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Introduction

n

Engineering of microscopic surfaces using biomacromolecules
such as carbohydrafes and protein§® and using cells on
substrates is important as tools to develop biotechnologies suchfigure 1. The chemical structures of (a) PVLA and (b) heparin.
as biosensors?® bioelectronic$, and tissue engineerif§.A ) ) o )
variety of methods via covalent bond formation and supramo- pr_owdes the ‘_‘orthogonal self-assembling”, resulting in a multiple
lecular formation have been employed to immobilize biomac- Micropatterning.
romolecules and to control the assembly. Supramolecular N the present report, we expand the concept of orthogonal
formation on surfaces is paid much attention because of the Self-assembly to multifunctional micropatterning of biomacro-
high specificity and the facile assembling conffb}? In molecules. Here, we applled. two different types of glycopoly-
addition, integration of supramolecular formation with lithog- Mers of PVLA and heparin that can be self-assembled,
raphy techniques is applicable for highly precise micropatterning "eSPectively, by hydrophobic and electrostatic interactions. As
of biomacromolecule® shown in Figure 2, hydrophobic octadecyltrimethoxysilane

Recently, we have achieved immobilization and micropat- (ODS) and cationic aminopropyltrimethoxysilane (APS) mono-
terning of glycopolymers by supramolecular formation via layers were |_mm_ob|I|zed and _m|cropatterned on the subst_rate
hydrophobic interactiof An amphiphilic glycoconjugate poly- by the combination of photollthogrgphy and self-assembling
mer (lactose-substituted styrene homopolymer abbreviated asProcesses. Then, the ODS/APS micropatterned substrate was
PVLA)(Figure 1a) was displayed on self-assembled monolayer simply immersed in these two glycopolymer s_olutlons to display
of octadecyltrimethoxysilane (ODSSAM) prepatterned on the orthogonal car_bohydrates. Then, we _tr|ed the orthogonal
silicon substrates. The micropatterned carbohydrate display was2Sembly of proteins and cells on the micropatterned glyco-
visualized by molecular recognition of a galactose-specific lectin Polymers substrate. Proteins of RGAand basic fibroblast
RCA120 (Ricinus communiggglutinin 120) with FITC (fluo- growth factor (bFGF_)_Were micropatterned by the orfthogonal
rescein isothiocyanate) fluorophore. The glycopolymer PVLA carbohydrate recognitions. Hepatoc_ytes and NIH 3T3 fibroblasts
functions not only as a glycocluster of artificial matrixes but nave been cocultured on the micropatterned glycopolymer
also as controllable self-assembling materiéls. PVLA/bFGF substrate. Heparin that is localized in extracellar

On the other hand, there are growing interests in micropat- matrixes (ECM) and cgll envelopes participates in cell adhesion
terning of multiple components to fabricate sophisticated through bFGF*2>while PVLA can be substrates for culture
substrate4®-18 Since multiple micropatterning of biomacro- of hepatocytes through multivalent interactions between anten-

molecules by lithography techniques is limited to simple surface Nary galactoses and asialoglycoprotein recepfors.
organization with single biomolecules, supramolecular assembly  Carbohydrates on cell surfaces serve as significant biological
of multiple components is a key step to the precise multiple S|gnals_ _and play important roles in numerous |r_1te_rcellular
micropatterning. Various interactions such as hydrophobicity, "ecognition processes, for example, cell differentiation, cell
electrostaticity, hostguest complexation, and metal coordina- adherence, immune response, infection from viruses, and cancer
tion can be applied to construct supramolecular assembliesmetastasis® Therefore, carbqhydrate-lmmoblllzed materials
selectively and independen#§:22 Manipulation of more than have recently attracted great interest. Micropatterned carbohy-
two types of these interactions independently and simultaneouslydrates on solid surfaces are expected to be useful as tools to
analyze carbohydrateprotein interactions and to fabricate the
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/(bFGF-Heparin-APS) /(Fibroblast-bFGF-Heparin-APS) Figure 3. C1s XPS spectra of (a) ODS region on ODS/APS substrate
) o ) ) ) and (b) APS region on ODS/APS substrate. (a-1) and (b-1) before
Figure 2. Schematic illustration of multiple biomacromolecular the following treatment, (a-2) and (b-2) treated with heparin, (a-3)
displays: (a) micropatterned ODS/APS substrate, (b) self-assembly and (b-3) treated with PVLA.

