
7G

Reprint Scries
24 Mty I99I, Volumc 252, pp. I164-1167

r^t o

DCIEI\CE

Self-Assembled Organic Monolayers : Model Systems
for Studying Adsorption of Proteins at Surfaces

IGvrx; L. Pnrvg lro Gronce M. WrrrresrDEs*

C,opyright O 1991 by the American fusociation for the Advancemcnt of Sciencc



Self-Assembled Organic Monolayers :
for Snrdyitg Adsorption of Proteins

Model Systems
at Surfaces

Kr,lrN L. Pru,raE Al.tD Gr,once, M. WHrrEslor,s*

Sclf-assemblcd monolayers (SAfvIs) of or-functionalizcd long-chain alkancthiolatcs on

gold 6lms arc cxccllcnt modil qfstcms with which to snrdy thc intcnctions of protcins

ii,tr otganic surfaccs. Monolrycrs containing mixilrcs of hydrophobic (mcthyl-

tc.min"f,d) and hydrophilic py&oryl', maltosc-, sd hcxa(cthylcnc glycol)-tcrmi-

natcdJ alkancthiols can 
-bc 

t.ilo.id to sclcct spccific dcgrccs of ad.orPtion: thc ernount

of protcin adsorbcd vrrics monotonielly with thc com1rcsltio1 ofthc monolaycr. Thc

hcra(cthylcnc glycolftcrminatcd SAlvIs arc thc mosi cffcctivc in rcsisting_ qrgtcT
adsorption. Th'c'abiliry to crc2tc interfaccs with similar structrrcs and wclldcfncd

com$sitions should -rt . it possiblc to tcst hlpothcscs conccrning protcin adrcrption'

(5), and ccllutar adhcsion (5). No s1'stcm is

avaitabtc that pcrmis thc stnrcturc md

propcnies of thc intcrfacc to bc controllcd in

i.riit sufficicnt for thc invcstigation of hy'

pothcscs conccrning protcin adsorption at

thc motccutar tcvcl. Wc rcport r snrdy of

protcin adsorption at intcdaccs bcrwccn

$rqldt and rqucous bufcr solutions. Thc
rcsutts indicetc that thc organic intcrfrccs
prcparcd by thc sclf'esscmbly of long<hrin

NDERSTA}{DING THE MECFI.ANISM

rcscarch
clinical diagnostics (4), biomcdicel matcrials

of protein adsorption at surfaccs
(1, 2) is an imponanr ckmcnt of
in protcin chromatognphy (J),
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rliiancthiols onro gold arc suitablc modcl
s\'srcms for rhc srudv of prorcin adsorpdon
ai inrcrfaccs.

\\'c prcparcd rhc S.t\ls bv thc chcmisorp-
cion of alJnncrhiols from 0.25 m.,'V solutions
in crhanol or mcrhanol onto rhin (200 t 20
nm) gold 6lrns supponcd on silicon r*'afcrs
(7). In 5l\1s dcrivc'l from to-subsdnrtcd d-
brc-I-thiols [R(CH2)"SH, n ] 10, whcrc
F. is a smell functiona.l group], th. molco.rlcs
pack dcnxh'on thc gold mrfacc in a prcdom-
u:aidv rr.rrucrrcodcd conformatioq u'idr thc
r-rcs of rhc pohmcrhvlcnc chairu at an altragc
cert of =30" from thc zurfacc normal (8). Thc
ir;c-ral dorneiru of rhcsc monolavers arc pscu-
Cosr:uilinc; thc chain rcrmini are lcss or-
Ccrcd (9). Onc can consolrhc inccrfacirl p-p
cnies of r.\csc monolavcrs bv changing thc tail
groupr R. S.d\ls comprising mlmlrc of nvo
or morc componcns can bc prcparcd by'ad-
sorpcion from solutions conraining mimucs of
rhcsc com;nnens: thc componcns of such
"mi,rcd S.{\ls" arc nor scgrcgatcd inro macre

Fig.  1.  Schcmrt ic  rcpresentat ion of  thc strucures
o f  m l red  mono lavcn  o f  HO(CH: ) r rSH end
CH3(CH: ) r05H l top ) ,  o f  G lc -o (1 ,4 ) -G lc -

