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A four-step soft lithographic process based on micro-
contact printing of organic monolayers, hyperbranched
polymer grafting, and subsequent polymer functionaliza-
tion results in polymer/n-alkanethiol patterns that direct
the growth and migration of mammalian cells. The func-
tional units on these surfaces are three-dimensional cell
“corrals” that have walls 52 ( 2 nm in height and lateral
dimensions on the order of 60 µm. The corrals have
hydrophobic, methyl-terminated n-alkanethiol bottoms,
which promote cell adhesion, and walls consisting of
hydrophilic poly(acrylic acid)/poly(ethylene glycol) lay-
ered nanocomposites that inhibit cell growth. Cell viability
studies indicate that cells remain viable on the patterned
surfaces for up to 21 days, and fluorescence microscopy
studies of stained cells demonstrate that cell growth and
spreading does not occur outside of the corral boundaries.
This simple, chemically flexible micropatterning method
provides spatial control over growth of IC-21 murine
peritoneal macrophages, human umbilical vein endo-
thelial cells, and murine hepatocytes.

We recently reported a method for preparing micrometer-scale
patterns of hyperbranched poly(acrylic acid) (PAA) thin films1 and
subsequently showed that one additional synthetic step, involving
addition of a conformal coating of methoxy-terminated poly-
(ethylene glycol) amine (MeOPEG5000NH2, PEG) atop the PAA,
inhibits bioadhesion.2 Additionally, we found that these PAA/PEG
composite films co-patterned with a methyl-terminated n-alkylthiol
monolayer3 direct the growth of macrophage cells.2 Here we
expand upon these findings by demonstrating the generality of
this approach. Specifically, we report that three different mam-
malian cell types (macrophage, endothelial, and hepatocytes) can
be patterned using this strategy and that such cells remain viable

and spread to fill the “corrals” defined by the PAA/PEG bound-
aries.

The spatial control of mammalian cell adhesion and growth is
a critical issue in many areas of biotechnology and especially
biosensing using whole cells.4,5 The goal of whole cell biosensing
is to use molecular recognition and biochemical pathways inherent
in cell function to sense complex analytes, for example, chemical/
biological warfare agents and pathogens in food. Thus, micro-
patterned surfaces of the type described here could potentially
be used as a template to direct the growth of multiple cell types
into addressable arrays.

Because cellular adhesion and spreading is regulated by
protein adsorption, patterning of proteins responsible for cellular
adhesion leads to spatially directed cellular adhesion.6-8 Surface
adsorption of patterned adhesion proteins can be accomplished
by exposure of substrates with varying protein affinity to protein-
containing media. Several studies have demonstrated cellular
adhesion by this route,9-13 and it has been found that surface
properties such as hydrophobicity and hydrophilicity,14,15 surface
charge,16-18 and surface roughness16,19 affect protein adsorption.
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For example, PEG is one material that has been shown to be quite
efficient in resisting adsorption of proteins responsible for cellular
adhesion.20-24 Methods used to pattern substrates for cell growth
have included photolithography25-31 and microcontact printing
(µCP).5,32-44 µCP is a soft lithographic method that employs an
elastomeric stamp to print chemical ink on surfaces with mi-
crometer and even submicrometer resolution.45-50 Our studies1,2

rely upon µCP of n-alkylthiol monolayers, followed by subsequent
polymer grafting steps, to yield three-dimensional composite

polymeric patterns that direct cell adhesion and spreading. The
polymeric patterns reported here require more synthetic overhead
than purely monolayer patterns, which have also been shown to
direct cell growth, but because of their three-dimensional structure
they are more chemically versatile and less prone to structural
defects and delamination.51-54

Four basic steps are required to prepare three-dimensional
biopatterns (Scheme 1): µCP-based lithography, monolayer pat-
terning, hyperbranched polymer grafting, and subsequent polymer
functionalization. The key aspects of this approach are that
hyperbranched PAA polymer growth only occurs on regions of
the substrate that were originally modified with monolayers having
reactive terminal acid groups and that grafting errors, which could
lead to subsequent bioadhesion errors, are eliminated by the
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hyperbranched polymer growth. Ellipsometry, FT-IR-external
reflection spectroscopy (FT-IR-ERS), tapping mode atomic force
microscopy (TM-AFM), X-ray photoelectron spectroscopy (XPS),
and optical microscopy all indicate that it is possible to pattern
cellular corrals” that have “fences” up to 52 ( 2 nm thick and
critical lateral dimensions on the order of 2 µm. As we show here,
these corrals contain IC-21 murine peritoneal macrophages,
human umbilical vein endothelial cells, and murine hepatocytes
without evidence for breaching of the corral fences or other
placement errors even over areas as large as 1 cm2. Moreover, a
fluorescent assay indicates that cells within corrals remain viable
for at least 3 weeks.

