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ABSTRACT This paper describes a method based on
experimental ly simple techniques-microcontact print ing and
micromolding in capi l lar ies-to prepare t issue culture sub-
strates in which both the topology and molecular structure of
the interface can be control led. The method combines opti-
cal ly transparent contoured surfaces with self-assembled
monolayers (SAMs) of alkanethiolates on gold to control
interfacial characterist ics: these tai lored interfaces. in turn.
control the adsorption of proteins and the attachment of cel ls.
The technique uses repl ica molding in poly(dimethylsi loxane)
molds having micrometer-scale rel ief patterns on their sur-
faces to form a contoured film of polyurethane supported on
a glass sl ide. Evaporation of a thin (<12 nm) f i lm of gold on
this surface-contoured polyurethane provides an optically
transparent substrate, on which SAMs of terminal ly func-
t ional ized alkanethiolates can be formed. In one procedure, a
f lat poly(dimethylsi loxane) stamp was used to fbrm a SAM of
hexadecanethiolate on the raised plateaus of the contoured
surface by contact printing hexadecanethiol IHS(CH2)rsCH-r]; a
SAM terminated in tri(ethylene glycol) groups was subsequently
formed on the bare gold remaining in the grooves by immersing
the  subs t ra te  i n  a  so lu t i on  o f  a  second  a l kane th io l
IHS(CH2)n(OCH2CHz)-rOHI. When this patterned substrate
was immersed in a solution of fibronectin, the protein adsorbed
only on the methyl-terminated plateau regions of the substrate
[the tri(ethylene glycol)-terminated regions resisted the adsorp-
tion of proteinl; bovine capillary endothelial cells attached only
on the regions that adsorbed fibronectin. A complementary
procedure confined protein adsorption and cell attachment to
the grooves in this substrate.

Th is  repor t  descr ibes a s imple and gcncra l  mcthod to  fabr icatc
optical ly transparent surfaces contoured into grooves of de-
f ined size and shape and to use self-asscmblcd monolayers
(SAMs)  o f  a lkancth io la tcs  on go ld  to  cont ro l  ce l l  a t tachment
to these substrates. We havc uscd SAMs extcnsivclv to control
the adsorpt ion o f  pro te ins and the at tachmcnt  o f  mammal ian
ccl ls toplcnar surfaccs (refs. 1--5: for pioneering work bv other
groups,  see re fs .  6-10) .  By pat tern ing the format ion of  SAMs
using microcontact  pr in t ing (  I  l .  l2 ) -an exper ime nta l ly  s implc
and nonphoto l i thographic  technique- in to  rcg ions that  pro-
mote or  res is t  the adsorpt ion o f  pro tc in ,  thc  a t tachmcnt  o f  ce l ls
to  sur faccs cou ld  be conf ined tu  rows l0-100 pm wide (M.M. .
L .E.D. .  J .  T ien,  D.E. l . .  and G.M.W..  unpubl ished rcsu l ts ) .  or
to  is lands.  for  the a t t i i chment  o f  s ing lc  cc l ls  (14) .  Thc present
wclrk cxtends this methodology to include control ovcr thc
topograplty- of surfaccs uscd for cell culture: the method
employs an e lastomer ic  s tamp hav ing micrometer -sca le  pat -
terns o f  rc l ic f  to  mold a  th in  f i lm of  po lvurethane and SAMs
to control the propert ies of these contoured surfaces.

Thc publ icat ion costs of  th is ar t ic lc  wcrc dcfravcd in part  by,  pagc chargc
pavmcnt. This articlc nust thcrelbre be herebr,'marked "oclyerti.surtcnt" in
accordance wi th l8 U.S.C. $173-1 sole lv to inc l icate th is fact .