of carbohydrates (PVLA and heparin), (c) molecular recognition of

proteins (RCA120 and bFGF), and (d) coculture of cells (hepatocytes Results

and fibroblasts).
) Self-Assembly of PVLA and Heparin on Micropatterned

(0.5 mg/mL, 3 h), heparin (0.05 mg/mL, 5 h), FH&CAu0 (0.1 mg/ ODS/APS SubstratesThe micropatterned ODS/APS substrates

mL, 1 h), and TRITG-bFGF (0.01 mg/mL, 1 h). After the treatments, ~WEre incubated in aqueous solutions of two glycopolymers,
the substrates were washed with Milli-Q water and then were monitored N€parin and PVLA. First, an ODS/APS substrate was immersed

by XPS (X-ray photoelectron spectroscopy) for glycopolymers and by N @n aqueous solution of heparin and the substrate was analyzed
fluorescence microscopy for proteins. by _XPS (Flgure_3). The XPS spectra of each ODS and _APS
region of the micropatterned ODS/APS substrates on silicon
are shown, respectively, in Figure 3a-1 and b-1. There appeared
Japan). The cell viability was higher than 80%, as assessed by trypangbs_tzror;\?his(;%n\z;ir(;gg%ﬁ:gé \{Oziléj)ng:(;eétlzs_ggtl)%?ul;; I:)Ifg ure
blue exclusiqn. Hepatocytes were maintained e}t a concentration 5.0 hepa,rin. The atomic ratio of [EH)/[C—O}/[0=C—O] on the
1o Ce"S/m.L In Dulbecco's m.OFj'.f'ed Eagle medium (DM'.EM) supple- APS region was 39/46/15. On the other hand, a little signal
mented with 100 UI/mL_ pen_|<:|lllr?, 10@g/mL streptomycin, 3% v/v due to C-O and G=C—0 bonds was observed around 288 eV
'(:FE:VSL’ ATng?zgiéggéng:ﬁxg)Ts:Esfr(:tlz ;:]ervesriigslfb;’;;g? on ODS regionin Figl_Jre 3a-2. These data _indicated tha_t heparin
o - was adsorbed selectively on the APS region and negligibly on
37°C in 5% CQ atmosphere for 10 h. Nonadherent cells were removed .
by rinsing with phosphate-buffered solution (PBS) the ODS region of the ODS/APS substrate. .
’ Then, a micropatterned ODS/APS substrate was treated with
NIH 3T3 fibroblasts were incubated in DMEM supplemented with  gn aqueous solution of PVLA. A well-defined—@ peak at
10% fetal bovine serum (FBS), 1% NEAA, 1% NaPyr, 100 mU/mL of 288 eV and a shouldereC—0 S|gna| at 289 eV appeared on
penicillin, and streptomycin. The fibroblasts were plated at a concentra- the ODS region in Figure 3a-3. The atomic ratio of-{8]/
tion of 1.0x 1 cell/mL on the (PVLA-ODS)/(bFGFheparir-APS) [C—0]/[0=C—0] was 59/28/10, indicating the adsorption of
substrate. The substrates were incubated for 12 hin 10% FBS DMEM py/|_A. A shoulder peak of €O was observed on the APS
and then were rinsed with PBS to remove nonadherent cells. substrate in Figure 3b-3, and the peak intensity was about half
Coculture was carried out as follows: hepatocytes were incubated of that on the ODS region. These data indicated that PVLA
at a concentration 5.& 10° cells/mL in DMEM for 10 h and then was not only adsorbed preferentially onto the ODS region but
fibroblasts were added and incubated at a concentration o 1L0° also less preferentially onto the APS region.
cells/mL for 12 h. The morphologies of these cultures were observed We previously reported that PVLA hardly adsorbed to
with an optical microscope (Olympus, Tokyo, Japan). cystamine @-aminoethyl disulfide) terminated gold substré‘%eCDV

Culture of Hepatocytes and Fibroblasts?”28 Hepatocytes isolated
from male SpragueDawley (SD) rats were obtained from KAC (Ritto,
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Figure 4. Fluorescence images of (RCA120—PVLA—ODS)/(bFGF—

heparin—APS) substrate: viewed with (a) a green filter and (b) a red
filter and (c) their overlay.
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Figure 5. Cell adhesion to the multifunctional micropatterned (PVLA—
ODS)/(bFGF—heparin—APS) substrate: (a) photomask, (b) culture
of hepatocytes, (c) culture of NIH 3T3 fibroblasts, and (d) coculture
of hepatocytes and NIH 3T3 fibroblasts.

ically, respectively, on PVLA and bFGF with little nonspecific
adsorption.

Then, coculture of these two cells was examined. Figure 5d
shows a round morphology of hepatocytes on PV@DS

Cystamine on gold substrate was reported to form well-defined region and another spindle morphology of fibroblasts on bFGF
cationic and hydrophilic monolayers with contact angles around heparin-APS region. Then, fibroblasts were observed to extend

44° 30 On the other hand, the thickness of the ARSAM on a
silicon substrate estimated by ellipsometrysv@A which was
a little thicker than the value (5.5 A) estimated by molecular
modeling, and its contact angle was°65uggesting that APS
formed a little disordered multilayer with a slight hydrophobic
charactefl32 We assume that the hydrophobicity of APS
resulted in less selective adsorption of PVLA on the APS region
on silicon substrate.