F ( l ) - o ( c H r ) r o s H  e n d  c H 3 ( c H : ) g s H  ( m i d -
dJc ) ,  end  o f  HO(CH2CHTO)6(CH2)11SH and
CHr(CH:)roSH (bonom).  Thc cthvlcnc glvcol
chains in thc lorvcr strucmrc arc flcxiblc but
probablv prc[er r hclicd conformation u'hcn in
conrr( uirh r.r 'rrer (J?). Thc arcas of thc hrrchcd
rcgions arc roughlv proponiona.l to thc cross'
scctionrl rrcrs of thc polrr rail groups. Thc scdc
brr . is  rpproximatc and appl ics to d l  thrcc iUus'
t  r r  I  l ons .
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scopic islands (t0). This combination of a

uniform subccatc and thc abilirl'to conrrol thc
composirio*-and to some dcgrce thc smtc-
nrrc--of thc inrcfacc at thc molccujar scalc
havc madc SAIIs exccllcnt s\stems u'ith rvhich

ro srud)' the phr:icd€rganic chcmistn' of or'

ganic intcrfaccs.
!\rc uscd 6r'e alliancthiols, R(CH2)1eSH:

R = H O C H T - ,  I  ( 1 0 ) ;  R = G l c - < ( 1 , 4 ) -
Glc-p(l!C, Glc = glucosc, 2 (11); R =

HO(C}I2CH2O)6CH r-,3 (12); R = H-, 4
(I3); and R = ClIs-, 5 (10). Thc S.d\tu dc'

rivcd from I, 2, and 3 modcl thrcc marcrids
drat rcsist thc adsorpdon of protcins: h1'drox-

I'lated pollm.n such as poll'fty'&on'cthvi
me*racn'larc) (14), agarosc (15), and polrmcn
conraining polv(cchvlcnc oxidc) (16)., rcspcc'
dvch'. For cach modcl qsterr\ wc prcparcd a
scrics of mircd S.{\ls (10) from a hr'&ophilic
alkancchiol ( 17) (I, 2, or 3) and a hvdrophobic

alkrncthiol (5 uirh l  and 3;4 ui*r?).n.

scntctures of thcsc mlrcd S.\.\{s are shotrn
schcmacicelv in Fig. l. \tr'c calculated drc molc

fracdon of hvdrophilic alkencrhiolatc in cach

mlred S.{\l, 1, bv normalizjng thc intcrsirl'of

thc Ol Lr) x-rav phoroclccu"on pcak obaincd

from rhc mi-rcd S$1 ro thar of a SAI1 con-

aining onJv thc hr&opl'uJjc comPncnt and by
assuming thrt rhis nornrrlr*d rnrcrsirf is di'

rcctiv proponionrl to rhc nurnbcr of on'gen
atorns in thc S.\\1. ln'lhc c.:-sc of S.\\ls formcd

from mlmrres of 3 a:ld 5, rrc intensig'of thc

O(L) pcak is Lt*b'prcp'odonal rc thc dlip

somctric thidincss of rhc S$1 (12); this ob

scnarion ls saong o'idcncc d-rat our assumP

don is rzlid for rhc othcr r\\'o c:scs.
!\'c cxamincd thc adsorprion of fivc wcU-

charactcrizcd prorcins, ribonuclcasc A
(R-\asc A), prnn'atc kinasc, fibrinogcq l1''

sozvmc, and chymocn'psinogcn (I8) '  on
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Flg. Z.Adsorpcion of protcins to mired S.{\ts varics monotonicellv u ith thc composition of thc SAI{'

Th-c thickncri, d, of rhc adsorbcd 6lm of fu\asc A (top), pt*tir. kinasc (middJe), and.fbrinogcn

fb""on11 on mired SAlvts containing HO(CH;);,SH_ and CH3(CH2)roSH (diarnonds'

i{ = HcicHr), Gtc<(1,4)-Gtc-p(l)-o(eH:),osH ;;a CH3(CH:)eSH (circlcs, R --Gl!,O,

Gl. = gtu."r.), or HolCi{rCHro)ot'CHrl,,SH'Ld cH3(cHJl,osH Itgr"t.s, R = HO(EG).C.H:'
iC = !J',,!.n.'glvcol, -OCiIrCHr-)'ir ptii"la es a functiln of thJ composition (lcft) rnd wcnabilirl'
(righr) of ,h. Sfrt. 

