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biosensors?

Self-assembled monolayers (SAMs), formed upon the adsorption of osubstituted

alkanethiols on the surface of gold, allow control of the properties of a surface on

the molecular scale.  A new technique -  microcontact pr int ing (pCP) -  can pattern

the formation of SAMs, with dimensions on the micron scale. The convenience,

low cost, and widespread application offered by SAMs and pCP make this

combination of techniques especially suitable for producing and patterning surfaces

relevant to biosensors.

A biosensor combines rwo functions: n'rolecuhr recog-
nition and signal transduccionl. The fabrication of a

biosensor often requires the properties o[surfaces to be
tailored and pattcrned with contplex orgrnic functionel
groups including, for example, ligands for protein
recognition, and attachment points for proteins, PeP-
tides, carbohydrates and other relevant groups. Con-
venient, generally applicable methods for producing
sudaces are an inrportrnt part of biosensor technology.

The systenr of self-assernbled monolayers (SAMs) of
alkanethiol:rtes or1 gold is prob:rbll '  the best that is ctrr-
rently available to acconrphsh the functionalization and
patterning of surfaces required by many applications rn
biomaterials science ([or revietv, see Ref. 2). The con-
venience and flexibiliry of SAMs for this purpose has
been widely recognized and exploited, especially for
homogeneous sufaces. Their stabiliry meets the
requirements of most biosensors. In this article, we
describe a new technique - microcontact printing
(f.lCP) - that allorvs SAMs to be patterneds. This pro-
cess can readily generate features dolvn to 1 pm in size,
and down to 200 nm rvith difficulry and is compatible
with complex organic functionaliry. The process also
requires little, or no, access to the photolithographic
equipment usually required to generate Patterns with
these dimensions. The combination o[SAMs and pCP

provides a remarkably convenient technology for the
preparation ofpatterned sufaces, giving excellent con-
trol over sudace properties at the molecular level. We
believe that this technology will be useful in the pro-
duction of biosensors.

llt. lrlrlukh and C. ltI. ll'hircsides are at the Dtparunent of Chent'
istry, Haruard University, Can$ridge, LL1 021J,9, US.{.

Self-assembled monolayers
Alkanethiolates on gold

SAMs of alkanethiolates on gold fornr rvhen a clc"atr
suface oIgold is exposed to a solution (or v'apor) oIa
long-chr in alkanerhiol  (RSH, Eqn 1),  or  d i r lky ld isul-
f ide (RSSR):

RSH + Au(O)" -+ RS-Au(l)  'Au(0)"  + lH2(?) (Eqn 1)

The structure of these SAMs is now rvell establishedt
(Fig.  1) .  The sul6rr  atoms coordinate to the gold strr-
face, ancl  thc alkyl  c l i : r i t rs are c lose-packecl ,  t ra l )s-
extended and ti lred at approxinrately 30o frorn the per-
pendicular to the surface. These nronolayers are locally
well ordered and have few defects that affect the
macroscopic properties o[ the surface at the 100 nnr
scale. The terminal functional group of an o-substi-
tured alkanethiolate dominates the properties o[ the
interface benveen the SAM and a contacting l iquid.
The optical characteristics of the system ofa SAM sup-
ported on gold depend predominantly on the thick-
ness of the underlying gold. SAMs supported on gold
5-10 nm in thickness are transParent, whereas SAMs
supported on gold thicker than 100 nm are opaque and
reflectives.

Stability of SAMs
Monolayers of alkanerhiohtes on gold are stable for

a period of several months in air, or in contact rvirh
water or ethanol. While some monolayers desorb on
heating to temperatures greater than 70oC, others are
more stable6. In addition, SAMs are stable barriers
against corrosion; for example, a SAM of hexa-
dccanethiolate protects the underlying gold from dis-
solution in highly corrosive etchants, such as aqueous
CN-/O, (Ref. 3). Monolayers of alkanethiolates on
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gold are sufl iciently stable to be useful for many appli-
cations in biosufices and biomaterials, and have been
used for studies of protein adsorption and cell adhe-
sion in aqueous media over periods of several drysu-0.

Nfiixed S1&fs and complex tunctionality
Adsorpcion of a mixture of nvo alkanethiols onto

a gold surfice allorvs thc production of, so-called,
'mixed' SAMs (Ref. 2). The properties of a mixed
SAM can be tailored by varying the ratio of the nvo
alkanethiols in the solution from rvhich they adsorb.
The propcrties of SAMs can be specified further by
incorporating complex funcrional groups ([or examples,
see Table 1). Alternatively, complex functionaliry crn
be introduced after the SAM is formed. This strrtegy
is useful  f ior  at t rching pept ides and proteins to orglnic
surfaces, but is usually'less rvell conrrolled th;rn nrechods
trscd to assert tb le fu l ly  prcfcrr tncc]  cort lpot tcnts ( f t ; r
exanrples,  see Tablc 2).

SAMs on other surfaces
Alkylsiloxanes

The seconcl, widely used chss of SAMs is siloxrnes.
These rre obtained by the rcaction of a hydroxylrted
suface (usually che nacive oxidc of sil icon) rvith a sol-
ut ion of  a lkyl t r ichlorosi lane (or t r ierhorysi lanc; t t r ' t ' t .
The rcact ive t r ichlorosihne groups condense with
hydroryl groups of the sufacc, and with neighboring
siloxanes. These SAMs have the advantages that they
are significantly more therrnally stable than alkane-
thiolaces on gold, they do not require evxPoration o[
a layer of metal for preparation of substraces, and thcy
are optically trrnsparent when supported on glass
slides. Siloxane monolayers hrve the disadvantages thet
they are less ordered than alkanethiolates on gold, and
thet they are chernical ly inf lexible.  The alkyl-
t r ichlorosihnc groups of  thc prccursors arc l lot  cot l t -
patible with many functional groups, and the variery
of sufaces that can be prepared directly (without car-
rying out reactions on the surface) is limited; the silox-
ane headgroup hydrolyzes rapidly, even in mild base.

