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Engineering Cell Shape and Function

Rahul Singhvi, Amit Kumar, Gabriel P. Lopez,
Gregory N. Stephanopoulos, Daniel I. C. Wang,
George M. Whitesides,* Donald E. Ingber*

An elastomeric stamp, containing defined features on the micrometer scale, was used to
imprint gold surfaces with specific patterns of self-assembled monolayers of alkanethiols
and, thereby, to create islands of defined shape and size that support extracellular matrix
protein adsorption and cell attachment. Through this technique, it was possible to place
cells in predetermined locations and arrays, separated by defined distances, and to dictate
their shape. Limiting the degree of cell extension provided control over cell growth and
protein secretion. This method is experimentally simple and highly adaptable. It should be
useful for applications in biotechnology that require analysis of individual cells cultured at
high density or repeated access to cells placed in specified locations.

New approaches to drug screening, in vitro
toxicology, and genetic engineering focus on
the analysis of functional changes within
individual cultured cells (1). While poten-
tially exciting, these approaches are limited
in that cell shape and, hence cell behavior
(2-7) can vary greatly from cell to cell
within the same population in a culture dish.
Further, it is difficult to analyze many ran-
domly oriented cells simultaneously or to
return to the same cell after measurements
have been made in other locations. Thus, a
convenient method for physically isolating
large numbers of individual cells cultured at
high density, controlling their shape, and
reproducibly defining their distribution
would be extremely valuable.

We now report a simple and flexible
method for the construction of tissue cul-
ture substrata that contain adhesive islands
distributed in defined sizes, shapes, and
patterns (Fig. 1) and demonstrate their
utility for controlling cell shape, growth,
and function. An elastomeric polydimeth-
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ylsiloxane (PDMS) stamp was used to pat-
tern the adsorption of a hexadecanethiol
[HS(CH,),sCH;] in a self-assembled mono-
layer (SAM) on gold substrata (Fig. 1A) (8,
9). The remaining bare gold regions were

A
Lo Photoresist pattern
Si (1- to 2-um thickness)

from master

PDMS exposed to solution of
HS(CH,)45CH,

Au (200 nm) +
Ti (5 nm) ] FOMS |

+_r—-+— Alkanethiol

l PDMS peeled away

transfers thiol

51. CLIMAP, Map and Chart Ser. MC-36 (Geological
Society of America, Boulder, CO, 1981).

52. J.Mangerud, S. E. Lie, H. Fumnes, I. L. Kristiansen,
Quat. Res. 21, 85 (1984).

53. We thank the captain and the crew of the R.V.
Polarstem for cooperation during the ARCTIC '91
expedition and two anonymous reviewers for their
numerous helpful comments. Supported by the
Deutsche Forschungsgemeinschaft (grant STE
412/6). Contribution 748 of the Alfred Wegener
Institute for Polar and Marine Research.

20 December 1993; accepted 17 March 1994

derivatized with a polyethylene glycol
(PEG)-terminatedalkanethiol [HS(CH,) -
(OCH,CH,)(OH]; SAMs of this alkane-
thiolate resist adsorption of proteins (10).
Through this technique, hexadecanethio-
late regions of defined size (lateral dimen-
sions of 2 to 80 pm) that supported protein
adsorption were produced on otherwise
nonadhesive gold surfaces (Fig. 1B). The
exposure of this substratum to the purified
extracellular matrix (ECM) protein, lami-
nin, resulted in the formation of protein-
coated islands of defined geometry and dis-
tribution (Fig. 1C) that corresponded pre-
cisely to the patterns formed from SAMs of
hexadecanethiolate (Fig. 1B).

The ability of this technique to control
cell distribution and shape was explored by
the plating of primary rat hepatocytes in
hormonally defined medium (7) on lami-
nin-coated substrata that were stamped
with square and rectangular islands having
micrometer-scale dimensions (9). Cells at-
tached preferentially to the adhesive, lami-

Fig. 1. (A) Diagrammatic repre-
sentation of the method for the
fabrication of the rubber stamp
and the creation of patterned sub-
strata (8, 9). (B) Scanning elec-
tron micrograph of the substrate
after the imprinting of 40 um by
40 pm squares with hexade-
canethiol [HS(CH,),sCH,] and ex-
posure to PEG-terminated alka-
nethiol [HS(CH,),,(OCH,CH,)cOH,
PEG-thiof]. Adhesive hexadecane-
thiolate-coated regions appeared
light against a darker, honadhesive

SAM (1 to 2 nm) l Stamping

background coated with PEG-thio-
late, as reported (78). (C) Scanning

L: R et
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electron micrograph of a laminin-
coated pattemed substratum. Pro-
tein coating resulted in a reversal of
the light and dark staining pattemns