A numbcr  o f  groups havc uscd contoured sur faces to  s tudv
the c f fcc ts  o f  topography on cc l l  a l ignmcnt ,  migrat ion.  and
metabol ism ( l -5-20) :  th is  work  has demonst ra tcd thc impor-
tance of  subst ra te  topographv in  cont ro l l ing the bchav ior  o f
cc l ls .  The proccdurcs used to  fabr icatc  thc  subst ra tcs  used in
thcsc s tud ics  havc three l imi ta t ions:  ( r )  Thc molccu lar  prop-
cr t ics  o f  thc  sur faccs are not  wel l -cont ro l lcd (nor  can these
pnrpcr t ics  be ta ik r rcd cas i ly ) .  ( l r )  Thc subst ra tcs  (s i l i con)  are
opt ica l lv  opaqLrc .  and at tachec l  cc l ls  cannot  bc v isua l ized us ing
convent iona l  l ight  microscopv.  ( i i i  )  Thc prcparat i< tn  o f  thc
subst ra tes rcqu i rcs  photo l i thographic  tcchniques that  are not
rout inc lv  ava i lab le  in  b io log ica l  laborator ies .  Thc mcthodology
dcscr ibed in  th is  rcpor t  uses morc f lcx ib lc  and convenient
techniqucs for  microfabr icat ion-microcontact  pr in t ing ( l l .
l2 )  and micromold ing in  cap i l la rv  channc ls  (21)- to  crcatc
substratcs contourcd into groc'rves and plateaus. Thc mcthod-
o lc lgy  is  genera l  in  that  i t  a l lows sur faces hav ing a var ie ty  o f
topo log ics  to  bc fabr icatcd cas i lv ,  and i t  permi ts  cont ro l  a t  thc
molccu lar  sca lc  over  the in tcr fac ia l  proper t ies  o f  the sub-
stratcs.

SAMs of  a lkaneth io la tcs  on go ld  i l re  preparcd bv immcrs ing
lu  subst ra tc  coated wi th  a  th in  f i lm of  go ld  in  an c thanc l l ic
so lu t i on  o f  i t  l ong -cha in  a l kanc th io l  IHS(CH: )nX .  10  <  n  <
35] .  Thc su l fur  u toms coorc l inatc  to  the go ld .  and the t rans-
cxtcndcd a lk1, l  cha ins pack t ight l "v - :  the termina l  -qroup.  X.  is
conf ined to  thc  in tcr facc bctwccn thc SAM and the aqueous
phase:  thc  propcr t ies  o f  thc  in tcr facc arc  dominated by thc
idcnti t l ,  of this group (22-24).

For  s tud ics  invo lv ing thc a t tachment  o f  ce l ls .  we have used
glass s l ides coatcd wi th  th in  opt ica l lv  t ransparent  f i lms of  go ld
(10 -12  nm)  (4 ) .  SAMs  t c rm ina t cd  i n  mc thy l  g roups  a rc
hydrophobic and adsorb protcin cluicklv and irrcvcrsiblv from
solut ion.  SAMs tcrminatcd in  shor t  o l igomers o f  the c thv lene
g l yco l  g roup  [ -S (CHr ) r r (OCH:CHr ) "OH.  r t  :  2  t o  7 l  r es i s t
csscnt ia l lv  completc ly  thc  nonspec i f ic  adsorpt ion o f  pro te ins:
ir t  si tu. thesc SAMs rcsist even the adsorption of "st icky"

protc ins  such as f ib r inogcn (3) .  For  thc  samc rcason.  SAMs
tcrminatcd in  o l igo(c thv lcnc g lyco l )  groups res is t  the a t tach-
ment  o f  cc l ls -and thc sprer id ing of  a t tachcd cc l ls -ovcr  pcr iods
o f  seve ra l  davs  i n  cu l t u r c  (M .M. ,  L .E .D . .  J .  T i en ,  D .E . l . .  and
G.M.W. .  unpub l i shcd  r csu l t s ;  l 4 ) .

MATERIALS AND METHODS

Mater ia ls  Used in  Fabr icat ion.  Po ly(d imethv ls i loxane)
(PDMS) was purchascd f rom Dow Corn ing (Sy lgard 184) .
PDMS stamps werc prcpared from photol i thographical ly pro-
duced masters  as dcscr ibed (  I  l ) ;  f  la t  s tamps were prepared bv
cast ing thc prcpolvmer  against  a  c lean s i l icon wafer  (25) .
Si l icon wafcrs were pLrrchased from Sil icon Sense (3-inch
< l l l >  o r i en ta t i on ;  1  i nch  :  2 . - 54  cm) .  P repo l vu rc thanc

Abhreviat ions:  SA M. scl f -asscmblcd monolal ,cr :  PDMS. polv(dimcth-
v l s i l oxane) :  BCE.  hov inc  cap i l l a rv  cndo thc l i a l .
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Ftc;. 1. Pnrccdurc for prcpuring contol lrcd substrates. 
' fhe 

nre thod
is  crp la ined in  thc  tex t .

