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A miniaturized arrayed assay format for detecting small
molecule-protein interactions in cells
Angie J You1, Rebecca J Jackman2, George M Whitesides2
and Stuart L Schreiberl

Background:  Two complementary  approaches to  s tudy ing the ce l lu lar  funct ion

of  prote ins invo lve a l tera t ion o f  funct ion e i ther  by mutat ing prote in-encoding
genes or  by b ind ing a smal l  molecu le  to  the prote in .  A mutagen can generate

mi l l ions o f  genet ic  mutat ions;  cor responding ly ,  sp l i t -poo l  synthes is  can generate

mi l l ions o f  un ique l igands at tached to  ind iv idua l  beads.  Genet ic  screening of
mutations is relat ively straightforward but, in contrast, spl i t-pool synthesis
presents  a  cha l lenge to  cur rent  methods of  screening for  compounds that  a l ter
prote in  funct ion.  The methods used to  screen natura l  products  are not  feas ib le
for  large l ib rar ies  composed of  cova lent ly  immobi l ized compounds on synthes is
beads.  The sheer  number  o f  compounds synthes ized by sp l i t -poo l  synthes is ,

and the smal l  quant i ty  o f  ind iv idua l  compound at tached to  each bead requi re

assay min ia tur izat ion for  e f f ic ient  screening,

Resul ts :  We present  a  min ia tur ized ce l l -based technique for  the screening of
l igands prepared by spl i t-pool synthesis. Spatial ly defined droplets with uniform
volumes of  approx imate ly  50- l50nanol i ters  (depending on wel l  d imensions)  are
arrayed on p last ic  dev ices prepared us ing a combinat ion o f  photo l i thography and
polymer  mold ing.  Us ing th is  microtechnology,  approx imate ly  6 ,500 assays us ing

ei ther  yeast  ce l ls  or  mammal ian t issue cu l ture  can be per formed wi th in  the
d imensions of  a  s tandard 10cm pet r i  d ish,  We demonst ra te  that  the b io log ica l
effect of a small  molecule prepared by spl i t-pool synthesis can be detected in
this format fol lowing i ts photorelease from a bead,

Conclus ions:The min ia tur ized format  descr ibed here a l lows un i formly  s ized
nanodrop le ts  to  be ar rayed on p last ic  dev ices.  The des ign is  amenable to  a
large number  o f  b io log ica l  assays and the spat ia l ly  ar rayed format  ensures
uni form and cont ro l led l igand concent ra t ions and should  fac i l i ta te  automat ion of

assays.  The screening method presented here prov ides an ef f ic ient  means of
rap id ly  screening large numbers o f  l igands made by sp l i t -poo l  synthes is  in  both
yeast  and mammal ian ce l ls .

Introduction
l -nders tanding hou '  Nature 's  neni 'ork  o f  ce l lLr lar  compo-
nen ts  ca r r i es  ou t  ce l l u l a r  f unc t i ons  i s  a  cha l l eng ing  goa l  f i r r
chemists  and b io log is ts .  

' I -he 
genome sequenc ing pro jecrs

current lv  under  \ \ 'av  are a l readv pror - id ing r -a l t rab le  in for -
mat ion re levant  to  th is  cha l lenge.  The \ ,east  genome has
been  fu l l v  sequenced  t1 ]  and  i t  i s  p ro jec ted  rha r  r he
human genome r i ' i l l  be completed br -2005 [Z] .  The com-
pi la t ion o f  genet ic  sequence dara a lone r i ' i l l  nor  e luc idare
the funct iona l  re levance of  the neu ' lv  rdenr i f iec l  gene

products .  The next  cha l lenge 'n i ' i l l  be to  unders tand hor i -
rhe prote ins encoded bv the genes funcr ion u ' i rh in  rhe
mi l ieu o f  a  l iv ing svstem.  Achiev ing th is  goal  rec lu i res the
abi l i tv  to  a l ter  prote in  funct ion.

Class ica l  genet ics  has prov ided the predominant  means of
a l ter ing prote in  funct ion,  resu l t ing in  the acr ivar ion or
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inh ib i t ion o f  pro te ins through gcncr ic  n ' rLr t r r t ions.  For

erample.  inact i r -a t i r )n  can occr l r  i f  the mutat ion abrogates a

prote in-prote in  in teract ion cr i t ica l  for  ce l l  s igna l ing.

u 'hereas act i r  a t ion c lu- r  occur  i f  thc  mutat ion f )c i l i ta res a

neu '  in ter i lc t ion.  I )ar t icLr larh  r rsc fu l  are  condi t iona l  mura-

t ions.  u  he re  the inact ivat ing c f - fec t  is  on lv  obscrr  e  d  Lrnder
'non-pe rmiss ive '  conc l i t ions access ib le  to  thc  expcr inrenter .

\ \ -hereas the genet ic  approach re fers  to  the manipLr la t ion o f

genes as an ind i rcc t  r r reans of  a l ter ing prote in  f i rnc t ion.
'chemica l  gene t ics '  re  fers  to  a  conceptua l l r -  ana logor- rs

approach of  e luc idat ing ce l lu lar  processes us ing sn- ra l l  mol -

ecu les ra ther  than genet ic  mLr ta t ions.  In  th is  case.  smal l

molecu les target  prote ins d i rect lv  to  modi fv  the i r  ac t i r  i t r ' .

