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I MvrjNoassays ^RE snalylical @chniques based
| ,on an fhmunological Eacrion. Wirh rhc i[Eoduclion
or ctomFtitiv. radioirnmunorssay (RJA) by yalow and6€rson m lhc 1950s, dlEction of vcry low conccntz-
tons of adigcn! (Ags) or andbodies (Abs) bccamepraclcal. ' Although both high s€lsitivity and spccificity
arE obtained, lhctE al! scvsal disadvanrages with RJA.
lleailn haards, disposal difficulties, and shon shclf|rlc, rIl |nc host Eoublcsonc problams of usrng
radioisolopcs. TharcfoE. tronisotopic labcls hnve De€n
sought to substitulc fm radioisotoFs. Enzynes .nd
ruorcsc.nt molcculcs arc $e mort poprla, alLcmauvc
raD€ts, loo hatcmgcrcous (scparation $cF rEquircd)
rnd homogcneous (no scparation) g?es ofcnztmcim-
munorssay (ElA) rld fluoroirnmunoassay lFlA; havc
ecn oevcbpcd and arE bcing uscd mor! fiEquentty in
lh. clinical laboraros

Furtficnnorc, bccausc ofrtccnl Fogrcss in ilrunutot-
ogy and biotccbology, csF.ially wilh 0lc advcnl of
monoclonal Ab (MAb) tecthiqucs. it is possible to
FDouca a wide rrngc of purE Abs against an ,lmosl
u laliEd trunbcr of A8s. During rhc ia& lg?Os, atr
cxplostvc grorvlh occurrrd in th. appiicarion of im-
mutollssry to oths biom.dical ficl& as wcll rs to
ronbiomadical arE€s, such as agricultuc and cnv[on.
mcntat monitorin!.

Alrhou€h cfiv;ndond ir[Dunorsssys arE powertul
at|alyocat bchniquas, ahay ale subjert to scyaral
limi|aions, Thcy ltE slow rnd requirr t eined technF
igll *ldTl 9: |."t in a c.nrr.rizcd taborErory.
rnc detay itr obtaining rtsults could c|use inconvent_
cncc oa cvcn ascrious pmbleln to thc peticnCs safety.rnercrorE. rt $ dcsirable for physicians to bc able !o
,olljll:lulcxly, rDdconrinuousty moniror lhc changern andyG concantration,
. Sinc! 0rc cariy 1980s. considc.abl. ,rscarch cflonsnrvc bcen dcvoted b thc dcvclopm€nt of optrcal
fluorotmrhunoscnsoas bccausc | ) thc scnsitiva FIA carrE crs y- uscd in scnsm modc: 2) thc apparatus can oeoestgn€d suclt llrlt th€ assay can be performed bynono-aincd people withour a dcdicared labonroryl 3)rhc rlagcnls Equir.d for rhc a!s!y can b€ prcpackcd intic s€nsing cl.mcnr ro provid€ fast and_co;rinuous
m.rsurcments; 4) lhe oprical .lemenl rransmils lisht

,l:y::: L ^ * oryl*rt.4 B i@ n I i tu. a,s. c o t t. a. olE"t!t@:t. u^D.Bi.yof Ut4h. Salt t r, cty. ubh. rt a,,i.qty:-!'yryy*"y,_y-b.i,s,qpon d b, th. us ahy^.w utte tLotuttt AAO 25539-IS) edb, itotiMl tanuasq d.duh (.itd Et- j7U4).

4.q., (4.t*4 L a-!b'
j .r!, .iirtaEc:_l

Fiber-optic fluorescence immunosensors

AY J.T. IVES, J,N. LIN, ANO J.O. ANDMDE

cficicnrly, rhus it has $c abilily for Emor. scnsing;
)) $c assay has thc po{lnlial for in vivo rhoniloring
dur !o tic casc of minialurizrtioni and 6) thc oFici
:av.gurde can bc.dcsigrcd fo, multicll.rod scnsing.
Lxrrc rEsults indicalc that oplicai immunoscnsors
may.w€ll b€ a substirution which will pmvidc bctter
scrvica lnan convcdional immunorssays in mrny
stuatrons-

Thisaniclcdiscusrasthc,,rinciplcsof imr noassays
and oFics for immunoscnsing. Diffcrcnr st-aEri.s ford.sigfing thc scnsors will bc bdcfly rcvicw; wirh
sFc|ltc €xamplcs fiom drc litcratutE.

g.ckg.ound

. Thc.bindirg of an Ag ro an Ab tatcs placc byformalion of mulriple noncovalenr bood; hctwccn rlteamtgcnlc (rcGlmitr'nt and drc Ab activc sit€. ThcaEactive forces ircludc hydrogcn bondinr. clccsD-.stadc, van de. Waals, and hydrophobic fii.racrioos
and ar! crirically dcFndenr on thc disrarc! b.nr!.n
lhc m&Iaclirg groups. This mcsns thar 6c shsDc ofth.
AD acfivc aite musl fit rhc &tigcnic dcilrminanr ro givc
srSDtrcant anractivc forccs bctwccn drc N/o. Th-us
Ab-Ag linding shows r-hi8h dcgEc of sF.ificry.
Arso, stncc ute noncovalcnt bonds arE dissociablc,
Ab-Ag re3ciiors &E llv.rsibtc .nd the Law of M&5s
Acrion c.n be applicd. If [Agl ard IAb] dcnolc |hc
concrrtntioo of fiE Ag and Ab, Espectivcly: and
IAb.Agj, thc Ab..Ag corhptex conctno-rrion: thcn the€quilibnum binding cxprrssion is given by:

1oo1 * 1^r1 51oororl
wh.rE X. is lhc afiinity for bi.ding a monovatenr Ag
to. an .Ab. Thc. magoitudc of K. inAicacs thc sutngth
or Indlvdual Ab-Aq bindins.

ComFtitiv. FIA is u,ideiy uscd in thc deredtor otAtsAS.raadions ard has bccn ,pplicd ro the dcvelop
mcnl ot-optrcal inmunoscnsors. Il can be pcrformed in
rwo d|llc|tnt ways, It| thc first casc, thc Ab is im_
mobiliz€d on a solid surfac. followcd by crposurc roan Ag sotution (FiB!.? ra). t belcd Ag (fir.d concen-
lirion) and unlabeled Ag (srsndard or i;bown ) In rhe
soruoon competc with cach othcr for a constant lnd
limited numbcr of Ab aclive siGs. Wirh incr.arine
amounts of urlabeled Ag, thc amounr of labetcd ig
Dound to Ab will dccrEase. Afler a scparalion |o rEmove
thc free Ag siSnal, the bound ard labeled Ar fundions
asa uacer for delcrmining lhc toral Ag con;nrarion.

