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Ellecllyr 8.trrc!v. hd.r ot A.lsorb.d pro!.tn Lrylr,
Ji.tyu Wang. V. Hlady, J. D. Andrad6. and y. O. zlang,D€Padm€nt ol Blo6ngtndoring, Univsrarry ot Utah, Sati L4(a Crty, Utah 84t 12, USA
AASIRACT
wo suqg€st an lmp.ovod morhod to m6asur6 rhs st,€cttu€ Inder, n2, ot lhs aosod€d o.or€in taver|ns rotatton b€tw6€n the anqutar dtstribn{on ot ttuoroscsncE €mlsston tr;d
-actsoro€! |ay6| and n2. Th€ thoorertcat anatysrs ts 6umn6d by €rp€dm6nB and can b. us6cL inIn8 dovstopmsnl of flb€r or{c sensors .
INTFOOLJCI]CT.I
Th€_use-ol6vsn6sc€nt walo ph€nomena to mdasurs ab66rp('o4 in surtaco achorDed layers haso6€n o6cussed by Hariick I1l. Lukosz. er. al. nav6 osriveo a ,*o.media modet ro svat;are he€dssor ,angular .dlskiburion trom magn€ c and stecric dipotes close ro a pran6 di€teckicInrcnaco.lzJ,4l. h tits Fapsr, w6 clnstd6r a thr66.nedta mod6i consis no ;t a wav6dide
::.6:. a:.rayor or adsoded protoin and a bufl€r sotu on ipBS). W€ oruecarhat ths a;uta;drslribullon ol th€ lighi emrtr€d trom th6 aGorb6d prcretn tayer witt Oepena 

"" 
rr,"-,"rr"'"i"erds6x or |nB lay€r t.s. on tho surfaca protsin concanrraton.

IHEOFENCSL AMLYSIS
Fb. 1 snorc ths fir€o-media modet. Th€ rhedia 1, 2 and 3, l_e. th€ *avequid6 cors. fis adsobedprc1€h lay€r,and.the buttsr sotutjon, are consbsreo to bs homogoneous Isotropic toss.h€socr€ctr |cs or . , rs t rac v€ Indtces n i ,  n2 and n3,  rsspac v€ty .  ws analyso rhs aFgurarois|nb-ullon.ol,llght €milisd troh rho rnsdium 2 and dstectad at rh€ end o, th6 wev€guidg. Twooeams or |n6 tiqht ars 6hi €d ro m€dtufi I by oipol€s tocated in m€oiurn Z at a dtstanc€ ! lromn€ rnr6nacs. rhe D€am twhich r€ache3 potnt p direclty and ths beam ,t *hich is r6 6cted bvnrenaco u and then reach6s poinr p ril m€et at.p. We can p.ssum6 lhat th6 bsam ll code;rom |n€ |mags or lhs dipolo tFig. 1. ,jashsd tin€r. Th6 probtem wa aro concsmed wrth is rhat th€waves corns kom lh6 two dipoj€s (on6 ts tha dipote itss ard Ihe anoth€. ts its yinuat tmaos Inroners ar poht p and h6n rransmlt to m€dium 1. 

'
In6 €|6ctrtc fi6td of I at P can b€ wn sn a3

(r)
and har ot tl

E2=bE2(a;)erp(-ihl2D_z )/cos5) (2)
lY6 g€r lh€ sum of-th6 two €tect c n€tds as tollows

Eo=Et+EZ (3)
The legions 6l tho Inctd6nt ang,es w€ discuss arc ne 90, D ts smail€r fian O/coso, so ws hav€

E l=E1(sz)expcikn2z'/cosg)

5=q and E1(%)=82(c4r)

Er=E(a2fcxpcipzD)+b€xp(-ip(2-zD){

!=kr2D/cos% and k=2rA

(4)

(s)
(6)

For rhe dipoto can be ar any posnion beNeen O and D, w€ get rf6 ave,aq6 varus o, EpA r
E-,Era-t=l l l  -  'Fzo - i r6:r ' t r 'FtT zDDi, .-P -'*2'-D-Jtc (?)

0
Ths tansmittancs ot th€ tnin tayff lor Ep caf, b6 wnter as

-z3i-



| .(!,p) | 
-

_ r ! .p r  |  ' 21  |'2 r  
;  r - .G.p) , ( !  p r -  i26  |
| - i : - 2 r -  |

(E)

rj/1a.q;=$;:s5;r6 0r)
wh'l6,br rhe elecric dipore- lhe potarErions (s) and lp) hav€ to b6 interchanged in Eqs (10) andii: ff:tT ;,i:;lJil1,':::fi l:lJ#j; ;i:;Jiiil,ii;1 1t."' *. " <e0, n, <n2

p"'io,.qr=pj " ',o..r,t l ' :oio-,-1r_ ,  -  
" r t  

r {os , r .6 ; ' ' .p  ! l r . co i0 ,  (12)

9:l-:9i::'"" .is ro carcu,ar€ rhe a rquta; d|sr.rbu r@ n or riehr cortecred by rre end or rhewav€gude, or in other words, transmrnanceneo&msvsremwehav€ln"n"n",n,r ,"n""o",Ll t l i rof lhoadsorbedproleinlaverlorthree

r "i",;={ ri,oi",{ r.*oo.r!lo'4rr'r."*0 (rjl
Fig. 2 shows lhe angutar dislibution ot end.coltecrion calculared lrom equatjon (13), where nr,
li,.llo,o,r 1:" known. r(a1)mos y depends on n2, rhs r€iracrivs index ot rhe adso,bedprolen rayer. 'l we rneasuro rhs angutar disrfiburron partern. we can €vatuar6 n2, This suggestsa mernod which can be used b measure the reLonseduenry. rhe surrace c"""""*"r", 

",,n" "'lli!1"]€ 

indei or an adsoroed prorern raver' aFd

LYPEBIMENTAL

iii":Ti1+i:i's",,:,::"H?"i:1:,-i","';:5t ;"'$ T" ":1T,1i'":"J,fl,:tiJ ?;"' ::H:wav€eud6.rhroueh on6 end us,ne rh6 near cur.orr noa*. rr. rr"* i",r i"o-ii?;;d;"".;ili

ilt";:"lr T. J,:: 1#.#i:;s*hil:=!i iiqil"{:""""dj",n'':.ll;:i' :i m
ff +:i!iii ;;t$Ti ,l: lrr'""?"",'".lll1:"[:-lT]#:i:i:lur:"*:#E:#l"i l:;T"i:j;i",J,ij:, I;"""j:T:TJ,lj"":::"J:T."' .n_c esr; pBdrr,;LJ; ;;".l;; ;;;gh::".T;;: lljfi#;:: T"i::i";",:t:"3,ii,"T:,1;;J!T';1"Tt,",ffi ."i: ",."#:
FESULTS INO DtSCUSSTOi I

5i1;,l"ii""1l"i,i"iiillt:Ti!'ff*"":?S,l:i;'iil,'::1"_,",,.i,""ffif,,i,T.,iril,i:i:1]l il

wh€re 6=knrDcosar=pcos:ar. (9)
LlKosz e!. al. hav€ given he axpressions tor tne nomatized (tjme,averaqed) po
:::""1":,_"'!,1 ,i"i *," inqra de=siradado, inlo drccrbn u, wh6,o s is rh€ aner€ b€iween(j and Ihs -z ars. In an unbounded mediuD 2 tor magnetjc dipoto l4l

P- (q.O)=,.-l-r
8 t l
!*,e,;"o*,-e"o,6*oi P

(10)



..

'

a

Fig. 2. This cooparison suggesrs lhar a selr.caiibrared measu.ement ot lhe feilaciive irdex o,M €dsorbed prote'n hyer. i,e. rhe surtace conc€nlration ot prorein, is possibts. We atso find
1::,lie_ €x?ein€ital anqutar disr bunon ot omiltod fluorescenco nailhe, depends on ftsp.oren dve rabsrrhq ralto, nor on lh6 iniensrry ot tfie erci ng tighl, bul onty on lh6 ,etractvsinder  .2 {prcvded thar  nr ,  and n3i  ar6 consra.r ) .
Furner.slppc.r ror lhe prop.sed mod6t can b6 tound usinq atready publjshed til€raure dala. Forexamplo, _Slovacek er. at. had used tibe. opric immuno;snsor"'r& 

"rrayi"g 
i"l,E""-";;l;j,reacrion. They tound lhar the lruo,escent srgnat co eclton ts a tuncrion ir i|lmeltar aoe,tuieour oo.or anarvso lns angutar oisrribut,on ot sqnat l5l. W6 rB.ana.ys€d t,rtu dara sccordrno lone,Trle+edra modet by erchanorng lh6 numencat aDerrurs and the ?otar FIrC concentretio.r . -1F,s._.  n, rer ,  t5 l ) .  rh6 resuhs which are shown in F iE.  5.  are tu l ty  supporr ivs to rhcproposed moder. In concJus|on, by measu/rnq th6 angutar disrribut'on curuei tor a set ol cenair,wavequBe-orotern taveFrotur ion combinat@n one ootarn a carbra l ron curve

:j::l:::,-1"_ ,-:19 ll. ll."iyrica r. de rorm,n arion oi rhe ,ekaciive i"de" .' 
"dso,t;; ,l;;;;or rns su ace concentrarjon ol he prolern.
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SENSINVIry ANALYSTS OF EVANESCENT FIBEB OPTIC SENSORS