EXPERIMENTAL SECTION
Materials and Chemicals. 1,1′-Carbonyldiimidazole, 4,4′-

azobis(4-cyanovaleric acid) (75+%), ethylenediamine (99%), 11-
mercaptoundecanoic acid (MUA), hexadecanethiol (C16SH),
N-methylmorpholine, ethyl chloroformate, methanesulfonic acid,
tert-butyl acrylate, and all anhydrous solvents were purchased from
Aldrich Chemical Co. (Milwaukee, WI) and used without further
purification except for the tert-butyl acrylate, which was distilled
before use to remove polymerization inhibitors. Methoxy poly-
(ethylene glycol) amine molecular weight 5000 (Shearwater
Polymers, Huntsville, AL) was used as received. Murine hepato-
cytes SV40 transformed BALB/c H2.35 (CRL-1995), human
umbilical cord endothelial cells HUV-EC-C (CRL-1730), and SV40
transformed murine IC-21 peritoneal macrophages (TIB-186) were
obtained from American Type Culture Collection (Manassas, VA).
Dulbecco’s modified Eagle’s medium, dexamethasone, fetal bovine
serum (FBS), F12K medium, sodium bicarbonate, heparin,
antibiotic/antimycotic solution, RPMI 1640 medium, glucose,
HEPES, sodium pyruvate, sodium chloride, potassium phosphate
monobasic, trypsin, and ethylenediaminetetraacetate (EDTA) were
obtained from Sigma Chemical Co. (St. Louis, MO). LIVE/DEAD
Viability/Cytotoxicity Kit (L-7013) and BODIPY FL phallacidin (B-
607) were purchased from Molecular Probes (Eugene, OR).
Endothelial cell growth supplement (ECGS) was obtained from
Collaborative Biomedical Products (Bedford, MA). Hexamethyl-
disilazane was purchased from Ted Pella, Inc. (Redding, CA).
Phosphate-buffered saline solutions (PBS) were prepared using
sodium chloride, potassium phosphate monobasic, and sodium
phosphate dibasic heptahydrate.

Microfabrication of Patterned Surfaces. The general ap-
proach for preparing the patterned surfaces used in this work,
which we have described previously,1,2 is given in Scheme 1. Prior
to seeding with cells, substrates were sterilized by exposure to
365-nm ultraviolet light in a bath of sterile PBS overnight or by
steam autoclaving at 120 °C for 15 min. Neither sterilization
technique resulted in measurable film loss or modification, as
verified by bright-field optical microscopy, FT-IR-ERS, and ellip-
sometry.

Characterization. FT-IR-ERS measurements were made using
a Bio-Rad FTS-6000 spectrometer equipped with a Harrick
Scientific Seagull reflection accessory and liquid N2-cooled narrow-
band MCT detector. All spectra were the sum of 256 or fewer
individual scans with p-polarized light at an 84° angle of incidence
with respect to the Au substrate.

Ellipsometric thickness measurements were performed on
films in air using a Gaertner model L2W26D ellipsometer

(Chicago, IL) with a 70° angle of incidence at 633-nm wavelength.
Refractive indexes (nf) and film thicknesses were calculated by
assuming a standard homogeneous film model using Gaertner
software. To calculate the thickness of dry PAA or PAA/PEG films,
refractive indexes of 1.54 and 1.46, respectively, were used. These
refractive index values were determined using ellipsometry on
thicker films where they can be quantitatively determined.

Contact angles were measured in air with a FTA 200 goniom-
eter using deionized water. The contact angle values reported are
the average of four measurements obtained at different locations
on the films. The estimated error is (3°.