Other organic surfaces
Langnuir-Blodgett (L-B) films were the 6rst sys-

tem o[ ordered organic monolayers to be studied.
They have been used extensively for the study of bio-
sufaces, and for applications in the materials sciencesle.
The low stabiliry of L-B 6hru, and the lack of methods
for patterning their sufaces, limits their use in the pro-
duction of biosensors. SAMs obuined by the adsorp-
tion of alkylphosphonates on the surface of zirconium
oxide2O, and hydroxamic acids on the native oxides of
several metals (Ag, Al, Cu, Fe, Ti and Zr) (Ref. 21),
are systems that have recently been studied, and thar
permit control over the properties of organic surfaces.
These may be particularly useful when such metal
oxidcs are used.

Interaction of SAMs with biological media
The adsorption of proteins to sudaces is importanr

in nr.any materials and systems uscd in biotechnolory,

Figure I
Representation of a self-assembled monolayer (SAM) of alkane'
thiolates on the surface of gold. la) The sulfur atoms (S) of the
alkanethiolates coordinate to the hollow three'fold sites of the gold
(1,1,1) sur{ace; the gold atoms (open circles) are arranged in a
hexagonal relationship. The alkyl chains are close packed and tilted
approximately 30" from the normal to the surface. lbl The proper-

ties of the SAM are controlled by changing the length of the alkyl
chain and the terminal functional group X of the precursor alkane'
thiol.

including biosensors, implants, chrontatographic and
electrophoretic media, containers for storing and
transferring proteins, and containers flor cell and tissue
culture. As a result, the mechanism of formation of
adsorbed protein layers, and their structures, have been
studied extensively2:. Out of necessiry much of this
work has used materials that possess structurally i l l-
defined surfaces. since w'ell-defined, controllable
sufaces w'ere not available. The abil iry to control
accurately the nature and densiry of functional groups

Table 1. SAMs containing receptors

Receptor Ligand Refs

Porphyrin 02 (reduction) l0

Bis(acetoacetate) Cu(ll) 11

Biotin StrePtavidin 12

Resorcinl4larene Tetrachloroethylene l3



Table 2. Aftachment of proteins to SAMs

SAM FG Protein (FGl Refs

-CO2H Cytochrome c (-NHr) 14

-CO2H Catalase (-NH2) 15

-SSPy Antibody Fab' (-SH) t 6

-NHz Polyalanine ({02H) 17

Abbreviat ions: FG, functronal group; Py, 2-pyrrdine.
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on thc sr t r f iccs  o iSAi \1s t t t . tkcs t l te r t t  p . r r t icu l . r r ly '  lve l l

suite. l  tor sttr, . l ics oi protcit t  lc lsorl ' r t iott ,  rr t tcl  tbr srtrt l -

ics  o I  proccsscs c lcpg11. l " t l t  o l )  pro tc i r t  l t t i r t l rp l i t ' r t t .

Protein adsorptiott

Thc r r r lsorpr ion o f  scver . r l  t r roc lc l  pro tc i r ts  to  SANIs

th.rt  p rcscnt cl i  tL'rcrt c t i .rr tcr iott . t l  qrt l t tps (e. g. al kvl,  pcr-

f l r roro . r lk ; '1 ,  anr i t lc ,  cs tcr ,  a lcohol ,  t r ic r i lc ,  c . r rbox l ' l i c

r rc i r l ,  phosphonic  ac i . { .  b . . r r ic  lc i t l ,  ln r ine,  hc tcroc l 'c lc

uror rps)  cor rc l . t tcs  J [ t [ - r t> .x i r t t . rcc ly '  rv i rh  thc  h1 'c l ro-

phot r ic i r l '  o I  thc  s t t r t l tccs ,  r r lsorpg ior t  or t  l t l ' c { rop l tobrc

surr f  lccs  is  o t tcn k inc t ic . r l l l '  i r rcvcrs ib lc ,  ; r r t , - l  l c . t . ls  t t>  r l tc

tor r t t . t t ion o i . r  t r tor to l . ty 'c r  o Ipr t> te  i r r7 .  A l thot tg l t  s l t r -

f .rces prcscrtt i r tg ch.rrgct l  t i t r tcr iort. t l  grotrps h.tvc bcctt

ruscc l  to  cont ro l  rhe adsorpt ion o Iprotc ins ,  thc  t t tcch-

an isr t rs  for  thcsc proccsses t rc  no l  w 'c l l  t rndcrs too, . i ;

thcy dcpcr tc l  on thc  I t to lcc t t l . t r  cot t tpos i t ion o f  thc  s t r r -

face,  thc  n i l turc  o I the prore in  ( . .g .  p l ,  n lo lccr - r l . l r  t l l r lss ,

s t lb i l i t l ;  conccnt r r t ion)  anc l  thc  propcr t ics  o [  the so l -

u t ion ( . .g .  pH,  ion conrpos i t ion,  ter t tper . t t r . r re) .

Srrrfrces that rtsist the adsorlt t ion of prolt i t ts

A  kcy ' r c t l t t i r c t uc t t t  i r t  dcs ig r t i r t s  s t t r f i t c cs  t l t r t  i t t t c t ' -

ac t  spcc i f ica lh '  w ' i th  des ignr tcc l  pro te ins is  prever t t i r tu

unw' rn ted adsorpt ion o f  o ther  prore i r ts .  Hydrophi l ic

and f lexible polynrers [especial ly '  poly'ethylene glycol

f l 'EG) and polvsrcch.rr ides] have traci ir ion.r l ly '  been

rrscd to p:rssivate strfaces agairtst protein aclsorptiott l l .

