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Generation of Cellular Micropatterns on
a Single-Layered Graphene Film
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Micropatterns of fibroblast and hippocampal neurons are generated on a single-layered
graphene substrate. A large-area (1 cm� 1 cm) graphene film on Si/SiO2 is functionalized by
surface-initiated ATRP of non-biofouling oligo(ethylene glycol) methacrylate, after grafting

of the polymerization initiator bearing a-bromoisobuty-
late via photoreaction of the perfluorophenyl azide group.
The microcontact printing-assisted spatio-selective reac-
tion, after chemical activation of the terminal hydroxyl
group of oligo(ethylene glycol) in the polymeric film,
is utilized to generate the patterns of fibroblast and
hippocampal neurons.
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tachment and proliferation of cells in

ng. A graphene film has been used as a
1. Introduction

Graphene, consisting of a single layer of sp2 carbon atoms,

has recently emerged as a new class of 2D materials in

the areas of biomedical sciences and biotechnology.[1,2]

For example, nanometer-scaled graphene-based materials,

including graphene oxide, are incorporated into 3D
scaffolds for at

tissue engineeri

2D platform for studying cell-material interactions and

cellular behaviors, where pristine graphene was mainly

used probably due to the limited repertoires for graphene-

functionalization methods. The chemical modification of

large-area graphene films is still challenging, and some

simple reactions, such as hydrogenation,[3–5] fluorina-

tion,[6–8] chlorination,[9,10] phenylation,[11] and trimethyl-

silylation,[12] have so far been demonstrated. However, the

biospecific cellular interactions at the material surface

require more sophisticated graphene functionalizations

that lead to cell-material and cell-cell interactions. Cellular

micropatterns on functionalized graphene with one or

more cell types would also give useful fundamental

information for and provide application platforms in

tissue engineering and cell-based sensors, with the

unique electrical and chemical properties of graphene.

On the other hand, the elasticity and bendability of a

graphene sheet (Young’s modulus: 0.1–1 TPa) would offer
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a flexible modular platform for tissue engineering, after

proper modification of graphene surfaces for cell adhesion:

for example, the sheet-rolling method for constructing

3D cellular architectures could be applied to the single-

layered graphene that is selectively functionalized to

have multiple cell patterns.[13] In the aim of controlling

the cellular behaviors on a functionalized graphene film,

we, in this paper, suggest a simple but versatile method

for introducing biologically active moieties onto the

graphene surface and, as a demonstration, generate

micropatterns of fibroblast and hippocampal neurons on

a graphene film.
2. Results and Discussion

Scheme 1 depicts the procedures for generating the cellular

micropatterns, consisting of surface-initiated atom-trans-

fer radical polymerization (SI-ATRP), after aryl azide-based

photografting of an SI-ATRP initiator, and microcontact

printing (mCP). In the SI-ATRP, a polymerization initiator

should be introduced onto the surface to bemodified before

polymerization. Although the formation of self-assembled

monolayers (SAMs) terminated with alkyl halide-based

initiator (e.g., a-bromoisobutyrate) has efficiently been

used for inorganic surfaces, suchasgold, silicondioxide, and
Scheme 1. Procedures for SI-ATRP and generation of cellular
patterns.

Macromol. Biosci. 20

� 2013 WILEY-VCH Verlag Gmwww.MaterialsViews.com
titanium dioxide, the formation of SAMs is based on the

specific interaction between the functional group of the

self-assembling molecule and the surface (e.g., thiol-

gold,[14] siloxane-silicon dioxide,[15] phosphate-titanium

dioxide,[16] and catechol-titanium dioxide[17]) and cannot

be applied to graphene surfaces. Therefore, we used a

methodof aryl azide-basedphotografting[18,19] to introduce

the polymerization initiator onto the graphene surface.

