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Probing Surface Microheterogeneity of Poly(ether
urethanes) in an Aqueous Environment

K. G. Tingey' and J. D. Andrade
Depaltmeftt of BioenEineerine, Uni|ersitr af Utah, Salt Lake, Utah 84112

Receiued August 1, 1990. In FinaL Form: December j9, 199{)

_The noiphotosy and miqohetemgeneous con posifio. of pollB€ric sufa.es partiaUy det€mi,es their
a&orprion and absorption chdacler;srics. The surface strucrure, ofren sisnifi;endv d:ifferent froxn rha!
of the bulk. is iniuenced by rhe environoent. snd especiajty by tbe inrerfaciat energerics of t be surrounding
xa€dium. These eJfecBresult in dynsmic properties wirh retalaiioD tibes I har afea rhe sorpr ive prop€nie€
ofthexosl€risls. Microh€t erogpneity oD surfaces has been shoen to have 3isnificanr eff€{lJ;n rhe biologicsl
in-ier_actions between sr.thetic materials md sote;ns ard/or cells; however, the h litu surface cham;t€r,
which. deterD jnes rhr. blood comparib;liry_of biomedical mpollDeB. has only receorty cone undei
rnvesrrga on. rne oDJeclve ot tfiE paper a Lo presenL a percpective view of severai merhods for the
clbracterizatiob of miclohei€loseneity of dlnamic surfaces in e aqueous- or fluid-phase eDvi.onmeDt.
Tbis work foruses oD the investigatioD of rh€ d]'naroic properties of;isoher€roseDedus bionedical poty.
urethanes, aad on rbe cbaracErizarjoo of rhege su aces witb novel specrroscopic. surace eoergetic, a;d
surface imssing r,ecbn iques. Cont€ct angle,infrared spectroscopy. and ioversichrooarosaphy a,e uled
|,o characL€rize lh€ surface reorien!€tion and belerog€Deous rajcropba€e Dsrue of polyrureuire sufaces.
The polyuretbanes studied are shos,n to have a nulricoraponent suface with deiecilble had-sesEent
doD?ins. The cheraical slruclue of rbe copolFers susgesrs Ehat Lbe mak.ial is corDDosed of do;ains
150 A in diameler. Evideoce of lbese domains ar rbe suface is presedl€d. w. have ;bs€rved thar the
@ncenhation of hard-se€mert Euface sloups, idenified by rhe sromatic sroups in rhe hard sesm€nt,
varips sss fucdoD of pol}ter compositioD. Tbe coEposiUoD of su'face hdd secEeDr is ojlijl1izA edrh
increasi-os phEle puJjty. irdjcatins the sisnificlrce of molpbotosy ir dererminils surface compGitiotr of
rnese por}t ellanes a.no lne aDU yot rDe sunace Lo reorrent o respoDs€ to their environment. we lave
obseryed polluetbare surfsce structual reanangeoeoLs ibduced by hy&s tion ofthe potlrer filIn. These
inJraredardcod€ctalgledataindicat€leonentationofthesufaceph;esrructureto'e aace the surface
concent radon of tbe Dore polar phas€ i! D aqueous enftomeDr. From rhes€studies, srrucru,al modet,
olseleckd polFretbu€ surfaces bave be€D presented and sddjtjobat aral),r;cat merhod! seDsilive to in
srru su.rrace morpno'ogy oave Deen proposed

,

i
{
II2
!f

Introduction
Surface and iDterfacial propenies€igtrificant in poll1Iler

tnate als development dictst€ the matedsis interaction
with the} environment and affect adhesion, diffusion and
tremport, and adsorption ofmolecules that intemct with
theii €urface. These geneEl propeties have applications
in a broad spect.u.m of area-s, including biomaterials,
membranes, adhesives, chromatographic lupports, com-
posite materials, drug delivery systems, and other areas
involving polymer-based materisls. Tte morphology of
polyroers pleys a significant role in deternining tbe
thernal and mechanicai properties of the bulk material.

The surface compositioD ard stru.ture of po\.meric
maierials may be very different from that of the bulk.
Surfaces are krown to concentlate surface-active molecules
from the polymer bulk and from the air environment.I
This tendency has been used to concentrate specificaly
tafgeted chehical species at the surface.? The ability of
the sudace to structue differently thar the bulk can be
an advaniase if rhe surface d]'nsmics can be predicted
and conrrolled. Although t he snslFicai tools used ro study
strface structure are different from those used to studv
bul k propertie€. t he atnb ic ard molecular composition of
rno8t surfaces can be rostinely studied. Morphology
studies of polyaers havilg domains of the order of 50-250
1{,,rlpical of polyrrethane b)oc} copotymers, require
rnouec[ Ioecnods ol characteruattob_

. PEsenr addre$: Bpclon Di.kir son vEsclla r A c( ess. Sandy, LrT
8,10?0.
. r') Ratne!. B. D. I! Pn)si.orhenKot Aspecs ol Polynet SL,lde\i
Mntll, K. L,, Ed.j Pknd: New Yort, l98li \ol. 2, D 969,

l2)Ward, R, S, O.c. Cool. 1980, ?2,22?.