SAMs presenting short ol isonrers of ethy' lene gl,vcol

(EG),  rvh ich are prepared us ing the a lkaneth io ls

HS(CH ' ) r  r (OCH,CH, ) .OH (EG) . ,  ( n  =  2 -7 ) ,  r es i s t

the k inec ica l ly  i r revers ib le  adsorpt ion o [  pro te ins to

their surf icess. The effect i l 'etrcss o[ these surfaces is

highl ighted by rhe observation that they'even resist the

adsorpt ion o [ 's t icky 'prote ins,  such as f ib r inogen.  The

dceree to w'hich a SAM resists the adsorption o[pro-

te ins can be cont ro l led,  e i ther  b1 '  vary ing the lcngth o [

the (EG), ,  un i t ,  or  by 'ad just ing thc  ra t io  o lcor r lponcnts

in  a  mixed SAM conrpr is ins  nrethy l -  and (EG), , -

ternr inatcd a lkaneth iohtes.  The (EC), , - ter tn inatcd

SAMs nlay represent a general class of surfaces onto

which l igpnds, peptides or protcins can be specif ical ly

irnnrobi l ized.

Attachnrent and growth oJ cclls orr S.4lfs

The att:rchnrent ofanchorage-dcpertdent ccl ls to the

extracel luhr nutr i .r  (ECM) - the ncnvork oIpoly's.rc-

ch: r r  ic lcs  ar tc l  pro te i  ns  ( i .  e .  t lb ror rcc t i r r .  l . rnr i r r  i  r r .  r ' i t r t ' '  -

nect i r l .  hcpr ; r r in .  co l l . rqcns)  th . r t  nukcs t tp  a  sr . rbs t . t r t r i . r l

p . r r t  o f  nrost  t issue -  is  nred i . r tcd bv spcc i t ic  i t t te r lc l io t t '

benveen thc in teqr in  reccptors  o I  thc  ce l l r r l . r r  l t l cnr -

br : rncs . r r t .1  shor t  pepc idc scc l t tc t ' l cc \  o I  t l tc  ECNl .  A

corrunon s t r . l tcg) '  i t t r  cot t t ro l l inq thc  : t t t . tcht t tc t l t  ( ) t

cc l ls  onto a  s t t r f icc  re l ies  on spcc ih ' inq the . r t lsorpt io t t

o f  EClv l  pro te ins o t t to  the sur t . tce.  Thc ; r t t . rc l l t l l c t ' t t  ( ) t

r l t  b . rsop ' th i l i c  leukenr i . r  cc l ls  to  SANIs prescnt i t tu  . t

rer )qc o f  f i rnc t i t tn l l  { ro t rps Inrc th l ' I ,  t r i t ] t roror t tcc ] r r  l ,

r lcohol ,  c r rboxry l ic  rc id ,  d inrc thv l . rnr ino,  (EG), ,1  h . r '

bcen stu. l ied; thc cel ls att .rcl ted to sttrt . tces ttr . t t  pro-

l l lo tcc l  ar lsorpr ion o i  l . r l t t i r t i r t " .  N l rss i l  ar t . ' l  Ht rbbc l l

c lenronstnt red t l i . r t  s i lox . t t te  SANIs preset t t i t t *  thc  pcp-

t ides Arg-Gly-Asp or  Ty ' r - l le -Cl ly ' -Scr -Ars  (chc rccoq-

n i r ion sc ' r - luc l tccs tor  t lb ronccr i r t  r t t t . i  h r l r i r t i r t ,  rcspccr -

i r , ' c l r ' ) ,  sup[ ' ] ( ) r tc ( l  the . t r l l tcs i t t r r  l r t r {  sprc . td t r tg  t r t -

f l b ro l r l . r s t  cc l l s  r v i t l r o t t t  t l t c  r r ccd  f i t r  c t t . t t i l t q  t l t c  s t r t '

t . rccs *  i t l r  E( l lv l  procc i r ts l r .  
' l ' l rcsc  

c . r r ly '  c . r . t t t tp lL" ,

suqqcst  t l r l t  thc  . t t t . tc l t t t tc t ' t t  o f  Lr i t>nro lcc t r lcs  to  SAi \ l '

rv i l l  r r r . rke poss ib lc  t l rc  dcs ign of  s t r r t . rccs rv ' ic l t  s t>p l t r ' -

t ie  . r rc r l  c . ' l t t t ro l  ovcr  t l l c  t i r r tc t io l ts  o i l tc t . rchcc i  cc l ls .

Methods for  pat tern ing sur faces

bl icrocotrt tct print ing

Scvcr . r l  s i r r rp lc  tcchni r l t res  tbr  p . r t tc r t t i t l s  SAlv ls  o l

: r lk . rncch io l . r tcs  o t t  go l . . l  h . rvc  bcct t  c lcvc lopcc l  -  t t t ic r , , -

r , , ' r i r ins ls ,  r r ic ro t t t ; tch i r t ing: "  lnc l  pC[)  ( l {c f ' .  27) .  T I r . '

r l l o s t  usc f t r l  o f  t hcse  t cchn i t l t r es  i s  pC [ ' :  i t  c . r r ]

roLr t inc l ) '  f t>r t t t  fc ' l tu rcs  o f  s izcs r lnu ing c lorvn to  I  pr l r .