Molecular Recognition by RCA;20 and bFGF. Successive
micropatterning of RCAyoand bFGF could be performed most

clearly when ODS/APS substrates were immersed in heparin,

bFGF, PVLA, and RCAyg solutions in this order. The patterned
fluorescence micrograph is shown in Figure 4. The green
fluorescence of FITERCA;20was observed within the PVLA
ODS region, with an S/N ratio of 2.8 (Figure 4a). The red
fluorescence of TRITEbFGF was observed primarily within
the heparin-APS region, with an S/N ratio of 1.8 (Figure 4b).
The overlaid image (Figure 4c) of the FIFRCA;20 and
TRITC—bFGF indicates that these proteins have specific
affinities toward each glycopolymer. The micropatterning of the
two glycopolymers as well as the two carbohydrate-binding
proteins could be achieved by simply immersing the ODS/APS
substrates in the glycopolymer and protein solutions.
Coculture of Hepatocytes and Fibroblasts Cell adhesion

to the region of hepatocytes and to interpenetrate with each
other, suggestive of the interaction between hepatocytes and
fibroblasts.

Discussion

Orthogonal self-assembling technology has been developed
by manipulating several types of physicochemical interactions
independentlyandsimultaneouslytoconstructmultiple micropatté?riAg.
Hickman et al. set up the “orthogonal” concept by the modifica-
tion of the two types of metal surfaces through multiple covalent
bonds!® Demers et al. adapted a variety of interactions of
molecules to prepare the orthogonal assembly of DNA and
nanoparticled® Recently, Xu et al. reported the orthogonal
assembly of polymer and nanopartictésThey applied the
orthogonal self-assembly to the suitable lithographic templates.
The orthogonal self-assembly provides the facile multiple
micropatterns of organic molecules. We have extended the
orthogonal concept to biomimetic, multifunctional, and su-
pramolecular assemblies for biological applications.

The present paper has proposed the orthogonal self-as-
sembling of two types of glycopolymers (PVLA and heparin),
carbohydrate-binding proteins (R4 and bFGF), and cells
(hepatocytes and fibroblasts) on micropatterned ODS/APS

on the multifunctional micropattern on glass substrates was substrates. The ODS/APS substrates were prepared via the

examined with rat hepatocytes and NIH 3T3 fibroblasts. Prior

successive SAM formation and photolithography to display

to coculture, the substrate was treated with each cell. When hydrophobic and cationic functionalities. The orthogonal func-

hepatocytes were incubated on the (PVA@ADS)/(bFGF
Heparin-APS) substrate for 10 h, a micropattern of round-
shaped hepatocytes was observed along the PMQEBS region

(Figure 5b). Even though the substrate was rinsed with PBS,

tionalities enabled self-assembling of PVLA and heparin through
hydrophobic and electrostatic interactions. Then, the two
proteins could be micropatternd most effectively when ODS/
APS substrates were immersed in heparin, bFGF, PVLA, and

hepatocytes stayed on the micropattern, indicating that hepa-RCA;,o solutions in this order. In addition, coculture of

tocytes adhered specifically and strongly on the PMM@DS
region. When NIH 3T3 fibroblasts were incubated on the
(PVLA—ODS)/(bFGFHeparin-APS) substrate for 12 h, an-
other characteristic micropattern appeared:
fibroblasts adhered and extended on the bF&&parin-APS

region (Figure 5c). Hepatocytes and fibroblasts adhered specif-bound bFGF.

hepatocytes and fibroblasts could be performed on the micro-
patterned (PVLA-ODS)/(bFGFheparir-APS) substrates, which
was due to the biological recognition between asialoglycoprotein

spindle-shapedreceptors on hepatocytes and multiantennary galactosides along

PVLA and between bFGF receptors on fibroblasts and heparin-
Cbv
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Conclusion
We could construct the three- and four-storied hierarchical

Notes

(5) Tanaka, M.: Wong, A. P.; Rehfeldt, F.; Tutus, M.; KaufmannJ S.
Am. Chem. So004 126, 3257.
(6) Yap, F. L.; Zhang, YLangmuir2005 21, 5233.

structures composed of lipids, carbohydrates, proteins, and cells (7) Willner, I.; Katz, E.Angew. Chem., Int. E®003 42, 4576.
via orthogonal self-assembly strategy. This strategy can be a (8) Bieri, C; Ernst, O. P.; Heyse, S.; Hofmann, K. P.; Vogel,Nt.

mimic of complex living tissues. Orthogonal relationship has

been kept in these specific combinations of adsorption of

glycopolymers, molecular recognition through carbohydrate-

Biotechnol.1999 17, 1105.

(9) Park, K.-Y.; Kim, M.-S.; Choi, S.-YBiosens. Bioelectror2005
20, 2111.

(10) ltle, L. J.; Pishko, M. VBiotechnol. Prog2005 21, 1004.

binding proteins, and adhesion of cells to attain the clear (11) Daniel, M. C.; Astruc, DChem. Re. 2004 104, 293.
micropatterning. We expect that the present nanoprocessing (12) Henry, M.ChemPhysCher2002 3, 607.

using biomacromolecules, orthogonal in organization and 13)

hierarchy, will be essential in universal design for a variety of
biotechnological tools such as cell culturing and biosensing.
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