One additio&l complication id investigatiDg low gla.ss
trunsition tempersture po\Eeric Eateriab is tbe abiti8
of their sudaces to restructure in rcsponse to their
environEent. Under vacuum, a comEon environmeDt for
analysie of sudaces, apolar features tend to dominate at
thesudace. Mary materiab restructure to present a rrore
hydrophobic surface under vacuum conditions. When that
same su ace is e:posed to water, reduction of the
interfacial free energy drives sudace restuctudns, aDd
more polai species tend to be pres€nted et the polyraer
surface. Thk rest{rctu ng has been obseNed as fu.Dc-
tional $oup rotatioDs3 or as hydrophilic phases padi-
tioning toward the surface to replace or leduce regions of
more apolar character.r.5 Environmentally dependent
surface reo entation lequires appropriate tools for the
study of surfaces in thei-r iD situ conformation.

The methods for characterization of surface suuc rc
in an aqueouE envircnm€nt aie different from those used
to study butk composition. Table I outliDes caldidate
analltical tools for evaluating aqueous surface structuie.
We have atiempted to desdibe some ofthe key liraitstions
of soDe of the most promisiDg mettrods. The Liriting
factors include surface senritivity, rcsolutioD in the lateral
plane, quantitative natue of the method, and suitability
to an aqueous eDvironment.

(3) Cood, R, J.i Kotrids, E, D, .L Calloid Interfac. gci, 1978,66,36i.
Idl'r8!anda, A:Jo,J.-!.iTakuorj. K.: KrjjyiDs, T.In P..sp* ir

Bi.ncdkdt Patrntq crbelei!, C. C., Dun;R.. Eds.; pleru: New

I5r Ai&ade,J, D.lnPor)u "f Su{d.e D}dani.ri Andrade. J. D., Ed.;
Plenum: Nes YorL, 1988; Chspie! r.
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T!bl._L A_bilyrical Meftod3 a.d Th€ir LiD sriols forELudyr!8 mrcronekrog.reity itr a. i! siru ElvirclEelr,

Tinser and And,ade
relared material phehomene, Calori o€ rry snd orhel bulkcharsclerizalion rberhods, such a3 dlnsnic mechanicsl
anarJsrs ornudear nagneLic lesonance, can si6ilarly beused to st udy surface phenomena. r, Bysludyingmet;rial
property charges as a function of sulface to bulk Etios,
c€lorimetry, spectrmcopy, and mechanical meLbods can
be usetul rn stuclyiDg surface structure. Although these
methods ale useful, tley require panicles ofvsringsize,
rnverse chfomaiography h8s b€en developed ro study
surface slructule. palticularlysurface disperiive and acidl
Dasecbaract€_r.'J rnve rse gas cbromatography is serlsitive
Lo sublre surtace cbangeE such as those involving het€r_
ogeDeity in a segmenr€d copolymer. Application ofinveme
nquo cdomaiogaphy exrenc|s the hethod inr,o aqueous
environmenl€,r Fluoresce-Dc€ sp€ctroscopy has been used
ro sluoy surlace strucl ruat pbeDomens- Sa_kashir.ar6 aad
NrsnulDa&n3ve wed mtrutslc and e:trinsic fluorescenceprobes.in liquid enviroDoenls io srudy copollme! and
bleDd domarD skucture. Althougb eleckon specrroscopy
tbr .cberIical analrris iESCA), requires high-vacuurn
enviromenb for analy_sis, methods are ava atb to study

Quniitsti!e
cohpute. Bimllatio! arobic
4FM nobolu *
€4cuon hrooscopy l-5%
ESCA t i%
infrared sp€choscopy t-2O%
irveBe cl'roDatosraply ,-LO%
.ontact ugle E-7ETa

seoiquuriraiive
dorEeiry eEiqututitltive

Su sce Sensiriviiy
conput€r siEulation <tA
contlct dnsle s-tOA
AIM U-1oo A

electlon hrc.oscopy 20-50 Ahve@ chro@alqla phy 2O-SO AcalorjEeiry -1000 A
irfrded spectro@py. -iOOo A

.- R$olution i! the Lat6al pb;e
< 1 4' 10-1oo A
50-100 A
100 A
looo a
50000 a
300000 A

_ i. Wars Anal'Bjs

DveBe cnroMroglapLy

AFM

ESCA

conpuier dlt'rhtio!