lnd tc ; r turcs  : rs  snr . t l l  rs  2 l ) t )  t t t t t  h . tve bccr r  fbr r l lcc l  us i r rq

t l r i s  t cchn iquc  (F ig .  2 ) .  Thc  P roccss  o f  pC l ' ] s t r r t s  w  i t l r

ar l  appropr i ; r tc '  rc l ic Is t rL lc t t t re ,  f ronr  rvh ic l t  an e l . ts to-

r r rcr ic  s t . ln lp  is  crs t .  Th is  
' t t t . ts tc r '  tc t t tp l . r tc  is  ust r . r l l r

scner : t tec l  photo l i thographic l l l y l  but  car t  be prot l t rcc . . l

r rs i r r r r  o t l tc r  proccr lurcs  ( f t t r  cxat t tp lc ,  t rs i r tq  co l l l l l le  r -

c i . r l l i '  l r , ' . r i l . r b l e  c l r f l i . r c t i o r r  g r , r t i r r us ] l ; ) .  
- i - l r c  

s t : u r r i )

(usu. r l ly '  t t t , rdc  f ronr  po lyc l i r r rc thy ' ls i lo .x : rne)  is ' inkct l '

rv i th  a  so lu t ion o f  a lk ; rneth io l  in  e thr t to l ,  dr icd ar t r l

brouqlrt  into contrct w' i th a sudace ofgold. The alklnc-

th io l  is  t r : rns fcr red to  the sur f ice on l l '  a t  those res io t ts

u'hcrc the st.rnrp contrcts thc strdlce. This process pro-

duces a pat tern o f  SAM th . r t  is  def ined by the Pr t tc r r )
of the starnp. I t  is possible to pattern arcts w' i th sizct

o I  sever l l  cn t ] ,  and u ' i th  edge reso l t r t ion o f  feat t r rc '

bet ter  then 50t tn t ,  due to  confornt l l  cont lc t  benvect t

thc ehstomeric strnlp and the suface, the rapid rc.rc-

t ion oI thiols rvi th gold ancl rhe autophobiciry'  oI thc

alkanethiol ink. Mult iple stanlps catt be produced frorrr

a single nlrster, and each stamp can be used hundrcd'

oI t in-res rvithout anl '  loss o[ qu;r l i ry oI the printet i

pr l t ter r ls .  l l ccausc pC[)  is  a  techniq t lc  thr t  rc l ics  or r

nro lecu l . r r  se l t ' -assernb l l 'and docs not  requi re  s t r inge t r t

cont ro l  over  the l . rbor l tory  env i ronnrent ,  i t  can pr ( ) -

duce pJtterns at low'cost, rel.r t ive to ntethods that trrc

photol i thographlr

Photolithography

Methods for prtterning si lo.xanc nronolayers at t l tr

nr ic ron sca le  have re l icd exc lus ive ly  on photoht l r -

ogr.rph; 'r8. lr t  the' l t [ t-off '  technique, a si l tcon substr lre
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coared rvith a photoresist is irradiated rvith ulcravioler
(UV) lighr through a mesk containing rhe patrern ro
be reproduced. The irradi:rred regions of phororesist
are renloved selectively', and a SAM is formed on the
exposed reqions o[  s i l icon oxide by immersing the
substrate in a solut ion of  a lkylrr ichlorosi lane, or a
hydroly'zed oligonrer from rhe alkylsihne. The renrain-
ing phocoresist is then renrovecl, and rhese regions are
dcrivatized uu'ith a SAM cont:rining a differenr ter-
nr in l l  f t rnct ion:r l  group. This nrethod can ror-rr inely
gcncrrtc p.ltrcrns 

"r' i th 
tb.rrtrres dorvn to approxintltell.

300nnr in s ize,  but is l inr i tecl  in the rrnse of  t lnct ion:r l
groups th.r t  c:rn be p.r t terned. I r radi . r t ion w' i th UV
l ighr o[r  SAM of alkrnct ] r io l . r tes on goLl  oxic i izcs the
thiol . r tes to sr . r l tbn.r tes.  Thc'alk l ' lsrr l ton. l tcs c. ln thcr)  bc
repl . rcecl  w' ich anorhcr alk l r tcthiol l " .  Phorol i tho-
gr.rphic p.r tcerning o[  SAMs h.rs bcen cicntortsrr . tce. l
r rs ing rhis nrct l rodologr:  [Jon'e ' r 'er ,  p. l t tcrr)s forrrrcd bv
LJV hthogr.rphy'  s l tor" 'ccl  lcss rcsolut ior t  t l i . r r t  p. i t tenls
fornred by pCP ( l \e6 7,30).

lvlicrocontact printing followed by selectiue etching
generates nicrostructures oJ gold and oJ silicott

The:rbi l i ry of  r  SAM of hexrt lecanethiohtc to pro-
tcct  thc unclcr ly i r tg gold f ronr dissolv inq in art  aqLrc-
ous cyanidc etch fornrs thc b.rs is [or  a s i r r rp lc tcchnir lue
to nrlkc a rrngc of strtrctr.rres rvith rvell-dcfirred p.rt-
tcrns and nrorphologiessl .  Exposure of  a pattcrnecl
SAM (trsu:rl ly prep.rred using pCP) to the selective
etchrnt  rcsulrs in the dissolut ion of  gold at  thosc
rcgions not protccted by'a SAM (Fig.  2) .  This t t tct l toc{
can be uscd, for exanrplc, to prodr-rce arrays of nricro-
elcctrodesr. Thc microstructures oIgolcl are also use-
ful as nrasks, rvhich protect the underly' ing sil icon frorrr
an etch.  Expostrre ofa s i l icon substrate,  pat terncd r" ' i th
fe 'atrrrcs o[gold,  to an anisotropic alkel ine ctc l i  resulrs
i r r  t l rc control lcd dissol t r t ic-rn of  s i l icorr ,  thcrc[r ; ' r ]cncr ' -
at ing fc 'aturcs o[s i l icon w' i th def ined geonrctr ies.  Thc
sh;rpe of the three-dimensional features is determined
by the etching condi t ions (Fig.  3) .

