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Cellular micropatterning has become an important tool to precisely design cell-to-substrate attachment
for cell biology studies, tissue engineering, cell-based biosensors, biological assays, and drug screens. This
paper describes a new technique for micropatterning of cells that is based on the use of oxygen plasma
as a patterning tool. The technique consists of (1) homogeneously grafting a glass substrate with a protein-
repellent interpenetrating polymeric network (IPN) of poly(acrylamide) and poly(ethyleneglycol) [P(AAm-
co-EG)] prepared with commercially available reagents and (2) selectively removing this coating using
oxygen plasma. We use elastomeric stencils (i.e. self-sealing membranes with through-holes) and
microchannels as removable masks for the selective oxygen plasma etch of the IPN areas that are not
protected by the mask. The stencil or microchannels are peeled off to reveal cell-adhesive regions separated
by the nonadhesive coating. Our method offers a convenient way of patterning a robust protein-repelling
material, allows for independently controlling the chemistry of the regions reserved for cell attachment,
and can be used to create coculture systems.

Introduction

Numerous microfabrication approaches have been
devised to control and modulate cell-cell, cell-substrate,
and cell-medium interactions on a micrometer scale.1
These techniques reproduce in vivo microenvironments
better than homogeneous cultures and offer a great
potential not only for studies of molecular and cell biology
but also for engineering tissue replacements and for
developing cell-based sensors and drug screens. Cell
micropatterning approaches largely utilize one of two
strategies to deposit cells on designated areas of the cell
culture substrates (for a review, see ref 1): (1) selective
cell attachment is guided by differential adhesiveness of
the substrate, or (2) cell attachment to a homogeneously
adhesive substrate is blocked in selected areas with a
removable physical barrier. Recently, soft lithographic
methods have been developed to selectively deposit cell/
protein-repellent/adhesive coatings from solution,2,3 by
microcontact printing,4-7 and to deposit cells directly7-11

using microfluidic and micromolding techniques (for a

review, see ref 1). Surface chemistry has been a powerful
tool to produce protein-repellent coatings and to dictate
protein adsorption and cell attachment onto artificial
materials12 (for a review, see ref 13). The time span within
which these materials can maintain the spatial distribu-
tion of cells varies widelysfrom several hours to 60 days.1,14

The most successful approaches to engineering long-term
selective cell adhesion/spreading have utilized ethyleneg-
lycol-terminated self-assembled monolayers (SAMs),4
polymeric thin films containing poly(acrylamide) and poly-
(ethyleneglycol) (PEG),15-17 polyacrylamide,14 plasma-
polymerized poly(ethyleneglycol)-like films (“tetragly-
me”),18,19 or a commercial copolymer of poly(ethyleneoxide)
and poly(propyleneoxide) (Pluronic).3,20 Among those
techniques, the grafted interpenetrating network of poly-
(acrylamide-co-ethyleneglycol) [P(AAm-co-EG) IPN] de-
veloped by Healy and co-workers15-17 is especially at-
tractivebecause (1) it resistsnonspecificproteinadsorption
and has maintained cell patterns for the longest time
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periods demonstrated to date (60 days),17 (2) it utilizes
only off-the-shelf reagents, (3) it can be deposited on glass,
polystyrene, and a variety of other materials, and (4) it
is chemically immobilized. Healy and co-workers created
cellular micropatterns on a P(AAm-co-EG) IPN back-
ground by defining the formation of the IPN on glass using
a photolithographically defined photoresist mask.17 Pho-
tolithography of the IPN resulted in primary bone-derived
cells selectively adhered to aminosilane-grafted glass
surrounded by a nonadhesive IPN. Cells were maintained
viable and within the adhesive regions for up to 8 weeks.
However, photolithographic patterning of the IPN is
expensive, is laborious, and involves a postprocessing step
(cleaning with organic solvents) to remove the photoresist
mask. Here we present an inexpensive and versatile
method that combines IPNs with soft lithography ap-
proaches reported previously to overcome the limitations
of the photolithographic patterning of the IPNs. Toner
and colleagues have used elastomeric stencils and mi-
crofluidic channels to mask cell adhesion directly or by
first creating a cell-adhesive protein template.2,8 The
novelty of our method consists of masking an oxygen
plasma etch with removable poly(dimethylsiloxane)
(PDMS) masks. The mask can be a stencilsthat is, a
flexible fenestrated membranesor a set of microchannels,
both of which are cast once from a photolithographic
master and are reusable.2,8,11,21 Oxygen plasma etches an
IPN only on the areas not protected by the contact with
the stencil or the microchannels; the remaining IPN
separates areas of glass that are amenable to protein
adsorption. After the mask is peeled off and the substrate
is exposed to cells, the cells adhere preferentially to the
adhesive patterns. While retaining the advantages of the
IPN chemistry, this technique offers a more convenient
way for micropatterning IPNs: (1) it requires no post-
processing, (2) it is inexpensive, (3) it provides an
independent control of the chemistry of the cell-adhesive
domain, and (4) it allows us to produce cellular patterns
containing more than one cell type.