Jinyu wang, D, christensen, E. Brynda' J. Andrade, J. lvos and J-N' Lln

Department oI BioEngineering, Universlty of Utah, Salt Lak€ City,Utah 84112

ABSTRACT

Evanescent fiber optic sensors are being developsd lor remole in situ lmmunoassay' The single .
reflection total internal reflection lluorescence (TIRF) geometry can sa e as a well-defined model
against which evanescent waveguide devices can be compared and svaluated. This paper addresses the
o;oblem of optimizino the sensitivity of an evanescent fiber optic sensor (EFOS) Two aspects are
iiscu"""a, (ij tne iloaes ot excit]ng taser light in the fiber have an eflect on the sensor efficie'cy and
iignal-to-noiid ratio; (2) in a fiber biosensor, there is generally a protein- layer atlach€d to the.corc
srjrface; the thickness of the layer is ai least snm. lf the refractive index of the protein layer can be
made equalto the refractive indet of the core, we *ln gel a new fibor waveguide in which the core also
coniains the protein layer. The fluo.escent emission sources are thus inside the core region and
generate the highest signal collection etficiency. we also discuss the situation when the refractive
andex ol the protein layer is larger or smallgr than that of the optical fiber cors.
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1 INTRODUCTION

Evanescent fiber optic sensors (EFOS) can be used to study protein adsorption and antigen (Ag)'
antlbody (Ab) interactions and dre bei;tg developed for remote in situ immunoassay. This klnd of sensol
can be u;ed for cenain industrial chemicals, biochemicals, toxins and microoganisms. A number of
authors have discussed EFOS and th8ir applications [1'15].

The sensitivity of immunoassay techniques ls determined by the affinity of lhe Ab for the Ag. The
hlgher tho binding constant, the stronger the inleractlon between the Ab and the Ag, which results in
more Ab-Ag complexes at low concentrations fll.

The intrinsic fluorescence background of human serum [16] also affects lhe sensitivity, since the
signal-lo-noise ratio may be reduced by the intrinsic lluorescence background of serum.
Tdtramethytrhodamine, whose abGorption and lluorescence emission occur at longer wavelengths (540
nm and 5il0 nm, respectively) than lluoresceln, can be used to improve the signalto-noise-ratio l17l'

Several papers 111-151 haG investigated EFOS for surface sensitive homogeneous assays. Slovacek,
et. al. [12] have dltected fluorescein-labelled digoxin (Molecular weight-833 dallons) and human
ferrit in (M. W. -45O,Ooo D ) with a lower detection l imit of 6*10-10M and 10-1IM, .espectively.
Sutherland, et. al. r3l have siudied fluor€scein labelled immunoglobulin G (M' W. =150'000 D )wilh
a sensitivity ot 3*lO-8M.

The general principle of EFOS is lhe same as total inlernal refleclion tluorescence (TIRF) but the
sensitivily is lowe.. Using the TIRF gegmetry, th€ immunoassay technique has the sensilivity to delecl
l0-12M. [1s] However, with EFOS, lO-l2M may not be delected. This is because the optical
configuration of EFOS is different from thal of TIRF, in both fluo.escenca excitation and signal
collection.

This paper addresses the problem oI analyzing and lmproving th€ optical arrangement to optimizs lh8
sensitivily of EFOS. Ths evanescent wave spectroscopy of EFOS is the same as that of TIRF; however, the
evanescent field is generated by guided modes in EFOS and by single o. multi-reflection in TIRF' The
modes of exciting laser light in the sensor fiber have an elfect on the sensor efflciency and slgnal'to'
noise ratio. Moreove4 lhe fluorescent signal in EFOS is guided in the fiber in the direction of ths liber
axis. When the fluorescent species is plaied at the end of the fiber core, the sensing'surface ls normal
to the fiber axis. ln this case, the fluorescent signal end-couples inlo the altached fiber, but the area ol
the surface is small and the electric lield which excites the tluoresbehc4--isllot an evanescent tield.
when the fluorescent rnolecules are located on the liber core surface, the sensing surface is parallel to
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L:j'.0:13]f:._T* glintage oI this case is.that.the.area of tho surfac€ may be increased for detectingower concenlrations, bul the fluorescont signal colleclion is very differeni in thg two geometries. We
ly:l]l"fr9T *""t99r th€ back coupting Jtficiency and ttre retiacrive tndiJes ot rhe iiber core, thesoruron ano Ine proleins, including the numerical aperture ol the altached liber. Marcuse has derived anodel to evaluate lhe back couolino efficiency [19], but did not consider lhe case where the fluorescinghyer had a different refractive indei than thi ;tadding,
_ Aclually,.when we dip.the sensor fiber into a_protei; solution, there is always somo adsorption ofprctein moleculss onto the tiber 

"ore 
surrace. According to tre enectivl-rneiium rrreorv izd],'irrere isan.enective layer with an effective retractive indox nz 6n tr" sr.ri"", prov'iiei nat ttre retractiveindex of the prot€in is not Bquar to thar of.the sotution. we consilli 

" 
nioii tirrilrr -nt"ins three zones:lber cor€,.effective rav€r and sorurion. wrh this moder, we-ina-[z;i;;;;i"ii;; u"r,u""n ir," sign"i'-back coupling €tficiency and the refraciiv€ indices, especia y ft'" ,"fr"ain"'iniu, ot lhe effectiveIaver.

Experimental measurements with a 600 nicrometer diameler optical fiber and F|To-labelted lgcwere performed. The refractive index of lhe adsorbed p.t"in r"v"i'rrai 
"ijr"Gi, "no t" i"irfr"'"!r""0N/ilh lhe effective index modet-

2 THEORY
ThEJundamental phenomenon employed in.EFos is that ot exciting and detecting fluorescence In thepfolein layer which is adsorbed or bondrjd to the surface of thewaveiJJ" 

"oi". 
fn" excitation is:f:Tp]i:td rlrp.jqh lhe evanescent fietd associared witrr propasaiioiioilri l"o ,o0"" in a sensor fiber.ne'uorescent right detecred is thar oortion oJ the totar emissio; which ;upres oack into the fiber andis.glided. Th€ sensor geomerry is shown as Fig.l. As -l,"ir-,r-,iiJ,'ir'r" iiiilill-consranr, lhe inktnsicg&Kgrcund' the evanescent absorprion, Ae, anJ rhe fractron ot ri 

"ritr"Jiiulr""cence that is detect€d,rc, aned thE sen€or sensitivity. Based on lhese, class, *. 
"t, tifi "rdi" i g"nerat expression br thes0nal from an EFOS as

S= KAeEc (1)
ll-:l.._.q .i".,f," intensity of rhe signat and K is.a proportionatity cons\alt, incorporatrng sucnronwavegurde dependenr {acrors as .he fruorophore concenrration, fruoreiceni quantum efficrency andlhe spectral transmlssion of the optical componsnts.rDerg are three optical media: the fiber core, thg adsobed protein layer and lhe surounding solutionwith ref.active indices nco,n2 and ns, respectively. The evanescenl 

"l"orprii, A€, is differenl in thek0 cases ot a film and a bulk sample. Hadck I2rl has 6hown rt"t rf," opti""i 
"l"orption 

can beexprcssed as.an increased effedivi rhictoess oi ttie tayer, th; ;if;irilfi;;":s being the rhicknessthal,ahsods.lh€ same-optical power in nomal_propagation as U aUsorbea evanescenfly. In the case ofrandomly polarized light, the average taaor of inireisg tor tf,e tfricinesi oi a ihtn tayer is given byl z r  I
2n^^n-s ine r  lo""7n=::=-3llJ3ir+r 1e"y i el

|rhere t r  . \  ||  |  r+ 1n"7111 " !o"zo"_ 1n"/n..1 , j
f (0,)# (3)

|  [ r+ tn,zn". l 'Jcosro,_ tn"/n." l  r l
and 0z is the angl3 of incidence, Dav and D are the avsrage lhickness and the thicknsss oJ the layer,respectively.__The larger the offecrive thickness, tho morJ the absorbed opticai power, and thus theorealer the lluoresc€nt signal.

lvo can evaluate th6 optimum incident angle, (oz)op, at which the eftective rhicknsss reaches itsmaximum valu€ trom
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and nl=nco, n3=ns, provlded lhat n324ln312 is smaller than or €qual to unity. We har'e F(ez)>o, whenez<ezm. In the case of n324lngt2 larger than unity,we always have F(02)>0. F(02)>O means Aeincreases with o. For weakly guiding waveguides w€ always have the maximum value ol As when
!?o!=oca,, However, it is practically impossibte to adjust the liber parameters so exac y that iloperates precisely at the cutoff of anv given mode. Ahhough a mode near cutoff suffers high iosses due toany fib€r irresulariry, it is sri' suitibie tor carryin!- eicirinl ;:;; 1;;;i ;;;' h* lhe benefir ofimproving the signal-to-noise ratio for remole EFO;S.
,,. Now we dlscuss Ec, the fraction of emitted fluorescence reaching the detector, i. e. the colleclionefficiency (see equation 1).