There are man\-  knou-n examples o f  smal l -molecu le  natura l

products  that  b ind spec i f ica l lv  to  target  prote ins and a l rer

t he i r  f unc t i on .  The  immunosupp ress r l n t  r apamvc in  and  t he
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det ransf r r rming agent  t rapox in ,  for  examl l le .  b ind to  and

inact ivate  F-KBP12-rapamr,c in-assoc ia ted prote in  FRAP

and h is tone deacen ' lase (HDAC),  respect ive l \ '  [3 , -+ ] .
Recent  invest igat ions har-e  taken advantage of  the condi -

t iona l  inh ib i torv  act iv in-  o f  these natura l  products  to  g : r in

ins ight  in to  the funct ions o f  rhese prote ins u ' i th in  the i r

respect ive s igna l ing path\ \ 'avs t5-7 ] .  A smal l -molecu le

l igand can a lso prov ide a usefu l  handle  on the prote in  o f

in terest ,  and fac i l i ta te  i ts  pur i f ica t ion or  the ident i f ica t ion

of  homologs rv i th  s imi lar  ac t iv i t \ ' .

The  c l ass i ca l  gene t i c  and  t he  chemica l  gene t i c  app roaches

are analogous in  u 'hat  thev ach ieve.  br r t  rhere r l re  cases
u.here one approach u, i l l  be more s t r i tab le  than the other .
Extens ive conservat ic ln  o f  pro te  in  funct ion benveen veast

and mammal ian ce l ls  has made veast  a  usefu l  genet ic

svstem for  s tudv ing the funct ion o f  mammal ian protc ins .

There are,  hou 'e \ rer ,  processes in  mammal ian ce l ls .  s r rch ' ls

apoptos is  and d i f ferent ia t ion.  that  have no b iochcnr ic r r l

counterpar ts  in  \ -east .  St t rdv ing sLrc l - r  pat l - ru 'avs r rs i r - rg  con-
ven t i ona l  gene t i cs  i s  t i n r c - consL rn r i ng  anc l  c l i f f i c r r l t ,  

' l ' he

sma l l -mo l cc t t l e  r t pp ro t ch  t o  r t l t e  r i ng  p ro t c i n  I ' r r r r t  t i o r r
rv i th in  ce l ls  a l lou 's  for  t rans icnt  and corrc l i t iona l  per t r r rba-

t ion o f  a  ce l lu lar  s \ -s tem and can therefore prov ic le  a  po\ \ ' -

er fu l  too l  fnr  s tudv ing such c< lmplex mammal ian
processes.  even in  the context  o f  u 'ho le  organisms.  Th is

n 'pe of  cont ro l  o f  pro te in  funct ion creates i l  morc  d i rcc t
l ink  bet r i 'een chemist r r - ,  b io losv anc l  rncc l ic inc .

C lass i ca l  gene t i cs  has  p r roven  so  i ns t r t r n r cn ta l  l r cceL rsc  i t
prov ides the genera l  ab i l i tv  to  er ; r lore  prote  in  f r rnc t ior . r  i r . r

a  r i ' ide var ien-  o f  b io log ica l  processcs.  J 'hc  pract ica l  casc
rv i th  u . 'h ich large numbers o f  mutat ions can bc generated

and assaved for  the i r  e f fec ts  on funct ion is  an at t rac t ive

fe  a ture o f  th is  approach.  In  ve ast ,  for  example.  mi l l ions o f

mLl ta t ions can be generated br -  us ing I  mut l tge n  ( l r  rc t ro-
t ransposon.  S ince tens of  rhousands of  r -east  cc l ls  can bc
p la ted on an agar  d ish,  i t  i s  feas ib le  for  a  s ing le  person ro
screen a large l ib rarv  o f  mutat ions r i ' i t l ' r in  a  n-p ica l  bcnch-
top u,orkspace.  Ident i f ica t ion o f  the spec i f ic  mutat ion u ' i th

the des i red ef fec t  can a lso be accompl ished:  rhe mutated
gene can be propagated in F.ylterirltia ro/i, cxtractcd and

sequenced.  [ . ipon ident i f ica t ion.  the gene can be mutatec l
in  the respect ive host .  a l lou ' ing fur ther  eraminat ion o f  the
prote in  i t  encodes.

A l t hough  na tu ra l  p roduc t s  ha r -e  f ac i l i t a t cd  an  unde r -
s tand ing  o f  manv  ce l l u l a r  p rocesses .  a  more  comp le te  se t
o f  l i gands  r i ' i l l  be  requ i red  i n  o rde r  t o  make  rhe  l i gand -
based approach complete lv  genera l .  One s t raregv for
do ing  so  uses  so l i d -phase  sp l i t - poo l  svn thes i s ,  u ' h i ch  can
gene ra te  m i l l i ons  o f  compounds  t 8 ,9 ] .  (Fo r  an  app l i ca r i on
of  th is  approach to  the d iscor ,erv  o f  15 SH3 l igands f rom
a  co l l ec t i on  o f  1 .1  m i l l i on  compounds .  see  t 10 ] . )  F l ncoc l -
i ng  schemes  [11 -13 ]  a re  nou .  ava i l ab le  t ha t  s imp l i f r -  t he
st ructura l  character izat ron of  a  b io loe ica l lv  act ive com-

poLrnc l .  There remains a  dernand.  hou 'ever .  for  e f fec t ive

sc reen ing  s t ra teg ies  t ha t  u ' i l l  accommoda te  rn i l l i ons  o f

l igands made br -  spr l i t -1 ' loo l  svnthes is .

Conr-enr iona l  screening of  smal l  molecu les is  o f ten per-

f<rrmec' l  Lrsing autonated svstems that conduct assavs n'pi-

cal lv in a 9(r-r i 'el l  plate frrrmat. 
' I -his 

method has been useful

for  screening natura l  product  l ib rar ies  or  s \ ,n thet ic  l ib rar ies

of l imitecl comple r in' .  
' I 'his 

l igand-discover\:  strateg\ ' ,

hou 'er -er .  is  erprens ivc .  n ' i th  h igh costs  for  consumables,  and

i t  is  not  pract ice l  t i r r  scrcening manv mi l l ions o f  compounds.