In lnc s€cond case, thc immobilizld Abs are pr!.
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loaded wilh lsbcl.d Ags (FigurE lb). Ir the prrs€ncc
of samplc, thc labcld Ag is gr"adually r€placed by
uolabclcd Ag and the degrr. ofcxchangc a! equilibrium
&pcnds on fic Ag conccdu-ation in thc sample. Ho\r-
cvcr, thc ral! ofcxchrnga or rlsponsc tima is dctarmined
by thc dissociation rate, kr, of thc Ab and labclcd Ag
complex. lt has bccn sho\rn thal Abs with high scnsitiv-
iiy (i.e. high KJ nonn.illy havc slow k2. For th. binding
of monovelant Ags, such as low molecular wcight
drugs, th. cxchangc can rrach c4uilibrium within a
rEasorablc Espoosc time (15-20 min). On thc orh.r
haDd, wh.n large ABs likeproteins with many a igenic
dctctmindfs arE used, k2 is scvcrcly rcduced du€ to
mullivalent binding and slow diffusion of the Ag.
Exchsngc thcn bcconcs an impracdcal m.lhod for an
assay.

fhc assays crn also be uscd to monitor Ab concen-
tration by immobilizing rhe Ag firsr, followed by

H 't 989



IUMUNOSENSORS cotdtuod

.[Ned.dralton !!n@

whcrE lhc $rbsctiF o indicrtcs thc tctminal ttFdium
rnd is lhc half rngl. of thc cnissioo cora (Figut!
2). Fluors locrtcd at aqlcs widlt lbatr d!fiDcd by lhe
NA atr not ercitad by light lcrving thc fib.t cnd' nor
ir thcir cnissior colc.lcd by thc oPticrl fibcr.

fuicd fbcrs utilira TIR to achiar€ long proPagation
tc[sihs with v.ry low lo6!ca, but sr|othcr fcatuE ofTIR
crD-ba uscd in ;pdcd scnsing for surfac scnsitivity
Whcn liSht i5 inrcmally 'lfl.cLd frDrn a diclectric
intcdacc, dl. itrtdfacial intcnsitt is nol cqual to zcro.
Physical rcquiErncnts ofcontinuity across an intcdace
rEsult in an cxponcnlially dccaying ficld which Fne'
tFtcs irto mcdium 2 (Fi8rt? J). This ficld is callcd lhc
rvancsccnt fiald. The d!c!y iaL oflhc cvrtlsccnt fi€ld
dcDcads uDon thc inci&nt wrvalcn8th, El.tivc rcfrac-
tivc indicts ofmcdiurn I rnd 2. and an8lc of incidencc.
but fcr a typical fluoroimmurcscnsor (qurnz oPtical-
fibcr, visi6t litho, lh. powcr d+!ys to onc'rhird of
thc intcrfecial valuc in 50G1000A. By 't noving the
claddine lo cxDos€ thc fibd corc, th. sMac. localized
crlrati6n ficlil can bc uscd to cxcita fluors clos€ lo thc
surfacc, rathct than in lhe bulk (Figur€ 3)

Evancsccnt fial& cm slso ba uscd to couple r
sutfrcclocalizcd fluorcsccnt signal back i o the
opticd tibct whcE it is guidcd to s tlmolc d€ledor'
This Droccss hls bc€o rrfcdld to a! cvancscent cou-
plinS: bacL couplinS, tcciptociiy, lnd oFrcal lunnel'
ing.l A propagaling fluoresccnt ray from th€ sunound'
int low indcx E€dium clnnol rlft5d at &c corc

i 1 4 MARCH I98S

i rrfscc and hc dir€ctad dong angLs Str5t6thrn tha
critical angle. ThcEforr, bulk lluoEsccnt sigmls which
origimtc far ftom lhe opdcal sensor cannot bc bund
withir thc fibcr. Howcvcr, lh. €vancscint (or ncsr ficlo
cmission from fluofs clola to tha intlrfrca can couDle
into guidd light much lik. g idcd cxciution lighl can
crrata an cvarcsccnt atcitation irald, Thus, cvsncsccnt
coupling alto*s rEmote delectior th.ough a surfa.r
s.nsitivc filt r.

Crrr.|rt lluorolmmsnoaantor
rSlgna

DavaloFneDl of a libcr oFic lluoroinmunosctrlor
Equirrs choosing bct*can homogcncous snd hctcro-
tcncous assry rDcthods, lnd it dso lrquiEs r ehoicc
bctwca! Erminal cnd (Eansmission) asp€cls of an
optical fibcr and snrface or cvancsccnt crcitalion and
collcction. Thc following pangraphs illusEat. $c
diff.rcnt combinations of immunoassay chemistry and
fibcr optics by prcs.nring a bricfdcscription ofcu.rcnt
fluoroirnrnunoscnsols.

Ootical immunoscnsors brscd on U'a$mission modc
to cicite hbclcd molccules rnd collect fluorclc.occ
have bcrn consrudcd in scvcEl ways, Onc approach

is ro immobilizr Abs o! Ags al thc distsl facc of the
oplical fibcrrip CiSIr. O. Thc sc.sot is thcn axP$Ed
to labcl.d rnd unlabelcd Ag or Ab. Aftcr washirg, tltc
rctruiDing fluorEsccdcc intcnsiiy is invcrscly propor-
tional to lhc unlabclcd Ag c\onccDGaion in solutroD.
This dcsign hrs bccn demonstrat€d by Trombcrg c! al.'
Rabbit idlunoglobulin *as immobilizld (lgc) a5 atr
Ag on drc fibcl !ip, and $an Iluorcsccin labcled Ab
was dctcctcd, The advartagcs ar! that lhe scnsing
rurfac! is .asy to prrparE and thc rtrrcicncy of fluoEs_
ccncc collecdon is hi8h. Howevct, sincc washing is
nguirr!, thc tBnsmisrion moda c$nol hc usad for in
situ or codinuous monitoring.

Thc srrond epproach is to boild a s€nsiDg chst$ct
st thc scnso. tip using a dhlysis mcmbrane. Thc
fluorEsccndy labeled Ags a'! coupled to latgc rnole.ules
rnd tharcforc arE confincd insidc lha chanbar bccausc
of lhe slrull porE size ol thc mcmbnnc. Anlibody in
thc chambc. crrl compler $ilh lhe labclcd Ag. Ut-
lab€led Ag in lhe sunoundilg solution diffus€s inlo the
chambcr at|d displaccs sorn of thc labclcd Ags from
the Abs. Thc ftle and lrbclcd Ag can bc scPamlcd
oplically frorn thr bound and labclcd Ag.

This tyF of scosor has thc abilily for on-line and
continuous rnonitorirg bec.usc thc labcled Ag inside
th€ scnsing companmcnl al*sys cquilibralcs with the
sunouDding udabckd Ag. Thr limilalion is thlt the
scnsor can only bc uscd for thc dctcclion of small Ag

__L!)-./-J)-)W''rt@
+rrrrrrrrrrrT1-

Ftur. I fvrrrsc.ni fads. Iottl lnt md nf crbtt b6dE to
ur otlEiac'dany decaing fakl ,'lrlct p..l€oai,l ,trlo ot
bve, ,,d.t n:D!h.rn. Mnough tha b'*a ditgran 3cl1?f',,l'
b.lv tl:€w. clscr€|' nn ctton F!n6 along th. euac. ol
., ootb/ fi r, nir E d y ddxi lu clany, Jrcl lha ,ct.l
avaiascat t ta6 .r'ong an oplic.f fib., b cinfi,/Jol/s.

dllivcr snd rcccivc light from disirnl locations with
vcry lorr lo6scs. LiSht *hich Fopagrtcs out thc tlnninal
crd of th. cylin&ical fibcr radiatcs in ! dcfincd conc
ofcmission dct:rmincd by the critical angle ofthc fibcr
ald &irction into the tc.minrl rtlrdiun (Fi8ur 2).
Ught th.t is lsoschcd into lhc opticd fibc! follo*s thc
srm. conc oflight. This conc is commonly rlf.rtEdto
$ thc nutncricd lpcrturc (NA) which is dafmcd itr tha
tolloving cqurtion,

NA = tosin

ASL 1 5



IMMUNOSENSORS .q,irxrd

Atttn I *,'r't.6c ot tn optbd fbel,''tx,ftsanl'' uting atitt ! '']ca ot handu ap.a!tl, aaatlng.t m,trn.

fo o ld .D.hdra .  b ! . td&

Flgu..E Sch.it tic ot an opncr! fi&t .rdr{b,.idnmms.aso.t,at doradgytrrntb, €tb.r@!ib.r
nnhoats.t usttv a .liaty.ts n m-

I
I
I

It

A r ru.r* *,,r, lre.o-.-p,o.