-.^^l:?.rgi19.t:.y*eguide theory [23], if the waleguide is perfect, infinilely rong, a tight source ispresumed inside rhe core. and rhe ridhl source rs bc;ted at .inrs innniry,-iiie." iitt be'guiaea moa-esinside the core, radialion modes ours-ide *,. cor", ana-leJ,i';;;;:: il;';l;; *o are slandins waves.snyder [24] gives rhe sorution {rom Maxwe 's iqu"rio*'roilo"L. U"iig"iltu iu" nolions concerninothe propagation of rays' h€ described tne ray propagation arong a murtimode fiber. Ec increases wirh th;number of bound modes, which rransmtt rtre eiciteaiuoresc;;;". [;;;;;;O are sphericat potar angtesrelalive to the axis of a libgr with axisymmetrlc refracfbe-indei piofif" n{rf, where r is lhecylindrical radius, then ths numb€r of bouJld nodes, Mbm, is given by
. P  o "  z n

r'r*$J",r"l"o,Joo"jsrno.coso,ao, (7,
0 o a

where p isfhe radius of thg fiber core, go ls the critical angle, oc=cos{ (nct/nco), and k=2n/X..
- For an €Fos, w€ assume fruorescont rab€rrea prorein miecu-res liiort"Jon ,n" 

"or" 
surface ro forma monomo-recurar layer' The thickness .of-the ray6r is in tt," oiJrior ro- nrl ihe refractive index of thetayer is differenr from rhe burk mar.riar. An 

""rir"t" or irt" i"ri""ir;; il;; ot such a rayer uririzesthe effective medium approxtmalion l2ol:>ffi* (8)
which in,general lorm gives the pseudodrolectrlc permiuivity <€> of a mixture of i materrals each withvolume fraction ,i, p€rmittivity €t, whsro

€t=nt2

!]l:: *::T" t,"o ptrases in the fitm(adsorbed pror€tn tayer): voids t*rol'"'"o of lhe phosphate buffersolution, PBS, w€ use lor protsln sotution) wilh e1-ns2 and volume iraction ft, and adsorbed proteinwith ez=np2 (e, g. np-1.544 [2S]) and volume fracllon f2-1-ft. We can calculatg n2=(<e>)o.s;0<f2<1, and thus ns<n2<np.
-_-,,1h:. "1"9ti"9 

refracttus index may be_larger.than or equal to that of lhe tibor cor€, n2>nco, ors.ma €r than .nco. but €till..larger than that of the ctadding, nco>n2>nci, or noi targer ttran nct, nct>n2.we discuss lh€.signal collection efliciency, Ec, associatel with the fraction oi the Uound modes in theselhr€e cases individually and use ray otics for illustration. fne three ione,-cors-film-pBs system ;s
48
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shown in Fig-.1, whers oca (0ca-cos- I (ncl/nco)) and ocs (ocs=cos- I llynoop are ths critical anglesIor atlached fiber and sensor, respectiv€ly. Becausg of nobns, we have

The modes which are bound in the aflached fibsr are all bound in the ssnsor fib€r. we need not considerIh€.film-PBS interface and only discuss the tilm-core inteface. p ls tho core radius, and Ap is filmlhlckness,
Fkst we deal with the case of nco>n2>ncl. Oc1 (ocl-cos- t (nznco)) and Oc2 (Oc2=cos- I (ns/n2))

aro lhe critical angles for th€ lilm-core and the film-pBs interfaces, iespectively. Fig.2-b yields fieJ*clion !t tluorescent emission which, after kaversing the film_core inte;ace, a;e qu-ided 6y lheatlached fiber. lf we view lhe rays in the tirm, afl the rays with incident angres 0<0<02, can enter intolhe core and be guided, In the core, this range is Oc1<o<Oca. Using Eq, (7) we get
I P 0". o+Ao 0, I

. 2 t  l  -  |  .  ;  l z t
m.{ l  Jr3".a'J s ino"cos0,a0,+Jn,rarJs ing"coso"ag. l [69, ( l l )

1 6  o : .  F  ;  d
Mbn=k2 (p+Ap) 2 (n22-n.!) /2 n 2\From Eq. (12), we understand that the Mbm mosly depends on the effective rerractive index of theayer. wh€n n2 is equalto ncl, we have Mbm=o; no fluorescent signal ray can enter the altached fiber.

In2 is equal to nco, we get the maximum value of Mbn. It we delermine the angle 0c1 , or determin€ theangurar diskibution of the signal, we can determine n2; further we can work out the surfaceconcentration. Thls method is similar lo that ot Lukosz [26],
Flg,2-a yields the case of n2>nco, This time gcl=cos.l(nco/n2). Changing th€ upper and low€rlinils of 02, from Eq.(11) we have

0..<0."

Mb^=k2 (p+Ap) 2 (n.o2-n"t2, /2

( r0 )

( 1 3 )
The value of Mbm depends on lhe thickness of the layer and is independent of the etfes ve ref.activeindex of the layer.
, The case of n2<nct is shown in Fig.2-c. There are not any rays which enter the fiber core and become00uno mooes In rhe attached fiber. Marcuse 1191.[23] has analysed a similar case and derived a model
! :L9l*11S" back coupting efficiency whtctr ts iruitr tower rhan our modet. i; invesflgated theqleston or incoherent excitation of srep-index optical fiber with lighl sources that are iocated in rhe
:li::'19. 11 9.t]s ol ray optics,.lighr from_sources In the fiber ctadding can not bs trapped as trulyguroso core modes in a positively guiding fiber. He treated this problem uslng ovanesc€nt field backclupnng. H€re we do not consider the back coupling efflciencies gen€rated by thE evanescent field,Ths effective thlckness, Ap, ls much smaller than p, the radius of the fib;, cor€. We can use oinslead of p+Ap, when we calculate ths number gf bound modes. Fig.g shows tho curve of relaliv€number of bo-und modes, Mr-Mbm(n2)/Mbm(nco), v€rsus n2, From Fi9.3, on6 can see clearly that,Mr=o whgn n2<ncl, Mr remains conslanl when n2>nco and when ncl<n2<nco, Mr dgcreasesmonotonically with n2. The curv€ coincides with th€ €xpe.iments done by Voshida [iZ .

From Eq.('l), the signal S Is a function of A6 and Ec, and Ec is a tunction of nct, nco, p/1", n2. To get
higher sensitivity, we should increase the differsncs between nco and ncr, i. e., increase the numeiical
apedure of the attached fiber. of course, a larger valus of p/1, is better for th€ sensitivity. we should
also improvg the adsorption condition, that means wo should maximize n2 and Ao.

. 3 EXPERIMENT

--Theoptical configuration of EFOS, ls similar to that of yoshlda [1I and is shown in Fig.4. The488nm light from.an air-cooled argon taser (Model No. 5490 ASL,'b; Lassr Technologyfb couptedLnlo the fiber by lens L3 (focal length fl=12.S cm). To maxlmlz€ tho sensittuiy, the las;i beam islocused lo a spot on the faco of th€ lib€r near th€ core-cladding Interface at an angle ngar cutotf [27],
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The back coupled iuorescEnc€ collEc{ad lrom tho dislal snd of ths tiber is first collimatgd by L1(fl=7,3
cm), then passes lhrough the 488 nm rejection filler (Pomfret Research Optiqs) and ths glass high
pass filte. (Newport Corp OG500) and ls focused by lens L2 (fl=12.5 cm) into lhe monochromator
(lnstrument SA, Inc. HR-640). The outpul ls delecled by a photomultiplier tub€ (Hamamatsu R585)
and photon counting inst.umentation (EGG O.tec).

The core of a 600 mm optical liber ls usod as th€ sensor, which Includes the attached fiber.
ApproximatEly 3 cm of the Telzel coailng is removed lrom the midseclion using a scalpel. Next, most ol
the cladding, whlch is made ot silicone r€sin, can be easily scraped off by a wooden lool. The cladding
residue can be r€moved by immersing the fiber in 85C chromic acid for 20 minutes 1281, The sensor
is placed In a cyllndrical flow csll lo allow lh€ introduction of solutions.

Next, various concentralion of fluorescein-labelled human lgc (H-lgG) (Cappel Laboratories) in
PBS were used lor rhe optical studies. We inj€cted HlgG solution (2.67*10-8M/L) into the flow cell.
The average labelling ratio is 3.75 labels per protein molecule. The lluorescent signal increases with
time as lhe protein molecules are adsorbed to the sensor su ace, shown as Fig.s. We then inject PBS to
removs the protein solution (position B in Fig. 5), Next we introduce unlabelled H-lgG (5.33r l0-
7t'tL1 whtch is more than 1O times ihat of the labelled H-lgG. The fluorescent signal increases and
reaches a new plat€au (C in Fig.5). lt increases about 15o/.. Similar experiments have been done using
a single reflection side-collection TIRF syslem, but the increase of the lluorescent signal was not found
as tho higher concenkation of unlabelled prot€ln was inkoduced.