Experimental Section

IPN Synthesis on Glass. An IPN of P(AAm-co-EG) was
grafted on quartz disks and microscope glass slides (plain Micro
Slides, Corning Glass Works, Corning, NY). The synthesis of the
IPN consists of a three-step derivatization and has been described
in detail elsewhere.15,17 Briefly, the first step involves a reaction
of allyltrichlorosilane (ATC, United Chemical Technologies, Inc.,
Bristol, PA) in toluene with a precleaned glass substrate to allow
for subsequent grafting of the IPN. A two-step photoinitiated
polymerization reaction is then used to bind the P(AAm-co-EG)
IPN to the ATC silane layer. First, acrylamide is polymerized
and coupled to the ATC-modified surface, using the cross-linker
bis-acrylamide to create a sparsely cross-linked network and
using camphorquinone as a photoinitiator. Acetone is used as a
solvent in this step. Next, the IPN of poly(acrylamide) (PAAm)
with PEG is formed by cross-linking PEG with the PAAm network
using an excess of bis-acrylamide and camphorquinone. Methanol
is used as a solvent for this polymerization: it swells the polymeric
network, allowing for subsequent interpenetration and cross-
linking of a PEG network into the PAAm layer. Acrylamide,
ethyleneglycol, bis-acrylamide, and camphorquinone were pur-
chased from Polysciences (Warrington, PA).

Fabrication of Masters for PDMS Molding. The masters
were fabricated by standard photolithography of the photoresist
SU-8 25 (MicroChem Corp, Newton, MA) according to the
manufacturer’sdatasheets.Briefly, a test-gradeSiwafer (Silicone
Sense, Nashua, NH) was (1) dehydrated at 200 °C for 5 min on
a leveled hot plate; (2) spin-coated with a 50-75 µm layer of

SU-8 25 (the parameter settings for different photoresist thick-
nesses can be found on the manufacturer’s website (www.mi-
crochem.com/products/su_eight.htm); (3) placed on a hot plate
to evaporate the solvent; (4) cooled for 15 min at room temperature
to prevent sticking of photoresist to the mask; (5) exposed to
collimated UV light through a high-resolution transparency
photomask (5080 dpi, PageWorks, Cambridge, MA); (6) baked
on a hot plate at 65 °C to induce the cross-linking reaction, ramped
up to 95 °C to accelerate the reaction; (7) developed in propylene
glycol methyl acetate (Nano SU-8 developer, MicroChem Corp.)
to remove unexposed areas of photoresist; and (8) dried with a
stream of nitrogen. Finally, the master was exposed to the vapors
of (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane (TCS)
(United Chemical Technologies, Inc., Bristol, PA) for ∼30 min
under mild vacuum to prevent adhesion of PDMS to the master
during molding. The resulting surfaces were washed with
deionized water and dried under a stream of HEPA-filtered air.

Preparation of Poly(dimethylsiloxane) PDMS Prepoly-
mer. PDMS prepolymer (Sylgard 184 kit, Dow Corning) was
prepared by mixing PDMS base with a curing agent in a 10:1
ratio by weight and degassing the mixture under mild vacuum
until the bubbles generated during stirring disappeared. Thor-
ough mixing was important to ensure complete curing of PDMS.

Fabrication of Stencils. The elastomeric stencils (Figure
1a, inset) were molded in PDMS by “pressure-assisted replication”
from the SU-8 masters as described elsewhere by Folch et al.8
Before application on cell culture surfaces, the stencils were
washed with ethanol and deionized water, dried with HEPA-
filtered air, and applied to culture surfaces with a pair of tweezers.
After every cell seeding the stencils was cleaned using detergent
and 2 min exposures to oxygen plasma (Branson/IPC 2000; 200
W, 1 Torr). The exposure to oxygen plasma produces surface
microcracks in PDMS;22 nevertheless, we have reused stencils
up to 7 times and never observed pattern degradation. The
molding of the stencil does not degrade the master, so the same
master can be reused multiple times. We fabricated stencils that
were typically 50 µm thick and had circular holes (d ) 25-200
µm) in a hexagonal pattern.

Fabrication of Microchannels. A negative relief mold was
formed from PDMS prepolymer by casting it against a silanized
master that had a complementary network of SU-8 25 structures.
The microchannels were connected at one end by the reservoir
(Figure 2b). A piece of silicone tubing was embedded into the
PDMS to create an access hole to the reservoir. The end of the
PDMS microchannels was open to allow the oxygen plasma to
enter. When the PDMS mold was applied on the glass substrate
grafted with a P(AAM-co-EG) IPN, it sealed conformally, creating
a microchannel network. The microchannels were typically ∼2
cm long, 50 µm deep, and 15-150 µm wide, separated by 50-150
µm.