TM-AFM images of patterned 3-PAA/PEG films with and
without adherent cells were obtained in air using a Digital
Instruments Nanoscope III (Santa Barbara, CA) fitted with a 200-
µm j scanner. Tapping-mode cantilevers (NanoSensors, Wetzlar-
Blankenfeld, Germany) had resonance frequencies between 260
and 280 kHz, force constants of 20-100 N/m, and tip apex radii
of ∼10 nm. Images were acquired at 512 × 512 pixels at 0.1-0.5
Hz using a near-minimal contacting force. To follow the topogra-
phy of patterned cell surfaces, the STM gain settings were set at
values larger than usual (integral 1.5-2.5; proportional 15-25.)
The resulting images were flattened and plane-fit using Digital
Instruments software.

Cell Culture Conditions. All cell lines were incubated at 37
°C in 5% CO2, 95% air. Murine macrophages were cultured in RPMI
1640 medium with 2 mM L-glutamine containing 1.5 g/L sodium
bicarbonate, 4.5 g/L glucose, 10 mM HEPES, 1.0 mM sodium
pyruvate 90%, and fetal bovine serum 10%. Cells were grown to
confluence in 75-cm2 polystyrene tissue culture flasks and sub-
cultured biweekly. Murine hepatocytes were grown in Dulbecco’s
modified Eagle’s medium containing 1.0 g/L glucose, 200 nM
dexamethasone, and 4% FBS. HUV-EC-C were grown in F12K
medium containing 2 mM L-glutamine, 1.5 g/L sodium bicarbon-
ate, 100 µg/mL heparin, 30-50 µg/mL ECGS, and 10% fetal bovine
serum. Confluent HUV-EC-C cells and hepatocytes were subcul-
tured by trypsinization with 0.25% (w/v) trypsin and 0.13% (w/v)
EDTA. Confluent macrophages were subcultured using a cell
scraper in PBS. Cells were plated on sterilized substrates at a
density of 1.0 × 105 cells/mL in all experiments except for cells
plated on 3-PAA patterned films, which were plated at 1.0 × 104

cells/mL. After 24 h, the cells adherent to the substrate were
either fixed and imaged by bright-field optical microscopy (Ax-
iophot, Ziess) or assayed for viability or cytoskeletal structure.

Cell Viability Assays. A LIVE/DEAD Reduced Biohazard
Viability/Cytotoxicity fluorescence assay was used to investigate
cell viability on patterned surfaces. This assay uses two fluoro-
phores: SYTO 10, which is green and membrane-permeable, and
DEAD RED, which is red and only stains cells with compromised
membranes. After 24 h of incubation, media covering the cells
adherent on the patterned surfaces was removed and the surface
was washed with HBSS. The fluorophore mixture was placed on
the sample, incubated in darkness for 15 min at room temperature,
and then removed. The cells were washed with HBSS and fixed
using 4% glutaraldehyde for 60 min. The fixative was then removed
and the samples were imaged using fluorescence microscopy.

Cell Cytoskeletal Assays. BODIPY FL phallacidin was used
to investigate the F-actin cytoskeleton of cells adherent on the
patterned surfaces. After 24 h of incubation, medium, covering
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cells adherent on the patterned surfaces was removed and the
surface washed with PBS (pH 7.4). Samples were then fixed in a
3.7% formaldehyde solution in PBS for 10 min after which they
were washed with PBS. Samples were then covered with acetone
at room temperature for 5 min after which they were washed with
PBS. The BODIPY FL fluorescent staining solution was applied
for 20 min. Samples were washed with PBS, allowed to air-dry,
and then imaged using fluorescence microscopy.