We suggest that ih€ observed Incroase comes trom the increase in the effective reiractiv€ index of
ths adsobed protein layer. We gei an adsorbed protein layer on the sensor surface when we inject the
labelled prolein solution. As n2>ncl, we get signal collection. The signal decreases after the PBS is
injected. Because the adsorption process is semi-reversible, a dynamic equilibrium between
adsorption and desorplion can b9 established, such thal rates of adsorption and desorption are equal
[291. Some of tho p.otein molecules desorb, and ths signal goes down. Notice, two factors mak€ the
slgnal go down: the lirst ls the docreasg of fluorescein which makes lhe fluorescenl light decrease, the
second is the decrease of lhe effectivs retraciive index ot the layer which leads to decreased signal in lhe
reoion o{ n2<nco. When we introducs th€ higher conc€ntration of unlabelled protein, the increase of n2
generates the increase of signal collection and the signal goes up. The etfect is not obseryed in a TIRF
experiment because of the very differ€nt collection geomelry, as discussed earlier.

Tho experiments match the theoretical analysis v€ry well. When wo injecl labelled H-lgG solution ol
low concentration (2.6?110-13 WL), we gel only the background signal collection of 300 countvsec,
but when we int,oduce unlabelled H-lgG whose concentration is 3.33+10-7 M/L, we get a signal
increase of 50 counts/sec. The unlab€lled protein (including the previously inkoduced labelled protein
within it) Increases the index ol lhe layer, so a larger value of Mbm is generated, which can be used lo
transmit the lluorescent signal. The signal collection is thus improved. using this method we measured
a series of concentrations of H-lgG in PBS. The results are shown in Fig.5, curve A, while curve B
shows the results without using higher concentration unlabelled H-lgG. See Fig.6 caption for delails.
This simple method can improve the sensilivity,

4 CONCLUSION

The commerclal fiber with a loss of about ldB/km is very goqd wav€guide for making a sensor. Using
the fib€r to fabricate EFOS, the fluorescent signal comes mainly from lhe surface. We conclude that if
the offectlve Ind€x n2 of lhe effective laysr is not larger than the refractive index nclof the cladding,
and thE core ls lhe same as sensor fiber core, Marcuse's analysis is valid. When n2>ncl our analysis is
valid and shows a higher fluorescent signal back coupling etliciency than lhat ot the Marcuse model

The sensitivity o{ EFOS can be improved by higher evanescqnt absorption and collection efficiency.
We pr€dict that ihe EFOS can demonslralE the same sensitivity as TIRF when we improve lhe adsoFtion
condition lo ognerate a higher value of n2 or when we adiust the fiber parameters to decrease lhe value
ot ncl and increase the numerical aperture of the attached fiber. Delermining lhe angular dislributions

I
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of the tluorescent signal and then evaapproach which is now u"inq 
"u"lr","Jl"ting 

the sudace concentration is another, perhaps better,
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ll/PROVED SENSITVry lN ELLIPSO[4ETRY OF THIN BlocHE[4lcAL F]LMS 8Y
TNIPLOYING SUBLAYIBS

J NYU WANG,J. D. ANDRADE,JINNAN I]NAND D.A,CHAETENSEN

DEPARTIVENI OF BIOENG]NEEF]IIG
LJNIVERS TY OF UTAH, SALT LAKE CITY, UT34112, USA

Abstract
E psomsrry is wdey used ror

subsrldure .onshrhg or ad add lofar subtaysr ptaced berween tha s

A whan rha incidsnr aisre s 70 dae€* and rho w*erdnsrh is $ra A

Ellpsomerry h curenlly employ€d lo inveslioale lhe optcarpfoperries ol soids and lhin iihs
al nlerraces. In biochemical app icalions, elipemerry has been used ,or sludying physica and

De Fejle., er al. I1l and Kawaquchi. €l ar. I2l [31 menlioned lhe app]icabitily or elipsomelr/
,or invesriqatng rh€ adsorplion behavior ol madomorecures al lhe an-wale. inr€dace. The propenies
or adsobed mac@molecular lilms depend nor only on rhe amounl adsorbed, bul also on lhe mnlomalidi
of llre adso.b€d moecoes. The advantage oi elipsometry is lhatI prcvides inlormauon on b.th aspecls
cdypers, et ar. [4] lsed €rripsoderry as a toor lo srudy protein rilms al liqdid,sotid tnlerfaces. They
suggesred Oal an aubmarlc elipsomeler tor bl@hemlcatwork shood have a sensilivily of about 0.005
degree, co(esponding b a ayer lhickness sensi viry of 5 A. Wirh ths sensilivity, the resotulion of
rhe iostumenr permrs monomolecura. aye6 or btomotecut€s to be obs€Red. AMin, et al. I5l and
Nygr€n et a 16lsludied prote n adsoplioi and antbody add anlioei.eactons. They measured lhe
oplica propenles ol prolein firns al air,solid intedac€s wilh etipsomelry.

we .  ox  r la  \p1  i i l l  o r  d lp .o t re r ry  i r re rs 's  r i t l  i n ,  redr , lq  o -erence oes"p .  F
relracrive indces of rhe subslrale and lhe adsoloed layer. Ths is the reason why mosr pubicafions on
fie subjed dealwirh macromorecures adsobed on to semionducloror metat sudaces.

Atuii [5]poinled oul Ihal ir lhe substrate ls absodinq and ils polarzablily is reta vey ow,
rhen bolh rhe rerracrive inder and he lhickiess ollh€ adsoded layefcan be separatey obrained. The
prob em lhe.ero@ reduces 10 one ol seleclino a suirabe subslEre. ad unfonunarely,lhe subsrares
app ied in biochenlcalsludles may not have lhe proper relraclte index vaues. From opticat thtn ,im
lheo.y l7l, w€ know thal a substralo and a sub ayer can fom a subskuclure which has an ette.tve
rerracive index. Changing lhe lhickn€ss orland the re,racltve indeN or the sdblayer means changing the
efiectve relractve inder ol lhe subslru.ture. In lhis way, we cai deduce a subsltucrur€ which lts our
requkenenb. ln thls papei w€ live lhe analysis, calcutaion, and expeidenl to. seecfnc a solabe
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Study of PEO on LTI Carbon Surfaces by Ellipsometry and Tribomeiry

Jinvu Wanq, Eric Stroup, Xingfa Wang and J. D. Andrade
Bioengineering Deparhent, University of Utah, SLC, uT 84112' U'S'A'

Key words: Eitipsometry, Tribometry, Polyethylene Oxide, Low Temperalure lsotropic carbon'

A  bs t  rac i

Protalns Edsorb lo almost all su acos dutlng th€ l lrst lew hlnutes ol ExPosure Il l '
Surfaces whlch show minlmsl Proleln adsorPt lon sts lmPortanl In many biomedlcal
appl lcat lons. Moreover,  pat lent dlsconfort  due to poor lubr lcal lng acl lon between l lssue
ani var lous madical  devlces, ospeclal ly conlact lens€s, ts a sedous medlcal problem' An
el lect lve polyme. tor ptot6ln-r€slslant surfaces and I tnProved lub' lcal lon Propeit les
appeaB to b; polyethylens oxlds (PEO) [2] [31. Horc wo repod a stldy ot PEo films on low
temperalure tsotroptc 1l f t1 caabon eudaces, Includlng preParat lon uslng 3 photochemical
react lon, character izat lon of the lhlcknsss ol  th6 PEo layor by el l lpsometry and
measuremenl ot coolf lc lenl  of  f r lct ion wlth a custom bul l t  I t ibomeler '

'  lntroduction

Ellipsometry is used to measure the optical propenies of thin tilms on planar subslrales,
including films of idsorbed proteins or polymers [4]. The average thickness and elfective retractive
inoei of"tne adsorbed layer is calculateci bt measuring the d and * ellipsometry parameters The in silu
opticat properties of the adsorbed layer provides information related to physical, chemical, and
slructure properties.

proteiri adsorb to almosl all surlaces during the first few minutes exposure [2]. surfaces which/^
show minimal protein adsorption are important in many applications,. including blood-contacting \
devices, membranes lor separation processes, sensors, chromatographic suppo'ls, contact lenses'
irrrnoi.says, blood and protein storage applications, etc. An effective polymer for protein-resistant
surfaces appears to be poly ethylene oxide [3].

Lorir'tri"tion ot surtdces is required for medical devices, such as contact lenses, catheters or
guide wires, which are contact with mucous membranes ol diffetent parts o{ lhe human body' The poor
lubricatino action between membranes and various medical devices is not only accompanied by pain, but
riv-JGo"Olr"g" the mucous membranes, Tribometry is used fof investigating friction and lubricalion
phenomena on PEO films,

Lowtempera ture iso t rop ic (LT| )carbon iswide lyUsedasthed isk-componento f .a r t i f i c ia |hear t
valves I5l. The LTI carbon sudrce is a suilable surlace for UV induced-grafting of PEO and a good
substrate for ellipsometry measuremenl [6].