& r.D.{.d |i|n non€d dotu,

rml€culcs, as ! rEsult of thc srDsll hoLa on tbc mem-Draoe,
And,c6on d sl. havc dlvElopcd e Scntor blsao Orcmrgy_transfar irnmunoassay using ! dialysis ftcmbraDc

flInc tDcr.rtp (f i8r.r" t.J lBidc thc ,scrioD chamoer,rnc Ag, phcnyroin, labclad with B.phycocrytfuin
\IuoEsccnc. do or) is bound by tic Ab labelcd wirh

, rcras Ked Otuotlsccocc rcccpror), Wlen thc donoa|nd acccptor a& in clo6c prorimity, acccpb, fluorcs-ccncc tsJrrgh aid donor amission is low. Itr thc DrEscDccor 3amplc. rh.labalcd Ag is cxchangcd by thc ur abelcdAg. At . rcsult, fluollscficr ftom rhc donor willrDcrc&9c, accomp&i€d by e dccrcasc in fluorcsccncc
ntcoslty of thc 3ccaptor, Thc r{io of thc donor and&captm.IuorEcart ligDrls indicatcs A8 co[ccnEahon.

A srnutar $nsor has bcan dcmonsEarcd by Mansouri
1-"_.ly g, Elp"ri8a,d binding for nc.swingsE rcvet ot guclsc (Fi8!r? O! Although a c$bohydraie'lacFor was uscd in this scasor instcad of an Ab. thepDftlPle ls s t applicable to Ab_Ag bindin!.7 The
3lT-l*"T .T4*, C.ncoDavdin A (con A), isrmmoDllzldon thc innd surfacc ofa dialysis mambrrnc8|lache!.torhc crd.of !n opticd fibcr. Thc scrsmgclcncnt ts dasigncd in such a *!y thar thc con A tsout ot ll|c (ptical pathway or numcrical apcnurc. ThemcmDranc rs pcrmabla to glucosc but nol !o bighmotccutar wcighl fluorcsccin_labalcd dcxear thal $

confincd widfn the lcnsing chamber. Glucosc in thc
cxLlnal solulion diffuses tluoogh thc rlcmbrrnc inlo
llra scnsingalamcnt to corhpetc with thc dcxEan for tha
Didrng !o Cotr A. FluorEsccnca ftom thc urbound
dtxt'an difftrses into thc cxciratior/collcclion conc of
lhc optical fibcr, ad thc fluoEsccncc signal ifilicrlesgluc!9 qrnccnEation.

-. By usinS thc cvarcscenr sudaca s€nsidvityofoflical
roe'l, scvcnl &s€archeG ar€ *orking on homoglmous
rmmunors3ty systcms. llasc sysGms would poicnrially
allow GrDolcdctcction ard continuous monitoring. The'
fr&sic a€nsor design (Fr8!r? Z) consisrs ofa liqhr sour cc
o&tcr, mcrcury latnp, or o{har sourrt consi-srcnr wrth
lhc cho6€n fluonscant dye), optics for dirccring me
cxcitarion light and coltccting thc fluonscance t t;nses
lnd ocnrorc. norch aDd hi-Ftsls wlvelcngih filters ), an
opucar uDcr wrur !n exposcd corE. rnd a flow ce or
other system for sampl€ ini$ion. Antibodies aiE
coval.ntly bound !o dlc surfacc ofrhc corE, and fluorcs.
ccntly labclcd andgens (Ag*) ar€ inuoduced inro de

ow cctt suEounding tha oplical fiber, The formarion
of Ag+ Ab complcxcs leads to an cvancsccnrly coupled
fluorEsccnt signal and rcmotc detection_
. Hirschfcld ct !1.3 havc dev.loped an cvanescent
rmmunoscnso. with a rclativ.ly large l-Inrn diam

1 6 ifi.BcH r 989



|MMU|{OSENSOaS csrex/€d

coll€Cion nber

Fhur t

:ry:Iq rytd:"f Trh" c. crof . sli8hdy rarscrcapxrary $bc. Andbodies aI! covalcnrly immob-ilizedtrffi:Tff ffi ijtjff ::*:#uTfff Xl"Lacton..and a competidvc asssy Esults bcn*€cn oc
r1T:y 19. Tg $tnpl. A8. Slovac.l ct at.e Fr-
lll11TInFdIT ""fy wirh a 50GFn distn opiicatrrDer-, lnd dctectcd digoxin and hurhan fanitin antiscnsu totutron corrcco8atiollt ofabout l0-errd l0-'Ir,rEspecuvcly.
^ Sulhcrland ct .l.ro F form.d assays bas€d onrruorlscrnc.c, scattar, rnd absorption usihg lhc crposeo
3.::Tf.l:l? Pqp- qiTqui'rz optic; fibcr:rhcyoos€rv@ lnc lugltast lansitiviiy with ltuoroirhrDurca!-
ssy at a @tacaon lihir of about l0-3M.

A.!drzd! and co-{,o[t!rs havc iDvcatiga&d t*o
:l_T:*T( fy*^Fsig": . dipsricr scnsor using,6cd|st t cnd of lhe fibcr,,r aDd a ,nids€c1ion scDs.._
lo$.dcsieps-uscd r 6OGFD diam oprica.l fibcr. Expar-
ggf_l1g th"T..y.grs rDd 6imitar opticd ddisns
p.:: ..|!vslgT* rhe c{.ct ofsclncrd cxcitrrioD tig ,lrmrc+DouDd Agj vs bouDd Abs, srd ba.titourd
fluorEsccncc fiom blood scrun. Con3idcnblc-cffon hasalso pc.n devoEd to rcghcraring thc ir nuooiogicajty
4uvc lud:rot fot @ntitruous monitminc.'! 

-

, Smjrh ct a1.,. uscd two flar plaas wi'th antiboOicsr,ound-to onc ptarc aDd fluorEsc€ntly labclcd. panially
dry uu8.r! on rhc othcrpla&. Tbc plat!. w; placcd
paralEt and ctosc ro cach oth.r, and lhc sarhph ;ludonw& drawtr Dy captlary a.doD into rhc grP. A lighlsoucc e\citad tllc- fluoF diEcdy lhrough dlc plaEs (lDrre$mr$tojl lhodc), and thc lluocsc. lighl whichcvlrcsccn0y coplcd inlo th. Ab-bound n.t pla& w!5ooxcctoo. lDc cvancsccnt coupling ansund sEfaccscEsruvrty without cv&csccnt crcilation.