Si SEM (18). (D) Scanning electron micro-
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nin-coated islands and were prevented from
extending onto surrounding nonadhesive
regions (Fig. 1D). The selective attach-
ment of cells to these adhesive islands
resulted in the development of regular ar-
rays of individual adherent cells that were
aligned single file in both horizontal and
vertical columns, extending over large areas
(square micrometers in size) of the culture
surface (Fig. 2). The adhesive islands lim-
ited cell spreading and largely prevented
cell-cell contact formation. A few cells (less
than 10%) extended ruffling membranes
outside of the adhesive areas and bridged
adjacent islands. This extension could be
reduced by an increase in the width of the
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Fig. 2. (A) High- and (B) low-magnification
views of scanning electron micrographs show-
ing a patterned region that contains cells ad-
herent to adhesive islands of varying size. In
this study, the patterned region extended over
approximately 9 mm?2 without discontinuity.
However, on occasion unpatterned areas have
been observed within otherwise highly pat-
terned regions.

Fig. 3. (A) Control of cell shape
and size on patterned substrata.
Hepatocytes were plated on sep-
arate rectangular islands with di-
mensions of 40 by 15, 60 by 15, 70
by 20, and 80 by 30 pm, respec-
tively, from top to bottom. Only
cells that fully conformed to the
shape of the island are shown. (B)
Cells adherent to an unpatterned
substratum. Cell bodies were visu-
alized by the overexposure of flu-
orescent micrographs of cells that
were stained for incorporated bro-
modeoxyuridine (BrdU) with an in-
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nonadhesive boundary. In most cases, cells
conformed to the shape of the underlying
island with mean projected cell areas con-
sistently within 20% of the designed island
area, as determined by computerized image
analysis. In many cells, the abrupt preven-
tion of cell spreading at the lateral borders
of each island resulted in the formation of
cells with corresponding square (Fig. 1D)
and rectangular (Fig. 3A) shapes with “cor-
ners” that approximated 90°. In contrast,
cells plated at the same density on unpat-
terned, laminin-coated gold substrata
spread extensively, formed numerous cell-
cell contacts, and exhibited normally plei-
omorphic forms (Fig. 3B). Thus, the shape
and spatial distribution of cultured cells can
be simply controlled with our rubber stamp
method to engineer adhesive islands with
desired design characteristics and shapes.
Because the extent to which a cell
spreads influences its growth and function
(2-7), the maintenance. of large popula-
tions of cells in specific shapes on patterned
substrata could be an effective way to con-
trol both the behavior of individual cells
and the performance of the entire culture.
By fabricating adhesive islands of varying
size on a single substratum (Fig. 2), we were
able to maintain cells at defined degrees of
extension (Figs. 2 and 3A) for extended
periods of time, independent of the pres-
ence of growth factors (3) or the composi-
tion (3, 6), mechanics (4, 5), or molecular
density (4, 7) of the extracellular matrix.
The quantitation of DNA synthesis in he-
patocytes cultured on islands of different
size in defined medium (7) containing sat-
urating amounts of soluble growth factors
(epidermal growth factor, insulin, and dex-
amethasone) revealed significant differ-
ences in the number of cells that exhibited
nuclear labeling (Fig. 4A). The synthesis of
DNA was highest (60% nuclear labeling
index) in cells on unpatterned surfaces
where cells could spread without restric-
tion. A decrease in the size of the adhesive
islands resulted in a progressive reduction in

direct immunofluorescence DNA synthesis assay. Nuclear uptake of BrdU (DNA synthesis) was only
observed in the largest cells on the unpatterned substratum in this figure. All photos were printed at