Principles and Analysis of Ellipsometry

Thee| | ipsometer isdescr ibed inF ig ' l .A l igh tbeaminc identonasamp|esur facewi l |undergo
reflection and'refraction [{ 18] I9l. The aifect of reflection on purely polarized monochromatic
i*io"ni iight may be des;nb;a 

'bi 
considering the reftection.oi lwo.mutualty perpendicular electric

tletd comp-onents, whose resultani forms lhe electric lield of the incident ray' Usually these
components, Eo and Es, are chosen to be parallet and perpendicular, respectively, to the plane of
incidence. The comDlex reflection co€fticients are defined by

rp=Erp /E ip  \  rq l
r i= Ers/Eis (1b)

and the ralio ot these two coetficients gives the tundamental equation of ellipsometry:
p=rplrs -tan(V)exp(jA) (2\



The two measurable paramelers a and v relate, respectively, to the relative phase and ampliiude
change upon reflectio;. A and V are functions ol the oplical constants of lhe suriace, N2; lhe wavelength
of th; light used, 1; the angle of incidence, +; the optical constants ol lh€ ambient medium, no; and, for a
film-covered surface, lhe thickness, d1, and optical constants of the film, nl.
We can wrile formally

Pmeas=P (  no '  n1 ,  N2,  d l ,  X '  0  )  (3 )
tn bi&-nemical applications only the thickness, dl, and the refractive index,n1, of the adsorbed

laver are unknown. ln piinciple, they can be eslimated by A and v, Often the adsorbed layer is too thin
to'iffeciv, meaning ttiar only a chinges with adsorption. Foriunately, ihe refractive index of LTI
i",uon i.. L compl& numbei, N2=n2:jk2=1 '70-j0.80, and n2 and k2 are of the same o'der, therefor'
both A and v change with adsorption. This can be seen direclly from the first-order approximation for
p for very thin l i lms which can be wriiten as l10l ..

Dp duny ."^ j+-oa,"oj9- .1[nl!)!oi'!---- (4);__=::AJoA=__-P ran.y " "{"}"3Ji"t"*r+"i1
where 6p,6tanv and 5a .epresent the first-order changes in ll"le respective ellipsometric paramelers.
F.om equation (4) we have

6ta nV/ta nV=- 0. 9 57 x2.l,d 1 / A'
6A=1.035x21Id1/ I

(sa)
(sb)

when 0=60.0 ,  n0=1.0  and n1=1.50 .'We 
can ;alculale a and \p as a function of the refractive index, n1, and thickness, d1, of the

adsorbed layer, The theoretical calculalions were carried out lor adsorbed films covering LTI carbon
iuOitrares ii the thickness range of O-50 A. Since the relraclive index, n1, of the adsorbed layer
varies wilh adsorplion procedure, calculations were made with 6 values of n1 for lhe wavelength of
ogze A. ftte tesutt is iho*n in Fig.2. From the results' we understand thal, for a small change in
ii,i"fn"is oi r A, I and v change o.o5 and o.O2 degree, respectively, and.for a reiraclive index change
oi ooi, a r,"" a 

"r,"nge 
bf more than 0.03 degree, when the thickness. of. the adsorbed layer is abo-u1.20

i. ijtt"i irr"lt i"rn"i""of the adsorbed 1ayer is,bout or more than 20 A' Using a BUDSLPH RESEAR6H
RR2oOO Aulomatic Ellipsometer and th; sottware developed in our group for data analysis, we can-
meisure and evaluate the refractive index and the thicknbss of the adsorbed layer to an accuracy of 0.01
and 1 A, respectively,

SamDle Preoaration and Characterization by Ellipsometry

Low temperature isotropic (LTl) ca.bon has been widely used as the.disk componenl of artificial
freart vatves and in other medi;al devi;es due to its good biocompatibility and mechanical properties. A
monomolecutartitmolPEooncarbonsurfacesshou|dimprovecompatibi| ityandlubricalion
;;il;;i;..-ih" elipsomerry resutts indicated that it is possibte ro derect thin pEG films on potished
pyrolylic carbon.

LTI carbon surfaces are polished by ceric oxide powder and cteaned with ethanol' The samples
are then suOmerged in hot chrohic acid solution for 5 minutes and rinsed using distilled watel The
iurr"i" oiitt" i"inpt" is precleaned in methanol, before treatment in a PEG'/H2O solution (BBE'
PEG(3350)-OH in H2O, 5 mg/ml) for'10 minutes [11]. The sample is then rinsed in deionized (Dl)
*"t"i ov aipping lonc?1 and i; then dried vertically in air. Half of the sample surface is exposed to UV
light ot i.z mW7cm2 iol 5 minutes, 48 cm distance from source. The samples are then stored in Dl
water.

After air drying, ellipsometry measurements were made to determine the optical parameters of
rne peo'ravei ieb1 ii. itd iesuits'or te e ipsometric measuremenls suggest that the BgE-PEG layer
aosorbed td rha c;rbon surface ( no UV exposure ) is abouJ 20 A thick and is easy to rinse away The
samoles exposed lo uV light have a PEO Iayer about 25 A thick' which is dimcult to remove' even unoer



polishing by ceric oxide powder in water. These observalions suggest that a photochemical reaction
probably resulted in the covalent binding of the PEO molecules to lhe carbon surface,

The ellipsometry studies of PEG on pyrolylic carbon su.faces are shown in Fig,3. The circles
represent LTI ca6on disks. The small integers represent the positions and time sequence of the
analysis of disks. The larger number is the PEG lilm thickness measured by ellipsometry. The upper
two circles show the control experiment, where PEG adsorbed to the carbon disk surface. The thickness
of the PEO layer dec.eases with time. From point I to point 8, ihe time interval for each point is 30
minutes. The samples are stored in deionized water between the measurements. There is no signilicant
diflerence belween the masked area and lhe area which was exposed tg UV lighi. The lower two circles
show the pholo PEG attached to the carbon surface. Two samDles were measured at different times. The
left one measured right after preparation and the righl one was measured one day later. The data for
these lwo samples are nearly lhe same. The photo active PEG layer on lhe surface is clearly stable and
is on the order of 20 A thick.

Friction Measurement

When, under the action oi a normal force perpendicular to the common boundary, one body is
made lo move relative to the surface of lhe other [12]. The tangential resisting fo.ce is defined as
iriciion. The friclional force F is propo.tional 10 the norrnal force N

r=pN (6)
lhe proportionality constant F is called the coefficient of friction.

There are several techniques fo. measuring stalic and dynamic frictional coefficients. Our
preliminary dry friction measurements on PEc-treated LTI carbon were made on a crude friction
apparatus. The instrument uses a rotating silica liber of 0.5 mm radius; fiber velocity is 4 mm/s,
with a normal force, N, the tiber rotates against the LTI carbon curved disk. Using a Wilhelmy Balance,
we measured bolh the normal lorce and friclional force. Then we calculated the coeflicieni ol lriction
wilh Eq. (6). The design of the instrument is shown as Fig,4. F1 ls the weight of lhe heart vaive disk,
F2 and F3 a.e the optical tiber static and dynamic balance rscprds, respectively. The frictional
coeflicient

-  F - F
| _ ) . - - 2 ^ 3' N  F , s i n o (1)

where
- t -  - .c=cos''(F /F,) 18)

and the forces Fl, f] anA f3 can be measured by the Wilhelmy balance, separalely. In ihas way, we can
measure the dynamic friclional coefficient between a rotating optical fiber and the PEO attached on a LTI
carbon hearl valve disk. An example of original record daia is shown as Fig. 5. The instrument is
suitable for the measurements of low frictional coefficients.

Using lhe technique and instrumenl developed in our lab, we measured the dynamic coefficienl of
friction of optical fiber and LTI ca6on in the dry state for two conditions; the bare LTI carbon suriace
and the surtace attached with PEO. The dry dynamic mefficient of friction oI LTI carbon and oplical
fiber is fr=0.35t!.01, shown in Fig. 5. The dynamic @efficient of friction of LII carbon attached with
PEO and optical fiber is p=9.1919.61 under normal force of 2.8 mN, shown as Fig. 7. PEO attached to
carbon suriace appears to improve lubrication.

The relationship belween normal force and frictional coetficient are shown in Fig. 6 and Fig.7.
Fig. 6 shows the surface f.iction characler; the frictional coeflicient p is independent of the normal
force, The tictional coefficient decreases with normal force in Fig.7, this shows a molecular lristion
feature and Eq- (6) isl inapplicable to lhis situation- For typical molecular friction, the shear stress
was independent oI the driving velocity and applied load [13]. This means that the friction force should
be constdnt. There may stilt be some s'urface tiriaion component in the measurement, as the 20 A PEO
layer, compared wilh the surface roughness, is not thick enough to prevent surface friction.



Medical devices usually work in fluid environments. The kiclional coefficient should be
measured in wet conditions. Nagaoka et. al. 114l used a method for measuring static clefficient of
iriction of a hydrophilic polymei suriace in water or physiologic4rl fluid. They coated poly {vinyl
oyr.olidone) (pVpj ana poly (hydroxyethyl methacrylate), p(HEMA), on the surface oi polyurethane
iriUes. fnei tire citheter'wa! weled with physiological saline solution and a weight of 100 g cross-
linked collagen film, with thickness of about 100 !rm, was placed on the end of the catheier. The cross-
linked film ii a kind of biological tissue model and was attached on the bottom of the weight. The iilm
was wetted with the same lluid. one end of the glass plate was gradually inclined to obtain the inilial
inclinalion angle requked for lhe weight to begin slipping. The static coefiicient of lriclion, F, was
calculated according to the tormula

p=tang (9)

Thev mentioned that the static coefficients of friction decreased with increase in molecular weight of
the ivdroohilic ootymer up to 4OO,OOO. The static coelficieni of lriction of an uncoaled polyurethane
catheier rias o,32io-02. The polyurethane catheter coated with hydtophilic p(HEMA) showed a
frictional coefficient of 0.18!0.02.