[ , ib rar ies  o f  l iganc ls  on beac ls  impose addi t iona l  const ra in ts

on the f i r r rnat  o f  l  b io log ica l  assar ' .  
' l 'hese 

l ib rar ies  can be

screened u ' i th  the com;round s t i l l  a t tachec l  to  the bead (on-

bead assar-s) .  tvp ica lh '  bv  assav ing for  b ind ing of  a  target

prote in  to  the bead [1-1,15] .  In  th is  case.  spat ia l  segregat ion

is  inherent  in  the assav s ince each beac l  has a r , rn iq t re  l iganc l

l t tachec l  to  i t .  One l in r i ta t ior - r  is  that  s rna l l  rno lccu les co\  a-

lc r r r l r  r r t t r r t 'hcr l  to  bcr rc ls  o f tcn c lo  not  in teract  u ' i th  prote  ins

i n  t he  \ r l n re  \ \ r l \  r r \  t l r c r  c l o  uhc r - t  f r ce  i n  so l t t t i on  [ 161 .  Oe l l -

bascc l  r lss i . l \  \  r r : inq re  le  r tscr l  conrpot tnc ls  have the ac lvantage

o f  a  bL r i l t - i n  t l l r c r  r r q r r i ns t  t hosc  l i ganc l s  t ha t  a re  r r nab le  t c r

pernreate thc  cc l l .  
' l 'h is  

sc lects  f t r r  the c ' l i scoverr '  o f  mol -

ecules that can bc uscd to strrdr- protein function i tr  t- ' i r- 'o rnlt

condit i<lnal manner. in the same \\ 'a\:  that tempcratr lr t :-se n-

s i t ive  mutants  o f  a  gene can be used to  s tuc lv  the pr< i te in  o f

in terest .  ( lc l l -based assavs can a lso be c ' les ignec l  u . i th  con-

s ic ler r rb le  f ' l c r ib i l i t r .  a l lou ' ing a  u ' ic le  range of  b io log ica l

proces\cs fo  be inrcs t igr r tcc i .  Of t -bcac l  assavs arc .  ho\ \ 'cvcr .

l i n r i t c r l  i n  t l r r r t  e r r ch  bc r r t l  i n  r hc  l i [ r r a r r  t vp i ca l l v  con ta ins

100pnro l  or  less o f  r t  r rn i r l r te  conrpor . rnc l :  consec luent l \ ' .  there

is  a  rcc l r r i rcnrcnt  f i r r  assav min ia tur izat ion in  order  to

ach ieve sLr f f lc ient  conccnt ra t ions to  screen ind iv idua l  beads

for desirecl effects. F urthermore. since the released l igands

c l i f f i rse rap idh ' .  there is  a  reqLr i rernent  to  segregate spat ia lh '

the tes t  cc l ls  in  sr rch a  \ \ - r1 \ -  that  the segregants  can be

errosccl to thc cf-fr--cts of incl iviclrral beads.

I n  t hc  p r c r i o r r s  pape r  [ 17 ] .  ue  r l esc r i bed  a  t echn ique  f c r r

per f i r rn- r ing nr in ia t r r r izec l  ce l l -basec l  assavs in  randomlr -

generated nanoc l ro ; r le ts  u ' i th  e  range of  vo lumes.  Here.  n 'e

present  a  r l in ia tur izec ' l  assav fcr rmat  for  detect ing smal l

molecu le-prote in  in teract ions in  ce l ls  r i . i th in  un i f r r rm and

arraved r .o l r r r . r - rcs  o f  the order  o f  .50-150n1.  The large-sca le

screening of  l iganc ls  svnthe s ized br -  sp l i t -poo l  svnthes is  in  a

va r i en -o f  ce l l  t vpes  can  be  ach ie red  t r s i ng  t h i s  t echn i cp re .

Resu lts
Photol i thographic preparation of PDMS templates

Photo l i thographv r rs ing a  h igh-reso l l r t ion t ransparencv as a

m a s k  t 1 t 3 ]  p r o d u c e s ' m a s t e r ' p r l a t e s  ( F i g u r e  1 )  a g a i n s t

u 'h ich p last ics .  in  th is  case.  po lvd imethv ls i loxane (PD\ IS)

can be molded to  create ar ravs o f  d imple- l ike  indentat ions

or  u 'e l ls  u . i th  1  rnm c l iametcrs  and depths o f  e i ther  -10 or

150pm ( [ 19 .201 :  RJJ ,  D . (1 .  Du f f r . ,  E .  Os tun i .  N . l ) .  \ \ ' i l l -

more and ( i . \1 . \ \ ' . .  unpubl ished observat ions) .  PD\ lS is
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Figure 1
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The photol i thographic procedure used to prepare master templates
and the resul t ing plast ic  PDMS plates used to prepare arrayed
nanodroplets.  The wel ls  are 1 prm in d iameter wi th a depth of  e i ther 40