RESULTS AND DISCUSSION
Characterization of Microfabricated Patterns. Our ap-

proach for preparing patterns that spatially direct the growth of
cells is shown in Scheme 1. First, C16SH from a PDMS stamp is
transferred to a Au substrate, which results in formation of a
patterned monolayer film. Using the C16SH monolayer as an
adhesion mask, the remainder of the Au surface is modified with
a MUA self-assembled monolayer (SAM). Extended exposure of
the patterned substrate to MUA (>∼1 min) leads to exchange of
C16SH for MUA and ultimately to PAA grafting errors within the
corrals. Activation of the carboxylic acid terminal groups of the
MUA-patterned portions of the two-component monolayer is
achieved via formation of a mixed anhydride, and subsequent
reaction with R,ω-diamino-terminated poly(tert-butyl acrylate)
(H2NR-PTBA-RNH2, PTBA) yields the grafted polymer layer.
PTBA is subsequently hydrolyzed with MeSO3H to yield the first
layer of PAA. Two more cycles of activation, grafting, and
hydrolysis yield a hyperbranched 3-PAA film (the numeral reflects
the number of activation, grafting, and hydrolysis cycles). Impor-
tantly, these films are self-healing in the sense that defects
originally present in the MUA monolayer are eventually covered
by the hyperbranched film (Scheme 2). For the same reason,
coverage defects are not introduced even if the number of grafting
defects (e.g., the percentage of unreacted acid groups) is very
high (Scheme 2). Importantly, hyperbranched PAA films contain
a high density of acid groups, which can subsequently be
functionalized with a conformal layer of MeOPEG5000NH2 via
simple amidation chemistry. This conformal layer inhibits adhe-
sion of proteins and cells on the PAA films.

FT-IR-ERS, XPS, ellipsometry, and contact angle measurements
confirm PAA grafting and subsequent functionalization with PEG
only on MUA-modified regions of the Au surface. These studies
also indicate that covalent attachment of PEG occurs primarily at
the surface of the 3-PAA film.2

We have previously confirmed transfer of the 25-nm-thick
3-PAA film onto the Au substrate by TM-AFM.1 Here we image

3-PAA/PEG patterns, providing insight into the spatial resolution
and perfection of these patterns. Figure 1 shows TM-AFM images
of corrals having 3-PAA/PEG walls and C16SH bottoms. The
height difference between the top of the dry 3-PAA/PEG film and
the top of the 1.8-nm-thick C16SH monolayer is 52 ( 2 nm, which
is consistent with the ellipsometrically determined thickness of
identically prepared unpatterned films. The corrals are 63 µm
square and the walls are 20 µm wide. The total area of a single
corral is ∼4 × 10-5 cm2. The interface between 3-PAA/PEG and
C16SH is on the order of 500 nm.

Protein Adsorption and Cell Adsorption and Spreading
on Patterned Substrates. Cellular adhesion onto a surface is
normally preceded by adsorption of proteins.55-57 Accordingly, it
is reasonable to assume that if protein adsorption can be
controlled, then cell growth and spreading will also be controlled.
As mentioned earlier, PEG has previously been shown to resist
adsorption by both cells and proteins.24,58 Therefore, an overlayer
of PEG grafted onto the PAA-covered fraction of a patterned
substrate should inhibit protein adsorption. Figure 2 is an optical
micrograph of a 3-PAA/PEG and C16SH pattern that confirms
this supposition. The surface was exposed to a bovine serum

(55) van Wachem, P. B.; Vreriks, C. M.; Beugeling, T.; Feijen, J.; Bantjes, A.;
Detmers, J. P.; van Aken, W. G. J. Biomed. Mater. Res. 1987, 21, 701-718.
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9, 535-541.
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(58) Harris, J. M., Zalipsky, S., Eds. Poly(ethylene glycol). Chemistry and Biological

Applications; ACS Symposium Series 489; American Chemical Society:
Washington, DC, 1997.

Scheme 2

Figure 1. (a) 100 µm × 100 µm TM-AFM image of a patterned
3-PAA/PEG hyperbranched polymer film; (b) line scan spanning the
white line in (a).
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albumin (BSA) solution for 4 h. After incubation in media, the
pattern was rinsed and the adherent protein stained with Coo-
massie stain. A much higher density of the stained protein is
present in the C16SH regions (corral interiors) of the surface. In
the absence of protein adsorbed on the patterned substrate,
Coomassie dye does not stain the pattern. Protein patterns similar
to that shown in Figure 2 have previously been prepared on
monolayer films,10,32,59 and monolayers of proteins themselves have
recently been patterned directly by µCP.42 While these studies
do not definitively show that protein adsorption does not occur
on a 3-PAA/PEG surface, they do show that protein adsorption is
significantly less than that on C16SH monolayers.