Attia et. al. Fsl studied adsorption of polymers on conlact lens surfaces in relation to
biolubrication. Thef maasured the dynamic coefiicients ol friction, belween PMMA
(Polymeihylmetha;rylale) plate and PI/MA ball of 0.25 inch in radius (stylus velocily of 400 mm/s
with'a veriical toad'of 5 g). The vaiues were in the 1.3nge ol 0.112-0.243 wilh various ophlhalmic
solutions. Our data are comparable wilh the dala listed above.

In vivo experiments by Nagaoka el. al. showed lhat the insertion and manipulation of ihe
polyurethane catheler wiih a hydrophilic low trictional surface was much easier ihan the non-coated
catiteter. Almost no friction was felt between lhe calheier and blood vessel in the case of lhe coated
catheter. AII oI the hydrophilic slippery surface showed no thrombus formalion or adhesion of blood
componenls. The hyilrophilic low lrictional surface improved the biocompatibility and decreased the
damage of mucous membranes.

Discussion and Future

The rouqhness of the polished LTI carbon suriaces is under 1O A and the thickness of the PEO
layer is aboui 2-0 A, Ttre PEd covered LTI carbon suriace and the optical fiber surface are molecular
smooih surfaces. The friction coefficient between the optical fiber and lhe PEo cov€red LTI carbon
surfaces is a molecular tribological property. Both the the normal and the tangential slresses during
sliding are concerned wilh molecular interactions and conformation changes in the molecules'

Photoactive PEO has been used lor glass eyes [16]. Bioooat Ocular Prosthesis Treatment (OPT)
has been developed as a component for newly fabricated and existing Pl\,4MA ocular prostheses lo enhance
paiient comfort. ihe photo-aciivated PEO bonding to the prosthesis surface is accomplished il only ̂
ihree minutes and the entke OpT applications takes 15 minutes in an ocularist's laboratory, The PEO
laver can last uo to six monlhs.' 

Work on hydrophilic lo,r, friction surfaces is developing. An understanding of the phenomena is
helpful tor improving surface modifications for low friction applications.' 

Jeon et, al. i171 I1S1 sludied protein-surface interactions in lhe presence of polyethylene . -
oxide. They calculat;o ini sieric repullion and Van der waals atlraction' A proper model-is requked.for
connecting the microscopic unde.sanding w:th the macroscopic quantities in t bology. We suggest thal
there is ;sol-gel layer dn the hydrophilic slippery surface. The sol-gel layer may be PEO' PVP or
o(HEMA) in water. Accordinq 1o the concept bi galation, Ihe backbone may be the subslrate, for
Liampte, tt'e pgo cnains bonding on the substrate entangled in each other. The surface of PEO in water
'u lhJ"ite 

"" 
the sol-gel sud;ce. with the sol-gel model, tribological concepts and formulae-I1gi

lioj can Oe used lor exiplaining lubrication phenomena and calculating aibologic parameters' The
iarger the molecular wdight, the lhicker the the sol-gel layer. Thicker sol-gel layers will supply a
larier deformation withoui lhe plow phenomenon which produces higher friction and damage of the
su;aces. This may be an expianalion as to why larger molecules are helpful for lubrication 114]'
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2 Theoretical Analysis
A llohl beam incident on a nominally specular surlace will underco reflection and .€fraclion [3]

lgj [101. The ele.r.ic lierds of lhe incidenl and .eiecled liqhl bems are des]bed bv th€ onplex
e;alir'jd6s Eiand Er Each ol lhese @n be.eelvod into li,o @mpondnts pa.alel(p) and peQeidicuar
{s)ro Ihe pane of incidence, *he.e lho dfl€ ollncidence is d€lined by fte incid€d beam aid lhe
normalof lhe sldace. Tha @mdex refledion @ellicienls are derlned by

E^

and fte ratio oi lhese lwo coeliicienls qiv.s Ihe fond@enla

P = -  = r m ! ' e (l)

The lwo Darameters aand v rclale lo lhe Glalivd pbase and ampllode change upon €fl4 on

a lilm covered subslrate, lhree media syslem, is shoM as Fio. 1. No, N1 aid N2 are lhe
reiGclive indices of lh€ ambi€nl, lhe tilm and the substale, respectvelv; d is fie thickness of lhe
tilmiand d ls Ihe anse of incidence. Assuming Ihal lhe layer is planar, homogeneous and ininlle in

(5)

x  e rp . i14dr ' {  N ; ,h ro) ' "n ,  16 l
and t is F esnel rellecrion coefiicenl ot lhs i liledace an.l wilei ,s

(7)

where ri js Ihs oplica adnillanco, l=cos{h lor p'wave, r=ncos4 lor s.wave.
Ths tundamenlal €oualion of dli@new €n be reDresenled as a lunclion of lhe relEclivo

indi*s No, Nr and N2 ol lhe amblenl, ih. frh aid lhe subslrale, rcspeclve y; lhe fiickness, d1, ot lhe
lilmi fie anqle ol lncidenc€, Ci and fie wavelenqlh, I, ol lhe liqhl. We cai wite lomarly

P-p-  P  (No,  N l ,  Nr ,  d l ,  x ,  O)  (8 )
wture p€rp ls rhe quantry delemined erpeimenlally. we assume lhal palp. No, N2,l and 4 are
known, and lhen solve equalion (3) implicilly lor lhe opli€l paramelers of fie fih, which are
concerned wilh mabia prcpedies such as fie mic@slrcluG,lhe mmposition and void fGciion.

The adsoibed organic layei usualy is lransparenl. kr is zeo. and lhe@ are only tno unknowh
opli€r paramereG. dr and nl ol thelilm. we.an oel Mo realeqoalois ltum equallon {3), which is
@mpex.l. principle, dj and nt can be delemined by

p€:e- lanv exp(ia) (e)
For adso/oed laye6 whlch aG loo lhin lo signilican y aflecl v, only ̂  chanqes wilh adsorption. This
can b€ seen direcly lrom lhe lirsl-oder approxifiaion ior p ior very lhin lids, which can be

( t l

(2)
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where 6p,6lanv and 5d represenl lhe li6l order changes ii lhe respeclive elipsomelic paraderers.
Frofr equarion (10), we undeGrand Ihal 3^=0, when n2=ir o. nr-no, ftal ls, ir rhe retractv€ index ot
Ihe adsobed layer is equal lo lhe amblenl or ro fte subsrale, lhe iOhl hand side ot oquarion (10) is
zeroi lbis means fie sensillvily of €llipsomerry is very ow. on rhe orhe. hand, when n2cor4-no or
n2=no ,or a symfretdc sysFm,6A=inlinily, and we aer rhe hlqhesr sensilivily. The reftacrive lndex ol
rhe dierecr c subsrab is real in rhe vlsible .ange, then lhe daht hand sid€ of equatoi (10) is purety
imaginary and consequenrly

6v=o  (11 )
and on yone dalom 6^ can be measured.

One way lbr solving rhis dillicury is ro choose a substrar wilh @mpex.eifaclive ndex al lhe
savelenqlh empoyed. n rhs cas€,lhe dlhl.hand side ol equalion (10)is comprex and b.rh ̂  andv
chanqe in dlfierenl w4s wirh nr anddt. This is why so many arrhors prei€r sem@nduclor or metat

n the case ol rh€ semconducror subsrare, k2<<n2, (,or siricon substrate
N2=3.35. I0 .02arwaveen l to f633nf r ) ,so lhe  ghr -hand sde o i  equar ion  (10)  i s  near ry
imag nary. Thus lhe measurement yields a neg illlble change in v lor smal dr. ln.onrasr. 6d can be
very larce, In an individual siualon, we can have 6d/6d=0 5 deSree pe. nm. As one can eas ly measure
5d wilh a precision o, 0 01 de€.ee or belrer il ls clear rhar rlre dere.rion imil is wer betow alomic
dimensions. However even llrouCh de detec[on sensitvly ,o. nor.absolbing llms on siti@n
subslales is hioh. one oi Ih€ lM lnknowns, nr or dj, nusl be quessed o. dele.mined ind€pendenlty

Now we consider he neiarsubstrare, wher€ lhe imagnary part ot re,racrive ndex is much
lalger lhad lhe €alpad. N2>>n1. Anolher d,iicuty arises, and equation (10) can be approximared

b o _ l 4 r  u .  r o ' m  n -  G
e L 4

Once aqain we lind lhal lhe iohthand side ol equaton (10) or (l2l js purely imacinary, so we are
sl I lefi wnh a silualon ol havinq one dalum and lwo unknowns, a llrouoh lhe scaling tado. for lha
ftlckness dl is now dilferenl. For some melas, he realand naqinary pans ol ls relractive lidex are
ol lhe same order n maqi tude, and is suilable lor oblaninq Mo e ipsonetric quanulies.

usinq a subslructure vhich ensisls ol an addtonarsubayer placed berween the subslrale aid
lhe adsorbed ayer may be anolher way lor ove.comno lhis ditricuty. lt is suitabte lor dieectrc,
s€mconduclor and 6eral mareials. ol coo6e, lhe lhickness and lhe refracrive index ot lhe sublayer

Now we consider a,our media sysl€m, shown as Fi!.2 No, Nj, N2, and M ofthe ambient.lhe
adsoded layer, rhe subrayer and rhe subslale respec[ve]y:dr and d? are the ihicl<nesses ot the
ads..bed iaye. and lhe sub ayer. From optcal h n flm lheory the characteisuc narix of one s nq e

Icosa in \ inalv ,  .  ' l  .  ,' Ljlrsinot os8 l
where 6i=2 tr nidicosoy'r.