Con lario r

-^l'c^.11Ti:lg:f t.l"l:*sayi and opricat scnshgctn.pot nU2ny bc a significanr benefit to clinicalDcdrcrnc. Rcscarch cffons hav. dcrnonstritld scvcra.lorneEtrt dcstgns by combini[g homogcncors and
::f :9:1T:-*.11'.|hods wilhrh! tisht Iranshitringar|o cvinclc€nl tcinlfrs of opticai fibcc. Scnsitiviticsfljon€d lo-rtbaaopdc fluorDirhmunoscnsors arE in rnclU ." to l0-',/l/ rangc, which is adcquaE fo nosrcrmrcat appticltions. In .ddirion. factors which mvcoor DccI| addEssad in this rniclc such ss sr.biliw.

t 8 MARCH T989

IX 'X" """1'-'i

Y oo o unt bet.dlg . taDd.c A,
Schl'ndta ol d, (p'cd M. tnvnueDtF,ot !{|sect otl tac.ptu4ged arar,rrEr. prDcoss.

Fllur.? Sct',,'r.tic itht'd|tio' ot s frtr,t oDdc n@r(n-nu'ocantoi lhilt nEr. B 6 g.nar.t guia!., nd .rlnrsrtyacasn+wt b deac:bt pt&t r.rd,frt&!,'rngdrrentog so,,tc., .N '3lay nldihoct.

inrinsic fluorcsccnr backgrcunds. and biocooparibiliry .musr.bc considcrcd. Thcsc facrors art beinginvesri_
8arcd. and thc ovcrrll fuiur€ of oprical nuoroim-munos€nsors looks promising. -
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lnsulin Adsorption: Intr insic Tyrosine Interfacial Fluorescence

Insllin adsorption at a solid-liquid intedace was
sludied using a new technique, tolal intemal .edeclior
nuorescence (TIRF). TIRF has been used bolh 10
sludy the adsorplion of proreins labeled with an
exlrinsic fluo., such as nuorescein isothiocyanale
(1-3), and unlabeled proleins containing lryplo-

The adsorplion and nacroassresation of insulin is a
serious problen in ndy insulin preparations, larticu_
larly in delivery deyices which require snall volunes
and lberefore hish insllin concertraiio.s (t. A sludy
of insulin adsorytion is of interest in inprcving such
devices and in oltimizine the stabihy of insulin
solutions for the lreatnent ofdiabeles (6).

Intedacid nuorescence allows one to perform real
1ine, i, st! measurenents of protein adsorptior.
An evanescent wave is produced wben lkht ofwave
lenglh, I, iravelins through a dense mediun of re
fraclive index, n 1, encoNlers a second mediun with r
loser refraclile index, r,. Total internal renecrion
occurs if the ansle of incidence, d, is areater lhan a
critical angle, ,". The critical anCie is de6.ed by the
equarion: rc = sin I (n,/n)). Undersuchlotal renection
conditions, rhe evoescent wave penefiales into the
second mediun. The amPlilud€ falts off exponenliauy
wirh distance into the mfe. mediun as a tunctio. of
the wavelenSlh of the incident light, the ansle of
incidence, and rhe .efraclive index ftrio, ,,1n1 (.7).
The depth of penehtior for a quafz water (ur
- t.3l)/(n, = L4n intedace usins Uv lthl(I = 2800
A) is aplroxinai€ly 1000 A, thus onlt those pro-
teins wnhil abour 1000 A of the inlerface are er-
ciled. Therefore, TIRF has lhe sensitivity to moni
tor protein adsorption, Because of the eiponenlial de-
cay of rhe sicnal into the Lov refracrive indei phase,
the nerhod detecls adsorbed p.oreins with nuch
fore sensiliviry rhdproleins in rhe bulk solurion (4).

Interfacial fluorescence has been used !o stldy tbe
adsorplion offluorescendy labeled proleins (1-3) and
proteins containins lryptophd (4J. A study of the
fluorescence of lyrosine int.insic to proteins ol{ers a
variely of problens which nlst be considered. The
fllorescence yield of tyrosine is l0 lines lower that
tryplophan (8). This is in pan due to energy lransfer
if both tryptophs and tyrosine are present in the
molecule. Ty.osine can transier its energy to lrypto-
phan in a norradiative manner (9): consequedtly,
the lryptophu will exhibit ihe Ruo.escence. The
nuorescence of tyrosire, vher incorporaied inlo a

hq"rtol.o oil and hk'14. scbn

proiein, is also qlenched by the peptide bond.
vanous species in lhe solllioo, such as phosphare,
dires, and ca6onyls. can cause querchinc of ryro
sine. The nuorescence yield of lyrosine is delendenl
on temperalurei tho yield increasins as temperature
is decreded. The fluoresaence of tyrosine is de
penden! on the ionization stale of the phenolic
hydroxyl s.oup, therefore, fte nuorescence is de-
pendenl on the pH a.d on the lype of bondine in
which rhe tyrosine residue is involved in 1ne proleir.
Eiehr classiiications have been used ro descnbe tyro-
sine fluorescence in Fot.ins (10).

The structure ofinsulin has beer exlensively sludied.
Cryslal strucrure sd dino &id sequence have been
well delined. Insulin is a snal prolein (nolecular
weighl 5750) and is believed 10 have a sinilar solu-
lion and crystaline srate slrlctlre as detelnined via
x-my difihclion studies, Howeverj very.eent work
(11) su€esis th nalive nononeric insulin h struc-
turally dife.ent than the diner md h€xaner forns
which have be€n exlensively studied in the literalure,
The imponanc€ of zinc in the crysral is wel known:
ageregarion may depe.d on the amount of zr
present as well as on other va.iables (6).

lnsulin exists in solurion in monomer, diner,
iexamer, a.d larser assresates- The two zinc diner
dd hexaoe. forms have been wel chdacrerized
(12 l4). The concentrations of rhe vdious insllin
fo.ns have been shosr !o be depeddenl on the total
concenlration of insulin in solution. Insulin assegates
have been stldied by uhraceni.inrsation al pH 2 (15)

The monone. forn of insulin has rwo hydrophobic
strips on ils s!.face. The hydrophobic stnps de
inponaft in diner formrior and possibly in the
insllin insulin receplo. inle.action. This has been
srudied by subsli|uine l[ious hydrophobic strip
amino acid residues add measlring the resultanl
insulin acriviry (10, 17-19). A second bydrophobic
sti! on tbe nonomer surtuce is exposed on bo1!
sides ol the diner, allovine three dime.s lo hydro-
phobically interact to form tbe hexder wilh the zinc

Insulin contains fou. tyrosi.e residues. The 1vo
ai positions Al4 and Al9 are buried in the hydro
lhobic core and are H bonded 10 carbonyls and conse-
quently prodlce no fluorescence. Tbe tyrosines may
also be qlenched due to the proximity of disulfide
bonds. Th€ relorted bDlk fluorescence for i.sulin is

581 0021-9?9?/82/040581-05$02.00/0
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fto. I Principle of tolal inremal reflection fluores
cence. Incident lieht (276 nn) enten a quartz dove-
lail prisd and ercnes inte.facial fluorescence durins
1o1al reflection. The enission nonochronaro. passed
fluorescence a1305 nn. A photomultiplier iube quanti
lated the duorescence photons.