Applications
Patterned adsorption of proteins on su{aces

M.rny applications require control over the spati.rl
d istr ibtr t ion o[  proteins or other biomolecules ad-
sorbed on sudaces. The pCP techniqtre hls been used
to pattern a SAM into regions ternrinated r"' i th
nrethyl- and (EG)o groups rvith dirnensions dorvn to
1 prn. Exposure of the patterned substrate to a pro-
tein-contlining solution resuked in the irreversiblc
adsorption of prorein to the hydrophobic regions of
the SAM. Scanning elcctron microscopy (SEM) rvas
used to visualize the pattern o[ the protein adl.ryerz'3:
(Fig. a). Alternatively, proteins have been immobilized
onto a sudlce containing patterned regions of a reac-
tive functional group, provided that the complemen-
tary regions are resistant to the adsorption ofproteins.
Bhatia e, al. hn'c described the pattcrning of siloxane
filnr ternrinrted in thiol groups by irradiation with LIV
light through a maskll. The 0uorescent protein, phy-
coerythrin, \\ 'as imrrrobil ized to thiol groups in regions

Figure 2
Procedure for patterning self-assembled monolayers (SAMs) using microcontact prinf
ing. Photolrthography or other methods generates a mask containing features of the
psttern to be reproduced (a).  A polydirnethyls i loxane (PDMS)prepolymer is pourccl
onto the master pattern, allowed to cure (b), and peeled away from the master (c)
The stamp is inked with alkanethiol {d) and used to transfer the alkanethiol to the sur.
face (e); this transfer (f) forms a patterned SAM (the representation of the SAlvl
implies no structure). Exposing the gold substrate to a solution of a different alkane
thiol derrvatizes the bare regions (g): immersion of the patterned SAM in a protern-
containing solution results in adsorption of protein preferentially on one type of sur-
face of the SAM (h). Bare regions of gold remaining after the inittal printing (f) can
also be removed selectrvely by etching (i). Anisotropic etching of the sil icon exposed
by removing the gold generates defined surface topographies U). After cleaning the
substrate, a layer of gold can be deposited (kl; the properties of this contoured sur
face can be controlled by forming a SAM of alkanethiolates (l).

thrt \\'cre protectecl fronr the UV light by the nrask.
Photo- induced oxid;r t ion of  the th io l  grouPs in
regions of the suficc thlt w'ere irrldiated presumably'
producecl negxtively chlrged suhon.rtc groups, which
resisted the adsorption of the proceinlr. Immobilized
arrays of hundreds o[ differeni pCpiides and nucleic
acids werc created by conrbining solid-phase organic
synthesis with photolithogrrphic techniques. Further-

more, Fodor and co-rvorkers prepared a library com-
-prising 1021 difterent Pcptides and assayed the bind-
ing oIe:rch menrber to a fluorescentl] ' lebeled antibodl'
in a s ingle exper inrent l r .
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Figure 3

Features of sr l icon generated by microcontact prrnt ing (pCP) fol lowed by selective

etch ing.  Fracture prof i le  o f  a  sudace r . ; i ih  para l le l t renches 3 1r -m in  wid th .  (Sca le  bar

represents  5  pm.)  The rnset  shows a pat tern o f  square pyrarnrcJa l  p i ts  generated by

etch ing a sur face that  was s tamped twice,  (Sca le  bar  represents  l0  pm.)

Pi l terned cel l  attachnrcnt

Ntc thoc ls  tor  p . r t ter r r ing t l tc  . lc l :orp t io t r  o f  ECM pro-

tc ins  to  s t t r f . tces for t t t  thc  b . rsr r  t i r r  p . r r tern ing the

r t t rchnrent  o I  ce l ls  t r>  s t t rLrccs\ i  \ ' ' .  K le in f , - ' l c ' l  e t  a l .

prcpr r red s i lox l r tc  SA. lv ls ,  cot t t . t t t t i t tq  rcq ions termin-

ated in  nrethy l  and er t t ino groups\" .  Cerebelhr  ce l ls

p l r tc . l  in  nred i : r  cor t t r i r t i r tq  scrun l  ; r t r . rched and gre lv

on l y  on  t he  i on i c ,  r r t hc r  t l t . t t t  t hc  hyd rophob i c ,

reg ions oI  the sud lce,  r , , ' l te rc . ts  cc l ls  p l l ted in  the

abscnce of  serunr  a t t . rched to  : r l l  rc r r ic lns  o f  the sud lce.

S inr ihr  f ind ings \ \ 'e re  obt r i r tcd l ts i t tq  SAlv ls  o [a lkane-

th iohtes on go ld : r .  Presunr . rb l r ' .  there is  a  k inet ic

prefercncc for  serunr  protc i r rs  th . r t  do not  Pronrotc
at t rchment  o [  ce l ls  to  adsorb or t  the hydrophobic

r cq io r t s .

SAMs  p l t t e r r r cd  i n to  -20  X  50  p r r r  i s l . r nds  pc rn l i t

the cont ro l  o f  thc  a t tachnrcnt  o I  ind iv idua l  ce l ls37.

Using pCP o[hexadecanet ] r io l  I  s t t r t . rce wi th  hydro-

phobic isl :rnds of defined sh:rpe antl  size that were sep-

arated by reg ions o[  (EG), , - tc r r t r i r r r ted SAM was

cre. r ted.  Exposure o I  t t r is  s t tbs t r . t re  to  a  so lu t ion o I

hmin in  rest r l ted in  adsorpt ion o I  pro te in  on the

hydrophobic regions. Whcn hep' ' .rset ' t 'ses were plated

on th is  subst ra te ,  they a t tachec i  to  the rectangular

ishnds and conformed to the sh.rpe of the underlying

pattern (Fig. 5). The size oIt l ie isl .rnds control led the

DNA synthesis, cel l  grorvth and protein secretion o[

the attached cel ls. The abi l i ry to p.rt tern defined arrays

o[ imrnobil ized cel ls makes the construction of neu, '

rypes oIrvhole-cel l-based sertsors possible.