AFM

ESCA

bydrat€d polyner surfaces by freezing-in tb;

computer simulation of int€racting

nyuat€o porJrmer surtaces by rreezmg_in rbe pollmer.s
nydrat€cl slructue.. Atomic force microscopy,? and
computer simulation of interacting moleculesld are now
bec,o1ilc iirport€nt tools io irn;siDs and predicting
pol}ner surface miooheterogeneity.

cdodmeiry
nv*e ctuoeat graphy

Contact angle hyst€resis has been sholvrx io be seDsitive
to surlaceG (1) {ornposition, (2) mechanical modutus, (J)
reorieniation. (4) concentrarioD of leachablecomponeDts,
,o' Topogrsphy or roughness. and (6) microDhase bet€r_
ogeneity. Although these are all related to suface
slruciur€. it is difficult io sori out th€ sppciiics of rhe
surIace rl only contacl angl€ data are avaitable.

Johnson and Detrre.? snd Scbq,artz and CarofF have
described th e capabiliry ofconracL angle ro evaj uarf, sudace
heterogeneity. Electron microscopy has been used forseveral years io srudy polyroer morphology and surfacepropernes. K-eceDUy. sigDificant pmgress in lhe analysis
oI Drock copor]rme^r sullace siructuJe has been r€ported
oy uoodman et al.e Attenuaied total refleclance Fourier
tran€form infrared spectroscopy {ATR-FTIR) has been
used by KnuLsonro and by cardeuau ro sludv surface_

We have been d evelopios meibods to evaluare polyner
srurace sllucturc m ar In situ aqueous environEeDl poly-
u.retha-oes ale phase-.sepslat€d blocl copollEers. wbich
resurl l[ doriartrs or the order of 50-250 A in size. Tbegrs53 Fansrtron t emperatule ofone of r he phases is usuajly
oerow room. tempemture; such ph€.ses can, tlerefore,
r€spond Do changes rn tbe enviroDment. The struc leof
a tlpical polyrret]ane ir presenred in Figrre l. poly.
urerhanes bave been poputal cand idate trlat€;iats in several
bloo.l-contactrng applicsrions. ard rheir good blood com-paflbrlrty has been sttuibuFd Lo theh multidorbain
strudure inkrfacing with rhe mulicoEooDent and rDul-
trdooarn slructure of prorelqs and cells in blood.re
Allhougb they have presenred correlatioDs between bulkmorphologyandbiocompatibility, definitiveinforEation
on 'n situ sur-face_strucrule is geDeraly lacking. It js ourgoar to chsractenze poll retbane suiface sbuctures, to
evalualetheir dependence upon bul} propcni€sand t]ei]
rocar envlronmeDl, ard to derermine rle simificant
maErisi propenies coDlroubg blood conparibiliry. In
rrus paper we Inlroduce our perspeftive of appropriare
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charactelization of t-he microbetirogereiry oi dyiranh
BurIaces.. We preseDt. berein, several mehods tbat
drtlerentlale maierial strueure in aqDeous or dry eDvi_
ronments. Additio.al methods now biing developed will

. i \
lha

:di,]"i"iifi.,r)1:Hxp,d;;t3i:ti[*"';"l?i:T' j:?# j; resl
3tn
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rI r) Gddela.J. A", Jr.: Varso, T.-c.: H@1, T, J.icbbe, c. L., IIt;ruva, _L., Jr.: Hlur,nieo, J. tn SLlorc Chd4cr*notion ol BioN-{e.rok:ltltDtr, B. D-., Ed.i Etsevie,: ir@Frd@, t98s; p 1,16.

r 9, 
r2r Macxurc, R. C.: Parde!, E.i Swatfi.ld, R, J, Tt?.D, r4roL

, 16).A!dnde. J. D,i Su!h, L. M.j cr€sonis. D. F. In Suft ak.to.bt As pats of B;awdreotpotlners:Andrade J D Flt.
rllr 9T. s.; Qrgr*c. B. J. r iq. t-hromdosr. ts9s, 12, ;x,a3.'rr'$kelj. r.: YMamob, M,: Nisnij@a, y. B?r. ,.rop. poti,Nee Yor!, 19!5j Ch;pier 7. ;r44. 

' ' _ _- *"" "'
n-17) {ar Jah@n, R. E.:_DeriF. R, H. su/, co,oid sci, 1059, 2, 85. Lblu.ru.. R. l .: ,lohnson, R. E, J. pnvs, c,t€h. 1965 6e r5n?

" M.; Grqoiis, D, e In Szdace and
lPolrneroiAndrade, J. D.. Ed,: pl@@:

lioi{lJ'iffi;.i'.,'+Lqp",". M.: Fuiinob. r.: r!o. s. n.p. p,or.