.fn. 
fiU;d dd'hollo*' sr:nbols rcprescnr dara dcrivcd from rw'o indcpndcnr

ixftrim.nts. Thc valucs of d u,erc dcrcrmincd by cUipiomctn' and rcprcs.cnt thc averlgc of thrce

;:;;;.;;s-madc at diffcrcnt posidons." iiiqgr. sr-Lpl.. Thc standaid dcriations of th'c obscrvcd

rlalucs of d are no lrrger rhan thJ slmbots r.pr.r.,i.ing tht d.r.. Thc vducs of x thc molc fraction of

R(CH,)roS on thc li.f..., *.r.nrl.rur.d biforc prorlin adsorption. Each raluc is.thc intcnsi.y-of thc

Oif rl iiiil' pt,o,o.tcctron pcak of thc SA]\4, norrnilit d to X'{,['i'rr,oru = 
I for a S,{,\t contriningonly

niCHrf ,o5 ]Thc ,.alucs of'o. ar. rhc mrtimum advancing cdtiuct'a,iglis-of^u'atcr (10,.30) ol tfc S{U

b.iot. pi6rcin a&orption. th. drtr erc offscr vcnically ior clrriq'; tic drshcd lincs show thc locldon
;ii = 

'O 
A t". ,a.o?U.J pio,.in) for cech scries of mi.xcd S,t\ti. Thc solid cun'cs orgurizc thc d:ta

visuallv but do not rcprcscnt tn ancmpt to modcl thc drta.
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L ,r. t .  mlxcd S.\\ Is (19). Thc rcsutcs for

l/R-lrs., fibrinogcn, and pvnrvarc kinasc arc

l/ tumm^rizcd in Fig.2 (20). \Vc mcasurcd thc

/ rhickncss, d, of rhc adsorbcd protcin 6lm on
cach S.{\{ bv cliipsomcol', trcating thc 6lm
as a homogcncous lavcr of uniform thick'
ncss '* ' i th a refracdvc indcx of l .aS (21).

Anv dift'crcncc bcru'ccn thc rcal rcfractivc
indcx of thc adsorbcd protcin and 1.45
rcsulcs in a svstcmacic crror in thc calculatcd
rhickncss but docs noc change thc rclarivc
vaiucs or thc conclusions. Thc calcuJatcd
valucs of tirickncss are acfltrate to uithin
=2t% (22) .

Thc dara in Fig. 2 point to scvcral con'
ciusions. (i) Thc svstem comprising protcins
adsorbcd on SA.Nls of ali<ancthiolatcs on
gold gcncrarcs rcproduciblc dara conce*ing
thc cxtcnt of protcin adsorprion. Thc sten-
dard dcviacions of mcasurcmena of d takcn
on scvcral indcpcndcndv prcparcd semplcs

arc u'irhin rhc rangc of I to 4 A, ncar thc I

ro 2 A [mir of cl l ipsomcm'. Thc N(Is)

phoroclccron signals from adsorbcd 6lms of
chlmocq'psinogcn corrclarc u'cll u'ith thc
va.lucs of d dcrcrmincd bv cUipsomccry e3).
This obscn'rr ion suggcsts thar variabi l in '  in
thc rcfraccivc indiccs of thc adsorbcd pro'
rcins, * 'hich u'ould cause nonuniform crrors

in thc calculadon of d, arc nor imponanr in

this st 'stcm. ( i i )  S.{Vs conraining high con-

ccnrnions of 3 prcvcnr adsoqprion of thc

f ir 'c prorcins cxamincd, including 6brino'
gcn. SAMs containing high conccnrracions
of 2 ncarlv el iminarc thc adsoqpcion of 6'

brinogcn and pr'rur'atc kinasc and prcvcnr
adsorpdon of rhc orlrcr protcins cxamincd.
( i i i )  Thc obscn'cd valuc of thc thickncss of

rhe adsorbcd protcin lat 'cr on rhc hvdropho-

bic, mcthvl-tcrminated surfacc (4 or 5;

x = 0 in Fig. 2) corrcsponds approximatclv
to that cxpcctcd for a monolavcr of narivc

protcin (24-2i).  C.onsisrenr u' irh othcrs' ob'

sen'arions (28), mult i lavcrs of protcin ap-

pcar not to form. ( ir ' )Thcrc is onlv a gencral

corrclarion bcr*'cen the intcrfacial frcc cncr'

g)' of thc S.A'\{ [as mcasurcd by' cos 0., the

cosinc of thc meximum advancing contact

angle of u'ater on thc S.{\1 (29)) and d.