The large-area (1 cm� 1 cm), single-layered graphene

filmswerepreparedaccording to theprevious reports.[20–22]

The chemical vapor deposition (CVD)-grown graphene on

a Cu foil was transferred to a silicon dioxide (Si/SiO2)

surface, which was used as a reaction platform in this

study. We used Raman spectroscopy to characterize the

aryl azide-based photografting of the SI-ATRP initiator (1)

(Figure 1a), because it provides useful information for

investigating defects/disorder (D-band), in-plane vibration

of sp2 carbon atoms (G-band), and the stacking orders

(2D-band) of graphene.[23] The Raman spectrum of the

transferred, intact graphene showed the veryweakDband,

and the peak intensity ratio of the 2D and G bands was

about 4, indicating the high quality of the single-layered

graphene film (Figure 1b, black).[24]

The attachment of the SI-ATRP initiatorwas based on the

perfluorophenyl azide (PFPA) chemistry: thephotochemical

or thermal activation of PFPA generates the highly reactive

singlet perfluorophenylnitrene, which undergoes the C55C

addition[25] and has been utilized for the solution-based

functionalizations of carbonmaterials, suchas fullerene,[26]
Figure 1. (a) Molecular structures of SI-ATRP initiator, 1, and
OEGMA. (b) Raman spectra of (i) pristine and (ii) ATRP
initiator-grafted graphene films.
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carbon nanotubes,[27] and graphene.[28] Its chemical

reactivity was also used for the covalent immobilization

of a graphene sheet onto the silicon wafer presenting

PFPA.[29,30] In addition, our previous report with azidotri-

methylsilane showed that nitrene formed a covalent bond

with epitaxial graphene after thermal activation.[12]

Compound 1was spin-coated on the as-prepared graphene

film, followed by 100 s UV irradiation (254nm). After

photografting, the highly intense D band was observed

in the Raman spectrum (Figure 1b, red), indicating

the destruction of the sp2 carbon network and the band

was accompanied by the D0 band at 1627 cm�1, and the

DþD0 band was newly observed around 2942 cm�1.[31]

The X-ray photoelectron (XPS) spectrum showed the

characteristic peaks of compound 1 at 686.4 (F 1s) and

70.6 eV (Br 3d) after grafting of the initiator (Figure 2a). The

water contact angle changed from 42 to 798, which also

indicated the surface modification of graphene (Figure 2b).

Taken together, the characterizations confirmed that the

SI-ATRP initiatorwas successively grafted onto the pristine

graphene film via photochemical reaction.

After introduction of the initiator, we performed the

SI-ATRP of oligo(ethylene glycol) methacrylate (OEGMA)

from the graphene film. SI-ATRP has been the most widely

used method for grafting polymers from a solid surface

since the first demonstration in 1998.[32,33] Various (meth)

acrylate- and styrene-based monomers have been

employed for SI-ATRP,[34,35] and the polymer-coated surfa-

ces were programmed to possess a multitude of different

properties and functions, such as bioinertness,[36,37] bio-

conjugation,[38–40] anti-microbial properties,[41,42] andeven

catalysis for mineralization.[43–45] SI-ATRP has especially

been successful in generating non-biofouling interfaces

against proteins and cells, which contributes to the
Figure 2. (a) XPS spectra of (i) pristine and (ii) ATRP initiator-
grafted graphene films. (b) Water contact angles of (left) pristine
and (right) ATRP initiator-grafted graphene films.
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development of biodevices including microarrays and

microfluidic systems by minimizing the non-specific

adsorption of proteins and/or the adherence of cells.

Oligo(ethylene glycol)-[36–40] or zwitterion-bearing mono-

mers [46–48] have mainly been employed for this purpose.

In this work, poly(OEGMA) was chosen because it

possesses the non-biofouling property, and, of more

importance, can be functionalized chemically for bio-

conjugation of molecules of interest.[19,39] This dual

property of poly(OEGMA) makes it possible to determine

the protein (or cell)-attracting and -repelling areas by

spatio-selective reactions. The SI-ATRP of OEGMA was

performed in a water-methanol solution of bipyridine and

Cu(I) bromide for 1h at room temperature under an argon

atmosphere. The water contact angle of poly(OEGMA)-

coated graphene was measured to be 558, indicative of a

relatively hydrophilic nature of the polymer film. The

terminal hydroxyl group of the OEG side chain was

then activated to N-hydroxysuccinimide (NHS) by the

reaction with N,N0-disuccinimidyl carbonate (DSC),[19,39]

which subsequently formed the amide linkage with

amino groups.