IPN Patterning. Oxygen plasma was used to pattern P(AAm-
co-EG) IPN-grafted glass substrates. After the application of a
PDMS mask as shown in Figures 1a and 2a, surfaces were exposed
to oxygen plasma (Branson/IPC 2000 barrel etcher, 150 W, 1
Torr) for four cycles of 5 min. Since the plasma causes heating,
stopping the plasma at 5 min intervals allowed for the substrate/
PDMS to cool; excessive heating could in principle cause IPN
degradation and detachment of the PDMS structure (PDMS
expands when heated). Substrates were sterilized by exposure
to UV light for 15 min inside the tissue culture hood prior to
protein adsorption and cell seeding.

Time-of-Flight Secondary Ion Mass Spectrometry of the
Patterned Substrates. Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) with imaging capabilities was used to
characterize the patterned IPN/glass surfaces. The analysis was
performed on a TRIFT II SIMS instrument (Physical Electronics,
Eden Prairie, MN) with a mass-filtered 69Ga+ liquid-metal
primary ion source. Charge compensation was achieved with a
pulsed, low-current electron gun. A pulsed unbunched primary
ion beam of 25 keV and 2 nA was used to acquire negative
secondary ion images and spectra. Positive images and spectra
were acquired with a pulsed bunched 15 keV and 600 pA primary
ion beam. Data were acquired in the Raw Data Stream mode
from 200 × 200 µm2 areas on the sample surface and calibrated
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in Wincadence 3.0. Region of interest analysis was performed by
collecting spectra from user-defined areas of interest in the ToF-
SIMS image. The regions of interest defined were the plasma-
etched circular islands or lines and the masked native IPN
background. Patterned samples were rinsed in hexanes and
ethanol prior to the analysis to decrease PDMS contamination
of the surface that is due to the transfer of low molecular weight

PDMS upon contact of the stencil with the substrate.23 The
primary ion dose was kept below 1013 ions/cm2.24 For a review
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Figure 1. Schematic illustration (left column) and demonstration (right column) of the procedure for cellular micropatterning
based on the use of PDMS stencils. (a) The stencil is placed onto a glass substrate homogeneously grafted with the IPN. A picture
of the stencil before (inset) and after application onto the surface is shown on the right. (b) The stencil serves as a mask for selective
etching of the IPN in an oxygen plasma. The etching leaves islands of IPN-free glass surrounded by IPN (as shown in the corresponding
phase-contrast image on the right). (c) Fluorescently tagged fibronectin (Fn) is adsorbed onto the plasma-etched islands of glass,
and the stencil is removed. (d) The fibronectin/IPN patterned substrate is incubated with a cell suspension. (e) Unattached cells
are removed by exchanging the medium. The inset shows a fluorescence image of C2C12 myoblasts (blue) attached to the fibronectin
islands (green). Scale bars are 100 µm.
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of ToF-SIMS imaging, see ref 25. Image processing was done
using wavelet filtering and principal components analysis
(PCA).26-28 EachToF-SIMSspectrumwas comprisedof222peaks.
The counts corresponding to each peak are stored for each pixel
during ToF-SIMS imaging (256 pixels × 256 pixels). The data
set is thus a 256×256×222 matrix. The data set is then reshaped
or “unfolded” to a 65 536 × 222 matrix (65 536 ) 256 × 256).
PCAperformsaprincipalaxis rotationof thevariance-covariance
matrix of the unfolded matrix data set, resulting in a diagonalized

matrix. The direction cosines between the new and old axes are
eigenvectors calculated by the singular value decomposition of
the variance-covariance matrix. The resulting 222 variables, or
principal components (PCs), are orthogonal to each other and,
therefore, are uncorrelated. The values for these new variables
are called the PC scores, and the matrix that transforms the
original unfolded data matrix into the PC scores matrix (i.e. the
eigenvectors matrix) is called the PC loadings matrix. PCA was
run on the normalized, wavelet-filtered, and autoscaled image
matrix. PC score images were constructed by plotting the PC
value, or score, at each pixel. PCs are “sorted” in order of
decreasing total variance; the first PC (i.e. the one capturing the
largest amount of the variance from the original data set) is
called PC1. The chemical meaning of each PC is found by
interpreting the loadings plot. For each PC, peaks with a high,
positive loading contribute significantly to a positive score of

(25) Tyler, B. J. In ToF-SIMS: Surface Analysis by Mass Spec-
trometry; Vickerman, J. C., Briggs, D., Eds.; IM Publications and
SurfaceSpectra Limited: Chichester, U.K., 2001; pp 475-493.
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(27) Wold, S.; Esbensen, K.; Geladi, P. Chemom. Intell. Lab. Syst.
1987, 2, 37-52.