1986,20, 15.

D.r,r. R. H.: Jornsoi. R. E. J. !?,i.1;i.'i,iti,'{,j, i;6i.rdr.cnseu, L. w,i Ueff, S, Lonxmui, tga', 1.2\9-r.r.mseu, L w,i_Ueft S, Longmui, tga', 1,219-
r, 'r' u.md s L iLri c.: Pdsley, J. B,; Cmp.r. S, L.: A.lbrecbt, R
*i:^l.l^::'11.".!1".".i1.:".io, ./ aiorur*,o&: Rak*. B. D.. ad.;M. rn sutace charu.te;-or,an .Ers€\r4 abst€rd@, 198ai p 28r,

r1?r Albrecli. T. R i. Appl. phrs. tg8a,64, !r1e.
^ I r5r ra)Mtusfie)d. K. f.:Theodorou. D, N. pob a.,Dr,epr. LAm.Cted,roc - Dtu.,Patth. Chpn.\ 1949, 33. 76. {bt Vaz, R. prse;@iion, Cdr.J

pJ:1?y:'y-il;, 4e;i".i^i;;: ";":i'i "ll"f",i'i',ii ^/i'lili,llANes h r h.Ej"rry l99iAedicu Cbeoicd gciet]4 Wqstils
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slips. Several adld.ing dd recediDg esles were measued oo
at least four saDpl$ of each Daterial. The contsct lngles w€ro
neasured as s function of hyalration ti6e. The saEples were
hydratedudelitrtic.onditiomddthepat€rwas.hargedp o!
to €ach bedurebent to reduce the pG3ible effecb of leac]lable
coniaEfnets o! bactelial c"o"th. Clee vat€r was used as the
Fobe fluid ed chesed afte! each !@ple wB aralyzed. In
some 6es, the sa$ples wele also dried unde! vacuu at looD
tehpelatue to evaluate the reversibility of the s',Eteb.

bJr€red aDalyse of polluretheres wele perforloed at the
C.nt€. for BioEedical Foulie! TldlforE Inftared Spectro*opy
(FTIR].Barlale. ColudbLls, OH.E Pollalerbare r4! werespin
c8t fron littered 0.1% dineihylacetaeide (DMAC) solutions
onto germrniuE intemal reflectslce elements. Solvent evapc
raiion trd fllm culins were perfoned eder 25.in. water vacuum
at 60 "C fo! 12 h. The coated Ge cr)€tais were aralyzed in the
Batieue attenuaied tobl leflectarce (ATR) FTIR flow c€I
previously d$.ribed.s Rlference 3pectra we.e collected with
4-cbi r4olution iD a Digilab 3200-60 spectromei€r eith a
melcurraddiuo-teUrride (MCTi det€ct r. Subsequst spe-
t.a pele collect€d under these conditions a! 450-2000 coadded
B@s, dependiDg on the dested rate of spectrsl accMulation.
The frlds wele €lposed to watlr at flow laies of 15 hl,/Din for
5 h, follo*ed by vacuu for 5 h; this cycle ws .epeat€d once. The
water bdds in the spectruo pere individualy ed beually
subtra.ted fron each spectluE to forE a Ilat bse line in the
regionbetween1600edl?00co_r. Thespectralcharacteristie
ofthe p.incipal bbds were detenined froE alsoliibas supplied
froE the Ceadie Res*ch Coucil.6

Invehe liqujd cbrobatography was perfomed Birs s peli
stsltic pup to &ive soluble slDthetic peptide probes, iD
phosphab buffer, thtoush d 8$lm'long colutu, l0 be i!
dia&et€!. The colunN we.e packed with polyuetbde psticles
dispened iD meth.anol, which ps elchdilsed for phcphat€ buffe!
following collrm packing. Prcpsaiiou of the polruethde
particlB has been described.6 RetentioD volra were deteF
bihed bybonitoring fluid pas$sewiib o electronic ns balee
ed a dif feteDtialrefracloheter {Waiers A!sociat€s,R401): Pep-
tide probes included twioplr! (Trp), phenylaLani$ (Phe), phe-
Dylaluin-tryptophe (PheTrp), ed tryptophd-trptophan
(Trp Trp) rnd qere purchsed hon Sicb6.