(Norland Optical Adhcsivc 68) was purchased from Norl i ind
Products (New Brunswick. NJ). Hexadecanethiol was pur-
chascd from Aldrich and purif ied by si l ica gel chromatographv
us ing l9 : l  (vo l /vo l )  hcxancs/c thy l  acetate  as the e luent .  Thc
t r i (c thy lenc g lyco l ) - terminated a lkaneth io l  was synthcs izcd as
descr ibed (26) .  A l l  o ther  chcmica ls  and so lvents  were pur-
chased from Aldrich and used as rcccivcd.

Attachment of Cells to Substrates. The contoured substrates
were placed in Petr i  dishes containing phosphate-buffered
sal ine (PBS;  20 ml :  10 mM sodium phosphatc /100 mM sodium
chloride, pH : 7.4). A solut ion of f ibroncctin (Organon
Tcknika-Cappcl )  in  PBS (400 ; r l ;  2 .5  mg/ml)was added.  Af ter
2 hr .  the so lu t ion was d i lu ted b i r  the addi t ion o f  PBS ( :200 ml)
and the substrates were rcmovcd from solut ion under a stream
clf buffer and transfcrred immediatclv to Petr i  dishes contain-
ing dcfincd mcdium f low-glucosc Dulbecco's modif ied E,agle's
med ium (DMEM) /10  mM Hepes / l%  bov inc  sc rum a lbum in
(BSA)/h igh dens i ty  l ipoprote in  (10 p,g lml ) / t ransfcr r in  (10
pglml) l f ibroblast growth factor (5 pg/ml)1. Bovine capi l lar l ,
endothel ial (BCE) cel ls were plarted on thesc substrartes and
maintained in culturc for scveral days (37"C. l)cl  CO2190%
air )  (27) .  the mcdium was in i t ia l ly  cxchanged 2 hr  a f ter
inoculat ion with ccl ls and thcn dai ly thcrcaftcr. After 3 days.
the cel ls were f ixed with paraformaldehydc and either stained
for f i lamentous actin bv using rhodaminatcd-phalloidin (Sig-
ma) or sputtered with gold and obscrvcd bv scernning electron
mlcroscoDV.

RESULTS AND DISCUSSION

Fabrication of Substrates. Our method for fabrication of
contourcd substrates involved four steps (Fig. l) :  ( i )  Preparzi-
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Ftc;.  f .  Scanning clcctron microgntph of a cttntotrrccl f i lnt of
po lyurc thanc sr " rppor ted on a g lass s l ide (as in  F ig .  l .  p i t r t  g) .  Thc
contoured subslratc was froze n in nitrogcn, I ' racturccl i t l t tnu a planc
perpcnc l icu lar  to  thc  ar ray o f  l incs.  and sput tercd u i th  go lc l  (10 nm)
prior to thc elcctrcln microscttpv.

t ion o f  a  master  pat tcrn  in  s i l i con bv micr t tn to ld ins in  cap i l -
la r ics  us ing l tn  e lustomcr ic  s tantp.  fo l lo i led l ' r r  u l t iso t rop ic
chcmica l  e tch ing of  the s i l i con (o ther  proccdurcs would a ls t t
work). ( i i  )  Transfcr of the topographical pattcrn into a f i lm of
polvurethane on a glass coversl ip. ( i i i  )  Evapttrat i t ln of a thin
opt ica l ly  t ransparcnt  f i lm of  go ld  on the poh 'urc thanc.  ( r r ' )
Format ion of  pat tc rns o f  SAMs of  a lkancth io la tcs  on thc go ld .

To accompl ish thc  f i rs t  s tep.  wc prcparcd a PDMS stamp
using thc procedure dcscr ibcd for  micr r tc t rn tact  pr in t in-q  (11) .
Thc s tamp was p laced on zr  s i l i con < 1  I  1> wafcr  hav i r - rg  a  layer
of  s i l i con d iox idc:  the recessed fcaturcs o f  thc  s tamp fornted
a network o f  channc ls  (F ig .  l ) .  Whcn a dr t tp  o f  pre  po lyurc-
thane was p laccd on thc wafcr  and in  contact  w i th  the s tamp.
capi l la ry  act ion causcd the l iqu id  to  f i l l  the channc ls  com-
p le te l i r  (arnrw a) .  Thc prepolvmcr  was cured wi th  UV l ight  and
thc stamp was rcmovcd from thc surface to lcavc a pattern of
the polymcr at thc surface (arrow b). This pt l l i rmer protcctcd
thc underlying SiOl from disscl lut ion in i in aqucclus stt lut ion tt l
HF ( l7c) :  the exposcd reg ions o1 '  s i l i con were then c tchcd
anisot rop ica l ly  in  an aqucous so lu t i t t t . t  o f  KOH (1 M.  1-5%
isopropanol. 60'C) to -qivc V-shaped -qr(x)ves (arrow c) (28). A
PDMS stamp was cu ls t  f rom th is  subst ra te  (ar row d) ,  pcc lcd
awav (arrclw c). and gentlv prcsscd onto a drop of l iquid
prcpolyurcthanc on a slass covcrsl ip (trrrow f).  Thc structurc
was curcd under  UV l ight  w i th  the s tamp in  p lace.  and thc
stamp was thcn pcclcd atwav to givc the cttntclured substratc
(ar row g) .  F ig .  2  shows a scanning c lcc t ron micrograph of  th is
fabr icated subst ra te .  Th is  samc PDMS stamp could  be used to
fabr icatc  mul t ip lc  subst ra tes.