(28) Wagner, M. S.; Castner, D. G. Langmuir 2001, 17, 4649-4660.

Figure 2. Schematic illustration (left column) and demonstration (right column) of the procedure for cellular micropatterning
based on the use of PDMS microchannels. (a) The PDMS mold is placed onto a glass substrate homogeneously grafted with the
IPN. (b) The IPN is selectively removed after exposure of the surface to oxygen plasma, which leaves lines of IPN-free glass
surrounded by IPN (see phase-contrast image on the right). (c-d) Fluorescently tagged fibronectin is injected into the microchannel
network. After flushing with PBS, the microchannels are removed, leaving lines of fibronectin surrounded by IPN (see fluorescence
image of the adsorbed fibronectin on the right). (e) The fibronectin/IPN-patterned substrate is incubated with a cell suspension
and unattached cells are removed by exchanging the medium. Shown on the right is a phase-contrast image of C2C12 myoblasts
attached to the lines of fibronectin. Scale bars are 100 µm.
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that PC, while peaks with a large magnitude, negative score
contribute significantly to a negative score of that PC.

Proteins and Labels. A bovine serum albumin (BSA)/Texas
Red conjugate was obtained from Molecular Probes. Fibronectin
was obtained from Life Technologies and labeled with an amine-
reactive derivative of a green fluorescent Alexa Fluor 488 dye
using a protein-labeling kit (Molecular Probes). BSA/Texas Red
and fibronectin/Alexa Fluor 488 conjugates were adsorbed to
polystyrene or IPN/glass in PBS for 1 h at 37 °C. Cells were
labeled prior to seeding with the live dye Cell Tracker Blue, Cell
Tracker Green, or Cell Tracker Orange (Molecular Probes)
according to the manufacturer’s protocol.

FluorescenceMicroscopy. Fluorescence and phase-contrast
images were acquired on an inverted microscope (Diaphot TE
300, Nikon) with a CCD camera (SPOT, Diagnostic Instruments,
Sterling Heights, MI) using commercial imaging software
(MetaMorph, Universal Imaging Corporation, Downingtown,
PA). Fluorescence images of BSA/Texas Red or Alexa Fluor 488/
fibronectin protein patterns and images of Cell Tracker-labeled
cells were obtained in gray scale (12-bit), false-colored in pure
red, pure green, and pure blue (or pure red and pure green),
respectively, and overlaid with the corresponding phase-contrast
images using MetaMorph.

Cell Culture. Murine NIH 3T3 fibroblasts and C2C12
myoblasts purchased from American Type Cell Culture (Ma-
nassas, VA) were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Life Technologies) supplemented with 10% calf (fibro-
blasts) or20%fetal (myoblasts)bovineserum(CBS,FBS,HyClone
Inc, Logan, UT) and 1% penicillin/streptomycin/fungizone (an-
tibiotic/antimycotic, Life Technologies). The WKY 3M-22 smooth
muscle cell line from adult rat aorta (courtesy of Dr. C. M.
Giachelli) was cultured in Weymouth’s medium supplemented
with 10% FBS and 200 units/mL of penicillin and 200 µg/mL of
streptomycin (Life Technologies). RAEC (rat aortic endothelial
cell strain) cells (courtesy of Dr. C. M. Giachelli) were maintained
in MCDB 131 medium (Life Technologies) supplemented with
10% FBS, 10 mM L-glutamine, and 100 U/mL each of penicillin
and streptomycin (Life Technologies). Cultures were maintained
in T75 flasks (Corning) inside an incubator at 37 °C in humidified
atmosphere containing 5% CO2. Cells were dissociated from the
culture flasks with 0.25% trypsin and 1 mM EDTA in Hanks’
Balanced Salt Solution (Life Technologies) and resuspended in
DMEM containing 10% serum. After centrifugation at 800 rpm
for 5 min, the cell pellet was resuspended in either serum-free
DMEM or DMEM containing 10% of FBS or CBS, counted in a
hemocytometer, diluted, seeded at cell densities ranging from
250 000 to 1 500 000 cells/mL, and allowed to attach for 15 min
to 24 h before unattached cells were removed. We exposed protein-
patterned substrates to cells immediately after patterning or
stored the substrates at 4 °C in the dark (to prevent photo-
bleaching of fluorescent labels) for up to 2 days.

Micro-cocultures. P(AAm-co-EG) IPN-grafted microscope
slides were patterned using stencils and an oxygen plasma as
shown in Figure 6. The “overetching” effect was achieved by
modifying the oxygen plasma etching conditions to a lower gas
pressure of ∼0.6 Torr and a time regime of 20 min. After etching
the exposed IPN regions, fibronectin (50 µg/mL in PBS) was
adsorbed at room temperature for 1 h. The surface was rinsed
in PBS and exposed to a suspension of C2C12 cells (500 000
cells/mL in serum-free DMEM). The stencil was removed after
12 h, and cells were labeled with Cell Tracker Orange (Molecular
Probes, Eugene, OR). Next, NIH/3T3 mouse fibroblasts (500 000
cells/mL) were labeled with Cell Tracker Green (Molecular
Probes) and seeded onto the same surface in DMEM containing
20% FBS. Fluorescence and phase-contrast images of micro-
cocultures were taken 1 h after seeding the fibroblasts.

