursued on the surface of the PCMB brushes.

When the other living radical polymerization method,

reversible addition-fragmentation chain transfer (RAFT)

usingbutylsulfanylthiocarbonylsulfanyl-2-methylpropionic

acid as a chain transfer reagent,[74] was adopted, the PCMB

brushes constructed on the glass plate (thickness 5.3nm,

graftdensity0.12chains �nm�2, z-potential –4.9mV)showed

strong resistance against the adhesion of HepG2 cells in a

similar manner to the brushes prepared by the ATRP

method.[75] Although the thickness and density of the PCMB

brushes fromtheATRPandRAFTmethods arenot exactly the

same, both brushes are largely hydrophilic and charge-

balanced. Therefore, these factors (large hydrophilicity and

electrostatic neutralization) are considered to be strongly

related to the anti-biofouling property of polymermaterials.

Based on the experimental results, it can be said that

the proteins did not adsorb to the surface of the PCMB

brushes significantly. The subsequent introduction of

hollow area by the ablation of the brush using ion beam

irradiation confirmed the role of zwitterionic brushes in the

suppression of cell adhesion. The image printing of anti-

biofouling PCMB brushes on the solid substrate using ion

beam irradiation may be highly useful for biomedical

applications.
Conclusion

PCMB brushes preparedwith the surface-confined initiator

for ATRPwere resistant against the non-specific adsorption

of proteins (BSA and lysozyme) on the surface, which is

consistent with the previously reported blood- and

biocompatibilities of the PCMB polymers. The irradiation

of thePCMBbrusheswith ionbeamprovidedahollowspace

to which HEK293 and Hep G2 cells significantly adhered,
www.MaterialsViews.com
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while these cells did not adhere to the

non-treated area on the brushes. There-

fore, the ion beam-printed patterning of

anti-biofouling zwitterionic polymer

brushes may be appropriate for diverse

biomedical applications.
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