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a b s t r a c t

Cell patterning on substrates has played a significant role in the study of basic biology, cell-based biosen-
sor and tissue engineering. In this report, a cell pattern was prepared on poly(dimethylsiloxane) (PDMS)
substrate by vacuum ultraviolet (VUV) lithography. After immobilizing allyl-polyethylene glycol (APEG)
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onto PDMS, a chemical heterogeneous patterned surface was fabricated by VUV (Xe2 excimer: 172 nm)
lithography with copper mesh as a photomask. The UV exposed domains can promote L929 cell adhesion
and growth. However, non-exposed regions resist cell attachment because of the repelling property of
PEG. Therefore, cell pattern could be achieved without pre-adsorption of cell adhesive species before cell
culture.

© 2009 Elsevier B.V. All rights reserved.

llyl-polyethylene glycol

. Introduction

Cell patterning, a method for spatial controlling of cell adhe-
ion and growth on substrates, is important for a wide range of
pplications, such as basic biological study, cell-based biosensor
nd tissue engineering [1,2]. The most commonly used substrates
re silicon or silica oxide [3], gold [4], glass [5], poly(methyl
ethacrylate) [6], polystyrene [7], poly(ethylene terephthalate)

8], poly(dimethylsiloxane) (PDMS) [9] and so on. Among these
ubstrates, PDMS is a cheap and flexible material that has been
xtensively used in biomedical field due to its excellent physical
nd chemical properties [10,11]. For example, it is transpar-
nt and presents significant low autofluorescence (background
uorescence) which makes it suitable for a number of detec-
ion schemes, such as UV–vis absorbance and fluorescence. It
xhibits well-known biocompatibility due to its biological inert-

ess and nontoxicity. Therefore, cell patterning on PDMS substrate

s attractive for its potential applications in biosensor and cell-
ased devices, cell biology study and the fabrication of implanted
evices.

∗ Corresponding author at: School of Materials Science and Engineering, Wuhan
niversity of Technology, 122 Luoshi Rd, Wuhan 430070, China.
el.: +86 27 87168305; fax: +86 27 87168305.

E-mail address: hongchen@whut.edu.cn (H. Chen).
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A variety of different techniques have been utilized to prepare
cell pattern, such as soft lithography [6], self-assembly mono-
layer (SAM) [12], electron beam (EB) polymerization using masks
(EB-mask method) [13], photolithography [14], vacuum ultravio-
let (VUV) lithography [15], etc. Most of these techniques typically
involve additional step to introduce cell adhesive species before
cell culture, such as fibronectin [6,16], vitronectin [17], laminin
[18], collagen [9,19], gelatin [20], RGD-peptides [21,22], etc., which
are normally used to direct cells to the designated location. Cell
patterns can also be produced without the introduction of cell adhe-
sive species [23–25], to significantly simplify the patterning process
[26]. One such a way is to employ the external assistant to guide
cells onto substrates with patterned distribution, such as mag-
netic force [27,28], electric field [29,30] and stencil [31,32]. Another
method is to create micronsized cell adhesive and cell resistant
regions on substrates by controlling spatial arrangement of sur-
face chemical properties [33]. As these two regions exhibit different
properties for cell adhesion, cell pattern will be formed by directly
seeding cells on these substrates [34–39]. This method is more
widely used as it provides a beneficial platform to study the fun-
damental issues of cell biology, such as cell–substrate, cell–media

and cell–cell interactions [1,40,41].

In this communication, a cell pattern was fabricated on PDMS
substrate via VUV lithography but without introducing cell adhe-
sive species before cell culture. First of all, allyl-polyethylene glycol
(APEG) was immobilized onto a PDMS substrate. Then a chemical

http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:hongchen@whut.edu.cn
dx.doi.org/10.1016/j.colsurfb.2009.11.013
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eterogeneous patterned surface was fabricated by VUV lithog-
aphy. Since the UV exposed domains and non-exposed regions
xhibit different properties for cell adhesion, L929 cells would
electively attach to the UV exposed domains and then cell pat-
ern was formed. This work is an extension of our recent study
n the fabrication of a sub-micron hydrophilic microchannel on
oly(dimethylsiloxane) (PDMS) by VUV lithography [42].