Results and Discussion

Selective Surface Modification and ToF-SIMS
Analysis of the Patterned Substrates. Our surface
micropatterning procedures are illustrated in Figures 1
and 2. To achieve the differential cell attachment to glass,
we homogeneously grafted the glass substrates with a
layer of a protein-repellent P(AAm-co-EG) IPN15-17 and
then selectively removed it on the desired locations,

forming alternating cell-adhesive and nonadhesive surface
chemistries. We have found that the ∼17 nm thick IPN
can be completely removed using a prolonged oxygen
plasma exposuresa procedure known as “ashing” that is
widely used to remove >1 µm thick photoresist layers and
organic contaminants in microelectronics processing. As
a contact mask for selective etching of the IPN we used
PDMS stencils (Figure 1a) or microchannels (Figure 2a).
After oxygen plasma surface modification, the substrates
featured circular islands (if the stencil mask was used;
Figure 1b) or lines (if microchannels were used; Figure
2b) of IPN-free glass, separated by a P(AAm-co-EG) IPN.

The imaging mode of ToF-SIMS was used in order to
determine the distribution of characteristic chemical
species on the patterned surfaces and to ascertain the
removal of the grafted IPN from the etched areas. The ion
distribution in ToF-SIMS total positive ion images (Figure
3a and 3b) clearly indicates that the plasma-etched regions
are different from the masked IPN regions. To relate the
contrast observed between the etched and masked areas
to characteristic chemical species, principal component
analysis (PCA)26,29 was performed as previously de-
scribed.28 The relationships of the original variables, that
is, ToF-SIMS peaks, to the new variables, that is, the
“principal components” (PCs), are represented by the “PC
loadings” (see Experimental Section). Loadings for the
highest-variance PC variable (which is termed “PC1”) are
shown in Figure 3e. PC1 captured the biggest amount of
variance in the data set (4.6%) and reflected the image
features that correspond to the patterned glass/IPN
substrates. We confirmed that (1) most of the major peaks
with positive PC1 loadings associated with the etched
regions of the ToF-SIMS images are silicon-containing
fragments from the glass substrate; (2) most of the major
peaks with negative PC1 loadings associated with the
masked regions (unetched IPN) of the ToF-SIMS image
are hydrocarbon fragments and PEG fragments from the
IPN layer (Figure 3e; labeled are the major peaks); and
(3) the only exceptions were the Al+ and Na+ peaks, which
we attribute to contaminants. We note that the PCA
images in Figure 3c and d provide higher contrast than
the corresponding total ion images in Figure 3a and b due
to the chemical differences of the two regions identified
by PCA. We also compared the spectra collected from the
patterned samples to the high mass resolution spectra
that were obtained from plain oxygen plasma-etched glass
(substrate), from an unpatterned plasma-etched IPN, and
from IPN-grafted samples after each derivatization step
(i.e. ATC silane grafting, polyacrylamide synthesis) and
a native P(AAm-co-EG) IPN (see Supporting Information,
Figure 1S). The native IPN is characterized by relatively
intense hydrocarbon (eg., C3H5

+, C3H7
+, C4H7

+, and C4H9
+)

and PEG fragments (e.g., C2H5O+ and C3H3O+) from the
IPN, at nominal mass-to-charge ratio (m/z) values of 41,
43, 55, and 57 (hydrocarbon) and 45 and 55 (PEG). There
was also a strong peak at m/z ) 23 observed from sodium
contamination on the sample. The etched surfaces are
characterized by intense silicon-containing fragments
including Si, SiH+, CH3Si+, SiOH+, and C3H9Si+ at
nominal m/z values of 28, 29, 43, 45, and 73, respectively.
The high mass resolution spectrum of the unetched IPN
from the masked area in the 43-45 m/z spectral region
shows a higher ratio of hydrocarbon and PEG fragments
to silicon fragments relative to the case of the spectra of
the etched areas.

(29) Gresham, G. L.; Groenewold, G. S.; Bauer, W. F.; Ingram, J. C.
J. Forensic Sci. 2000, 45, 310-323.
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Strong image contrast was also seen in the negative
ToF-SIMS image data sets of the patterned surface. CN-

and CNO- fragments from the polyacrylamide in the IPN
are also spatially localized in the etch-masked regions of
the surface, as shown in Figure 4 (inset), where the sum
of the CN- and CNO- counts is normalized to total counts

at each pixel in the image. The spectra of the etched IPN
regions have similar amounts of CN- and CNO- as plasma-
cleaned plain glass. The normalized peak areas from
plasma-etched regions of the IPN show that etching the
IPN away reduces the CN- and CNO- signals from the
unprotected regions to the levels of plain glass (Figure 4).