AX of ihe nodcorneercial eipeimen&] .esiB were supplied
by Becton Di.kiDson PolFe. Resea.ch; lhe coEmercial resins
(Biohei, Mitrath€ne, ad Pellethse) we.e all supplied by other
souces. Cobmercial s pell s expe.iEentul polr!.etnees ae
bared on methyl diphelyl dituocy&ate (MDI) hsd sesDent.
The elpeiimeni€l polylretbes, desicnated with PU prefiles,
were foimed by one-siep pollEelization EethodB, lesulting in
adist ibutionofhdd-segmeDtblockBolecukrweighis. Chenical
forulatios ofthe polluethanes studied ee presenfed in Table
II Peuethane, Mit.athme, aDd Bioner de .olMercial poly-
uethees Fhose codpositions are nostly ploplietdy. Belisle
ei ar. have published a conpreheisive ch&acterizatiotr of Bi-
omer tht indicat€s that surface-activ€ ilg!€dients are present in
Bio4e!andwilleffeciilssufaceproperiies.' Cornmercialpoly-
urethue coEpositional data indicated in Table II are baled on
obselvatiorB .eported by Lela} ard Coopei4 The oiher poly-
uethabe€ lsed iD otn studies ce be subdivided bb inree losical

In the first seri$, the bdk composition of th€ softse€EeDt
polyethe!, w6 veied by chesing the ratio ofpoly(eihylene oxide)
(PEO) od poly(tei.uethylene olide) (PTMO) soft seedeDt
block! used jn forraulaiins the polyu.ethare. ThiB se!i$ is
desicrated s PU-PEO{X), where the valiable X .epEseDis the

(23) The Cent€r for Bionedicd hf.eed Sp€ct.ccopy Do lonser o:ixtr
sd Fd dftn@tled in 1989.

(24) C€ndreaq B. M. ID Spectmscap, in the Biamedicdl Scienc*i
Cendreau, R, M., Ed.; C&C Press: Boca Rlt n, FL, 1986; Chapi€. 1.

(25) Cderon, D. C.r Kauppin€n, J. K.; Mofiaii, D. J.; Mailch, H.II.
Appl. Spectrasc. 1982, 36, 245.

126) Ldbsr, l, M. Po ly h. Prc p r. (A n. C he n. S oc., D i!. Poly n. C he n.)
1989. 30. 583.

(27) Bdilre, J.; Maier, S. r.; Tucker,J. A. J. Biatued. Moter. Res. fia',
24,15.

(28) LeraL M. D.; C@pe!, S. L. PotlutethnnetinMediiaeiotroPrs:
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(bt tc l
tr'isule l. PolF.ethee structue. (a) 

"rinary 
cheDical 6iruc-

ture of poly(ether sEthsne). The polyether sofl seghent is
enclosed in tbe left lmcket and the pobtlethee hdd sesDent
intherighiblacket. (b) Ph6e sepdation offte blocL! can resuli
in soEe degree of orderins a3 dobaio3 of sofl polyerher ,lbe
liDes) od rigid polFrethee (healalires). (c) The Eaaoscopic
surface stluciue .e be Dodeled a5 radtiDhases phose suface

i coEp6itior and morgholory sre cheoica]lt and environoeni€Iy
dependent. Dark hed-secment donains srd their shaded in-
ierphases are .ep.€sented id a sea of mDtinuous'pllase soft
seghent. The effeci of wat€! oD Burface Etru.tue is;epresented
uder the crGs-hatched rcgion representing a pate! drople| on
the uppe! right sufsce.

. enhance ou} ability to characr,erize micromorpbology in
; situ and are brieflv dhcussed helein.
l Earty work on 

'giolprethanes 
has lead to slructural

: tDodels of the pollrrethane bulk.m Subsequ€nt srudies
-"- by Knutson and otheri Eugges! that composition and

domain.phase pudtyarthe surface are different ftom rhe
1 bulk.ro Polyurethane prcperties can be engineered by' conlrolling the bulk structure ltuoush variarions in
a' monober chemistry, block molecular weight€, ard pm-
1: cessing parameters. Conflicting correlations of surface
- che:aistry with interfecial response have been reported,zl

suggesting that more complete models of surface structule
are required.

Matsudazdiscussed the complexityof phsse-sepaBted
block copolrn€ls and their leo.iettqtion behavior as
related to minimization of the interfacial ftee enerw. He
presented a thermodynanic crilerion for surface;ich-
mentinthetwo-phasepol)'merslstem, Hedemonstrat€d,
using interfacial energies, that the phase with the lowest
iDterfacial enerry wil spread ovet the second phase to
hinimize t}le free energy ol the totsl system. As the
environm€nt at the surface changes, due, for exampl€, to
hydration or protein adsolption, the intefacial energy
changes, subsequently ddving a reEponse in the polrmer
sufacemorphology. If tletotalsurfaceinterfacialenergy
is ninimized by the spreading ofthe second phase, a chsnge
irl surface composition will result.