0.18 that of free tyrosine. The loss of nuorescence
n due 10 the above nentioned problens and aho io
iluorescence qu€nchins from the peptide bond (10).
Other factors sucb as renperaiurej ions in solulion,
ionization slate, and confornation may caus. fruore$

As insltin has a Rlorescencetemperature coefficient
of - l.o%/degree K, aI erpenmenls we.e run at 25'C
to maxrmize fluorescence yiold. Phosphate ions,
anines, o. hieh conceniration of COO can cause
quenchirs of tyrosine, consequendy, thesc sludies
werc conducted in 0.1N Nacl. pH 7.0 7.5. Molecular
oxyeen does nor quench lyrosine as it does t.yptophan
so the solurions were not deaerated before each
run (9), lnsulir in stronsly basic (pH > 9) solulions
loses iluorescence due ro ionization of the phenolic
g.oups. All experiments .eponed herc vere run

?orcine insllin solutions we.e obtained fron Novo
(Wilton, CT 06897) as Acr.apid U-80 and U 200,
Lol #52139. Batch 680 wnh glycenn and melhyl
paraben additives. Tyrosine was obtainednom Signa.
Polt(dinethyl siloxane) (PDMS) was a gifi lron Avco
Medical Producrs and prepared as a l% by volume
solullon in chlo.oforn.

lnsulin was isolaled from the source by separariry
the preservatves on a C-25 Sephadex cohmn. The
separation sas necessary since botb p.eservatives
used. phedol and puahydroxy benzoarej had UV
absorption and fluorescencc which compromised

Electrophoresis was run on 20% cro$Lnked poly-
acrylanide eels in 25 mM Trjs blfei for approxi-

rou|d of.aL,ia r4<t krlJit stil

maiely ,1 hr using an Ortec puhed power synen.
Transnission fluo.escence spectn were obtained
on an Ami.co-Bowman spectro!hotofruorometer
(Anencan In struments Cor!., Model4-8202) scanning
enission sp.cl.a fron 200 to 8tr0 nd with an cxcitation
wavelensth of276 nn. Uv absorytion was measnred
on a Cary 15 sF€clrophotometer nom 200 ro 350 nm
using a l-cm cell. Such slectra were used to check
for inpurities as well as to deternine the absorption
maxinun in o.der ro select tne besr ercirarion ire.
quency for bolh transmhsion flDorescence and TIRI.
Absorbance was also used io deterdine thc concen
ilalion of tyrosine and insulin usinC 1.4 : loi 18, l0)
and 0 ,55 i :  lo i  no le  '  dn  r .  resFc t ive l_ \ .  fo r  tbe
molar extinction coe6cient. A Jasco dorlel ,1-,10 {as
used ro pertbrn circula. dichrohm melsu.emens.

Circular dich.oism showed bands at :76 and ll5 nn.
Scans did not eo below 210 nfr due lo H:O abso.p-
iion tur tbe condnions us€d. T.a.sml$ion ,iuores
cence gave a strory emission band !t lhe erpected
wavelenslh fo. tyrosine, This was confirned in (he
TIRF specrra. UV absorplio. spectra were obrained
tor every separatio! performed as a check on rhe
s.paralion procedure and to dete.nine na\imum ab-
sorytion fo. detemination of insulin concenrarion.

Adsorplron was deasu.ed at a hydrophilic. lused
quanz pnsm surtirc€ add a coated quanz surflce
prepded by evaporating l% (!/v) poly(dimelhyl
silorane) (PDMS) in chlo.oform on the quanz p.ism
This h a roon lenlerature vulcanizi.g tRTv)
formulation which crosslinks the rubber ar .oon
tempe.ature. The PDMS coatins thickness was les
than500 A and wellwirhin tbe evanescent {alc pcn€-
falion dcpth. The quartz trisn rvls nou.ted i. a
holderwih a now cell made up olthe rnsn. a silicone
rubber gaskel, and a black anodized lluninun block
vhich had chann€is to provide for now. The p.ininc
volume was approxinately 5 ml. A high !.essure
HB/Xe lanp sas used as a source of Uv lighr.
The excitation wavelenslh was seiecred bt use of a
nonochronato. (Jobin Yvon H l0). The mono-
ch.onatic li8ht (I = 2?6 nn) was then focused o.to a
niro. wnich in tlrn renecled the liEht into a quanz
dovetail p.ism with 70'fac€s. Total internal renecrion
occlied at the quartz aqueous butrer intcrface
Gee Fie. l). The evanescent wave. desc.ibed above.
excited proleins ned the surface.

Fluorescence produc€d by the UV exciled p.o
teins was measured normal to rhe interlace (see
Fig. l). The fluorcs.ence passed llrough rbe quanz
prisn and cell holder which secnred rhe quanz
Prisn and now cell. The holder was a lched to an
eni$ion nonoch.omator which sclected the save-
lenelh ofemirled lighr whicb was rhen deasurcd b_\r a
photomultipiief lube. Photomultipliei signal outpnl
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cence sisnal inlensity was followed as a function of
time to delernine lhe desorption charac|enslics.

Tyrosine solutions in o-lN NaCl, pH 7.0 were
fi.st characlerized by UV abso.ption dd transmis-
sior fluorescence spectroscopy, A value of 1.4
r 101 nole 1 dm I was used for lhe molaf extinction
coeuicient: calculaled butk solution concenrranons
as.eed wel with known concenrarions of p.epared
slock solutions, Emission specltu oibuffer and lyrosine
solutions were run to chect €nission maximum re
sulting in a value of 305 nn tor the efrission wavc-
length used in the resl of the experimenls. A con
cenhtion ranse of0.0l-0.4 mg ml 1 was sludied by
tbe TIRF technique virh counts laken at each con
centration and after the bufer flush folowing each
bulk concentation. Fltrsh values renained cons1an1,
independent of concenrarion, indicating very lirde,
ifany, adsorprion ofryrosine. The plor ofduorescenc€
sisnal count rate lersus bulk iyrosine concentradon
was lined ihroughonl the concenldrion rdge (Fis.2)
which was limited bI lhe solubility oftyrosine in the
soluiion. The background count rate was due to excita-
tion lishr scatlered by the butrer solution. Bulk
tyrosine TIRF experimenis were also lerformed wnh
enission slits of 0.5 to 2 noi a1l the resolts save
a lincar slole. A wider slit allows nore fiuo.escedce
to be measu.ed wnh a loss in the resoluiion in
emission wavelensth. The larger slits increaed the
detectability for insLtlin.

A se1 of TIRF adsorpnon expenmen$ were run
using Novo AclFpid U 200 insulin. The inilial run
was on a hydrophobic surface and th€ insuli. con-
centratior was 0,016 mE ml 1. Sone adsoralion colld
be detecied by the TIRF nelhod. Anolher set or
runs on bolh hydrophilic and hydrophobic surfaces
usins a bulk insulin concentration of 0.ll dg nl r
with identical flow ralesj temperature, etc., showed
no detectable adsorpiion onto the hydrophiiic surface
but a sigiiiicant level of adsorption (or inre.facial
agcregation) at the hydrophobic surface Gee Fig. l).

