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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 drog screening, in vitro
toxtcolowy, and genetic engineering focus on
the analysis of tunctional changes within
individual coltured cells (D). While poten-
ttlly exciting, these approaches are limited
in that cell shape and, henee cell behavior
(27 can vary gready tfrom cell o cell
withim the same population moa culture dish.
Further, 1 is dithealt to analvze many ran-
Jomby oriented cells simuliancously or o
returny to the same cell atter measurements
have been made in other locations. Thus, a
convenient method for physically isolatine
large numbers of individual cells cultured at
high densry, controlling their shape, and
reproducibly detining their
would be extremely valuable.

We now report a simple and flexible
method tor the construction of tissue cul-

\{l\l rll‘\l(l\‘ll

ture substrata that conram adhesive islands
distributed in detined sizes, shapes, and
patterns (Fre DY oand demonstrate  their
utiliy tor controlling cell shape, growth,
and tunction. An clastomeric polydimeth-
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ylstloxane (PDMS) stamp was used 1o pat-
tern the adsorption of 4 hexadecancethiol
[HS(CH L SCH P maselt-assembled mono-
Layer (SAM) on gold substrata (Fig. TAY (S,
9. The remaining bare pold regions were
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dernvatzed with a0 polvedndene ehoeol
(PECH —termuimatedalkancthiol HIS(CH O
(OCH.CH ) OH SAM. of thas alkane-
thiolate resist adsorption of protems (1),
Through this technique, hexadecanethio-
late regions of detined size (hateral dimen-
stons of 2 to 8O pm) that supported protem
adsorprion were produced  on otherwise
nonadhesive gold surtaces (Fres 1B)Y. The
exposare of this substratum to the purttied
extracellular marrix (ECM)Y protein, Lin-
nin, resalted in the formaton of protem:
conted plands of detined geometry and Jis-
tribution (higs 1C) that corresponded pie-
cisely to the patterns tormed trom SANM. ot
hexadecanethiolate (Fio. 1B).

The abihity of this techngue o contol
cell distnbution and shape was explored by
the platng of primary rac hepatocytes
hormonallv: detined medim () on L
nin-coated substrata that were stampe
with square and rectangular shinds havine
micromerer-seale dimenstons (9. Cells e
tached preterentially to the adhesnve, T
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olecton micrograph of a larmie
coated patterned substratum Prs
e coating resulted n a reversal
the ight and dark staming patter
(18) (D) Scanning electron micr -
graph of a simiar lamimin.coat
substratum contaning adberent
. hepatocytes




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 arcas
(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 tew cells (less
than 10%) extended rutfling membranes
outside of the adhesive areas and brideed
adjacent islands. This extension could be
reduced by an increase in the width of the
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Fig. 2. (Ai trar and (B low-magnificabon
views of - anoeg eloctron n CIGraphs show,
NG A Pat- e rogaen 1hat contains cells ad
herent e e slands of varying size  In
this stict, (e pattormed region extended over
approxirately - 9 e owaithogt duscontinuty
However e occasien unpatiomed areas have
been obienved wen eitorase bighly pal
terned recguons

Fig. 3. (A: Conral ot coli shape
and size on patemed st hata
Hepatocytos wers platod on sop
arate rectanagular slands with (b
sofd0 by 15 60 by 1570
by 20 and 80 by 30 pm respoc-
tvely from top to bottom Only
cells that tally conformed 1o the
shape of the island are shown (B
Cells adherent to an unpatterned
substratum Col Lodins were visy
alizod by the ovoroxposure of fly-
Oroc ent mc phs of cells that
Ve anee mcorporated bro-
maodeoxyurichne (Brdl) with an in-

mensio

o

nonadhesive boundary. In most cases, cells
conformed to the shape of the underlyving
istand with mean projected cell areas con-
sistently within 20% of the desiened ishand
area, as determined by computerized image
analysis. In many cells, the abrupt preven-
tion of cell spreading at the lateral borders

ot cach island resulted in the formation of

cells with corresponding square (Fie. [1)
and rectangular (Fig. 34) shapes with “cor-
ners™ that approximated 9%, In contrast,
cells plated ar the same density on unpat-
terned,  Laminin-coated  pold
spread extensively, tormed 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 o engineer adhesive islands with
destred design characeeristios and shapes.
Because the extent to which a cell
spreads intluences i growth and tuncrion
(2=, the mamtenance of Lirge popula
tons of cells inspecitie shapes on pateerned
substrata could be an ettective way 1o con-
rrol both che behavior of individual celis
and the pertormance o the entire culture.
By tabricating adhesive islinds of varving
stze onasmgle substratam (Fie, 2), we were
able o mamtaun cells ar detined devrees ot
extenston (brgs. 2 and 3 tor extended
periods of time, independent ot the pres-
ence ot growth factors () or the Compost-
ton (3, 0), mechanies (4, 5), or molecular
density (4, 7) of the extracellular matrix.
The guantitation of DNA synthesis in he-
patocvees cultured on slands of different
size i detined medium (7) containing sat-
uratmg amounts of soluble growth factors

substrata

tepidermal growth tactor, insuling, and Jdex-
amethasoneY  revealed  sieniticant Jdier-

cnces i the number of cells that exhibired
nuclear labeling (Fies 4. The swithesis of
DNA was highest (00% nuclear Libeline
mdex) ncells on unpatterned surtaces
where cells could spread without restr -
tion. A decrease i the size ot the adhesive
tlands resulted i a progressive reduction i

cirect tmmunotiunrescence DNA synthesis assay Nuclear uprake of BrdU (DNA synthesis) was only
observed in the largest cells on the unpatterned substratum 0 this figure All photos were printed at