or 150 pm, and an interwel l  spacing of  250 prm. In the wett ing step,  a
mixture of  cel ls  and beads are pipet ted onto the plate.  Upon dewett ing
excess  l i qu id  i s  removed  to  v ie ld  nanodroo le ts  w i th in  the  we l l s .
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poured over  the masrer  p la tes.  curec l  a t  65 ' ( ,  t i r r  - lh  ro
cross- l ink  the po l r ,mer  and then peeled of f  the master .
Cel ls .  media and beads can be depos i ted in  the ar rav o f
s .e l ls  br ,a  s imple and mi ld  r , r .e t r ing-deu 'er t ing procedure.
The sur face of  the molded PD\ lS is  u 'e t tec l  u- i rh  the ce l l
and  bead  m ix tu re  ( see  be lou ' ) .  t hen  rhe  e rcess  l i r l r r i c l  i s
p ipet ted of f  dur ing rhe c leu.e t t ing proce dure.  \anoc l rop le ts
of  t rn i form vo lume re  main r i . i th in  the u .e  l ls  upon deu 'e t t ing
ou' ing to surface tension. therebr- provicl ing a formattecl
gr id  o f  spat ia l lv  def ined.  min ia tur ized assavs (R.J .J . .  D.C.
Duf f r - .  E.  Ostun i .  \ .D.  \ \ - i l lmore and G. \1 . \ \ ' . .  unpub-
l ished observat ions) .  \ \ ' i th  250 pm spac ing bet l r .een the
rr 'e l ls .  th is  format  r - ie lds  a  dense ar rav o f  min ia ture assa\ :s
such that  approx imate lv  6 , .500 ce l l  cu l rure assa\ -s  can be
per formed u ' i th in  the d imensions of  a  s tandard 10 crn
d iame te r  p l as r i c  d i sh  (F igu re  2 ) .

Wetting and dewetting with beads
Each ind iv id t ra l  bead f rom an encoded sp l i t -poo l  svnrhe-
s is  u ' i l l  have a un ique l igand and severa l  encoding rag
molecu les for  l igand ident i f ica t ion.  Beads used for  sp l i r -
poo l  svnthes is  are approx imate l r -  80 prm in  d iameter .  and
the i r  d is t r ibut ion l l ' i th in  the drop le ts  depends on rhe con-
cent ra t ion o f  beads used.  \ \ 'e t t ing-deu 'e t t ing a  suspens ion
conta in ing 10 mg of  beads per  ml  o f  0 .006% agar  in  \ \ 'a rer
resu l ts  in  a  d is t r ibut ion o f  the number  o f  beads per  u 'e l l .
Approx imate lv  lSVc of  the u 'e l ls  remain empr \ ' .  [ |Vc
conta in  one or  tu ,o  beads.  18% conta in  rhree beads.  and
the remain ing u 'e l ls  conta in  four  or  more beads.  Nlore

d i lLr te  bead mir tures resu l t  in  n ' ros t  i i .e l ls  conta in ing a
s ing le  o r  a  coup le  o f  beads  pe r  u ' e l l  (F  i gu re  3 ) ,  bu t  r v i t h  an
inc rease  i n  t he  number  o f  emp tv  u  e l l s .  \ l o re  concen -
t ra ted beac l  rn i r t l l res  resr r l t  in  ncar lv  a l l  u 'e l ls  conta in ing

mu l t i p l e  bc l c l s  pe r  n ' e l l .

Deposit ing f ibronectin in the wells for growth of adherent

cel ls

L-s ing the uet t ing-c les 'e t t ing pr rocedure u . i th  a  so lu t ion o f
f ib ronect in  f i r l lo i i 'ec l  br -  e \ .aporat ion o f  the resu l tant
nanodrop le ts .  [ )D\ lS can be pre-coated u ' i th  f ib ronect in

to  fac i l i ta te  a t tachment  and gro\ \ ' th  o f  adherenr  mam-
m: i l ian ce l ls  rv i th in  the drop le ts .  The aLrroc laved p lasr ic

clevices \\ 'ere u'etted and deri 'erteci n' i th a solut ion of
0 .5  mg/ml  f ib ronect in .  The f ibronect in  \ \ 'as  d is t r ibLr tec l
u ' i th in  the dropr le ts  and a l lou 'e  d  to  adsorb ro  the bot tom of
rhe u 'e l ls  for  2  h  as the nanodrop le ts  evaporated,  Fo l lorv-
ing depos i t ion o f  f ib ronect in .  the u 'e l ls  u-ere u .ashed three
t imes rv i th  PBS to  remove excess f ibronect in .  Fo l lou ' ine
f ibronect in  pre- t reatment ,  adherent  ce l ls  can rhen be
gro\\ 'n onto the f ibronectin-coated u'el ls. 

- fhe 
viscctsin'  of

t issue cu l ture  medium.  rvh ich tvp ica l l r -conta ins l0% fe ta l
bc lv ine ser l rm.  necess i ta tes one a l terar ion o f  rhe \ \ .e t t ing-

den 'e t t ing procedure.  [ ,pon n 'e t t ing the sur face lv i th  ce l ls ,
a  'squeegee '  ac t ion is  per formed across the PDNIS u ' i th  a
g lass covers l ip  to  deu 'e t  and form drop le ts  rv i th in  the
u 'e l ls .  The adherent  ce l ls  set t le  rv i th in  the drop lers  and
at tach to  the depos i ted f ib ronect in .  A pool  o f  media is
qu ick lv  p ipet ted in to  the pet r i  d ish ro  s l r r round the PDNIS
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Figure 2

The v isual izat ion of  arrayed nanodroplets.  A saturated solut ion of  br i l l iant
green dye in t r iethylene glycol  was used for  v isual izat ion of  a PDMS plate
wi th spat ia l ly  segregated,  uni form volumed nanodroplets.  There are
approximately 6,500 droplets (50 nl  each) per p late as shown,

nanod rop le t  e r ra \ -  u ' i t h  an  i so ton i c  so l r r t i on .  r . r n t l  t hcn  t hc
pet r i  d ish is  i r r - rmcc ' l i r r te l r  sea lec i  r i ' i t l t  e  c lo t rb le  l l re  r  o f

; rara f i lm to  prc \  ent  evapora[ ion o f  the nanoc l rop le ts .