Transfornation of the Ruorescence dala into Erams
adso.bed protein (unir area) I requires several av
sunptions and involves usins the bult lrotein com-
ponenl of the TIRF sisnal as o internal calibration
(4). Unfortunalely, lhe bulk siSnal is difficult rod€tect
for insuiin u ess one eoes to hish solurion con
cenlmlions, due 10 the very lov quintln yields for
tyrosine in insulin. A nore intense UV source and
nore oldnun oplics should perni! delecrion of the
bulk sisnal dd, thereby, quantitalion ol inlerfacial
insulin. Such experimenls are now rn progess.

The use oftolalinternal reflection UV nuorescence
ro neasure adso|ptior ofinsulin via intrinsic tyrosirc
nuorescence has bcendenodsiraled. tyrosine as a free
amino acid erhibned a lined dependence wilh con

hv\d ot.dbid 4d hb4ar 5d.,

Frc.2. Fluo.escence signaliniensny as a function of
ryrosine bulk concenmtion lms nn ') in 0.1 N NaCl
Excitaiion saveleneth vas 276 nmi duorescence was
mlecled ar 305 nm. The counl rale indedes linearlv
with lrrosine concentration to 0.4 ng d '.

was fed to a premp (Ortec 9301) and then to an
anpliner disdininator (Orlec 9102) The sisnar was
tben connted by a photon connting svstem (Onec
9315) and dhplayed digjtally (Orlec 9320) The disilal
outpllvas also converted 10 an analos sienal bv a D
!o A @nven€r (Ortec 9325) and recorded usins a stnp
chart recorder (Pharmcia 481) Gee Ref (4) for nore

The flow c€[ and prism were cleaned belbre each
runby nrstvashingindererc€nt(Microclead)andthen,
afrer a thofoush rinse in distiled water, passed throush
a series offournltefed, distiled water and two nltered
ethanol baths wiih a6nal vapor desreasing in a Freon
TES ethanol azeorrope vapor to remove paniculates
whichwouldsca erlishl. AI cleanins stepswere per-
forned in a lanind flow-filtered air bench in a clean
roon. In addilion, the qudtz prism was tirfther
cleaned aJter lhe delergenl siep in chromic acid
cleanins solution. Folowing Freon lreatmenl, lhe
prism was radioftequoncy gloe dhchdeed in an
oxyeen Elas plasma ai 2OO pm Hs and 30 W for 2 min
(Plasmod, T€Cal CoDoraxonl.

Tlre iow cel md lnsn were mounted and ahsned
vilh the optics. A water baih recnculalor was used
to mainlain constdl temperarure (Lauda Brinkman)
An exciraion wavelenslh of 276 nm wilh l-nn slils
was chosen with tbe monoahronaior. The emission
vavelenclh wd a!105 nm wilha2 om slith. Emhsion
spectra ser€ also obtained in the mnee 300 '100 nn
Expennents were run by nrst nushing the flow cell with
0.1N NaCl and lhen esLblishin8 a baseline tbr
approxinately I hI. Counts weferecorded Theinsulin
was injected ard allo*ed to adsorb tbr aboui I hr,
the. flushed out with 60 ml ofo.l N Nacl. Fluorev
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I
FIc. L Adsorption of AclEpid U-200 insuli. (0.? ml of u 200 in l0 nl oi 0.1 N Nacl) onto hydro

phobic qua.rz (qudtz coated with a thin 6lm of IDMS). Excilarion wavelength, 276 nn, Enission
wavelensrh, 305 nn- Tenperalure, ztc. Backsrcund counls are du€ to scaltered lieht not tuly
rcjecred by 1Le nonochromator. Tine 0 .ep.esenls the injection of insulin solution. The sienal
rapidly increases to a plateau of n€rly 12,000 counts/sec wilhin 40 sec, A1 1120 sec insulin-free
butrer solution wai injected, resultiry in rapid desoQlion for 20 sec fouowed by a slower desorprion
.a le inmother30ornoresec .Note tha tsone insu l inh ' inevers ib ly 'bound,as tbecoun l ra lea f le r
desorplion (5000 counts/sec) is signiicantly higher than lhai prior to adsorption (4000 countshec).

centration; f,o detectable adsorylionoccured, hsulin
adsorption occus more on hydrophobic poMinethyl
siloxd€ snrfaces tha. on hydropbilic quartz surtuces.
Hien adsorplion on hydrophobic sufaces may be si8-
.ificanl wirh respect to insulin loss onto containers
ard for insulin aggregalion and loss in delivery devices.
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Fibronectin Adsorption Detected by lnterlacial Fluorescence
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Rdenld Nov.nber 28, '983: acc.ded Dtcenber 17. 1984

An inrerface oolical €chnhle. loul inlemal refleclion fluore$en.e (TIRF). r€mils rhe intnnlc
rrydophan fluoresncc of aderbed proleins rc be nonilored conlinuousll. tn !fi The prol€rn
fluorsen.c cmission spectum providcs infooation on $e lcal lrlpropban micrcnvironnenr.
wh'ch can be relared ro $e onenlllion ard conlomalioi of $e aderb€d macromolecule Th;
r.hnique bls b.en applied to the adsorplion of hunan Dlasra 6broneclin on hydrophilic and
hjdrophobic .mo.phous silica surfaces Ou! expcrimen[ using the TIRF rechniquc hlve shosn
jncleaFd 6bronectin bindine ard more Epid adsorlrion tinetics on bydrcphobic silanizcd-silica in
corran ro bydrophilr silica. Adsrrlion *as Nnrially idelc^ible on bolh lhe hydrophilic anlj the
h,\drophobic surface. A 5-nn Ed shift in the nuoresence emhsion naximun Gcured o. rhe
hldrorhobic surface su8gcsring a change in prorein confomalion and/o. nicMnvnonncnl. Such
bebarior ma) coftlare *ith chanSes in biol€ical funaion noled b) olh{ worle(. \{c hare
denonslrated th3r lhe i" rnr TIRF le.hnique, urilizin3 inl.insic lryprophan luoresence. is uFful for
probing sic.cnvnonnental effecls and Dosibl! on€.hrion or confomarional chanses in adirbed
proleins. Thn is rhe 66t repon of inlnnsic TIRF lluorKence specral changes upon adsoDtion

INTRODUCTION

Fibronectins comprise a class of high-mo-
lecular-\reighl glycoproleins widel) dinnb-
uled in blood. connective tissues. and asso-
ciated uirh cells and basement membranes.
Fibroneclins are involved in cell adhesion.
wound healing. opsonic acli!i1!. platelet ad-
herence, complement activation. and coagu-
lalion system aclilation (l).

The amino acid composition otfibronec.in
is nol unusuali however. the tryptophan and
clstine conlenl of both Type I and 2 ho-
mology regions (2) is quite high (5).

Circular dichroism (CD) sludies ofplasma
fibronecrin show a pattem characieristic of
t.]plophan residues ;n difrering ervironmenF
as *ell as contributions from ljrosine and
phenylalanine (4). The CD speclra show very
li1tle or no a-helical conlenl (3-7) and 30-

' To *hom corcspondence should be addresd

459

ro!tu ol( dhta od ltu.laa s.e.