The chaGclerisric har x ol the slbslruclu@ can be wrinen as
fRl [ -55, J ir ,""6,] f  r  lI  I  ' l t  I
ic .  [ , " , . . ,  - . " -  i i t  t t4



The sfleclive opli€l admillance ol
v  = *

LJsualy Y is @mplex and a lunclion of O,I
We analysis the problem usino the

of the substoclure. Subslil!ting equalion

o5)
dt lo opddl oa,arews o rle tubsr€lo dnd lto crbare..
concept ot etrecrlve .er.acive index and erfeclive admirrance
(14) nto eqoarion (1s) we have

o6)

Assuminq lhe subsl.ucture has an elleclive retaclive inder G,
Y, = C coso
Yp = coso/C

G and mso are lunctions ol N3, n2, d2, O and L.
From equatois {16), (17), O3) and {rs) we have

(11)

se can wile lhe efteclve admilrance as
o8)
(19)

(21)

Frcm two complex equalions, (20) and (21). we can evaluale l@ complex uiknowns. ll w€ know N3
andl, chanqinq n2 and d2 we can qetdifiereit G. This means rhal we may have any reLactve index
value ot the subslruclure. subslildling G ror n2 in equalioi (10)we have

6p - pu"v -, i^ r4E""d,o.g azl"i"i l lc': '" i]p trv ' -- r 
"ilcliilc,..r "Al

Q2)

We can oplidiza lhe lhicl<ness and lhe reLacrive index of fie sub aye. wllh equation (22). The
oplimufr vaiues ol n2 andd2 oake bolh 6lanvlanv and6d larqe enough lbr much high€r sensltivily ol

1 \ J n e a c a  C a c u a t o l  a - o  L \ p e i n e n a  q e s . l l

ll is usually mo@ @nvenie lo deal wirh rhe mriespondlno
eripsomel.lc anales !, andA-.From equaton {3) we have,

6v+i"2\, R.l6PiPJ 6ar.{5p/Pl
.hanges 5Lt, and 6^ ol lhe

For simpificaion, we assume rhal60?0 is caused by a rractlonarchanoe ortirm
rewr(e equario. (23) as

Q0)

(23)

(21)6qr+in2\, RclK)bd,d 64=lm(K)5d/d



l+r.^ r-- X r.- +r-^ X L+r - r^- X c5)

n a d lrerence way,6v and 6a
d=Ao+s.6d, Q6)

Qla)
(2tb)

respeclivey, in unih ol deqree per anqslrom.
Sv aid S. arev and ̂  sensitivity lacrors rrrar detemine rhe ext€nl lo which smat chanaes oi

thickness of Ihe tilm ph4e inlluence lhe errpse ol po arizaton of lhe rcllected lighl beam. usinq
eqoatons (27), we can €lculale sv and s^ as funcuons of d?. The €culalion results are shown 3s F q.
3(a), lor a Si subsr.ale and SiO2 sublayer. From lhe @sulrs il is clear fiar Sd is targe when d2 is very
small, but sv is appbximatey equal b zero. ll the subslrale is a si waler wilh naruraloxid z€d sio2
subayer, onry one dalum, a, can b€ obralned lor prcten alsorplion. I lhe lhickness of rh€ subtayer is
aboul 1350 A, both Sv and S^ are much taeer, when lhe incidenl angte is 70 deQrees and rhe
wavelenqlh ol lhe lichl employed is 6323 A. Flg. 3(b) shows ̂ and v pol tor diflerenr retracltve
indices and rhickiess of adelbed layeron re substucture consistiig of 1300A sio2 subrayeron s

A series ol experimenls wilh ditlerent sub aye.lhickness values we.e done. The SiO2 f tms ot
hOh qualily on Si wa,ers were supplied by lhe HEDCO Micm€le.t@nics Lab, Universiry ot Utah. A
chemicalvapor deposilion prccess was used lor coatinq SiO2 subaye.s. D lfere concenralions ot
homan lgG wefe used in $e expe.lments. The erpermenlalresults, shown in Fiq.4, are Julty
suppoaive of the concepl lhal a substrclure, mnsistnO ol an addilionalslblayer paced between lhe
substale aid lhe adsorbed layer, can be used fo. improvinq th€ sensitivities ol both d and V to changes

Tbe maleialof rhe sublayer €n be helar, semi&nduclor, and /or dieteclric. -fh€ oplimized
thickness can be evaluared povided thal lhe marerals ol sublaye., substrate and envnonmenr are
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Multi-parameier Representation of Proteins and Their Interfacial Behavior:
TherTat ra rP lo t

Ai-Pitrg Wei, James N. Heron and Joseph D. Andrade*

ABSTRACT

Correlation of the behavior of proteins at the air-water interface with their intrinsic
plopenies is rcpresented as a patlern in a l2-parameter coordinate system which we
call the Tatm PloL Parameters related to intrinsic conformational stability, effective
surface hydrophobicity, and surface tension kinetics werc chosen to construct the
12 axes. Data for myoglobin, superoxide dismutase and lysozlme are used to
illustrate application of the plor The characteristics of a protetr can be rcadily
visualized by examination of its Tat"a Plot. Since the pattems are distinctive for
proteins with distinctive sur:face and denaturation properties, they can be used to
better interpret protein adsorption data a-nd to aid in the design of new hypotheses
and exDeliments.
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The interfacial properties of proteins are important in studies of biomatelials, biosensors,
ckomatography, food fomulation, drug delivery, and other biomedical or biotechnological
processes[1]. It is a challenging question to und€rstand and predict the structurd] changes that may
occur during and after protein adsorytion at various surfaces.lWhile attempting to cc'rrelu," ft. f L,, -,
behavior of proteids at the ai-water interface with their intrinsic conformational stability, effer t"y' i ),1'
surface hydrophobicity, type of secondary structues, number of disulfide bonds, and aromi . 1 if^'.a
solvent accessible areasl2l, we found it was dgsirable to present these correlations il a si mple ) atnt'a-<)'-a
multi-parameter pattem which we call thc "Tatn Plot".JA Tatra Plot is defined as a gaphical !rl"l'&e!-l
representation ofprcteins and their i[tefacial behavior i[ a multi-axis coordinate system with each TAI?I]_
axis being a sudace or solution parameter. The axes were arranged in such a way that correlated pAAl' .
pammeters were put next to each other atrd the most striking feature of a protein (or a group of
proteins) is exhibited. In this paper, we emphasiz€ the effective hydrcphobicity, steady-stato
surface properties, and intrinsic stability, because we believe they are the primary parameters that
needs to be first charact€f,ized in oder to better understand the behavior of goteins at interfaces.
We feel the protein adsorytion data generally available in the literature can be more informative by
consideration of such protein characteristics as stability, hydrophobicity, secondary sttuctures,
number of domains, etc.

We use myoglobin (MYG), supercxide dismutase (SOD) and lyzoz',rne (LYZ) to ilustrate the
method- They were chosen as model proteins because they are small, single-domain proteins with
well-known three-dimensio[al shuctures. They arc similar in size but differcnt in secondary
sructurs. MYG has only a-helices and SOD only p-sheets, while LYz contains both c-helices
and B-sheets, The nearly equal molecular sizes can minimize mass transport differences ftom bulk
to surface and allow us to compar€ exp€rimental rcsults solely on a structural basis. The air-water
interface is of interest because it serves as the simplest hydrophobic model surface for studying
adsorptiont3l. The use of such a model systen will allow investigation of the correlation between
prctein structure and surface properties aad other fundamental issues of prcteins at ilterfaces.

We rneasued the surfaco tension kinetics for each of these thrce proteins by dto Wilhelmy Plate
method- The rate constants were obtained by assuming a first-order kinetic modeltal.
Conformational stability was detennined by both thermal and guanidinium hydrochloride
denaturation methodst5l. Values of effective surface hydrcphobicity were obtained from titration
cuwes using the hydrophobic fluc'rescent plobe, cis-padnadc acidl6l and fiom hydrophobic
interactioa chromaognphyFl. A6o;" *tu"n, accessible arcas wsre calculated according to
Richmond arrd Ricfrardsl8l. Moments of c-helices and p-shees werc calculated according to
Eisenbergl9l. There are twelve axes in the Tatra PloL Explanations to each of $e axis are
provided in Table 1.
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With thesc twelve axes i[ placg each ofthe tbree model proteins was ploned We examined
the Tatra plots of five proteins, including SOD, MYG, LYZ, ribonuclease-A (RNASE) and
Cytochrcme-c (CYTC). Since RNASE has similar solution and surface propenies as LYZ, and
CYTC as MY6lzl,,h";t Tatra Plots werc found, not surprisingly, to be similar. Therefore, only
SOD, MYG and LYZ arc reported he!e.