Contoured surfaces
Several groups have used photol i thography to make

surfaces contoured into groo! 'es and r idges; these

features stronglv affect the behrvior and growth of

attached cel ls3u' le. Sufices w' i th arr ly 's of grooves of

varying dinrcnsions control lc. l  thc al ignment and

or ient r t ion o [  a t t rched r r r l r r r rn . t l r r r t  ce l ls38,  whereas

sufaces w' i th arrr l 's oIr idges drrcctccl rhe mori l i ry and
irrdrrced the drtTercnti .r t ion oI thc t irnrnrs Urontyces3e.

S.4^}IS ds componcnts oJ dnaly' t i ial  duices

A  n t rn r l . , e r  o [ . r r r . r l v t i c , r l  t ce  l r l ) l r l t r c \  t l t . t t  a re  use fu l  i n

b iorcchnol , rg . , '  . t r t t l  [ ' r iochcrr r l \ t r \  I I Ic . l \ t l re  the proper-

t ies  o I  nr tc r t , rccs:  t i>r  cx . t t t r l ' t l c .  t l re  c l t , t t tqc  in  nrass ac a

sur f  . rcc  (sr r r t . rcc  : ld t ' r t t r t i t '  \ \  l \  ( ' .  ( l i l  l r tz  cr1 's ta l  n l ic ro-

b. t l rncc . l r r t l  ; rcor rs t ie  1 ' '1 .1g.  t l l t r t lc  sc t )s t t rs ) { ( ) ,  or  thc

ch. rnqc in  thc  i t t . . lcx  o I  rc t i . r . . ' t t t ) l ]  I l c . l r  I  s t r r f rce [s t t r -
t . r ce  phs rn ( )n  re \o t ) . t r r cc  ( \ l ' l {  r  ( l \ c t -  - l  1 ) ,  i n t e r f e ro -

rnerr ic  u ' r t ' cg t t i . ' l c '1 .  c l l t1 . ' ' ' ' , ' ' , l l l c t r \  . t r t t l  to t l l  in tern l l

r c f l c c t . r r t cc  t l uo rcscc t l cc l .  I ) r ( ) t c l l l \ ,  ; r nc i bod ies  and

Figure 4

Scanning electron microscope (SElvl) mrcrographs of f ibr inogen

adsorbed on a patterned SAlvl.  A patterned hexadecanethiolate

self-assembled monolayer (SAl '1) on gold was formed by

pCP, and the remainder of the surf ace was derivatized by

exposure to a hexa(ethylene glycolFtermrnated alkanethiol

IHS(CH2)r,(0CH2CH2)"0H1. The patterned substrate was immersed

in a solutron of frbrrnogen ( l  mg ml-t) rn PBS buffer for two hours,

removed from solutton, rtnsed wrth water, and dried. Fibrinogen

adsorbed only to the methyl-termrnated regions of the SAI\I, as illus-

trated by the dark regions in the SElvl mrcrograph. Secondary elec'

tron emrssion from the underlyrng gold rs attenuated by he protein

adlayer. The top image shows a pattern of the type used in micro-

electronrcs crrcurts The bcticr '  ,rn;de Cemonstrates hat micro

contact pr nt,ng rs useful for p. l :e'^ 'r 'g Fe aCsorptron of proteins at

drmensrcns cn the mrcrcn scal '- '

T

EG6OH

I
CH3/protein

I

1 00pm

lOt  rn
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F i g u r e  5

Corr l ro l  o l  t f t t :  s l t , ) l ) ' l  a f ld 5r , ' t - -  of  f l t - 'pJtor-yt t l ' '  on pat terned Sel f -

a ,s i - ' r l b le r l  r r t u t t r t l . t ' / r l r ,  (SA f , ] ' , )  ( - ( ) t r l p r r ' ) r r l g  n re th i l -  and  (e thy lene  g l y '

C9 l ) te r rn r r r . r l i l d  r cg r ( i r  s  f  xp t l : r t r r :  o f  t l r c  SA i ' /  t o  a  so lu t rOn  Of  l am in in

resu l l : ad  rn  sc lec t t ve  ac l ,o rp t ron  o f  t l l ' - '  p r ' - r t e  n  on  the  hyd rophob ic

reg  0n i ,  ce l l ,  a t t l r : h r : r l  p re fe l tn t r . t i l ' 7  t r l  t h i l  p rC te ln -COated  iS landS.

(A) I i re he0- l t , )cytes corr forr t rer- i  t ' t  th ' - '  s i r lc i :  of  the features of  the

Oat te r lec i  SA l , l  (B )  Ce l l s  ac i i re r i l " l  t ' ;  . t r r  unpa t t€ t ' ned  SAM were

ch , r rac tc r t l c t J  t l ' i  s i ) re . l ( l r r i g  an r l  c ' l i i - ce i l  c l r r l " ' : t 5 '  (A )  and  (B )  a re