the same magnification (scale bar, 80 pm).
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growth: For the smallest islands (less than
1600 wm?), less than 3% of the adherent
cells entered S phase. This result was not
due to changes in cell viability; similar
percentages of cells incorporated the vital
dye, calcein AM (11), on all substrata.
We assessed the differentiated function of
hepatocytes cultured on substrata coated
with uniformly sized islands by assaying the
culture supernatant for the secretion of albu-
min, a liver-specific product. Hepatocytes
cultured on unpatterned substrata rapidly
lost the ability to secrete high levels of
albumin (Fig. 4B), as previously reported
(12). In contrast, hepatocytes maintained
near normal levels of albumin secretion for
at least 3 days when cultured on the smallest
adhesive islands (40 by 40 wm) that fully
restricted cell extension (Fig. 4B). In gener-
al, albumin secretion rates decreased as the
size of the adhesive island was increased, and
growth was promoted (Fig. 4, A and B).
These data are consistent with studies
that show that cells such as hepatocytes can
be switched between the states of growth
and differentiation in the presence of solu-
ble mitogens by the modulation of cell
shape (4, 7). In those past studies, howev-
er, cell spreading was prevented by the
lowering of the coating density of laminin
(from 1000 to 1 ng/cm?) on otherwise
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Fig. 4. (A) Relation among adhesive island
area, DNA synthesis (black bars), and albumin
secretion (gray bars). DNA synthesis was mea-
sured by quantitating the nuclear incorporation
of BrdU (from 24 to 36 hours of culture). Albu-
min secreted into the medium from 56 to 80
hours after plating was measured with a quan-
titative enzyme-linked immunosorbent assay
(ELISA) technique. (B) Maintenance of albumin
secretion within hepatocytes cultured on adhe-
sive islands of varying size.
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nonadhesive plastic dishes. For this reason,
it was not possible to separate the effects
caused by modulating cell shape from those
induced by altering celllECM contacts.
Most, if not all, past models used to study
shape-dependent growth control have had
similar limitations. In contrast, the method
based on microprinting allowed us to restrict
hepatocyte spreading while maintaining a
high laminin density locally. If celllECM
contact formation is the controlling vari-
able, then raising the local ECM density by
a thousandfold [relative to past studies (7)]
should have had dramatic effects on DNA
synthesis. Instead, we found that growth
remained almost completely inhibited with-
in poorly spread cells in the smallest lami-
nin-coated adhesive islands. Thus, it appears
that it is the degree to which the cell extends
and not the density at which the ECM
ligand is presented that dictates whether the
cell will grow or differentiate. This type of
approach, which uses molecularly defined,
patterned surfaces and serum-free culture
conditions, should facilitate further analysis
of the basic mechanism of coupling between
cell shape and function as well as other
fundamental biological processes that in-
volve changes in the forms of cells or in the
contacts between them.

Adhesive islands of palladium on a non-
adhesive underlayer of cellulose acetate
(13), agar (14), or poly-hydroxyethylmeth-
acrylate (15) have been fabricated and used
to study the spreading, migration, and
growth of cultured cells (13—17). The con-
trol of production of tissue-specific cell
products, a process that is critical for bio-
technology and bioprocessing, has, howev-
er, not been demonstrated with this type of
engineering approach. Just as important,
the microprinting technique is much more
convenient and versatile than these past
methods: It permits well-defined organic
functional groups to be patterned, it re-
quires no access to microlithographic equip-
ment after the elastomeric stamp has been
fabricated, and it is applicable to areas too
large to be patterned photolithographically.
This technique also permits the patterning
to be carried out with the use of complex,
delicate, or reactive organic function
groups or ligands, so the molecular events
mediating the interaction of the substrata
with adsorbed proteins can be controlled
(18). None of these options, which are
critical for sophisticated biological applica-
tions, have been available in the past.

The microprinting technique therefore
provides a simple and convenient method
to engineer the shape, distribution, and
function of individual cells and to control
the overall performance of a cell culture.
Once the stamp is fabricated with photoli-
thography, it can be used repeatedly and
routinely. Because the stamp is pliable, it

698

S et et

could potentially be used to pattern curved
surfaces. The flexibility in surface chemistry
permits the preparation of patterned surfac-
es with varying degrees of surface charge,
wettability, interfacial energy, and resis-
tance to protein adsorption. The need for
serum in the culture medium can also be
circumvented by coating of the patterned
substrata with purified ECM proteins and by
the use of a chemically defined medium,
methods that we used in the present study.
This ability to avoid the use of serum may
be a particular advantage for uses that
involve screening for growth factors and
other cell-specific functional modulators. In
the future, it may be possible to engineer
the entire culture system by the incorpo-
ration of synthetic peptides (such as Arg-
Gly-Asp peptides and Fab fragments) or
genetically engineered proteins (such as
antibodies) as specific cell-adhesive ligands
into the patterned monolayers.

This method may also provide a new way
to control cell shape and function in both
small- and large-scale cell cultures. For ex-
ample, the prevention of cell extension with
the use of patterned surfaces could be used to
synchronize large populations of cells in
interphase without pharmacological inter-
vention, to increase rates of production of
specific proteins (7), or to stimulate relevant
metabolic or secretory pathways (16). Pat-
terned surfaces provide a unique capability
to culture cells at very high density while, at
the same time, isolating each cell from its
neighbors and holding it in a predetermined
location. In principle, an index number
could be assigned to each patterned cell on
the basis of its location. This indexing would
facilitate the choice of cells with desired
characteristics and the ability to return to
them multiple times. This latter property
may be very useful for the automation of
drug screening and procedures in toxicology
that use single-cell functional microassays;
for applications in genetic engineering that
require micromanipulation or microinjec-
tion, such as the generation of transgenic
animals; and for the fabrication of sheets of
cells in defined patterns and shapes for use in
tissue engineering.
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