Figure 3. ToF-SIMS imaging of patterned surfaces. The total positive-ion images and the corresponding PC1 scores images of
the surfaces patterned using the stencil (a and c) and the microchannels (b and d). The dark regions in the PC1 scores images (c
and d) correspond to the masked IPN, while the bright regions correspond to the plasma-etched regions. (e) PC1 loadings from
a positive ToF-SIMS image data set show that the etched region is characterized by Si-containing fragments from the glass
substrate and the masked region is characterized by hydrocarbon and PEG fragments from the IPN layer. Scale bars are 100 µm.
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A fluorine peak at m/z ) 19 was observed in the etched
regions of the patterned samples and on the etched, plain
glass control, probably due to fluorine contamination
introduced during the oxygen etch in the plasma etcher
(the plasma etcher is utilized for other experiments using
CF4). We conclude that, aside from contaminants, the
plasma-etched IPN is very similar to the plain glass within
the sensitivity of our ToF-SIMS/PCA combined analysis.

Preparation of Protein Micropatterns. Our protein
and cell patterning procedure is summarized in Figures
1 and 2. Without removing the stencil or microchannels,
an extracellular matrix (ECM) protein was adsorbed on
the plasma-etched glass areas to promote cell adhesion
(Figures 1c and 2c). As a model protein we used fibronectin,
a multiadhesive protein that is found in the native ECM
and is recognized by cell surface receptors called inte-
grins.30

Due to the high hydrophobicity of PDMS, aqueous
solutions do not wet it well, so air bubbles tend to get
trapped inside the stencil holes. The same oxygen plasma
treatment that is used for etching the IPN also renders
PDMS hydrophilic,22 which causes the protein solution to
completely displace air from the stencil holes. Even if the
PDMS is hydrophobic (PDMS hydrophobicity recurs
within a few hours after the oxygen plasma treatment31),
bubble formation can be prevented by exposure to pure
PBS under a CO2 atmosphere. This causes the bubbles to

dissolve when the liquid-covered surface is returned to an
air environment.8 Last, PBS is replaced with a fibronectin
solution.

An advantageous feature of our technique is that
fibronectin is deposited from solution (poured over the
stencil or injected into the microchannels) and need not
be subjected to drying, thus resulting in homogeneous
surface coverage and avoiding unnecessary denaturation
prior to culturing the cells. Only the surface area that is
destined for the cell attachment is exposed to the protein
solution; hence, there is no limitation over the type of the
adhesive material or its concentration. We adsorbed
fibronectin (20 µg/mL in PBS) for 1 h at 37 °C, which was
sufficient to elicit the attachment of all the cell types used
in this study within 10-15 min and their spreading within
1 h. Protein adsorption was verified by fluorescence
microscopy imaging (see Figure 2c). Neither the applica-
tion of the PDMS stencil to the IPN nor its removal from
the IPN layer affected its ability to resist protein adsorp-
tion and cell adhesion compared to the IPN surfaces
that never contacted PDMS.

Formation of Micropatterns of Cells. As shown in
Figures 1d,e and 2d,e, after preparing the protein mi-
cropattern on IPN, we incubated it with the cell suspen-
sion. Cell attachment was studied by fluorescence and
phase-contrast microscopy. Microscopic inspection re-
vealed that, independently of the type of culture medium,
cell density, and incubation time used in this study, the
cells followed the IPN/fibronectin pattern and adhered
exclusively to the islands or lines of adsorbed fibronectin
within the first 10-15 min. The pattern was uniform
throughout the entire sample (over a 15-20 mm range).

(30) Alberts, B.; Bray, D.; Lewis, J.; Raff, M.; Roberts, K.; Watson,
J. D. Molecular Biology of the Cell, 3rd ed.; Garland Pub.: New York,
1994.

(31) Bernard, A.; Delamarche, E.; Schmid, H.; Michel, B.; Bosshard,
H. R.; Biebuyck, H. Langmuir 1998, 14, 2225.

Figure 4. Normalized peak integrals from the ToF-SIMS spectra of patterned IPN-grafted substrates, unpatterned etched IPN,
etched plain glass, and native IPN and PAAm showing that oxygen plasma etching reduces the CN- and CNO- signals from the
unprotected regions. Each sample was analyzed three times at different locations, and the average value was used; error bars
represent 1 standard deviation. The inset shows an example of the negative ToF-SIMS image (CN- + CNO-, normalized to total
counts) of IPN patterned using a stencil with circular holes. The contrast is due to the disappearance of the CN- and CNO- signals
from the plasma-etched regions (dark) relative to the stencil-masked regions (bright). Scale bar is 100 µm.
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Figures 1e and 2e show representative fluorescence/phase-
contrast images of attached C2C12 mouse myoblasts.