L igand- induced growth inh ib i t ion o f  yeast  ce l ls
In  the preceding paper .  i t  u ' r rs  shos 'n  t l t r t r  r  c . rsr  cc l ls  u ' i l l
repr l ica te  in  c l rop le ts  o f  .50-2(X)  n l  in  vo l r r r .nc  r rnc l  thut  snr r r l l
molecu le-depenc lent  se lect ion c i , ln  bc r rsec l  ; . rs  u  br rs is  t i r r
de tec t i on  o f  a  sn ra l l  mo lecL r l e -p ro t c i n  i n t c rac t i on  [ 171 .  I n
th is  s tuc l r ' .  an in i t ia l  erper i r . t . tc l - t r  re l r r tcc l  ro  rhe gc l ter ie

screen f r r r  ce l l  c l i r  is ion cont ro l  genes (cc lc  screen)  u 'as  prer -

f r r rmed to  tes t  the rc l iab i l i tv  o f  c le tcc t ing l iganc l  e f f 'ecrs  in

ar raved 50 n l  dro t r r le ts  conta in ing \ -east  anc l  bcac ls  in  rnec l ia .
In  th is  tes t  svsten l .  the terxperaturc-sens i r i \  c  nrL l t ln t  a l le  lcs
c l f  the cdc screen u.ere rep lacec l  r i ' i th  smal l  molecu le  s .  Prc-
v ious l r ' .  us ing a deconr 'o lu t ion ap; r roach.  a  l ieanc l  thut
inh ib i ts  vcast  gro\ \ th  \ \ 'as  se lectec l  f ionr  a  co l lcc t ior - r  o f
125, (XX)  sn ' ra l l  molecu les prepared bv spr l i t -1 ' roo l  s r -n thcs is  (J .

NIorken.  I .  Huang anc l  S.L .S. .  unprrb l ishec l  obscr \ .e t ions) .

Th is  molecu le  r i -as  a t tached to  beac ls  v ia  a  prhotoc leavable

l inker  anc l  mi red u- i th  veast  ce l ls  in  l ic l r r ic l  n ' rec l ia  (compare

u ' i th  [17] ) .  [ ' s ing the u 'e t t ing-deu 'e t t ing proccdLrre ,  the
bead and \ -east  mi r ture  u 'as  d is t r ibuted over  t l ' re  p last ic  to
form drop le ts .  a t  a  dens in-  such that  some drop le ts  con-
ta ined bcads and r -east  u 'h i le  o ther  c l rop le ts  conta inec l  on l r -
\ -east .  At  th is  po i r - r t ,  the veast  ce l ls  u 'ere  bare lv  r is ib le  ou. ing

to  the smal l  number  o f  veast  ce l ls  or ig ina lh-used.  est in tarec l
ro  be 100 ce l ls  prer  nanodrop le t .  In  orc ler  to  re lease the com-
pound from the bead. the droplets \ \ 'ere irracl iarecl u' i th krng
l r -ar .e length u l t rar - io le t  ( [ - \ ' )  l ight  (365 nm) and incubatcc l
overn ight  to  a l lou '  \ 'east  ce l ls  t< l  undergo mul t ip le  rep l ica-
t i l 'e  c r -c les .  Fo l lou ' ing L  \ -  i r rad ia t ion,  i t  n -as obsen 'ed rhar
rve l ls  u ' i thout  beads conta inec l  e  as i l l  obsen-ab le  (b l '

microscopv rv i th  a  charge-cot rp led dev ice [CC]D]  camera)

F igure 3

The  d rs t r i bu t ion  o f  8O L tm beads .  Beads  suspended  in  a  0 .0060 /o
l ^  . . , ^ + ^ .  ^ ^avq ,woy , , ,  vvqLs ,  o . , t i on  were  we t ted -dewet ted  on to  a  PDMS p la te ,

resu l t  ng  in  a  d  s t rbu t  on  o f  the  number  o f  beads  pe r  we l l .

n r i c roco lon i cs  o i  g rou i r - r g  \ ees t  ce l l s .  I n  con r ; l l t r i son .  a l l

c i rop lc ts  th l t  cor - r t l incc l  a  beac l  c l isp lar -ec l  obv ior rs  v is ru l  c r  i -

c lence of  reast  gro\ \ ' th  inh ib i t ion.  The l rganc l  e f fec t  uas

rest r ic tec l  to  the u 'e l l  that  conta ine c l  thc  berrc l .  u  h ich

c le  nronst r r l tes  the abscnce of  d i f f r rs ion benveen c i rop le ts  or

t h r o r r g h  t h c  p l r r s t i r ' ( l : i g t r r e  J e ) . ' l ' o  r e r i f \ ' t h r i t  t h e  p h o t o r e -

lc r rsc t l  l ig r rn t l  gr r \  c  i r  sPec i t ic  \  e  i rs t  inh ib i t ion e f fec t .  c l rop le ts

cont . r in ing bcr rc ls  u  i th  thc  s i . ln re  l iganc l  lnc l  veast  u  e  re  le f t

t rn t reatcc l  u i th  no [ - \ '  i r rec l ia t ion.  , \s  shor i 'n  in  F igure - lb .

microco lon ie  s  o f  veast  ce l ls  n 'ere  observable  a f ter  the incr r -

bat ion per ioc l  in  u 'e l ls  u  i t l ' r  anc l  u- i rhor r t  beads.  Th is  expe r i -

nrent  c lenronst ra tes that  the inh ib i t ion o f  veast  gro\ \ - th  is  a

spec i f  ic  c t - tcc t  o f  the re lease c l  l iganc l  anc l  that  the bead n ' i th

the  i n rn ro t r i l i z cc l  l i s r l n r l  i s  i t s c l f  i ne r t .