the same magnification (scale bar, 80 pm)
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growth: For the smallese islands (less than
L6OC um?), less than 3% of the adherent
cells entered S phase. This resulr was not
Jdue to changes in cell viability: similar
percentages of cells incorporated the vital
dye, calcein AM (D), on all substrara.
e assessed the ditterentiated function of
hepatoeytes cultured on substrata coated
with unitormly sized islands by assaying the
culture supernarant for the secretion of albu-
min, a liversspecific product. Hepatoeytes
cultured on unparterned substrara rapdly
lost the ;l*‘l'l(\ toosedrete l]ij_:}\ levels ot
albumin (Fig. 4B), s previously reported
U2 In contrast, hepatocytes muaintamed
near normal fevels of albumin secretion tor
atleast 3 davs when cultured on the smallest
adhesive shands (40 by 40 pm) char tully
restricted cell extension (Fig. 4B). In eener-
Al albumin secretion rates decrensed as the
size of the adhesive shind was increased, and
growth was promoted (Fig. 4, A and BY.
These data are consistent with studies
that show that cells such as hepatoevtes can
be switched berween the states of vrowth
and duterentiation in the presence of solu-
Ble mitogens by the modulation of cell
shape (4, 700 I those past studies, howey-
er, cell spreading was prevented by rhe
lowermyg of the coating density of Linunin
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Fig. 4. (A" Rolator among adhesve land
area DNA synthesis (black bars). and altmie
secraten (gray bars: DNA synthesis was mea
SUres Ly quantitating the nuclear incorpoeration
of Brol drom 2410 36 hours of culture) Al
e secreted into tne medium from 56 1o 80
hours after plating was measured with a guan
Wtate e enzyme-inked immunosorbont assay
(ELISA; techmigue (B Maintenance of albunmin
secrtion within hepatocytes cultured on adhe-
siveislands 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 ¢ell-ECM  contacts.
Most, if not all, past models used to study
shape-dependent growth control have had
similar imitations. In contrast, the method
based on microprinting allowed us to restrict
hepatocyte spreading while maintaining a
high laminin density locally. It cell-ECM
contact tormation is the controlling vari-
able, then raising the local ECM density by
a thousandtold [relative to past studies (7)]
should have had dramatic effects on DNA
synthesis. Instead, we tound that growth
remained almost completely inhibited with-
in poorly spread cells in the smallese lami-
nin-coated adhesive islands. Thus, it appears
that 1t is the degree o which the cell extends
and not the density at which the ECM
ligand is presented chat dictates whether the

cell will grow or ditterentiate. This type of

approach, which uses molecularly detined,
patterned surtaces and serum-free culure
conditions, should tacilitare turther analysis
of the basic mechanism of coupling between
cell shape and tunction as well as other
fundamental biological processes that -
volve changes in the torms ot ¢ells or i the
contacts between then.

Adhesive slands of palladiam on a non-
adhestve underlaver of cellulose
(13), agar (144, or poly-hydroxyethylmeth-
acrylate (13) have been tabricated and used
to study the spreading,  migration,  and
growth of cultured cells (13-17). The con-
trol of production ot tissue-specitic cell
products, a process that is critical tor bio-
technology and bioprocessing, has, howey-
er, not been demonstrated with this type ot
engineering approach. Just as important,
the microprinting technigue is much more
convenient and versatile than these past
methads: Te permits well-detined  organic
funcuonal groups to be patterned, 1t re-
quires no aceess to microhthographie equip-
ment after the elastomenic stamp has been
tabricated, and it is applicable to areas too
farze to be patterned photolithographically.
This technique also permits the patterning
to be carried out with the use of complex,
dehicate,  or reactive  orzanic function
groups or hgands, <o the molecular events
mediating the interaction of the substrata
with adsorbed proteins can be controlled
(I13). 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
tunction of individual cells and to control
the overall performance of a cell culeure.
Once the stamp is tabricated with photoli-
thography, it can be used repeatedly and
routinely. Because the stamp is pliable, it

acetate
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could potentially be used to pattern curved
surfaces. The flexibility in surface chemistry
permits the preparation of patterned surtac-
es with varying degrees of surface charge,
wettability, interfacial energy, and resis-
tance to protein adsorption. The need tor
serum in the culture medium can also be
circumvented by coating of the patterned
substrata with purificd 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 tunctional modulators. In
the future, it may be possible to engincer
the entire culture system by the incorpo-
ration of synthetic peptides (such as Arg-
Glv-Asp peptides and Fab fragments) or
genetically engineered proteins (such as
antibodies) as specitic cell-adhesive higands
into the patterned monolayers.

This method may also provide a new way
to control cell shape and tunction 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 1o
synchronize large populations of cells in
interphase without pharmacologicat meer-
vention, to increase rates ot producton of
specitic proteins (7, or to stimulate relevant
metabolic or secretory pathways (To). Par-
terned surtaces provide a unique capability
to culture cells at very high density while, at
the same time, isolating cach cell trom i
neighbors and holding ir in a predetermined
location. In principle, an index number
could be assgned to each patterned cell on
the basis o is Tocation. This indexing would
tacihtate the choice of cells with desired
characteristies and the abiliy o recurn o
them muluple umes. This Larter property
may be very usetul for the automation ot
drug screening and procedures i toxicology
that use single-cell functonal microassays,
tor applications in genetic engieering that
require micromanipulation or - microimjec-
ton, such as the generation of transgenic
animals; and tor the fabrication of sheets of
cells in detined patterns and shapes tor use in
tissue engineering.
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