Evaporat ion c t f  a  th in  laycr  o f  t i tan ium (  1 . -5  nm:  to  promote
adhcs ion of  the go ld  to  the po lvurc thane )  and a th in  laycr  o f
go ld  (12 nm) prov idcd a cor t tourcd subst ra te  (ar row h)  on
which SAMs could  bc asscntb lcd.  ln  one examplc ,  thc  p la te  aus
of  thc  subst ra te  were der ivat izcd se lect ive ly  wi th  a  SAM of
hexadecancth io la te  bv contact  pr in t ing wi th  a  f  la t  s tamp (2-5)
(arrow i):  this proccdurc left  the gold surface of the groovcs
unmodi f icd (ar row . j ) .  A SAM terminated in  t r i (e thy lene
glycol) groups was formed in thc grooves by immcrsing thc
s u b s t r a t c  i n  a r  s o l u t i o n  o f  t h e  s e c o n d  a l k a n e t h i o l
(HS(CHr) r r (OCH:CHr) rOH) (ar row k) .  Subst ra tcs  hav ing a
revcrscd pat tcrn  o f  SAM were prcparcd by f i rs t  pr in t ing thc
t r i (e thv lcnc g lyco l ) - terminatcd a lkaneth ic t l  onto  thc  p la tcaus
and then immcrs ing in  a  so lu t ion o f  hcxadecaneth io l .T

Directed Attachment of Cells. Wc cxamincd thc attachment
of  BCE ce l ls  on two f ibronect in-coatcd contoured sur faces:
onc hav ing r idgcs 25 pm wide and scparated by V-shaped

rE l l i psomct r i c  mcasurcn ren ts  showcd  tha t  n r i c roc ( rn tac t  p r in t i n -u  o f
thc  t r i ( c th1 ' l ene  g l vco l ) - t c rm ina tcd  a l kane th io l  r csu l t cd  in  <  -50 ' r
fo rmat ion  o f  SAM.  We c le tc rm incd  cmp i r i ca l l v  tha t  i t  r vas  necessarv
t( )  rcpei l t  thc nr icroct tntact  pr int ing thrcc t intcs beforc intnters ing thc
subs t ra tc  i n  a  so lu t i on  o l ' hcxadccanc th io l  t o  pass iva tc  thc  r i d -qcs  o f
thc cont t turcd substratcs.
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t renches of  equal  w id th  and thc second hav ing r idges and
groovcs -50 pm wide. For al l  substrates, thc attachment of cel ls
dependcd str ict lv on the propcrt ics of thc SAM and not on the
topology of  thc  subst ra te :  SAMs prescnt ing t r i (e thy lene g ly-
col) groups rcsisted the adsorption of f ibroncctin and the
subsequent attachment of BCE cel ls: f ibronectin adsorbcd to
methyl-tcrminatcd SAMs and al lowed cff icient attachment of
cc l ls  in  these a rcas.  Subst ra tes modi f ied un i formly  wi th  a  SAM
of hexadecanethiolate prcscntcd f ibronectin at al l  regions and
allowcd cff icicnt att i ichment of thc BCE cel ls on both thc
plziteaus and groovcs, with l i t t le prefercncc for ci thcr region
(Fig. 3,4). For substrates presenting f ibronectin onlv on their
pl i i teaus. cel ls attachcd exclusivelv to thc platcaus: no cel ls
at tached tc l  the gro( )vcs present ing a  SAM of  t r i (e thy lene
glycol) groups (Fig. 3C). For substratcs whosc grooves wcrc
coated wi th  f ib ronect in ,  ce l ls  a t tached on lv  to  the s idcs o f  the
grooves: many cel ls strctchcd across both sidcs of the grooves
wi thout  contact ing thc  bot tom edge (F ig .  38) .