Since poly-D-lysine (PDL) was reported to be effective

for the adhesion of cells,[49–51] mCP of PDL-fluorescein

isothiocyanate (FITC) was performed onto the activated

poly(OEGMA) film with a poly(dimethylsiloxane) (PDMS)

stamp that had a grid pattern with 50mm in width and

150mm in spacing, and the unreacted square area

(150� 150mm2) was passivated with 2-(2-aminoethoxy)

ethanol (EG2NH2). The passivation restored the cell-resis-

tant property of the film. Figure 3a shows the PDL-FITC

pattern, which was visualized by confocal laser scanning

microscopy (CLSM). After seeding NIH 3T3 fibroblast cells
Figure 3. (a) CLSM image of PDL-FITC-patterned graphene film
and (b) fluorescence micrograph of NIH 3T3-patterned graphene
film. Scale bar: 200mm. (c and d) Fluorescence micrographs of
micropatterns of hippocampal neurons. Scale bar: 100mm.
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at a density of 5� 105 cells �mL�1 and incubating them for

24h, cells were stained with blue-fluorescent Hoechst

33342: cells adhered and proliferated exclusively on the

PDL-functionalized areas (Figure 3b). The structural integ-

rity of the cellular micropatterns also indicated that the

single-layered graphene film on Si/SiO2 was mechanically

robust and stable enough to withstand all the chemical

and mechanical processes employed in this study.

In addition to the generation of the grid pattern of NIH

3T3 fibroblast cells, the graphene film was also tailored to

form a neuronal network. The generation of neuronal

network on conductive materials is, in particular, impor-

tant in the development of the neuron-based sensors and

devices that measure the electrophysiological behaviors of

neurons.[52] mCP of PDL was performed to generate the line

(30mm inwidth and 30mm in spacing) or nodal-grid (node:

16-mm circle; line: 5mm in width and 50mm in spacing)

patterns: a circular node was made to position the cell

body, and the thin lines were designed to guide neurite

outgrowth. After mCP, hippocampal neurons from embry-

onic day 18 (E-18) Sprague-Dawley rat were seeded at a

density of 50 cells �mm�2 onaPDL-patternedgraphenefilm

and cultured in serum-free conditions at 37 8C for 7 d.[53,54]

Neuronswere immunostainedwith anti-b tubulin (green),

and the location of cell body (soma) was identified with

bisbenzimide (blue). Figure3cand3d showthefluorescence

micrographs of the line and grid patterns of the cultured

hippocampal neurons. Figure 3c shows well-confined

neuronal growth on the 30mm-line patterns, where there

wasno crossing (or bridging) over the repulsivebackground

region. On themore complex nodal grid pattern, cell bodies

were mainly located at the circular nodes, and neurites

were formed on the 5mm-lines (Figure 3d). These results

confirmed the effective repellency of the poly(OEGMA) film

against neurons as well as the successful PDL pattern-

generation.
3. Conclusion

In summary, a large-area, pristine graphene film was

functionalized by SI-ATRP of OEGMA, andmicropatterns of

fibroblast and hippocampal neurons were successfully

generated by utilizing the non-biofouling but post-func-

tionalizable properties of poly(OEGMA). The PFPA group

proved effective in the immobilization of the polymeriza-

tion initiator on the pristine graphene film, which enabled

the subsequent SI-ATRP of OEGMA. Considering the

versatility of SI-ATRP, we think that the method demon-

strated herein would be utilized in the formation of

unprecedented 2D graphene-polymer and even polymer-

graphene-polymer architectures as a 2D/3D scaffold for

multicell culture, where their biological properties could

be tailored by the polymers grafted from each side of
Macromol. Biosci. 20
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graphene.[55] We also believe that the aryl azide-based

photochemistrycouldbeappliedtoadirect, spatio-selective

modification of pristine graphene with the aid of conven-

tional photolithographic techniques, while maintaining

the intrinsic conducting property of graphene. This direct

pattern-generation will particularly contribute to the

realization of an in vitro neuronal network, which is our

next research thrust.
4. Experimental Section

4.1. Pattern Generation of Poly(OEGMA) on Graphene

Films

The CVD-grown, single-layered graphene sheet was transferred

onto a silicon wafer or glass and washed with methanol. The

graphene film was spin-coated with the initiator 1 (1%w/v in

methanol) for 30 s at 1500 rotations per minute (rpm), and the

resulting substrate was then irradiated by UV (254nm) for 100 s.