L igand- induced apoptos is  o f  mammal ian ce l ls

An  a t t r ac t i r  e  f e ' a t r r r c  o f  t hc  r i r r a rec l  t echn i c l ue  i s  t he  m i l d -

ness of  the u 'e t t ing-c le  u  e t t ing pr rocec lLr re .  
' l 'he  

mi ld  condi -

t ions re  le t ive to  the s tochast ic  nanr ic l ropr le t  technic lLre [17]
cr - ra [ r le  asst \ -s  ro  be ; ler f i r rn- rec l  r i - i th  even the most  sens i -

t i ve  n ran rn ra l i l n  ce l l s .  S ince  t he  p las t i c  i n  u ' h i c l i  t hc  ce l l s

a rc  g ro \ \ ' n  i s  t r anspa ren t .  t hese  mamma l i an  ce l l  cu l t u res

can be scrcenec l  v isLra l l r ' .  f<r r  erampr le  br -  observ ing mor-

pho log i c r t l  r l t c r r t t i ons .  r r l ) ( ) p tos i s .  o r  C iFP  f t t s i on  1 ' r r o te i n
loca l izat ion.  Detect ion o f  a  l igand- indr rced ef ' fec t  bv  a

v i s r ra l  assa \ -  u  as  ; r e r f o rmec l  us ing  m ink  l ung  ce  l l s  ( \ l r  1 l , u ) .
' l 'he  

mi to t rc  inh ib i tor  pockr ; r l ' r r ' l lo tor in  r i 'as  used because i t

can  i nc l r r ce  apop tos i s  i n  mamma l i an  ce l l s  [ 21 ] .  a  p rocess

tha t  can  bc  reac l i l r  r i s r ra l i zed  b r -  f o rma t i on  o f  apop to t i c

boc l ies  c ' lu r ing c leath [22] .  \ l ink  l t rng cc l ls  r i 'e re  f i rs t  p la ted

onto the f ib ronect in-coatec l  u 'e l ls  and a l lou-ed to  gro\ \ '

overn ight .  Poc lophv l lo tor in  a t techec l  to  beads rv i th  a
pho to lab i l e  l i nke r  ( co rnpa re  r v i t h  t 17 l )  \ \ - as  d i s t r i bu ted
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Figure 4

The inhib i t ion of  yeast  growth wi th a speci f ic
l igand f rom a combinator ia l  l ibrary.
(a) Photolysis of a bead releases a ligand
previously selected f rom a combinator ia l  l ibrary
of  125,000 l igands.  (b)  Lef t  panel ,  unir radiated
microcolonies of  yeast  growing in droplets
wi thout  ( lef t )  and wi th ( r ight)  beads.  Right
panel ,  speci f ic  inhib i t ion of  yeast  growth upon
photolys is in a droplet  wi th a bead (r ight) .
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r i ' i th in  the nanodrop le ts ,  and then c le  ave d o f f  rhe bead bv
L - \ -  i r r ad ia t i on  (F igu re  5a ) .  \ e i t he r  pho to l vs i s  bv  i t se l f  no r
t l ' re  presence of  non- i r rad ia ted podophr . l lo tor in  bcads
indt rced an apoptot ic  e f ' fcc t  (F igLrre  5b) .  c lenronst r l r ing
the  spec i f i c i r v  o f  t he  assa r .  I nc l uc t i on  o f  l po l ' r r os i s  cou l c l
be  v i sua l i zed  bv  cha rac te r i s t i c  ce l l  b l ebb ine  on l r  i n  r hosc
c l rop le ts  conta in ing L- \ - - i r rad ia ted bcac ls  (  I i igurc  5c) .

Discussion
- fhe 

ar raved nanodrop le t  technique c lescr ibed in  th is  paper
a l lon 's  for  e f f ic ient  screening of  la rge co l lec t ions o f  smal l
mcllecule s u i t l ' r in ur-r i fbrnr volurnes of approrir-narclr '  50-I. ;0
n l  (depending on the c lepth o f  t l ' rc  i i 'e l l )  ar rar .ec l  on p l rs t ic

clevices. Bv Lrsing master plates prreparecl Lrr- prhotol i thogra-
prhr-. gene rat ion of the plasric cievices is simple and strrr ight-
f irru'arcl.  Thc u'ett ing-de\\ 'ett ing procedure can rapidlr '
d is r r ibr - r te  a  large number  o f  beads u ' i thour  ind i r . idua l  bead
manipu la t ion.  Increas ing the concenrra t ion o f  beads r ie lds
u'el ls u, i th numerous beads, u,hich increases the throughpLrt
o f  rhe assavs in  the in i t ia l  round of  screening.  A l thoLrgh
there is  a  l imi ted amount  o f  compound on a s ing le  bead
(-100 pmol ) .  on lv  a  smal l  f rac t ion o f  i r  is  requ i red to  ach ieve
up to  h igh micromolar  concent ra t ions s ince the assav
volumcs are smal l .  For  example,  complete  re lease of  l igand
from a bead u'otr ld theoretical lv r. ield a Z m\l solut ion
u' i thin a 50 nl droplet. \ \ Ie tvpical lv airn ro generare e 1 pNI
solut ion in ini t ial  experiments. LIpon discovering a rvel l
u ' i th  a  des i red ce l lu lar  readour ,  the mukip le  beads in  the
rve l l  can subsequent lv  be ind i l , idua l lv  micromanipLr lared
and re-assaved, u.here re-irradiat ion leacls to the release of
addi t iona l  compound (A.J .Y. ,  dara nor  shou.n) .