We want to develop models of the surface of pobrre"
than$ ofvarying composition and evaluat€ the intefacial
respome of the pollBer as a fulction of bulk ard surlace

Materisls ard Methoalg
- Conracf dgle expe-jmenr.s were peirorbed on a Wilheloy
Plsle.onbcr snglesppdarus. Polymer filDs wereprFparcd by
extnrsion th.oush a ibbon die or spin cast onto clesn glass cover

r20, Cooptr. S. L.iTobolkry.A. v.J.,{ppl. Po/ya, Sc'. 1966. ,0, 1837.
r2lr (ol Hsnson, S, R,: Hdko!, L. A-rRaher, B. D,; HoffE&, A. S. J.

lob Clin. Med, 1980.95. 289, ,b) Sa Da Cosi!, V.; BnerRusen, D.;
sa'rrh&. E. Wr Merrill, E. w. J. Coll.oi.t tntctoc" 5.,. r98r,80, Ms(22)M6cu&. T,iAkubu,T, O.g. Caot, Appl. Pol,a.5c!, PEc, t983,

1ta
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asbb Il. Polyulethde CoEDositio$ Studioil'

bim€r/comnelcial dbp€Bion
Miirathse/cohbercial dispeBion
Pellethde/etrudable pellets
PU PEO(100) /dperiBeDtal tilE
Pu-PEo(67)/qperine't l fild
PU-PEO{33)/erpelihenkl liln
PU-PTMO-1000/elpeliE€Dtal tdm
PU-FPTMO/expe.inentd fi ln

. Pu/elpenbeltrt file
PU-PTMO-650 S/speriaeltd leads
PU-PTMO-1000 S/ee€liBerial bead!
PU-PTMO-2900 S/erpe.inobl bes.ls

PTMO
PTMO
PTMO

56 1450PEO
55 67% r450PEO,33.i 1000 PTMO
55 33% l450PEO,67d, 1000 PTMO
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35 1000 P(diF)TMO
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Iisure 2. Wilhelby Plate adveci.s &iI recediDg esleB fo! bl&ti9'9qE ldv (*19 rcc(+1')
s;!lsPU-PTMO:r000, PU -PEO(34,, PU PEOi6?),;dPU ffi
PE0(100). 

"""irit-.i- "'"tt"a 
119 B7

. ;cumdried r24 3s
percent of PEO in the softseSretrt block of the copoltrer. The equiubli@ leweti€d U9 39
pobrer PU-PTMO'1000 is rlso.logic.lcompoDeDt olthtu seri6 vadm redi€d r23 39
vith no PEO in the soft segDent. The -1000 suffi: desisnat€s
the bolecule qeight of the soft-segEent PTMO blo-c!. hydrophobic phase. lDt€rpretatioD of coDtact angle h!€-

A second series of elperimstll ueth&s wqe forEed,gs reresi;isdiJfi;dtbecauseh-rsteresisorieinatesimn-seveialpatict$ in a suspension. These polrEer! rJe lisied a!-PU ain"*"i*"i".ia p1"""-ena, as priviousb discussed.PTMo-YS, wbere rne vuiable y is  ind icat ive o i  f te  PlvU ; - ;  - .  - - .  _- ; -  " -_ ' - ; - ; .
blGI molecrnar weigb., and rbe s ibdicates ihdt rhF n^trFr I ne nl'Slelesls ooseweo Ioluus selrcs mlgff oe lDlelprct€q
was prepared by a sGpension polyuerization iechliquii'T;; a-s restruclurins of the sotusesmeDt domail]3; however,
moliotar *eiglt of tlie potyeihe; in this selies earie; frob 650 contact angle chang€! obseryed in t}le hy&ation exper-
ro 2900 amu. iments, which are more iDdicative ofrcodentation, result

ThereBainingpolluethdeslbtedintheiabieilcludeapue in reorientation-induced cont€ct angle value change8 no
hadsesEent uethee coDtrcI coDtailiDs no potyethe! {PU), ereater tian 15' ov€r seversl hou$, Th€ hysteresis in
ed sn i'telsting hydrophobic poltuethee coDposed of a these elD€riEenLe. observed in a Elatter of minut€s. i3
iluor:nat{d pol) rt€rrMeLnylene olider wilh approiiDately-LFo much laiger, ranging from 35" ro 52.. In rhis imtsnce,fllorine atons on each tetleethylene Gide unn (PU-FPTMO). ther€fore; hysrer;sis'is attributed to morybology, whel€rhe ssmpre PU-PrMo-1000 se've a! a polwreihse cortrol. ;";;;;;il:;; il?criticar paramiter aid nuch

R€sults end Discussion larger contect angle values are not ilcodsisteni wiih dats
rhecontactargresorthehydrophobicsndbydr_opblic ;:ffiy,'*'"itt#*'iih""f#:'tri?#ij;il::polyurethanes, nade froro a comhination of PEO,"'ld ireiomirates at ihe surface;a however, the dadfor'ite4e