After the substrate was thoroughly washed with methanol

several times, SI-ATRP was carried out in the water/methanol

(1.34mL/5.39mL) solution of OEGMA (3.26mL, 0.010mol, Aldrich),

Cu(I)Br (143mg, 1�10�3mol, 99.999%, Aldrich), and 2,20-bipyridyl
(312mg, 2� 10�3mol,>99%, Aldrich) for 1 h at room temperature

under an argon atmosphere. After thorough washing with water

and methanol, the poly(OEGMA)-coated graphene substrate was

immersed in a dryN,N-dimethylformamide (DMF) solution of DSC

(0.1M) and 4-(dimethylamino)pyridine (DMAP, 0.010M) for 6 h at

room temperature. The sample was thoroughly rinsed with DMF

and dried with a stream of argon. The PDMS stamp was oxidized

with an oxygen-plasma cleaner (Harrick PDC-002 at medium

strength) for 1min, inked with an aqueous solution of PDL

(1 mg �mL�1) by spin-coating, and brought into contact with the

activated poly(OEGMA) film for 1min. After mCP, the remaining

succinimidyl moieties were passivated with an aqueous solution

of EG2NH2 (0.1 mg �mL�1) for 1 h.
4.2. Cell Culture

NIH 3T3 fibroblast cells were maintained in continuous growth in

Dulbecco’s modified Eagle medium (DMEM), supplemented with

10% fetal bovine serum and 1% antibiotics solution, at 37 8C in a

humidified atmosphere containing 5% CO2 on tissue culture T25

polystyrene flasks. Cells were removed from the flask surface by

washingtwicewith2mLof thephosphate-bufferedsalinesolution,

followed by incubation of 0.5mL of 0.25% trypsin/EDTA (ethyl-

endiamine tetraacetic acid) for detachment. The detached cells

were resuspended in 2mL of cell culture media, and the

number of cells was counted with a hemocytometer. On the

PDL-patterned graphene substrate, placed in a Petri dish, cells

were seeded (5� 105 cells dispersed in 6-mL cell culture media)

and incubated at 37 8C in a humidified atmosphere of 5% CO2.

For the cell pattern generation of neurons, the graphene sheet

was transferred onto a glass substrate. Primary hippocampal

neurons were cultured under serum-free condition. Hippocampi

from E-18 Sprague-Dawley rat were triturated in Hank’s balanced
14, 14, 314–319
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salt solution (HBSS) with a fire-polished Pasteur pipette. The

cell suspension was centrifuged for 2min at 1000 rpm, and

a cell pellet was extracted. The cell pellet was suspended

in Neurobasal media supplemented with B-27, L-glutamine

(2� 10�3
M), L-glutamic acid (12.5�10�6

M), and penicillin-strepto-

mycin using a Pasteur pipette. Dissociated cells were seeded at the

density of 50 cells �mm�2 on the PDL-patterned graphene substrate.

Cells were cultivated in a humidified incubator (37 8C, 5% CO2).
4.3. Characterizations

Raman spectra were obtained at 514 nm and 0.5mW incident

powerwithARAMIS (HoribaJobinYvon,France). TheXPSstudywas

performed with a Sigma Probe (Thermo VG Scientific, UK) with a

monochromatized Al Ka X-ray source (1486.7 eV). Emitted photo-

electrons were detected by a multichannel detector at a takeoff

angleof408 relativeto thesurfaces.Surveyspectrawereobtainedat

a resolutionof1 eVfromonescan,andhigh-resolutionspectrawere

acquired at a resolution of 0.1 eV. Contact angle measurements

were performed using a Phoenix 300 goniometer (Surface Electro

Optics, Korea) on the basis of the sessile dropmethod. Fluorescence

micrographs of cellular micropatterns were obtained with BX51M

(Olympus, Japan) equipped with a DP71 CCD camera (Olympus,

Japan), and CLSM images with LSM 700 (Zeiss, Germany).
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