We2 and others9,10,57,60 previously reported that macrophage
cells adhere and spread on patterned and unpatterned methyl-
terminated SAMs. We have also shown that cells seed onto
hyperbranched 3-PAA films, whereas composite 3-PAA/PEG-
modified surfaces inhibit adsorption and growth.2 There is
precedence in the literature for these findings.13,24,32 Interestingly,
the cell density on homogeneous films of 3-PAA is about half that
found on C16SH monolayers (700 vs 1400 cells/mm2, respec-
tively). This may be in part due to the relative surface roughness
of 3-PAA and C16SH thin films61 but most likely results principally
from the much higher surface energy of PAA compared to the
methyl-terminated SAM.62,63

Figure 3 shows patterned Au surfaces onto which macrophage
cells have been seeded. The pattern in part a of Figure 3 consists
of C16SH corrals surrounded by 3-PAA walls onto which PEG
has not been grafted. In this case, the cells generally seed within
the corrals, but they quickly spread into nearby corrals. In

contrast, when a conformal layer of PEG is grafted onto the corral
walls, the cells are fully contained (parts b and c of Figure 3).
Indeed, we find that ∼99% of cells are unable to escape from their
corrals. If a corral is occupied by a low density of cells, as in part
b, spreading by cell elongation (similar to that observed on tissue
culture polystyrene) is typically observed.64 Part c is a high-
resolution optical micrograph of a single corral. Remarkably, even
though this corral contains about nine macrophages, they are
unable to grow onto or over the walls. The important point is that
regardless of the cell growth mode or cell density, cell processes
stop when they encounter the 3-PAA/PEG barrier. As described
in the Experimental Section, serum-containing medium was used
for all cell types investigated. Serum-free media and selective
adsorption of extracellular matrix proteins prior to cell seeding
were not required to permit patterning as is required for some
cell patterning techniques that have been reported.11,36

Part a of Figure 4 is a TM-AFM image of a macrophage cell
confined within a single corral. The AFM micrograph clearly
shows numerous filopodia emanating from the macrophages, but
none that extends across the 3-PAA/PEG boundary. This image,

(59) López, G. P.; Biebuyck, H. A.; Harter, R.; Kumar, A.; Whitesides, G. M. J.
Am. Chem. Soc. 1993, 115, 10774-10781.

(60) Lewandowska, K.; Pergament, E.; Sukenik, C. N.; Culp, L. A. J. Biomed.
Mater. Res. 1992, 26, 1343-1363.

(61) In a previous study (Lackowski, W. M.; Franchina, J. G.; Bergbreiter, D.
E.; Crooks, R. M. Adv. Mater. 1999, 11, 1368-1371), we showed that 3-PAA
films had a rms roughness of 0.8 nm, and 2.0 nm for the C16SH-modified
Au surfaces. Previous studies revealed that cell adhesion and migration
increase with increasing surface roughness. (Lampin, M.; Warocquier-
Clerout, R.; Legris, C.; Degrange, C.; Sigot-Luizard, M. F. J. Biomed. Mater.
Res. 1997, 36, 99-108).

(62) Nuzzo, R. G.; Dubois, L. H.; Allara, D. L. J. Am. Chem. Soc. 1990, 112,
558-569.

(63) Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides, G. M.; Nuzzo,
R. G. J. Am. Chem. Soc. 1989, 111, 321-335.

(64) Klein, C. L.; Scholl, M.; Maelicke, A. J. Mater. Sci.: Mater. Med. 1999, 10,
721-727.

Figure 2. Optical micrograph of BSA adsorbed onto a pattern
consisting of C16SH corrals and 3-PAA/PEG walls. To enhance
visualization, the protein has been stained with Coomassie. Protein
adsorption occurs preferentially on the C16SH portion of the pattern
(squares).

Figure 3. Optical micrographs of (a) macrophages grown in
micropatterned corrals in the absence of PEG. The lighter areas
correspond to C16SH and the darker areas to 3-PAA. (b) Macro-
phages grown at low density on a micropatterned film having a
conformal layer of PEG grafted onto the 3-PAA walls. The light areas
are C16SH and the darker areas are 3-PAA/PEG. (c) Same as (b),
but the cells are present at higher density (note change in scale).
Even at very high density, the cells are unable to cross the 3-PAA/
PEG walls.
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along with the line scan shown in part b, further demonstrates
that cells are able to spread and grow within a given corral but
that migration does not occur across the barriers because of the
presence of the PEG graft. The line scan emphasizes that the cell
is much higher (>1 µm) than the ∼50-nm wall that confines it,
which is not even apparent at the scale shown in this figure.
Lamillipod extension can occur onto the 3-PAA/PEG boundary,
as is apparent in the lower left of the image. However, the degree
of extension is insufficient to cross the boundary.