Ahhough u'ithin a sct of SA'\Is dcrivcd from
thc samc componenu more hvdrophobic
surfaccs adsorb grcatcr quanritics of prorcin,
rhc thickncss of thc adsorbcd protcin fiLn at

anv givcn intcrfacid frcc cncrgl' diffcrs for
cach hi 'drophi l ic component. For cxamplc,
u'hen 0, = 34o, protcins do not adsorb to

S.t. \ ls conraining HO(CH2CHTO)o-
groups but do adsorb to S.A.\{s containing

Glc-c(1,4)-Glc-p(l)-O- or HOCH2-
groups. Thc same cffccr is obscrvcd u'hen

rhe vducs of d for diffcrcnt prorcins on

S.t.\{s of cqual rcccding contact englc, 0,,

arc comparcd.
From this l imitcd ser of dara, i t  is prcma'
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rLlrc to infcr mcchanisms of adsorption of

protcins at intcrfaccs. Thc obscn'ation thar

ldsorpdon incrcascs as hvdrophobiciq' in'

crcrsCs (for a givcn sct of componcnts) is

cxpcctcd and consistcnt u'irh thc idca that

hrdrophobic intcracrions arc imponant in

prorcin adsoqpcion. Thc obscn'ation that

HO(CH2CHTO).- grouPs arc cspccial lv

cffccdvc in pro'cnring protcin adsorprion

suggcsEs that stcric scabilization-a Phc'
nomenon commonlv uscd to cxplain thc

stabiliry of coUoidal suspcnsions in thc prcs-

cncc of polrrncrs (-70)-is imponant in prc'

vcnr ing prorc in  adsorpr ion (J I ) .  Thc cx '

rcnr to '* 'hich cntropic rcpulsion (J0)

conrriburcs to thc srcric stabiliz-ation is not

ctcar and mav vary u' i th x: the stcric rc-

quircmcnts of packing in thc SAI' I  should

rlducc thc conformrt ional cnrroPy of thc

HO(CH2CHTO). -  grouPs as thc i r  con-

cenrrarion in the S.\\1 incrcascs. \ \rc bc-

l icvc thar S.{\ ls arc thc bcst dcf incd st 's '

rcms now avai lab lc  for  cxamin ing rhc

in tcract ions o f  prorc ins and sur faccs and

thar  thc l '  u ' i l l  p rov idc rhc mcans to  res i

manv of  rhc  cur rcnr  hvpotheses rcgard ing

thc mcchrn isms o i  rhcsc in tcracr ions.
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b l , r * :  C r  u t l h  n i : : - , i j n  l r  r ' r s  i m m c r r d  i n  r n

ur i : : : ' : . i  so lu t :on  o [  p rorc in  ( l  mg/ml  in  l0  m ' \ l

rqL . -u5  phosph: rc  bu fc r ,  pH 7 . - t '  23 'C"  I  hour l

". , j . ,  
r ,r  lni  S.trt  u:-s then rcmovcd from rclu-

! ro . .  r ' rn (co  5L \  t ! inc r  u  r rh  2 'ml  r l rquon o f  d i l t i l l cd ,

C c r o r r r J  * r t c r : p p l r c J  l s  M t c u n  f r o m  r  P r s t c u r

?r;<::c. rnd blo*'n dn u i th a trrclr l  of nitrogcn

gxrcJ tnrough rnothcr lrstcur pipcnc r l  I  Prcsurc
oi )0 psr l7O k. l .)  :bovc etmosphcric prcssurc.

L' l ins this prorocol. u'c found thrt our rcrultr wcrc

rnscn-s,r, .c io sm:l l  r ' : r i r t ions in thc r insing procc'

durc  en . l  in  thc  t imc o f  immcrs ion .

20. Our choicc of protcins for Frg 2 u'r- mldc to

i l lusrrr lc rcprcscntrt ivc adsorption. isothcrms' A

surrrbl l  str l id plor oI rhc d.rr:  obrl incd from-I1'ro

z\mc u ould lup'cr imp'csc uPn. rhc d:tr from f ibrin'

ogcn Likcu' isc, thc drt:  for chrmotn'p' l inogcn on

th'c scrics prcp:rcd from 2 rnd from 3 lrt -ncrrly
inCrsringuishr't'I. ftot rhc C:lr for RNrsc; chrmo-

,", !r ;nJg.n rnd pvrur ' : tc kinrs< show bchivior

ni ir l t  i idisr inguisi-rrblc from c:ch othcr on mircd

5.\\ ts prcprrcd from l.