PTMO, are plotted (Figure 2) as a function of bulk complexblockcopolymers,formedfromihreecomponents,
composition of the hydrophilic cornponent of the soft- suggisi, tlat domains do indeed exist at the su.iace and
segment block, Advancing and receding angles are pre- ar;;f sufficient size and codcentuation to be det€cted by
sentedforeachmat€rial. Thecontactanglesdonotappesr contact allgle measur€ments.
tobelin$Jwithcomposition;th€advancinganglealp€ars CoDtact arsle analysis of additional polyurethaneto remain fally constsnt up to very hish concentrations 

"";;G;;";"";;""i"*;;i 
hvdration of rhe cooot,,m€rorihe hydrophiJic phase, while thereceding ansle remains 

""i""i "i,rr*."r""i,-,ii*a 
#.;;;;;;"iil##;;r€latively constant up to very high conccntrations of the ;;;;;-fi;;. i;l"rTi""*r,"*"'"a,*"i,e *,it"J""gr"hydrophobicphase. rhe daie co.respond well rothe roodel ;;;;';;fu;;;; io-,-uru,.ton" in 

-"werted" 
;do€veloped Dy !,ohnson ancl Uetlre' ror heterogeneous -dried- slsres, 

'The 
sarloles selected werechosen becausesufaces. The more hydrophobic surlace components act 

"iifr"fi.r-l*ftv ir, "i.r"t"* and proceesing history.
:",.1-i:1':,c-q?i:t" f". the advaocine waer causine,hieh B;;;;; ",,lly th;A;;;in Lhe eduailcing angie. rathiraovancmg angles rep resentsttve ol I he nydrop hoblc phase,
T h e h y d r o p h i l i c p h a ! e a c u s a s c h a n n e l s i n w h i c h t h e w a t e r _ca,, *"ua", c,usine ro* .ec"ai"i",ii"", ,"p,""""-t"ti,l"i ,^l?),Y4i;;,1;P;i""f,i;".;fiff$,**ffil.,H:,f*,,",,6
thp hydrophilic phase, even ar. high concenuarions of bre'dM, t98r;p2r3. '
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PU,PEO(100)

IisuF.a. th-ce in rbe cenrlr of sraviry cslculared inflarsdaororpEon rrequencysr 1080@r. rhe erber slrerch ssocialedwih rn€.Ebamale mojety. Closed cir.lcs reple.enr hrrd_sFcbent hoDopolrrer PU. OplD squaros lepres;nr pU_pEO-
rruu,. r,rGed sq@e3 repr$etrr pU_pTMO_1000.
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Squa€ Floot ot Hyd.a on .fime (hou.s)
Figur€ r. Tibe-dependenr d€cresse ih advsncirq co!r€cr eqleor coEmer.ral potyrleltaD*. The ehor bus aho@ tor Mi.r!athane er represenl€rjve ofrhe srsddd devi6rion in cor!sctsDgro ro! Ex poDrers presenied.
rhan hystensis. have been reported, the cotrlpucatrons iDmterpret€thg.hyster-esis are removed. The dats suggestttut changes_ in surface cheDistry are occurring uponhydlaiion. Notsurprisingly. rbe pU hohopotlrer, which
rs homog€neous on a molecular scale and could onJyrespond siructurally wirb sid*chain rot!r ions,shows Ir il€reoucrron, rD .advan-cing contact argle. The phase_
separated btock copoi)mers show a larger decrease in theaqvencrngangte. r hese potlurerhanes aJe mujr iphase andcaD restrucrure at a lalger scale to minimize inierfacjal
energy. Tableltrbindicates rbe r€versibiliryotrhe.ont€cr
angle throush.several hydrarioa-dehydration cycles, in_orcarmgrrlattbe pheDomenon is nor due to leschables orconhminant€. There doe, appea! to be a significantdecreasp in the dried advarcins angte afrer ihe firstnydrat'on .siep. This suggesh that the ability ol rheporymer ldm*to restrucrure is dependent oE processing
c0ndrrrons. l-he structure devetoped by dehydrarion wiIDe oruerent trotll the struciure produced froE solventevaporation when lbe fiha was irir.ially formed.