As shown in Figure 5, endothelial cells and hepatocytes can
also be grown on these three-dimensional patterned surfaces.
Because of their large size, each corral generally contains only a
single cell. We chose to study the adhesion and spreading of
hepatocytes and endothelial cells due to their importance in the
engineering of liver tissue. That is, spatial control and juxtaposition
of these two cell types is necessary for correct liver function.5,65

Although here we have patterned these cell types on different
substrates, a straightforward extension of this methodology should
allow us to co-culture them in vitro by protecting some of the
corrals against cellular adhesion, culturing one cell type, depro-
tecting the protected corrals, and then co-culturing the second
cell line.

The viability of cells confined within the corrals was investi-
gated using a commercially available fluorescence live/dead assay
that stains live cells green and dead cells red. Figure 6 shows a
florescence micrograph of patterned macrophages stained using
the live/dead viability assay (part a of Figure 6) and a correspond-

ing bright-field image of the cells (part b). As evidenced by the
green light emitted from the three corrals, the cells shown
remained viable until the assay was performed regardless of
whether a single cell was in the corral (center of image) or
multiple cells were located in a single corral (corrals on the left
and right of the image). Similar results were observed for
patterned endothelial cells and hepatocytes. The fact that confined
cells remain viable within the corrals is consistent with previous
studies, which demonstrate that cells remain viable when pat-
terned on relatively large areas (>∼1000 µm2) with apoptosis
occurring in cells confined to smaller areas (<∼1000 µm2).33-35

Our patterned corrals (∼4000 µm2) are large enough that the cells
remain viable for up to three weeks.(65) Folch, A.; Toner, M. Biotechnol. Prog. 1998, 14, 388-392.

Figure 4. (a) 100 µm × 100 µm TM-AFM image of a macrophage
growing in a corral. Note the filopodia, which are not visible in the
optical micrographs, stop at the 3-PAA/PEG wall. (b) A line scan
across the white line in (a). Note that the cell is more than 1 µm in
height, while the 3-PAA/PEG pattern is only ∼50 nm in height.

Figure 5. Optical micrographs of (a) endothelial cells and (b)
hepatocytes confined within individual corrals.

Figure 6. (a) Fluorescence micrograph of macrophages grown on
a patterned substrate after performing a viability assay. The green
color of the cells indicates that the cells were viable when the assay
commenced. (b) Bright-field micrograph of the same area as in (a).
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BODIPY-phallacidin was used to stain F-actin in micropatterned
cells and investigate the effects of confinement on cell growth
and spreading.66 Figure 7 shows a fluorescence micrograph of
the F-actin cytoskeleton of a small group of macrophages confined
in a corral. The micrograph reveals that the actin skeleton is
disorganized with the periphery of the cells apparently rich in
actin. In the cell at the lower right, the actin distribution is
polarized within the right edge of the cell suggesting the presence
of a lamellipodium.66

CONCLUSIONS
Our studies demonstrate that growth of three different mam-

malian cell types (endothelial, hepatocytes, and macrophages) can
be spatially directed on patterned surfaces consisting of cell
corrals. These corrals are prepared using µCP-based lithography45

of C16SH, which promotes cell adhesion and spreading within

the corrals, followed by polymer grafting of 3-PAA/PEG, which
prevents cellular adhesion.54 The confined cells are viable and
mobile within corrals, but neither cell bodies nor filopodia extend
across the 3-PAA/PEG boundary. Although the polymeric patterns
reported here are somewhat more time-consuming to prepare than
those based exclusively on monolayers, we have found them to
be more chemically versatile and less prone to defects and
delamination.51 One consequence of the three-dimensionality of
the polymers is that they can be used to deliver small molecules
and proteins to the nearby cells.67

We are presently using mammalian cells confined in high-
density arrays like these as sensors for high-throughput screening.
They may also find applications for tissue engineering, particularly
if these methods can be translated to plastic substrates.68
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Figure 7. Fluorescence micrograph of the F-actin cytoskeleton of
macrophages confined within corrals.
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