35% antiparallel d slructure wlrich is resistant
to bolh heal and intrachain disulfde bond
reduction (1, 6). Intrachain disui6de bonds
play a major slabilizing role in fibroneclin s
struclural integrily (.1)-

The struclure of fibroneclin is adequalel\
described elsewhere (3-l 1).

Fibronectin normal\ e^jsts as a compacl
molecule whjch ma) be disrupted b) an
environmental chan8e. adsorplion. or via
binding of collagen or heparin leading 1o a
much more exlended shape (4, I0. I I ).

Bccause plasma fibronectin seems 10 pla\
a role in cellular adhesion and funclions to
aclivate lhe coagulatjon s,lstem. man! sludias
havc been direcled to$ards the sludy of its
surface adsorption propenies (l:-19). A !a-
rjelr" of surtaces hale b€en eralualed. and in
many instances the fibronectin \{as isolopi
cally labeled. Grinnell has poinkd ou1 thi]l
rrsl-fibro:reclin has ahered biological aclivilr
while the f.iliated molecule prepared via

00lr-9'797/85 $:r.00
c 4 ' u h l ! | % J h J ^ q d ( n ( f u h .
^ [ n . i a d q d u d o n M r i } I l m R ^ d
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reduclive metlilation retains its biological
activity (13). Fibronectin is apparently very
s€nsilive both to alterations induced by par-
tition at the air-water interface as well as
fluid shear stresses (16). It would be of great
benefit then to study native fibronectin ad-
sorption without altering it or inducing un-
wanted efects. Here we study the adsorption
of native librorcctin in just such an environ-

METHODS AND MATERIATS

Fibronectjn (Fn) was supplied frozen in l-
ml aliquols in concentrations mnging from l
to l7 mg/ml- The material was puriied and
characterized by the methods ofMosher (20).
The protein was "thawed" from storage at
-80'C in a water bath at 37"C. The protein
was then cenlrifirged and solution decanted
to remove aggregates. The protein was then
diluted using eith€r Tris or PBS buffem at pH
7.2 7.4. Absolute concentmtions were deter-
mined by UV absorption using an extinction
coemcienl of €?3:nnn = 1.28.

Total intemal reflection fluorescence
(TIRF) is an optical technique for monitoring
prctein adsorption based upon inte acial
fluorescen& from extrinsic fluor prcbes
bound to the protein (23) or inrrinsic fluo-
rescence of trw,tophan or tyrosine moieties
integral to the protein itself (21, 22). Sincc
the tryptophan content of fibronectin is high
and situated in biologically significant do-
mains, TIRF studies of the intrinsic trypto-
phan fluorescence of fibronectin may reveal
conformational information of adsorbed fi-
bron€c1in. The experimental configuration
(21). application to protein adsorption (21-
2l) and quantitation (22) have been describ€d
elsewhere.

The intinsic TIRF approach provides for
contimrous monitoring of interfacial 0uores-
cence as a function of time during protein
adsorption and desorption wilhoul having to
compromise the protein by attaching a flu
orescent probc. The fluorescence signal re
maining after desorption is artributed to
ra@at ajcanai.t a't rnt.4@ stue, vd 106, No ,. Au3q$ f$

i

bound profein (21-24). The signal inrensity
can be related to ahe amount of protein
bound by the use of suitable standards and
several key assumptjons (22, 24).

In the staiic adsorption experiments the
TIRF flow cell (21,24) was initially primcd
with Tris (pH 7.2) buffer. Five ml of protein
sample solution were injectcd into the flow
cell with care exercised to avoid bubbles. The
inleclion flow rate of I I ml/min co[esponded
to a shear mG of ? = 210 s '. Adsorption
was monitored for 40 min at tr,".ib,jo. of280
nm ard \nhsron of 330 nm. Desorplion was
monitored following a mpid flush with Tns
butrer (60 ml at 60 ml/min, and ,y = 970
s r) to rcmove bulk Fn. This rapid flush was
repealed every 15 min for 45 min wirh
continuous monitoring. Interfacial fluores-
ccnce emrssion speclra were obtained before
adsorption, in the primed ceI after adsorp-
tion, and after each 60-ml buffer flush. AII
spech were obtained using traci,i,i." of 280
nm and \nisdn \{as continuously monitored
from 270 to 400 nm. Fn solLrtion concentra-
tions for the static adsoption experiments
were 0.02, 0.04, and 0.43 mg/ml.

Adsorytion under flow conditions was
studied in PBS buffer (pH 7.4). The cell was
primed wilh buffer and Mmple solutions
were injected at I ml/mir (7 : 16 s r) for
30 min usine a syringe pump. Desorption
was studied under two sets ofconditions: (1)
buffer flush at 1 = 210 s ' for 2 min followed
by buffer flush at ,r = 16 s I for 30-40
minutes; and (2) butrer l]ush al ? = 16 s '
for 40 50 minutes. Fluorescencc emi$ion
spectra were taken after llow cell priming,
a1ler adsorption, after rapid nush, and after
slow flush. using previously described con-
ditions. Fn concentrations were 0.3 and 1
mg/ml.

Raw fluorescence emission spectm arc
continuous curacs of lluorescence intensjty
jn counts per second (CPS) as a funclion of
wavclength at conslant excitation wavelength.
The instrument response or throughput cor-
reclion iunction was experimentally deter-
mined using a s€condary standard, calibrated
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adsorbed 0. I 9 pg,/cm'z of Fn while hydrophilic
silica adsorbed 0.14 pglcm': of Fn, assuming
a 20-nm thickness lbr the adsorbed protein
layer (22) at the shear stress of 16 s '. The
amount adsorbed is comparable to thal rc-
ported by others (13, 16, l7). An increased
amount ol adsorbcd Fn on hydrophobic sur-
faces has also been noled by Grinnell (13)
and Jijnsson (16).

A comparison of the kinelics on hydro-
philic silica and hydrophobic NPs-silica in-
dicate vcry different rates of adsorption in
both sets of experiments. The differences are
particularly pronounced in the static adsorp-
tion case (Fig. l). The ratc dill-ercnces belween
the staiic and flow experiments may reflect
the effect of inlerfacial shear slress and mass
transport. As the bulk Fn concenlralion was
iow in the static adsorption case, there is a
high Likelihood that adsoDtion resulted in
significant bulk solution depletion and thus
the la8ging kinetic curves. Since the flow cell
suface area and volume were 28 and 1.4
cm3, respectively, the amount of Fn depleted
from solution would be about 6 pg or about
97. of the total protein (67 !g) in rhe flow
cell. This may account for the fact that
equilibrium adsorpiion in the nonflow case
was quite different for hydroplilic venus
hydrophobic surfaces while in the flow cdse
the equilibrium adsorbed Fn levels were sim-

Fr6. 1. Fibron4tin adsorplion onto hydrophilic silica
and bydrorhobic NPS silica under slalic nonilow con-

light sourc€ (Optronics 245A). Emission
spcclra were manually coffected in 5-nm
increments and in 2.5-nm increments near
and through thc peak maximum following
background speclral subtraclion.