1 1 , , 1 1 1 , 1 1 ; r - n i t l  t t t i C r ( ) : i f  a ; l i l  ,  o 1  1 r ' l l  ,  t l l  t l  ' , "  : a l  S l : l i r l e d  v l i t h  5  b f O m O -

cJeoxr ' r ; r r (Jrr te (Brc jUt  Or l lT cel  r  (J i l  r r ' '1rr  1-r . l i l ; : r r red substrata showed

nLrc le : r  up take  o f  B rd l l  (D l lA  syn thes rs )  ce i l ;  adheren t  to  the  rec '

ta r rgu l ; r  r s lands  u /e re  p rgven t r t J  f  ron l  sn lg ln$  S  phase  and  under '

gc rng  ch r rmaf r r l  dUp l rca t ron  (c )  LC ' . i .magnr f i c3 t ron  v lew o f  sEM o f

ce l l :  adheren t  to  r : l ands  o f  d , f f e ren t  s r :e  Reproduced ,  w i th  pe r -

rn rs3 ron ,  f  ro r l  Re f  3  7

r r r r r ' l e  r r '  , t . r t l s  l t . t r  r '  l ' , e  e  t l  t ' ( ) l l - l t l : l , l t . .  t l  t t r  t l tC  S t r r [aCeS OI

t l r c ' c  . l c r  t .  c ,  t ( )  l l l . l kL '  l ' ' t . . l - t l t c , - l l l t  :C l t : t ) l - \ '  An  impor t -

. l n t .  g c t l c r . t l  1 ' 1 - , , t ' ' l e t r r  i t t  I t t t t ' r  t r t ' r l l e s c  s c l l s o r s  i s  t h e

n t i l t - \ | r r ' L i f  l e  . t t i : o r I t t , l t t  r l t - 1 ' r r r  r t e  I t ) :  A  c o l l l l l l o n  s t r a t -

c q r  t i ) r  r r r r r r r r r r r z i r r q  t l t t :  l t . t '  t ' , c c t )  t r r  C ( ) . 1 [  C h e  S U r f a C e

, r l , t l ,  . ,  I r - o t e  t l t ,  t t : t t . t l i r  L " r r  t t t c  ' r l l ' ' t t r t t i l t '  t h r t  r e s i s t s

\ \c  l .c l rcvc that  SAMs

t , r l r r ' r  t i r r r c t i on r l  g roups

[ ) r ' . t r ' l r r . ,  r v i l l  be  more

L ( ) l ) r - r 'o l .  . t t  prevent ing

l r ) r  I r ' ,  t l r c  s u f a C e S  O f

l ' r l r . t . e t l j , l f . ,

EI c c t ro c h t trr ist 11' d t r t l n r i c r 0 t/t 't ' l  rrr r/L'r

\  \ \ 1 .  t . t l l  l ' t '  L l : . , , . 1  l , r  l ) l t r t l i t '  t l l ' '  l ' I ' ' ) [ ' c r t i c s  o f  e l e c -

t r  ' . 1 , ' '  [ , ' ,  t l t ' t r l  t l t i i ]  t l l - '  \ l l : [  ]  i t l ' l  l t v  p r o v i d i n g

r ' . . . i r r \ , . 1 ,  n ' . . '  a , ' , L l , ' .  \  \  \ \ ' 1  ' l  l l -  r ' r ' . l c c ' t t r g t h i O l a t c

blocks the transfer of electrons betrveen a gold elec-

trode and an aqueous solution of a redox-active

nrolecule; a SAM rernlinated in an electrorctive group

(e.g.  ferrocene or quinone) medietes the t ransfer o[

eleitrons ro rhe underlying gold elecrrode. Incorpor-

at ion of  an electroact ive group thl t  h ls an electro-

chemical  porenr ia l  sensir ive ro the concentrat ion o[

protons inio a SAM is the brsis for e pH indicarodr;

ih is pr inciple can be extended to other anr lytcs '  A

rapid assay for the an:rlysis of biological analyces, besed

on electiochemiluminescence fronr tris-bipyridine

ruthenium(ll) tap, has bcen developedr+'r; '  Jhi5 glpg

of technology i i rvell suited for SAMs' Using pCP'

regions ofSAM terminered in electroactive groups (or

,.! ion, of b.rre gold) can bc Prtterned rvith din'ren-

si,]n, in the micron range. These nticr.electrodes h.rve

severel advantages ovc; traditional electrodes, includ-

inq snrll l  .,r.r.,.rtr, f irst responsc tirttc's, applic:rbil iry.to

s,r i l l l  s : rnrple vol t rnrcs (evcrt  s inglc t t t : t t t t t t t ' r l i : t r t  ccl ls)

and uti[ry in nredi:r oI low' condrrctiviry{b'

Optically addressahle SAilIs
in.lyi i.r l merho.ls rhrr probe the propcrties of

interf.ries using optical phenonrenr ht! 'e the advr.-

tagcs thrr rhey are frsr, non-invasive and inexpensive.

A"di f f . . t ion-based humidiry scnsor h ' rs been madc

by preparing a sudace hrving hy-drophobic 1n{hydro-
piti i i . t.giont rvith micron-scalc periodiciryaT' Con-

d.nrrrioi of water on rhe hydrophil ic regions results

in a regular parrern of condensation figuY that.acts as

a diffrictio.-grering: the intensiry of a diffracted beam

is a quantitative measure o[the local humidiry'

A i iff.rence interferometer has been constucted by

modifring the suface ofa Tio2-sio) waveguide with

a siloxane monolayer to which the antibody against

hepaticis B anrigen was conjugated. This sensor could

be trsecl to lneastlre the bindirre of hepatit is I l dorvn to

a concentrat ion of  2x 10-11 u in undi luted serut l r { ] .

An optical technique based on SPR measures the

resonance angle of [ght reflected from a glass slide

coated with Jlayer of gold. We prepared a SAM pre-

senring a nickel(l l) complex and used SPR to measure

the bi"nding of a proiein having several tristidine

residues at its C-terminus (Fig 6) (G' B' Sigal'

C. Bamdad, A. Barberis, J' Strominger and G' M'

Whitesides, unPublished).