SOD is a Fotein wift eight struds of p-she€ts which constitute 36 70 of its amino acid
sequencetlol. It is highly stable both thermany CIn = 92oC) and in GdnIlCl solution ([GdnHClu
= 5.9 M)0u. This character was primarily athibuted to its p-baEel structure which foms a very
hydrcphobic interior corctlol. Because therc are many charged and polat rcsidues on its molecular
surface, as revealed by computer Bolerular graphics, SOD has very low degee of surface
hydrophobiciry in is native state. These intinsic properties of SOD were reflected in its irterfacial
behavior, especially its surfaco tension kinetics. SOD exhibis a very low |ate constant for the
lowadrrg surface teNion at thc air-water interface and gives very low steady-state surface pressure
values. The Tatra Plot pattem for SOD illusfates these featues by showing high values in the
stability axes and low values in the hydrophobicity axes (Fig. 1)

MYG has oight segments of c-helix which constitute 79 7, of its amino acid sequencetlol.
Examinatio of the th€e-dimensional structurEs of MYG by computer graphics concludes that
since it doesn't contain any disulfide bonds, the teniary structuxe forned by packing of these eight
amphiphilic s-helices are easily disruptedllol. This makes MYC relatively unstable Clm = 60 oC,

lcdnHclhz = 2.3 M)ou. The most striking feafirre of MYG is that it gave the highest steady-state
surface pressure values at all bulk concentrations studied (0.01-1 mg/ml). There are two possible
explanations for this observation. Accoding to Krebs and Phillipstl2J, the intenction of c,-helical
proteins widr air-water interface was mediated by the amphipathic c-hetces within the protei[
They found very good corelation between the steady-state surface pressue values and the product
of dle mean helical hydrophobic moment Cl(!) and fBction of o-helices in the protein @) for some
12 Foteins. Since MYG has dle highest value of t]"a.F, it is expected to exert the highest surface
pressure at steady-state according to dds 6eory. In the meantime, it is noted that MYG has 4670 of
nonpolar residue content, calculated on a molar basis, in contast to 35Vo for SOD and31Va for
LYZtu. This leads to the other explanation. Instead of being s-helices, the steady states of helical
prcteins at the air-water interface may be panially unfolded semi-random coils, which would
pqmit the nonpolar rcsidues to contact the suface without constraints ftom the secondary
structuo. Aldrough these two mechanisms are diff9lent, we feel that they both may be present,
depending upon t{e bulk concentration used, becausc drere is evidence in the iiteratue that proteins
at air-waer interface tend to unfold o a greater exteff at low bulk solution concentlations than at
high bulk concenaationstl3l. We also found that a better correlation exists between nonpolar
rcsidue codtent and steady-state surface pressue values at bulk colcentrations of 0.01 and 0.05
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mg/ml than at 0.5 and 1 mg/nrl for SOD, MYG, LYZ RNASE and CYTCt2l . Flom the Tatra Plot
of MYG in Fig. 2, we can predict that if a Prcteh molecule has high o-helices and nonpolar
rcsidue contents, moderate cffective sudaco hydrophobicity, and low stability, it will probably be
very surface active at steady state. Tatra plots of this q?9 carl Fovide us with guidelines to select
surface active proteins for practical aPplications.

LYZ contains both c-helices and 0-sheets and is a rclatively stable molecule Cfn=7ooc'
tcdnllCllla=4.3 M)rul. Itis dre most surface hydrophobic of the frve proteins studiei. LYZwas
shown by several investigatois to have the longest retention time among RNASE, MYC and
CYTC on hydrcphobic inter-action chrcmatography under non-denaturing conditionst6l. The Tatra
Plot of LYZ in Fig. 3 suggests thee important parametels. First, the rate constant (K16,1gr,) of the
surface tension kinetics at 1 mg/m1 is hiShest for LYZ, indicating it rcduces surface tension drcugh
fast adsorltio[ ard molecular reorientation. Second, LYZ shows a high degree of enhancement in
the fluorescence of a hydrophobic probe, cis-parinaric acid (cis-PnA). According to the studies of
Nakai, the slope of the cis-PnA titration curve is a good measure of the effective surface
hydrophobicity (ESH) of ploteinsl5l. Thtd, it was intercsting to note that dre percent of solvent
accessible areas of charged oxygen *oms (O 7o) in dre overall accessible areas was the smallest
for LYZ. This value tends to increase as LYZ Q.ZqoJ,RNASE Q.79o), MYG (4.0%), CYTC
(4.470) and SOD (5.57o), whereas the ESH values deoease in the same order. Our explanation to
this observatioo is that for small prcteins of similar size, the hy&ophobicity of nonpolar residues
in ihe molecular surface may be masked because they are dispeised among polar residues. The
ability of the surface apolar gloups to manifest their hydrcphobicity is contolled by the number of
accessible neighboring polar or charged groups because they have a high degree of solvation. The
rcason that O 70 values corElates with the ESH is Fobably due to its more negative solvation
energy thaa -NH3+ groupstral. With dre above in mind, it is not difficult to see why LYZ adsorbs
geferably on hydrophobic surfacesttsl. In addition, because the Tatra Plot of LYZ is extended
along the axes rcpresenting stability and hydrophobicity, we expect only small confomational
changes of this molecule at thc air-water interface- Indeed adsorbed lysozyrne has been found by
serveral investigaton to exhibit slow rate of unfolding and contain mosdy native structures at the
air-water interfacetl6l.

In sulmary, we have demonstrated the consaucdoo of Talra Plots of prcteins and their
application ill studies of Foteins at intedaces. In light of the qrlletrt interests in protein
adsorption, we feel that plotting expelimental data of intrinsic stability, effective hydrcPhobicity
and surface properties of a Fotein molecule in a Tatn Plot form will help investigators to 'see' the
multi-variate natue ofprotein interfacial activity. This will in tum help to deYelop new h)?otheses
and to design new experiments. In addition, since we are intelested io the surface Fopsrties of
multi-domain Foteils, e.g. albumiq fibrinogen, it will be very useful to look at the charactetistics
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of each of the individual domains of a complex prctein by de Tatra plol With the iffo.rnation that
we now lnow about single-domain model prcteins, patterns of individual domains will give us a
preliminary idea as to the behavior of a complex protein at the air-water suface. Althogh our work
to date has focused on the air-water interface, we are now formulating appropriate axes for various
solid-water intedaces.
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. Table 1. Explanation to the Twelve Axes in Figure 1

No.

I

2

3

5

I-abel Parameters Value Range Physical Significance

rd ec)

tGdnHC[n
(M)

Kloow)
(ho|n'r)

Fxus

s-s

Temperat[€ of
drcrmal de aturarion

GdnHCl corEentration
of 50% denaturation

Rate constant of sudace
tension kinetics at low
hrlt concenEation
(0.01 mgiftnl)

Average Fmoment
multiplied by faction
of 0-slrcets in molecule

Number ofdisulfrde
bonds

4 0 J 1 0 0 *
fc)
I -r 6 (Ivf)

0<- I (hrr)

0 + 0 . 1

0 + 5

Infiinsic stabilityu 1l

Intrinsic scabilitylr ll

Kl's w€re found o be limited by
lhe process of $rface-induced
deoatnationlz].

A me€sure ofboth the
ouantiN and amDhilicirv
oi $shees i.n snucrure[121.

More S-S bonds wo| dmake
a pmtein more shble, alrhou.gh.
the contrary may not be Euetr / l.

.b

6 loC MW The trogatilhm of
molecular weight

3 - - t 5 Size of protein

7

8

9

o-%

ESH

Kt0!ch)
(hour1)

Pelceol ec€ssible area
of neetivelv cha&ed
o*vgln uot,tst 

"

Efr€ctive su&ce
hydrophobicity measrred
by cis-PnA binding and
hydophobic inElaction-- _
chromatography (IIIC)Lo' /

Rale constant of surfac€
teffiod kin€tics at high
bulk concenFation
(1 mg/ml)

r< -6(%)

0-+  I t18l

r -+ 4 (hrl)

lnvexs€ly conelated wi& dle
effective hydmphobicity
of protains[2].

A n€asu€ of hydrcpbobicity ..,
of proteins in their native stateslol

Kl's were found to be dopondent
on the hvdroDhobiciN of
proteins in tlreir narive sratest2l.

a

10

11

Fxpcr

flss
(dyteYcn)

nonpolar %

Aveiage c-mommt
multiplied by I€clion
of a-helic€s h moleqrle

St ady-$ate sorhce
pressue values at bulk
concenEation of 0.05
mg/ml

PerEmt of nonpolat
Esidues in sequence,
calcuiated on a molar bosl

0 -025

0- r  l 5
(dFevqn)

30 + 50 (%)

A me3sule olboth the
quanlity and amphilicity
of cr-helices in shucnne02l.

AiI mto. $ffacr activity
of goteins at e4uilikium.

Corrcla&d to drc sl€ady-state sudace
Dr€sswe values at low bulk
concenEations(0.01-0.05 mg/mDl2l.

H

lt

* The alir€ction of alrow redesents outward aLirection in the DloL
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Fieure 1. Tatrd Plot of Supqoxide Dismutase (SOD). Axcs 1to5 are stability or stability-rclaied
Daranete6. Axes 7 m 9 are parameters of effective surface hydrophobicity or rclated to
iL Axes 1G12 arc steady-state zurface activity. The dire€tiotrs ofincrease for axes
other than 3 and 7 are outward.SOD is a very stable, highly hydrophilic, and non-
surface active protein.
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Figue 2. Ta!:d Plot of Myoglobin (MYG). MYG is relatively unstable, moderately hydrophobic,
and very surface active at steay-state.
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