These contoured substratcs havc manv characterist ics that
makc them usefu l  for  cxper imenta l  manipu la t ion c t f  cu l tured
cel ls .  Becausc the subst ra tcs  are opt ica l lv  t ransparcnt .  a t tached
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cc l ls  can be observed in  cu l turc  us ing s tandard l ight  micros-
copy. Fig. I  shows optical micrographs of ccl ls that were
sta ined wi th  Coomassie  b luc;  cc l ls  wcrc  a lso v is ib le  bv phase
con t ras t  w i t hou t  s t l r i n i ng .

The gold-coated substratcs arc comp:rt ible with f luores-
cencc microscopy. Fig. 4C shows a f luorescent micrograph of
the f i lamentous actin netwclrk of cel ls confined to r idges after
s ta in ing wi th  rhodaminated-phal lo id in .  These subst ra tcs  a lso
have the s tab i l i tv  requi red lor  usc in  ce l l  cu l ture .  Af ter  5  davs.
the BCE cc l ls  rcmaincd at tachcd to  thc  contourcd subst ra tes
and cont inucd to  d iv ic le  :  the ce l ls  a lso d id  not  invadc rcg ions
that  wcrc  modi f ied wi th  a  SAN, l  terminatcd in  t r i (c thv lcnc
g lvco l )  groups.

SAMs of  a lkancth io la tes in  th is  methodologv prov idc many
oppor tun i t ies  for  ta i lo r ing the molccu lar  s t ructures o f  thc
sur faccs to  cont ro l  the i r  in ter fac ia l  character is t ics .  For  cxam-
plc .  thc  pnrpcr t ics  o f  SAMs that  prcsent  c lcc tnract ivc  , { roups
ct in  be sw' i tchcd by apply ing a potcnt ia l  to  thc  go ld  subst ra tc
(2c) .  30) :  thc  th in  opt ica l lv  tnrnsparcnt  f i lms of  go ld  uscd herc
s t i l l  have  t hc  c l ec t r i ca l  conduc t i v i t y  o f  bu l k  go ld  (31 ) .  SAMs
that  present  l igands of  low molccu lnr  weight  h i ive been prc-
parcd for  fundamcnta l  s tud ics  o f  b io-spcc i f ic  adsorpt ion o f
p ro t c i ns  a t  i n t c r f accs  (32 ) .  SAMs  p rcscn t i ng  chc la tes  o f  N i ( l l )
arc  uscfu l  for  immobi l iz in- r l  H is- taggcd pnr te ins f rom cc l l
cx t racts  (33) .  A var ic tv  o f  ana lv t ica l  tcchnic lucs-sur face p las-
mon  r csonancc  (SPR)  spcc t roscop r ,  ( 3 .  32 .  33 ) ,  c l l i psome t r y  (  I .
2) .  scanninq c lcc t ron microscopy (3 ,1) .  and quar tz  crys ta l
microhalancc (3 .5) -can bc uscd to  s tudv thc in tcract ions o f
prote ins wi th  SAMs on go ld .  SPR is  cspec ia l lv  usefu l  becausc
i t  is  a  noninvas ivc  tcchniquc that  can dctcc t  :T | i r  o f  a
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Ftc; .  3.  Scanning c lcctrc ln nt icroscopv i r lages of  cndothcl ia l  cc l ls
cul turcd on contourcd substratcs having r idges and groovc5 l -5 pnt
w  idc .  Thc  subs t ra tcs  wc rc  ta i l o red  w i th  SAMs p rescn t ing  c i thc r  me  thv l
o r  t r i ( c thv l cnc  g l vco l ) (EGTOH)  s roups :  f i b roncc t in  (FN)  adsorbcc l
on lv  on  thc  mc thv l - t c rm ina tcd  rcg ions :  cc l l s  a t tachcd  on11 ,  to  thcsc
rcgions prcscnt ing f  ihrone ct in.  ( l  )  The cnt i rc substratc prcscnts
f i b roncc t in  (FN) .  (B )  On lv  thc  g roovcs  p rcscn t  f i b ronec t in .  ( ( ' )  On lv
thc r idgcs prcscnt  f ibroncct in.  (D) None of  thc arcas prescnt  f ibroncc-
t in.  Af tcr  2 da1's in cul turc.  cc l ls  were f ixcd in Karnovskv's f ixat ivc.
cr i t ical -point-dr ied.  and sput tcrcd wi th 20 nrn of  gold.  The scalc bar
appl ies to a l l  imaecs
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Ftr ; .  J .  C)pt ical  micrographs ol  cnclothcl ia l  cc l ls  cLr l turccl  on con-
tou rcc l  subs t ra tcs  hav ing  r i dgcs  i t nc l  g rooves  50  p r .m w idc .  ( ,1 )Thc
cn t i r c  subs tn r t c  r ras  ta i l o rcd  w i th  a  SAM prcscn t ing  mc thy " l  { roups  lnd
f ib roncc t in  (FN) .  (B )  On lv  thc  p la tea r - r  reg ions  rvc rc  ta i k r r cd  w i th  a
SAM prcscn t ing  n rc thv l  g roups  anc l  f  i b roncc t in .  Bo th  pho tos raphs  a rc
at  thc sanrc nragni f icat ion ancl  inc lude an unpattcrnccl  p lanar rcqion
to thc lc f t .  C'c l ls  u 'crc f ixccl  in 3.7 ' i  paraformaldchvdc ancl  sta inecl  wi th
l :1  G icmsa /C 'oomuss ic .  (C )  Op t i ca l  n i c rus raph  o f  cndo thc l i a l  ce l l s
a t tachcd  ( )n  u  con t ( )u rcd  su r facc  a f t c r  f l uo rcsccncc  s la in ing  o f  thc
f i lamcntor-rs uct in microf i lunrcnts r . r ' i th  rhodarninatcd-phal lo ic l in.  Thc
uppcr rcgion sho. , r 's  cc l ls  on a planar nonpattcrnt :c l  reqion and thc
Ion'cr  regi t ln show's cel ls  conf ined to a p latcau 50 pm u' ic le.  Ccl ls  wcrc
f ixe d in 3.7(  r  paralormalde hvclc pr ior  to sta in inq wi th thc phal lo id in.