We used this method to create micropatterns of various
cell types: murine NIH 3T3 fibroblasts, C2C12 myoblasts,
rat aortic smooth muscle (WKY 3M-22) cells, and rat aorta
endothelial cells (RAEC). Figure 5 shows some examples
of various cellular micropatterns created using this
approach including single cell islands (Figure 5a) and

microtracks (Figure 5c). We have easily fabricated stencils
and microchannels and generated corresponding IPN and
cellular patterns with feature dimensions between 15 and
800 µm, where the smallest feature size is limited by the
resolution of the printer used to produce the transparency
mask. Since the method allows for single cell patterning,
we have not further investigated the limits of resolution
of the technique.

Micro-cocultures. The shape of the adhesive islands
is controlled by the features on the master but can also
be modified by oxygen plasma when etched through the
stencil. At continuous exposures (20 min or longer) and
at lower pressures (0.25-0.75 Torr) the area that was
etched was larger than the area of the hole (Figure 6). We
believe that “overetching” results from the observed fact
that the stencil lifts off near the bottom rim of the holes,
thus allowing for etching to occur on the detached areas.
We speculate that the detachment is caused by differences
in thermal expansion between the silica-like oxidized
PDMS surface and the bulk PDMS when plasma heats
the stencil (at continuous exposures of 20 min and longer,
the temperature inside the oxygen plasma chamber
increases to 90-100 °C). This speculation is consistent
with the observation that prolonged exposure of PDMS to
oxygen plasma creates a thin glassy layer on the surface
of PDMS32 and with our observation that the edges of the
stencil lift off the substrate (see Supporting Information).
According to the scenario we suggest, this surface layer
of oxidized PDMS, once formed, would act as a strap while
the temperature in the plasma oven was gradually raised
to 90-100 °C and expanded the bulk PDMS; eventually
the stencil would detach at the edges, allowing for the
plasma to penetrate and resulting in “overetching” (Figure
6a). This is also consistent with the study by Bowden and
collegues,32 who have obtained wavy structures in PDMS
by heating a film of the PDMS attached to a glass slide
to expand the PDMS, and then exposing it to oxygen
plasma until a silica-like crust formed; when the sample
is cooled, the silica-like layer relieves the stress by
puckering.32 Similarly to the case of Bowden et al., in our
overetching experiments our PDMS structures suffer a
long oxygen plasma exposure and a temperature rise.

Interestingly, when surfaces were exposed to protein
solution (without removing the stencil), protein only
adsorbed to the areas confined by the holes. This indicates
that, after the sample is cooled to room temperature, either
the gap disappears or it is too thin to allow protein solution
to penetrate it. Removal of the stencil followed by exposure
to another protein solution (such as BSA) results in “ring”
microislands that feature three different surface chem-
istries with three corresponding degrees of cell adhesive-
ness: fibronectin (ring center, very adhesive), BSA (ring
periphery, short-term nonadhesive), and the IPN (ring
surroundings, long-term nonadhesive) (Figure 6c inset).
When ring-shaped islands of fibronectin surrounded by
BSA were presented to the cells in serum-free medium,
the cells attached exclusively to the adhesive islands
(Figure 6c), while in serum-containing medium the cells
adhered to both fibronectin and BSA-coated areas, prob-
ably due to a serum-dependent degradation of the
substrate by cellular proteases.14

The “overetching” effect can be used to study cell
migration on a concentric protein pattern (fibronectin/
BSA) on the IPN (Figure 6c,d) and also to spatially organize
cells of two different types into micro-cocultures (Figure
6b). Micro-cocultures of mouse myoblasts and fibroblasts

(32) Bowden, N.; Huck, W. T. S.; Paul, K. E.; Whitesides, G. M. Appl.
Phys. Lett. 1999, 75, 2557.

Figure 5. Micropatterns of C2C12 myoblasts on fibronectin/
IPN (24 h after seeding) created using stencils (a-b) or
microchannels (c). The insets in parts a and c demonstrate that
the technique allows for creating single-cell (or single-cell-width)
micropatterns. Scale bars are 100 µm.
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Figure 6. Concentric “ring” micropatterns of proteins and cells on the IPN background generated by oxygen plasma overetching (see text for more details). (a) Schematic illustration
of the micropatterning procedure. (b) Fluorescence micrograph of micro-cocultures of mouse C2C12 myoblasts (red) and NIH/3T3 fibroblasts (green) surrounded by the IPN 20 h after
seeding. (c) WKY smooth muscle cells seeded in serum-free medium adhered only to the fibronectin-coated, inner-ring portion of the concentric protein pattern. The image was taken
2 h after seeding. Inset: Fluorescence micrograph of protein copattern of fibronectin and albumin (BSA) on the IPN. (d) Phase-contrast image of WKY smooth muscle cells after 8
days in culture in serum-containing medium. Scale bars are 100 µm.
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were formed by seeding fibroblasts on “ring” patterns of
plasma-etched IPN-free glass surrounding the fibronectin
center that already contained myoblasts.