. Materials and methods

.1. Materials

PDMS elastomer base and curing agent (Sylgard 184, Midland,
I) were supplied by Dow Corning. Monoallyl-polyethylene gly-

ol (APEG, Mn = 560) was obtained as a gift from JuTian Chemical
o., Nanjing, China. Calcium fluoride (CaF2) was purchased from
hangchun Golddragonoptics Co., Changchun, China. Copper mesh
used as photomask in this study) was commonly used in transmis-
ion electron microscopy. Fibrinogen (Fg, Plasminogen-Depleted,
uman Plasma) was purchased from Cal-BioChem (CAS No. 9001-
2-5) and Fluorescein isothiocyanate (FITC) was purchased from
mresco.

.2. Fabrication of patterned surface by vacuum ultraviolet (VUV)
ithography

PDMS film was prepared by a standard method according to
he production information. After curing and being cut into disks,
DMS surfaces were grafted with APEG by hydrosilylation reac-
ion. Details about the surface modification with APEG have been
eported previously [43].

Then a PEG-grafted PDMS (PDMS-PEG) disk and a copper mesh
ere placed between two pieces of calcium fluoride (CaF2). In order

o make the copper mesh closely contact with PDMS-PEG disk,
roper pressure was applied on these two pieces of CaF2, and then
he PDMS-PEG disk was irradiated with 172 nm vacuum ultraviolet
xcimer source (Ushio Inc., UEM20-172, Xe2 excimer, � = 172 nm,
hoto energy: 7.2 eV) for 10 min in atmosphere. Finally, the copper
esh was carefully removed and a patterned PDMS-PEG surface
as formed. After ultrasonic rinse in acetone, the patterned surface
as characterized by atomic force microscopy (AFM, Nanoscope IV,
igital Instruments, Vecco, US), with taping mode in air.

.3. Cell culture and trypan blue staining

L929 cells (purchased from China Center for Type Culture Collec-
ion, Wuhan) were routinely cultured in RPMI 1640 medium (Gibco,

D, USA) with 10% fetal bovine serum and incubated at 37 ◦C in air
ontaining 5% CO2. Before seeding, the patterned PDMS-PEG disks
ere fixed in the wells of a 48-well tissue culture plate. Without
re-adsorption cell adhesive species, 1000 �L L929 cell suspen-
ion was dripped onto each patterned surface (cell density: 20,000
ells/cm2) and cultured in the incubator (Galaxy S, RS Biotech, UK)
or 12 days while cell culture medium was changed every 3 days.

Before trypan blue staining, 860 �L cell culture media was
emoved carefully. Then 140 �L trypan blue solution (0.4%) was
ripped into each well (1:1 with cell culture media). To count the
umber of viable (unstained) and dead (stained) cells, micrographs
f L929 cells were captured by using inverted optical microscope
XDS-1B, Chongqing Optical & Electrical Instrument Co., China)

quipped with a CMOS camera (GDS310, Guang Di Optical & Elec-
rical Instrument Co., China). Staining test and optical microscope
bservation were conducted within 3 min. In order to count the
umber of L929 cells adhered on the patterns, nine measurements
ere taken from three samples treated identically.
iointerfaces 76 (2010) 381–385

2.4. Protein adsorption

Fibrinogen (Fg) was labeled with Fluorescein isothiocyanate
(FITC) and the labeled protein (Fg-FITC) solution was purified and
adjusted to 1.0 mg/mL [44] for the following adsorption experi-
ment. Then the patterned surfaces were transferred into a 96-well
tissue culture plate and 250 �L Fg-FITC solution was dripped into
each well. After incubated at 25 ◦C for 3 h, each surface was rinsed
by 250 �L phosphate-buffered saline (PBS, pH 7.4) for three times.
Protein adsorbed on the patterned surfaces was observed by a laser
scanning confocal microscope (TCS-SP2 AOBS, Leica) (excitation
488 nm; emission 500–535 nm).