21. Thc r. ir .ct iuc indcr of rn rdsorbcd protcin f i lm is

cSecivclv const3nt oncc thc r&orption pletcru is

rcrrhcd (t .  , t .  Cutp..t  et o!. ,  J '  Biol '  Chcm' 25E,

2 . {16  (1933)1 .  \ \ ' i  usc  n  =  l ' ' t5  bccrusc  i t  i r  ncar

thc lrerrgc oithc rcponcd r ' : tucs of nfot r nurnbcr

o f  n ro tc i i s  I r rnqc ,  ] .3 {  to  l  7 l  (JJ ) l  rnd  i t  cor rc '

i.*i"a. to r'i't. *ilu. of n uscd in crrlicr rnrdics of

S $ { s  ( 7 ; .

22 .  Choos ing  n  =  1 .33  or  n  =  l '71  ouscs  125% in '

.r..r. oi dccrc:sc' rcsp<cti*clr', in thc calcuhtcd

vrjucs of d, rcletivc to thc valucs obaincd for

n  -  1 . 4 5 .
23. Thc photoclcctron signel.obscn'ca,ft f , lg l tom in

a t}r; l  f iun is proponionrl ro I  -  c(-r i \er ')rs'hcrcd

ir rhc thickncst 6f ,h. fitrn, r is thc cscep &pth of

thc photoclcaron through rlrc 6lrn, rnd:in 0 is thc

.ngL b".r^'..n rhc suf:lc normrl rnd rlr uetrzcr

[C' D Brin rnd G. I t .  \ \Tri toido, J'  Phy' C7a,cn'

b r .  tozo  (  I989/ I  Thc  v r luc  o f t  fo rp rorc in6 l rns  i r

,
'
I

I
I
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rrct Lrcsrr. dctcrnr::or: of'L: r:aJjir:c vrluc Of t
requires condnuous L-s of 4,5<rnt drklncssc.
This sitcrion is nor r-c: 5r c\< ptcbrblv drs<onrin-
uoru 6lrns formcl ir. .-'-r r:udv Thu. onJy r gud-
iotiw cornpnrcr': oi rcr..is Forn dliponrctry rnd
r-nv photo<lcc3c tFsorcopy ()PS) k pcsiblc
rt uts cnc. Ur.:g Ac rCuc of d obaincd by
cUpeccrc:; r.i $.c r;'::cnsiics of drc N(lr) pcels,
wc fo'.,:rJ *.rr kes':.rcurres 6aing to drc rbovc
eq.u:c: ' .  r :c,.Jcd . 5i * iCr I  -  0.9i,  n - l l .

:{ 
'i}.c 

:u:-:6!: r*J ro"rderd dcrirrions of drc ob
rcrcC d:Lrcrlo of rdrcrbcd protcin 6lmt on
ncd:r'l-rc:-,ngr:tcd S.\\ls ncrc 2l - t A (Rl.fasc),
53 : 3 A l6brinogcn), end 38 - I A (pynrvrrc
Lr:r<l. F-rCt rnluc rcprcs<nc en avcngc of 18
i:.c1su:=;rcncl. Tfuec mcrsurcrncncr wcfc madc
rcn Cr5c;qtr poiiors on c:ch of sir indcpcndcndy
prpu-J r"rnplcs to dcriw drcs< rduc.

15. L\lr A (molcorJrr wcight -13,70O) formr mon-
o:.r.^.rc o:trls wiCr onc molcculc pcr unit ccll- T -c
p** of dlc u.rit ccll ut a -'30 { f - ae d
r - 53.\ B - 106'[.4- l4'lo&*'cr, L. A Svcnsorl
L Sfoclsr, G. L Gillii:n4 Birr,haoir.ry 27,2705
(  rers)1.

26. l\nrvarc hinesc is r rccrrmcric cn^mc of idcnticrl
subuniu; thc dirncruioru of r,\c rcremcric mohoJe
uc 75, 95, md 125 A. Tfr. molcculrr wcighr of czch
subunir ir 5{,600 in yast rnd 57,9O0 in qt muscJc.
(ln thir rmdy wc uscd cn4mc isol:tcd from nbbir
mudc.) Thc lh:p of cuch subunit is rpprorimercd
bv u cllipoid 75 A long *'irh : merirnum cznr-
virs< djln<tcr of +S A []i. Murrhod, Bb!. Mrro-
n'el.  Asan. 3, 143 (1987)].  tA'c do nor lno.r
c'hcdrc drc molcorlc rcairu its tca-rmcri< ltructurc
upon rdrcrpcion.