The veast  gro\ \ . th  inh ib i r ion assav supporrs  the conc lus ion
that  l iganC-dependent  veasr  assavs can be per formed re l i -
ab lv  in  ar raved nanodrop le ts .  I t  a lso demonsrrares thar  rhe

wet t ing-c leu 'e t t ing procec lure can d is t r ibute  veast  anc l

beads ef  fbc t i r -e lv  to  v ie lc l  cons is te  n t  grou th  inh ib i t ion

resu l ts .  S imple coat ing o f  the r , r 'e l ls  u ' i th  f lb ronect in  br .  the

uct t ing-c lcset t ing pr roccc l r r rc  e l lou 's  f i r r  sp l t i r r l  segrege-

t i on  o f  l c l he  re  n t  n r r rn . i r l l l i an  ce l l s .  t he rebv  a l l ou ' i ng  t hese

ce l l s  t < i  be  e rposec l  t o  l  s i ng l c  o r  a  f ' en ' l i ganc l s .  The

podophv l lo tox in- inc l r - rced apoptos is  o f  r l ink  lung ce l ls

demonst ra tes that  mammal ian cc l l  essrvs can be per-

formed in  ar ravec l  nanodrop le ts .  J 'he obserr .ab le  prheno-

tvpes (grorv th  inh ib i t ion or  apoptos is)  rhat  are l igand

spec i f ic  shou,  the ab i l in '  to  per form r - isua l  screens of

l igands in  both \ -eest  anc l  nrammal ian ce l ls .  The ar raved.

spa t i a l l v  de f i ned  na tL r re  o f  t he  assa \ . s  shou ld  make  i t  cas ie r

to  i lu tonratc  sr rch screens br .  in rer fac ing CCD cameras

u i th  pat tcrn  recogni t ic ln  sof tu 'are  that  cou ld  c l i rec t  the

movenrents  o f  r  robot ic  arnr  to  s i tcs  on a er id  that  cor re-

sponded to  spec i f ic  nanoc l rop le ts .

High-densin- screening f irrrnt i ts have l tecn developcd tbr

conventional i t t  t ' i t ro enzr-me inhibit ion assavs [23] bLrt a kev

featurc  o f  thc  ar rar ,ed nanodrop le t  method is  that  i t  should

be compatible u. irh a u' ide r.arietv of screens. Engineered

cel ls  that  a l lou '  detect ion o f  sn- ra l l  molecu les that  inh ib i t

defined protein-tr-rrotein interactions har,-e alreadv bee n usecl

successful lv in arraved nanodroplets [Zt l ] .  The general i tv of
this format makes ir amenable to the readouts (or sl ight
modif icat ions of them) n,pical lv used to studr, biological

svstemst as a means of detecting small  molecule-protein

in teract ions.  For  example.  ce l ls  cou ld  be engineered to
monitor expression of a reporter gene as a dou-nstream
readout to screen for small  molecules that can activare or
inhibit  a protein important f i l r  an upstream signal ing event.
or f luorescence resonance energv transfer (FRE'l ' )  experi-
ments  cou ld  be des igned such that  smal l  molecu les coLr ld
be screened for  inh ib i t ion or  induct ion o f  F  RET benveen
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Figure 5

Podophyl lotoxin- induced apoptosis of  mink lung cel ls .  (a)  Photolys is
releases podophyl lotoxin f rom beads.  (b)  Top panel ,  non-photolyzed
podophyl lotoxin does not  induce apoptosis.  Lower panel ,  UV-released
podophyl lotoxin induces apoptosis only wi th in the droplet  that
contains a bead (r ight) .  (c)  Higher magni f icat ion v iew of  a photolyzed
droplet  wi thout  ( lef t )  and wi th ( r ight)  a bead. In the one wi th a bead
(r ight)  cel ls  d isplay character is i tc  b lebbing,  indicat ive of  apoptosrs.

t \ \-o proreins or other interacting molecules. Screens target-

ing a specif ic pathu'ar or. morc broadlr ' ,  a phenotvpic

process such as d i f - ferenr ia t ion or  c leve lopment  a lso mav be

de signed ancl adaptcc' l  to this screening rnethod. I ior

erample.  p la t ing embrvonic  s tem ce l ls  over  f .eeder  ce l ls

should faci l i tate the cl iscoverr- of sr lal l  molecules that

induce dif ferentiat ion into specif ic cel l  n'pes. Screens neecl

not  be l imi tec l  to  t issLre cu l ture .  for  i t  i s  potent ia l lv  feas ib le

in sonr<: case s to perfbrm u-hole r lrganism scre e ns.
(,'utror/trr/tdirr.; tlt.gti.i e nrbrvos encl rtclrrlts have been delir-

c rcc l  to  thc  n . inoc l rop lc ts  ( , \ .1 . \ ' . .  t r r - rpr t rb l is l - red rcsLt l ts ) ,  and

thc uct t ing-c leuet t i r - rg  procer l r r rc  u  i th  nematoc ' le  embn'os

. rnc l  s r rbse( lue n t  screcn i r - rg  t i r r  l ie i lnc ls  t l - ra t  indt rcc  c lcve lop-

nre n te l  c ie t l ' c ts  cr rn  bc cnr  is ionec l .  Th is  min ia t t r r izec l  assav

s\-stenr increases rhc scope of biokrgical ;rroccsses that can

bc uscd fbr  smal l -molecu le  screening,  not  on lv  bv fac i l i ta t -

ing chemica l  gcnet ic  screens in  mrmmal ian ce l ls .  but  a lso

bv the nature of the arraved format rvhich makes i t  part icu-

Iarlr- attract ir-e f irr  automating scrccns.

Signi f  icance
The arraved nanodroplet tecl-rr-rique allolvs large collec-

tions of small molecules prepared b1' split-pool s1'nthesis

to be assal'ed r,vith mammalian cells rvithout complica-

tions arising from diffusion. Droplets of approximatelv

50-150 nl result in a significant miniaturization of assa-vs,

making this rnethod of detecting ligands rvith biological

activitr an efficient rneans of screening. In a similar rval-

to screening thousands of colnnies on an agar plate, i t  is

no\\' possible to screen manv thousands of droplets on a

molded plastic device. The rnain features of this method

include formation of uniformlv sized droplets and a mild

rvetting-dervetting procedure that enables mammalian

tissue culture to be used in assa!'s. The arra-ved

nanodroplet format therefore provides a means for the

ligand-based approach to become a gleneral one for

studving the cellular function of proteins.