3. Results and discussion

3.1. Characterization of the patterned PDMS-PEG surface

The topography and chemical properties of the patterned PDMS-
PEG surface were characterized by AFM analysis. As clearly shown
in the height image (Fig. 1(A)), a patterned surface was prepared
and the surface layer of about 145 nm was ablated (Fig. 1(A), inset).
It is well known that brightness of AFM phase image is relevant to
the chemical property and/or rigidity of the substrate’s surface [45].
Thus, different brightness between the UV exposed domains and
non-exposed regions in phase image (Fig. 1(B)) indicate that there
were some chemical composition changes and/or rigidity changes
in the UV exposed domains. Based on the height and phase images,
we may speculate that when exposed to the high energy VUV
excimer source, surface grafted PEG layer was ablated; however,
it still remained on the non-exposed regions. Meanwhile, width of
the UV exposed domains (square) was estimated to be 50.2 �m (BC)
and width of the non-exposed regions (stripe) was about 26.7 �m
(AB), respectively. Therefore, a chemical heterogeneous patterned
surface was achieved on PDMS-PEG by VUV lithography with cop-
per mesh as a photomask.

3.2. Cell patterning and trypan blue staining

In this study, L929 cells were used as model cells to perform cell
patterning. After cultured on patterned PDMS-PEG and patterned
PDMS surfaces for 3 days, cell living status was observed by trypan
blue staining. On the patterned PDMS-PEG surface, L929 cells selec-
tively adhered to the UV exposed domains; most of them closely
attached to the substrate. In contrast, few cells adhered or grew
poorly in the non-exposed regions (Fig. 2(A)). This result showed a
uniform cell pattern in accord with the patterned substrate.

In order to count L929 cells occupying on each UV exposed
domain, Image J was taken for cell counting and results were
shown in Fig. 2(C). On 50.2 �m × 50.2 �m patterns, the UV exposed
domains containing three to six L929 cells occupied nearly 88% of
these domains. Meanwhile, it was also observed that on the pat-
terned PDMS-PEG surfaces, nearly all the L929 cells were located on
the UV exposed domains. Although most of them could not spread
with the shape of normally cultured L929 cells, trypan blue staining
test (Fig. 2(A)) showed that only a few of the cells were dead (indi-
cated by arrows) and cell viability was 97.0% (Fig. 2(D)). It can be
speculated that these domains (50.2 �m × 50.2 �m) were suitable
for three or four L929 cells to spread and grow. When more cells
attached to the UV exposed domains, they could not spread well due
to the limited growth area (most of cells were round (Fig. 2(A))).
In addition, it was also noted that vertical depth of the UV
exposed domain (145.8 nm) has little influence on cell patterning.
Here, native PDMS disks without surface grafting of PEG were cho-
sen to conduct VUV lithography and L929 cell culture experiments
under the same condition. According to the above observation,
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Fig. 1. AFM images of patterned PDMS-PEG surfaces: (A

lthough the surface layer of native PDMS was ablated and a pat-
erned surface was formed (data not shown), both the UV exposed

omain and the non-exposed region were pure PDMS substrate.
hus L929 cells could adhere to both regions and grew well despite
f the physical topology (Fig. 2(B)). Most of them spread well with
he fusiform morphology (Fig. 2(B)) and cell viability was 95.4%
Fig. 2(D)). These results demonstrate that it’s the chemical het-

ig. 2. L929 cells cultured on different surfaces for 3 days: the representative optical m
atterned PDMS surface; dead cells (stained) indicated by arrows. (C) Histogram for the n
A); cells were counted and averaged over 300 domains. (D) Histogram for the cell viabili
ht image and section analysis (inset); (B) phase image.

erogeneity rather than physical topology that brings about cell
patterning.
3.3. Protein adsorption

In this report, a cell pattern was prepared on the chemical het-
erogeneous patterned PDMS-PEG surface without pre-adsorption

icrographs of trypan blue staining test on (A) patterned PDMS-PEG surface; (B)
umber of adherent cells per domain with the patterned domain sizes as shown in

ty of (A) and (B); cells were counted over 1200. Scale bar: 50 �m.
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Fig. 3. Laser scanning confocal microscope photographs of Fg-FITC adsorbed o

f cell adhesive species before cell culture. It’s generally believed
hat protein adsorption onto a surface is the initial stage of cell
dhesion [46]. Therefore, in cell culture medium, non-specific pro-
ein adsorption to UV exposed domains may be the major reason
or cell patterning.