We were able to obtain “overetched” rings (around the
original circular pattern) with widths ranging from ∼20
to 100 µm. We have not investigated the limits of the
technique. The dimensions of the overetched features can
be controlled by the temperature inside the chamber,
which is dependent on the flow rate of oxygen and the
applied power. Higher temperature results in larger
overetched regions.

Temporal Compliance of Cellular Micropatterns.
The ability of a P(AAm-co-EG) IPN to resist cell spreading
was examined by following cells (seeded either in serum-
free or serum-containing medium) in culture for ∼2 weeks
in medium containing FBS or CBS. For all cell types used
in this study (NIH/3T3 fibroblasts,C2C12 myoblasts,WKY
3M-22 smooth muscle cells, and rat aortic endothelial
cells), we observed that cellular patterns on fibronectin/

IPN were sustained until the cultures were terminated
(usually after 2 weeks) without cells invading the IPN
(Figure 7a; shown are micropatterns of C2C12 myoblasts).
The cultures were discontinued when cells started forming
big clumps (because they kept dividing), yet they were
unable to spread beyond the IPN/fibronectin boundary.
We also observed that when cellular islands were closely
spaced (<50 µm), cells were able to bridge over and
overgrow the pattern, probably due to the fact that
filopodia extension (the mechanism by which cells sense
the substrate during migration) is a process that, unlike
cell growth, does not require membrane anchoring to the
substrate.30 To compare the robustness of the IPN with
that of BSA, we also seeded cells on a fibronectin/BSA
micropattern made on polystyrene (PS) using stencils, a
procedure similar to the one developed by Ostuni et al.11

In brief, fibronectin was adsorbed through the stencil, the
stencil was peeled off, and the areas surrounding islands
of fibronectin were blocked with BSA to resist the adhesion

Figure 7. Long-term compliance of the cellular micropattern. Images taken after various times (top to bottom, labels show image
acquisition time after seeding) of (a) micropatterns of C2C12 myoblasts on fibronectin islands (green) surrounded by the IPN
cultured in serum-containing medium and (b) micropatterns of WKY smooth muscle cells (blue) adhered to islands of fibronectin
(green) on albumin-coated (red) polystyrene (PS) cultured in serum-free medium. Scale bars are 100 µm.
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of cells (Figure 7b). BSA-blocked areas remained resistant
to spreading of WKY smooth muscle cells for only about
2 days in serum-free medium (Figure 7b). The addition
of serum to the medium (even in very low concentrations,
∼1%) resulted in cell spreading and migration on BSA-
coated areas within a few hours.

Similarly, when WKY muscle cells were seeded on the
“ring” microislands (Figure 6c inset), the cells attached
selectively on the fibronectin-coated center of the ring
(Figure 6c). After a few hours in medium containing 10%
serum, the cells started spreading onto the periphery of
the ring (coated with BSA) but were not able to migrate
beyond the outer boundaries of the ring, surrounded by
an IPN (Figure 6d).

Conclusions
We have presented a versatile and inexpensive method

that allows for long-term patterning of proteins and cells.
We grafted glass with a P(AAm-co-EG) IPN, a well-
characterized cell adhesion/spreading deterrent, and
selectively removed it by means of an oxygen plasma etch
masked by an elastomeric mask. We have determined by
ToF-SIMS surface analysis that the etched areas are very
similar to plain glass substrates. Cell attachment and
spreading were strongly restricted to fibronectin islands,
as the IPN regions effectively prevented adhesion and
spreading of various cell types cultured in the presence
of high (10-20%) serum concentration for at least 2 weeks.
The salient features of our method are (1) nonadhesive
domains are created by the selective removal of the IPN

coating using oxygen plasma; (2) adhesive material is
deposited selectively onto the plasma-etched regions; (3)
the resulting adhesive micropattern of physisorbed protein
(in our case, fibronectin) is also compatible with conven-
tional cell seeding protocols (e.g. medium-containing
serum) for a variety of cell types; and (4) it can be used
to form micro-cocultures. Since the IPN micropattern
displays long-term resistance to cell spreading, we believe
that our method is of great importance for cell biology and
biotechnology applications requiring isolation of single
cells or small clusters of cells for extended periods of time.
Last but not least, our method is convenient due to its low
cost (the masters and the PDMS masks are reusable),
user-friendliness (very little expertise is necessary to use
the stencils or microchannels), and commercial availability
of all the necessary reagents.
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