All glass and silica dides wcrc cieaned (21)
in a low particulatc environmenl and then
radio frequency glow discharge lreated. The
cleaning process produced a h-vdrophilic silica
surface. wilh water contact angles approach-
ing zero degrccs, as determined by the Wil-
hclmy plale technique (25). Hjrdrophobic
surlhces werc dcrived from hydrophilic silica
by vapor-phase silanization (26) using r-
pentvltrielhoxysilane (NPS) (Petrarch Systems
Inc.. Levittown, Penn.), yielding a hydropho-
bic surlace with reccding and advancing water
contacl angles of 58 and 76', rcspeclively.
Surface chemical composition was monitored
by x-ray photoelectron spectroscop! (XPS).

RESULTS AND DISCUSSION

Figures I and 2 show rale curves that arc
attributcd to Fn adsorbing onto the hydro-
philic and hydrophobic silica surfaces, under
static and flow conditions. Using an internal
fluoresccnce signal model approach (22), the
fluorescent counls were transformed into
concentrations of adsorbed Fn. At binding
equilibrium (plateau), hydrophobic NPs-silica

Frc. 2. Fibronectin adsorllion onio hydrophilic silica
and hldrophobic NPs-silica at a shear ra1e of 16 s I and
prolein solurion conceniniio! of0.3 dg;/nl.

rorh'| .1.01td,1 aa7 hbl@ sdw4
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Frc. :1. Fibronectin desorylion aftcr slalic adsorption
onlo hydrophilic silicaand hydropbobic NPS-sili€ Both
Nerc preceded by a npid buffer llush to renove bulk
prolein. Dcsorllion is a conti.narion of Fig. l.

tlar. The ovcrall ma{imum amount of prolein
adsorbed in the flow case would result in a
solutjon depletion no grealcr than l%.

The initial rates are rapid, panicularl,v on
the hydrophobic NPs-silica- and seem to be
linear in t'l:, suggesting ditrusion controt up
to approximat€ly 3 mjn. Apparenrly, rhe 6rs1
Fn molecules adsorb on contact with the
hydrophobic surlace. The adsorption rate on
hydrophilic silica is iower and may reflect a
lower protein sricking coeficient; ar equilib-
rium the amounts adsorbed are almosr equal
for the continuous flow experimenrs of Fig-
2. The signal in Fig. 2 has several remporall_\7
separable components: (l) bulk Fn entcrs the
flow cell (7 sr/]) and fluoresces duc to exci
tation ofthe bulk solution by stray scattered
lidnt (22]l l7 9 sr/'?); (2) Fn djfuses into the
intcrfacial region probed by the clanescenr
wave and flLroresces (9-l I sr/)t (l) Fn begins
to adsorb on the surface until equjlibrium is
attained aller approximarely 7.5 min on NPS,
silica and 30 min on hydrophilic silica. Now
the fluorescence is dominated by the adsorbed
species. The third time domain lasrs about
5.5 and 28 min for hydrophobic NPs-silica
and hydrophilic silica, respectivcly. There are
at lcast two dillbrent adsorplion rates observ-
able for both sudaces.
ro,Nt qtcdldd a,n hktuE si(@,

Ftgures I and 4 illustrate the corresponding
desorption for lhe static and flow adsorption
condilions. respeclively. The desorplion rate
and toral extent of desorplion was low for
both the hydrophilic and hydrophobic sur-
laces- The data ofFig. 3 were obtained after
a thorough Tris butrer flush. Bolh surfaces
exhibited a single rate of desorption. Over a
35-min period the hydrophilic siiica surface
lost abour 67. of the adsorbed protein signal
while the hydrophobic NPs-silica surface lost
15% oftbe adsorbed protein signal.

The dcsorption curves ofFig. 4 show tnree
lime domains for Fn desorplion trom hydro-
phobic NPs-silica. Domain /* s* (l min)
represenls thc bulk solution prolein llushed
from tlle flow ccll at 16 s'. Fluorescencc
decrcases as the bulk protein ir the evanesccnt
volume is removed- Domain g* 11+ (5 nrin)
represents Fn ditrusion from the boundary
layer into the bulk fluid and out of the
evanescent volume. Doma n ,*-50 sr/, (36
mm) represents true Fn desorprion and sub-
sequenl difi'usion out ofthe boundary layer.
This las1 time period conesponds to rhal
depicted in Fig. 3- As before tbere are single
desorption rates from both surfac€s; however,
in the casc ofFig. 4, hydrophobic NPs-silica
lost about l27o ofrhe adsorbed protein signal

l
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Ftc. 4 Fibronectin desorplion fron hydrophilic sili.a

and hydrophobic NPs-silica under now shear condftiols
ol I 6 s '. The h,vdrcphilic silica desomton was pEceded
by a 60-n1 r.pid bufcr flush to enove bulk prorcin.
DesorptioD n a continualion of Fig. 2. (* indicarcs
nonilorins of nuorescenL€ enksion speclrun.)
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Frc. 5. Intrinsic TIRF emission sF..tra of libroneclin
adsorbed onlo hydrophilic silica and h_vdrophobic NPS

which is close to that observed in Fig.3.
Desorption of Fn from hydrophilic silica
shows a single linear mte. The flush cofre-
spordins to /* tlrough fr* was not moni-
tored. The fluorescent sisnal loss indicates
that about 87o of the adsorbed protein is lost
over the same 36-min time period (19-50 sv'])
This value is very close to ihe 6E decline for
the static adsorptior experiment (Fig. 3).

The fluorescence emissior speclra of ad-
sorbed Fn showed a maximum at 321 nm
for protein adsorbed on hydrophilic silica
and 326 nm for protein adso$ed on hydro-
phobic NPs-silica (Fig. 5). The bulk fluores-
cence spectm of Gbroneclin in PBS bufi'er
showcd a fluorescein maximum of 321 nm.
The addition of 8 ,jl,/ urea, which unfolds the
protein, red-shifted the emission maximum
to 330 nm whjle the addition of 3 ,l{ guani-
dine chloride, which denatures the protein
entirely, red-shifted the emission maximum
to 350 nm, which is observed for free tryp
tophan in aqueous buffer. Alexander el al
(15) have shown Fn conformational chanses
with addition ot6 M guanidine chloride using
lluorescence polarization and circular dichro-
ism analyses. The fluorescence maximum 5-

nm red shift observed with Fn adsorption
onto hydrophobic NPs-silica surfaces suggests
that the trl?tophans are in a more hydrophilic
environment as a result ofadsorption, moviDg
toward the value of free trlptophan in
aqueous buffer. This could occur ifthe protein
experienced a change in conformation in the
adsorbed state, resulting in some trlptophans
being shiied into a more hydrophilic envi-
ronmenl in contrast to their microenviron-
ment in bulk solution or on hydrophilic
silica. A change in conformation has been
suggested by Grinnell (13) and Jiinsson (16)
who have noted a difference in fibronectin
antibody binding to adso$ed fibronectin on
hydrcphobic compared to hydrophilic sur-
faces. Crinnell has also roted a deoease in
cell interactions witll fibronectin adsorbed
onlo hydrophobic as compared to hydrophilic
tissue culture plates (13).

Although this work is preliminary and
dehnitive conclusions cannot be drawn, the
results suggest thar ( l) human plasma libro-
nectin is adsorbed dillerently onto the two
surfaces examined; (2) its adsorption and
desorption behavior is a function of local
solution hydrodynamics; and (3) that intdnsic
UV TIRF is a useful method to probe mi-
croenvironmental effects and possibly con-
formationaL changes upon adsorption.
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