Materials and methods
Fabrication of master plates and plastic devtces for arrayed

wells
Master p lates were prepared by standard photol i thographic techniques.
Masks were designed for  photol i thography wi th a CAD program (Macro-

media Freehand).  Using a commercia l ly  avai lable h igh- resolut ion pr inter
(Herkules PRO, 3386 dpi ,  L inotype-Hel l  Company),  the designs were
transferred to transparencies that in turn served as photomasks for l itho-
graphy [18] .  Depths of  the wel ls  were contro l led by the type of  photore-
s ist  used and the rate at  which the photoresist  was spin-coated.
Negat ive photoresist  (SU-B 50,  Microl i thograph Chemical  Corporat ion)
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was spin-coated at  3,000 rpm to produce 40 pm deep wel ls  and at
1,500 rpm to produce 150 pm depth.  Plast ic  devices molded f rom the
masters were produced by cast ing polydimethyls i loxane (PDMS;
Sylgard 184,  Dow Corning) prepolymer onto the master.  Af ter  cur ing for
4 h at 65oC, the polymer was peeled away from the master. A single
master can be used for  many cycles (> 2O) of  molding [19,20] .

Distribution of beads in wells
Tentagel  beads were washed once wi th ethanol ,  then incubated in
0.010/o Tr i ton-X in waterfor  t  h to d issociate beads and prevent c lump-
ing.  Af ter  incubat ion wi th the detergent ,  the beads were washed twice
with water.  A 10 mg/ml bead mixture was prepared using 0.0060/o
agarose in water.  The surface of  the plast ic  was wetted and dewetted
wrth the bead mixture.  A glass coversl ip was used to a id in spreading
the bead-contain ing droplets.  The excess bead mixture was pipet ted
of f  f rom a corner of  the plast ic .  The beads in wel ls  were v isual ized
using an inverted microscope (Olympus CK2) at  4Ox magni f icatron.  In
order to prevent evaporat ion,  a pool  of  isotonic solut ion was placed
around the PDMS nanodroplet  array and the petr i  d ish was quickly
sealed wi th a double layer of  paraf i lm.

Yeast growth inhibition assay
A spec i f i c  l i gand  immob i l i zed  on to  beads  o r ig ina l l y  p repared  us ing
sp l i t -poo l  syn thes is  ( J .  Morken ,  J .  Huang  and  S .L .S , ,  unpub l i shed
resu l t s )  tha t  was  se lec ted  f rom a  l i b ra ry  o f  125 ,000  compounds  [21 ]
was incubated in 0.010/o Tr i ton-X in water for  4h.  The beads were
washed  in  YPD comp le te  med ium,  then  d i l u ted  w i th  YPD med ium to  a
concentratron of  1 mg/ml.  Yeast  was added to the bead mixture such
that  each droplet  contained approximately 100 yeast  cel ls ,  Two PDMS
plates were placed in separate 10 cm petr i  d ishes and wetted wi th the
bead and yeast  mixture for  2 min,  then dewetted,  wi th excess l iquid
pipet ted of f .  YPD medium was added to surround the PDMS plates,
and the petr i  d ishes were quickly sealed wi th paraf i lm to prevent evap-
orat ion.  One plate was i r radrated under a long wavelength UV lamp at
365  nm (B lak  Ray ,  Mode l  B  100  AP)  wh i le  s i t t i ng  rn  a  poo l  o f  coo l
water to prevent heat ing dur ing the 1 min i r radiat ion per iod.  The other
plate was lef t  untreated wi th no UV i r radiat ion.  The plates were incu-
bated in a 30oC incubator Ior  24 h,  then v isual ized using an inverted
mic roscope  (O lympus  CK2)  a t  1OOx magn i f i ca t i on .

Podophyllotoxin-induced apoptosis of mink lung cells plated
in microwells
PDMS plates were ster i l ized by autoclaving.  A 0.5 mg/ml solut ion of
f ibronect in in PBS was wetted and dewetted onto the PDMS plates to
form droplets.  The droplets were al lowed to evaporate at  room temper-
a tu re  fo r  2  h  wh i le  the  f i b ronec t in  depos i ted  on to  the  we l l s ,  The  we l l s
were washed three t imes wi th PBS buf fer  and then al lowed to dry.
Con f luen t  m ink  lung  ce l l s  (Mv lLu )  f rom a  t i ssue  cu l tu re  f l ask  were
t ryps in i zed  fo r  10  m in ,  washed  w i th  DMEM med ia  con ta in ing  non-
essent ia l  amino acids,  1 00/o feta l  bovine serum, and 10/o Pen/Strep and
di luted to a concentrat ion of  25,000 cel ls /ml .  The Mvl lu cel l  mixture
was pipet ted over the ent i re surface of  the PDMS plates and cel ts were
al lowed to set t le and at tach to the f ibronect in-coated wel ls  overnrght .
The excess media was dewetted and a 2 mg/ml mixture of  podophyl lo-
toxin- immobi l ized beads in media was wetted and dewetted over the
PDMS surface to form droplets wi th and wi thout  beads.  Media was
pipet ted to surround the PDMS plates that  were then placed in 1O cm
petr i  d ishes and the dishes were quickly sealed wi th paraf i lm to prevent
evaporat ion.  One plate was i r radiated for  1 min at  365 nm under the
same condi t ions as the aforement ioned yeast  inhib i t ion assay.  The
other p late was lef t  untreated,  wi thout  UV i r radiat ion.  Plates were incu-
bated in a 37oC CO, incubator for  4 h.  Cel ls  were v isual ized using an
inverted microscope 
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tyrpr .  CK2).
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