In order to confirm our assumption, fibrinogen (Fg), a commonly
sed model protein to examine non-specific protein adsorp-
ion, was chosen to conduct protein adsorption on the patterned
DMS and PDMS-PEG surfaces. After incubated in Fg-FITC solution
1.0 mg/mL) at 25 ◦C for 3 h, laser scanning confocal microscope was
sed to provide qualitative information about the spatial distribu-
ion of protein on these surfaces and the results were shown in
ig. 3. As the green fluorescence intensity is proportional to the
mount of absorbed Fg, it can be found that a considerable amount
f Fg was adsorbed in the UV exposed domains while little Fg was
dsorbed in non-exposed regions (Fig. 3(A)) on the PDMS-PEG sur-
ace, leading to a clear and uniform protein pattern on this surface.
owever, on the patterned PDMS surface, a large amount of Fg was
dsorbed on both the UV exposed domains and the non-exposed
egions (Fig. 3(B)). These results corresponded with the distribution
f L929 cells cultured on the patterned surfaces (Fig. 2).

The above results are easy to understand. On a patterned PDMS-
EG surface, surface grafted PEG layer on UV exposed domains
as ablated by high energy VUV excimer source and PDMS sub-

trate was exposed; however, grafted PEG layer still remained on
on-exposed regions. Because of the repelling property of PEG
o non-specific protein adsorption [47], almost all the proteins in
ell culture medium including cell adhesive species (e.g., extracel-
ular matrix (ECM) proteins) would be adsorbed on UV exposed
omains rather than non-exposed regions. Consequently, these
roteins promoted and also confined cell adhesion and growth to
he UV exposed domains (Fig. 2(A)). In contrast, few cells adhered
r spread in the non-exposed regions (Fig. 2(A)) as few proteins
ere adsorbed in these regions. On a patterned PDMS surface, how-

ver, substrates of both the UV exposed domains and non-exposed
egions were PDMS, which can bring about strong non-specific pro-
ein adsorption [48]. Thus proteins in cell culture medium would
e adsorbed onto both regions, followed by L929 cells spreading
nd growing on the whole surface (Fig. 2(B)).

Sugiura et al. [20] have fabricated cell pattern on PDMS substrate

y photo-induced graft polymerization of poly(ethylene glycol).
owever, pre-adsorption of gelatin was required and cell pattern
as not uniform as some of the domains pre-adsorbed with gelatin
ere not occupied by HepG2 cells. In our study reported here,
convenient method has been provided to prepare uniform cell
patterned PDMS-PEG surface; (B) patterned PDMS surfaces. Scale bar: 40 �m.

pattern on PDMS without pre-adsorption of cell adhesive species
before cell culture. PEG is a commonly used anti-fouling species
to block protein adsorption and we have successfully grafted PEG
onto PDMS by covalent immobilization [43]. Therefore, on the pat-
terned PDMS-PEG surface, few proteins or L929 cells were located
in the non-exposed regions where grafted PEG still remained. Con-
sequently, well-defined cell pattern was achieved and it can be
maintained for 12 days (cell culture medium was changed every
3 days) as covalently immobilized PEG was stable under the cell
culture condition. Furthermore, this method can be utilized to con-
fine single cell on the patterned domain and to pattern co-culture
of heterotypic cells by controlling the surface property of PDMS
and adjusting the feature size of the photomask. As evaluation and
analysis of cell interaction in single cell level on patterned surfaces
is important in basic cell study, this method would be of potential
application in cell-based biosensor, basic cell biology and tissue
engineering fields.

4. Conclusions

In summary, a simple and convenient method has been reported
for cell patterning on PDMS substrate without pre-adsorption
of cell adhesive species before cell culture. The chemical het-
erogeneous patterned PDMS-PEG surface was prepared by VUV
lithography. For cell patterning, L929 cells selectively adhered and
grew in the UV exposed domains while few cells were attached to
the non-exposed regions. Fluorescent images of Fg-FITC adsorbed
on these patterned surfaces were in accord with the distribution
of L929 cells cultured on these surfaces. By tailoring the surface
property of PDMS and adjusting the feature size of photomask, this
method would pave another way for the research and application
of basic cell biology and cell-based devices.
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