27. Hurn:.n 6brinogcn (molcorler wcighr -3{0,000) ir
a tEruFJrdJy complcr protcrn conreining r<r/crzl
domeiru connccrcd by'morc ficrjblc scgmcno [f. r{.
Sh:.fcr rnd D. L. t{rgg1ru,Crit. Rev. C1aa. Lab. Sci.
26, I  119881]. Ir  is, chcrcforc, d:S.l l r  to providc
s;<ofc molcorl.rr prrxndcrs for comprrison widr
our crpcrimcntel rcsulcs.

28. F. , l l ld{.r lchic,zlJu. Protcin Cttm. 32, 283 (197t).
29. R. H. Dcrct ud R. E. Johruon J Phyt.C}.an..69,

1507  ( l e6s ) .
30. Stcric rtzbi! i ' .don of hv&ophobic col loidl in rquc.

ous rclucjon occrrn u'hcn : hvdrophilic polymcr is
:drcrbcd rt thc colloid.*'arcr inrcrficc. Thir poly-
mcr pr<!'cn6 docculacion of r*'o coUoid panidcl h
clo q r)'t Finq rppro:ch of th< putidcs to r
djsancc ruch th:t tlrc sccng*.i of thc rru':lctivc
hvdrophobic intcncdon riscs ebovc lT (*'hcrc t ir
thc Bolanrnn corut:nt end T is tcmpnnrrc) is
inhrbircd cnr.lrdpiolJl bl chrngcs h thc confgun-
rjon of drc po[mcr end prhrps bv ics dcolrzcjon rs
ir ir cocrprcrcd. Sccond, for corJcC pollmcn, loec of
conforrrrdonr.l cnropv duc to thc rpproech of thc
r*'o perticlcs to onc errcchcr cr.r16 r rcpulriw forcc
rh:t hclp to opporc thc rrq-:cdvc hydrophobic
inrcnction. Wc rcfcr to drc sccond c6-ea ar 'cn-

aopic rcpulsioq" coruisrcnr uidr D. H. Evcrcc

[Bo:k P;ncipb: oJColb;t Srre'<c (Ro1:.1 Scicry of
Chcmjlsr-,  London, 1988;, pp. 45-501.

31. For r compuudon:l rcesnent of surfrcc-gnftcd
o[go(co\1'lcnc glycol) cheiru, scc lv{. BjiSrting, P.
Liru<, G. Kulsaonl l. Ovn. Phyt. 91, 171
(1990); G. Kubadm, 6,:r.  E9, 4962 ( 1985). For r
thcorcdqJ coruidcnrion of rhc prorcin rcsisanrcc of
lurf:cc-gnftcd poly(cth1'lcnc gl1'col) sr.rfrccs, rc S.
I l .oq f.  H. Irc, I .  D. Andndc, P.C.& C.r<nncs,

J. Collcid Inutfaet Sd. 142, l{9 (1991); S. I. lcon
end !.  D. Andndc, Orl. ,  p. 159.

32. H. lvlasuur:, K. Fukuhra S. Mesrroki, l'1. Seh-
kibrr: ,  . / .  Am. oxa- So<. l13, l l93 (1991); H.

25r  ( re8s) .
33. For stnJ crernplcr, scc T. Arncbnnt, B. Irnrsrcq

K. L:nrcq I. Lundsscin\ T. N1'lendcr, Ptq. Ql-
hA Polyn. Sc' ' .  70, 62 (19E5); P. A Culpcn, W. T.
Hcrmcru, H. C. Hcrnf cr, Anal. Birrllxlal- 8{, 56
(  r  e7E).

3{. Supponcd by th. Nrcjonel Scicncc Foundation
(lrSF) undcr thc Enginccring Rcscerch Qntcr lni-
ti:civc to thc Mesrechr.rscnr lrucirutc of Tcclunlogy
Biotcclurclogl' Proccss Enginccring C.cntcr (coopcr.
rdvc rgrecmcnt CDR-88-03014), by drc OGcc of
N:r'rl Rcscerch, r.rd by rhc Dcfcnr Advrrrcd Rc-
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