10t)  pm
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mono lavc r  c l f  p ro tc in .  and  i t  p rov ides  bo th  k ine t i c  and  thc r -
modynamic paramcters.

In summury.  th is report  descr ibcs a f  lcx ib lc mcthodologv to
prepare opt ical l l ,  t ransparcnt  contoured surfaces appropr iate
fo r  fundamcn ta l  s tud ies  o f  the  re la t i onsh ips  be twccn  the
mo lecu la r  s t ruc tu rc  and  topo logy  o f  a  su r face  and  the  behav io r
o f  cc l l s  a t tachcd  to  thc  su r face .  Th is  exper imen ta l  sys tcm may
a lso  f i nd  use  in  app l i ec l  cc l l  cu l tu re .  i nc lud ing  the  devek tpmcn t
of  supports f i r r  thc immobi l izat ion of  cel ls  in b ioreactr t rs and
substrates for  t issue engineer ing.  Thc ran_qc of  _ecomctr ics of
featurcs th i i t  can be formed is l imi ted only by thc avai labi l i t i ,
of  appropr iate master  tcmplatcs:  thcsc tcmplatcs arc of ten
c rea tcd  us ing  t cchn iques  common in  m ic ro fab r i ca t ion  bu t  a re
a lso  ava i l ab le  f rom o the r  sou rccs  (c .g . .  d i f f rac t i on  g ra t i ngs ) .

This mctht ldol t lgy,can be used to preparc contgurcd substr : r tcs
hav ing  f ca tu rcs  w i th  d imens ions  down to  thc  submic ru tmete r
r i i nge  w i thou t  r cqu i r i ng  access  to  the  spec ia l  f ac i l i t i es  and
ins t rumen ta t ion  uscd  cu r ren t l y  i n  m ic ro fab r i ca t ion  ( l 3 ) .

Th is  work  was  suppor tcd  hv  thc  Nu t iona l  Ins t i t u t cs  o f  Hca l t l r
(Grants GM 30367 to G.M.W. and C' , , \  -5-5833 to D.E. l . ) .  thc Off icc of
Naval  Rcscarch.  aud thc Advance c l  Rcscir rc l t  Projccts Agcncr ' .  D.E. l .
is  a rcc ip ient  of  a Facul tv Rcscarch A*urc l  f r r l rn the Americun ( 'anccr

Soc ic tv .  M .M.  i s  g ra tc fu l  t o  thc  r \n rc r i cun  C ' l rncc r  S r l c i c t v  fo r  l r
pos tdoc lo r l r l  f c l l o r r  : h ip .
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