Implications for fabrication of biosensors

SAMs, especially those formed from the adsorption

of alkanethi,ols on'gold, are the best system norv avail-

able to accomplish the functionalization of surfaces

with complex, reactive or unstable organic grouPs.of

the sorts n1or, relevant in bioanalytical chemistry. The

new capabilities provided !y SAMs make possible the

fabricaiion of new rypes of devices. Other features that

make SAMs of alkinethiolates on gold attractive for

use in the fabrication of biosensors are : the optical

transparency of these 6lms (when supported. on gold

with thickness <100 A) R.f. 5); the electrical con-

ductiviry of the gold; and the stabiliry ofthese lglo-
layers. The abiliry to Pattern the formation of SAMs

t i r . t t  r e r t . t

c t i i ' t  t t r  t ' .

u n \ \ . l l ) t c r l

t l r , - '
. t  t  t , l  [ r  1  l \  l t 1 . '

. l r i : t ) t f r t 1 1 r 1 1
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Figure 6
Surface plasmon fesonance (SPR)was used to measure the rate and quantity of binding ol a His.tagged T{ell receptor construct to a self.assembled mono
layer (SlOl) teminated in ethylene Slycol (EG)r groups and Ni(ll) complexes. {al The mixed SAM contains -5% of he N(ll}functionalized alkanethiol. lmidazole
rings ol the His-tagged protein replace the water ligands of the Ni(ll) complex. (b) The resonance angle ot light reflected lrom he gqM/gold was ptotted in
arbitrary units against time. A large response, due to he change in index of refraction of tfie solution, was observed upon introduction of protein into he flow
cell(dashed curve). The ditlerence between the measured response and this background signal represents binding ol the His.tagSed protein to the SAM.

in simple w'ays trsing pCP allorvs the fabrication oI
ntr l t i -arrry biosensors;  for  exarrrple,  those thet usc
opt ic.r l  d i f l i 'act iorr  or  c lectroclrcnr i l i r r r r i r rcscencc. f l rc
at t r ibutes o[SAMs and pC[)  descr ibed in th is revierv
are just  beginning to f ind appl icat ions in sensors and
bionrater ia ls.  Many more appl icat ions wi l l  cert : r in ly
follorv.
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Successfrtlly nauigating the regrrlatory
maze

Re gtrl.r to ry Prac cice for B iopherrnace utical P roductio n

editcd by A. S. Lubiniecki and S. /. l/argo, lViley-Liss, 1991. UKf76.95
(ix + 555 pdges) ISB.N'0 471 01900 X

This  book is  : rn  excc l lent  ar td
authoritat ive conrpendir.rrn of
reguliltory practice as apPlied to
biopharmaceuticals. Co-edited by
representatives of the
biophannaceutical industry and the
US Food and Drug Adnr.inistration
(FDA), this balanced theme is
continued throughout, with
individual chapten contr ibuted by
senior notables fron-r
b i o tec hn olo gylp harma ce u tic al
companies and the Center for
Biologics Evaluation and Research.
Afthough written primarily from a
US viewpoint, the approach is
common for requirements
w'orldwide, reflecting the move
towards harmonization berween the
internation:rl regulatory bodies, and
also the multinationd status of the
industry. In addition, there are
specific chapten dealing with 

-

the approval process in the
European Union and regulations
in Japan.

The book's content is mainly
confined to discussion of the

nranuf t rc t r r rc  o f  spec i f ic  ger rc
products in heterologous hosts -

which the editon encapsulate as
'novel biotechnolory' - with
reference to therapeutic, in uiuo
diagnostic and prophylactic
products l icenced and in cl inical
trials. The early chapten comprise
detailed reviews of the general
issues relating to the manufacturing,
tescing and regulation of
biopharmaceucicals. There are
overviews of the licensing and
approval process in the USA,
together with an informed
discussion on risk assessment,
government poliry and the FDA's
philosophy on regulation. These are
followed by more detailed reviervs
of the key elements for
manufacture and approval, ..
including determination of the
genetic stabiliry.iif the host cell and
product, continridus c'ell lines and
contaminanr testing,
characterization of recombinant
polypeptides, qudiry control,
process design and fonnulation.

The nriddle ch.rpten use specit ic
products to highlighr thc reglrl.rrory
issues that ntust be ac'ldrcsscd. Thcsc
are rvel l  considercd and evidcntly
rvrirten frorrr penonal expericnce,
either frorn a manufacturing or
regplrtory vicwpoinr. E.xamples are
rvide ranging and include cytokines,
gro\r'th facton, peptide homrones,
coagrrlation factors, erythropoietin,
monoclonal ancibodies and hepatitis
B surface anrigen.

The later chrpren deal w' i th
f;rci l i ry and equiprnerlt  design,
l ic :c r rs i r rg  and t l rc  h igh ly '  top ica l  issuc
of  cornputer  systen l  va l idat ion.
There is a chapter devoted to lvater
systems for biotechnolory facilities,
a crucial uriliry rvhen dealing with
parenterr l  products, and potential ly '
one of thc major heartaches lvhen
undergoing rcguletory inspcctions.
There are also useful reviews orr
microheterogeneiry of biological
products and regulacory aspects of
contract manufacturing. This htter
topic is highly relevant in the 1990s,
as cornpanies seek to constrain
capitd costs prior to completion of
clinical trials and proven efficacy of
their products. Contracting-out, and
the use of mult i-product faci l i t ies, is
essential for the small and medium-
sized biotechnolory companies,
given the range of products now in
development.

The 6nal chaprer entitled
'LJnresolved issues' recognizes the
continuing debate on horv best to
handle'novel biotechnolory' .  I t
covers such issues as cel lular DNA,
retroviral contaminants, hunran
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