r rgure J preseDts the conlacr angles ofcomrDerciaj diamrne and experiment€l dio)-extended potlurerhanes asa runclron ot hyclratioD iime. HydfatioD lime is plolred
as tne sqDare roor of time. I[ lineariry berwecn coDlactan^gre and rhe square roor, of hydcarion rime does erist,orrr$ron alone Eayaccounr for var;srions in rhe conr€crangre. Afhough lhescatter in tbedalarDales curuefilringorrficutl. the curve Bhapes indic€te that rhe change in rh;
lg.yyc'nc anslp must be anribured to more rhan ontyorrrusron ot water inl'o tbe bulk. The decrease in rheadvancmg con!act angleaE a funcrion of hydrarion suggesL!an enh€ncement of the surface concentrarion of rhi hy_drophrtc hard segment. reducing rhe interfacie j free energy
or rhe firm. I he relal ive Daxima in the Biomer and Mi-trathanc clata ar.e noi yer esplajned, bul rnay be relatedm a noDequlrbflum. -overshoor" in reslruduing lheslrrac€. I hese sa-Eples are rbe dis_mine_el,reDded poly.ure t hsnes. whose mosL d:sLingu ishi ng chalacr erisr ic ilo m
:]I 9iot:i1En9ed. poiyuletlsoes (pelerhane and pU_
r,L Mv-ruuur ls therr more compleE phase separarion.\rye. belleve, therefore. thar the small overshoor in thehyd"ratron time-dependenr conract angle rFigure 3) issuuace morphology relaled. These conracr angle resullsar€,consrslenl wnh models of surface heterogeneity ard
Trnl"rli munrphaEe nai ure of pot}l-lrerhane surfaces. Theyalso rndrc8te thai this blultiphese strucrure is relar,ed tothe pn !rron menr a nd processing condirio ns of rbe maLerial.htrared spectlaof hydraredand dehydratedfi lDs werecollecled in the.ATR mode. Figures 4 and b presenl rhemrlareo specual l requency shifr of the I 080_ (0_C_ O_ Cstretch)and 1228-cm-r lC-N slrerah) hsrd_seqmeni bandsasarunctionof fittrt hydrationsnd dehydrario; foramodei

n,n (htn!)
lisu!e.5. Chdse in rhe ccnl,er of srrvity calcut t€d ilfr&erlaDsorpuob rrequeocy at 1228 cE', rbe C_N.rlekh as3ocisr€dq.o rne nard seg:'!enr. Closed cirdes reprse!! hard_seebeirl,u. opea squees repr$eDr pu_pEo-(ttr0).
Lrosed squdes rep.esebt pu_pTMo-1000

h€rd.seerDent .homopob,]tler {pU), a hydrophobic poly-
ether polylre{.hane rpU-pTMO- 1000}. and ; hydrophjtjcpolyeJher pol)llrerhane {pU-pEO(r00)). gecau;e weantrcrpalect that fbe specuaj frequency chsnges sould besuoTre, pollEersrhat were quile differenl in composirion
ard Brructureweresrudied. AJ though r.he freq ueniy shi frsare srDau. rbe results are conBisreDr and fairly reproducible
rrorn lne rDsl ro lJle second cycle. Borh bands preseDr.ed
are coDpte! bands, and Lhe specitjc inrelacrions respon-srble lort-beir frequency shifls arc di_tfic,ni loesiabtilh.srr snouro^be noLect, ho\rever. lhat tI€ lrequency sbifts inboth the C- NandH-O C stretchis ofthe hydro_pnrnc and h)ctrophob'c polyurerhaDes occur in opposiledreaclrons upoD werring, indicariry differenr respoDses

Tbe infrarpd response to hydration of the pure hardsegEeDr {rU) rodrcales liirt€ cbarge in i}e C_N strerch,suggesoDg stable hycbogen bonding berweeD the secondrfy
amlne,€Dd the caJboD)l funclionstiiy of the horDopoty-Der. }|owever, Lhe large variauonsiD rhecarbaoateelher
stretch suggest hydrogen bonding of water with the freecarDoxy ettrers,
-T}ledecrease in thespecrral shilrs otbolh the t 080- andrzza-cm', bands for tne pU-pTMO_1000 copohmer

suggests. respectively. a decrease in rhe bydrogen--bonding
slrengl'r.or1he aln'ne or calbonyl functionaliry and aj1rncr$se.m rhe nydlogen-boDding flrengtb ofthe free car_ooxy. i n$ suggesrs lhat the inLroducl;on ofwarer to Lhehdd-segEent phase in PU-PTMO.t000}esulle in a psrtiat
breakdown and broadening of rhe hard.seqeent-ofl-
sesaent inierphase. This broadening of rhe inrerphasemay De arlrrburect Lo slructulal accommodation of thepolymer toallowsoft segEenttouncover rhe hard dor[ains

"rl,"?J'ffii;r;""'"' 
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Tabte IV. f,.ltoltio! of PeDride Probes Nolh.lied to

Wrte! Retellion in Polyuretlu@ Irve!.. Liquid
ChlobatogtaDhy Col&rs.5

3 ; 5  r o  t 5
Gtyrrat ton t tme)r /2

PU-PTMO.650 S L0 r.0 r1 1.5
PU-PTMO-1000 S 1.0 1.0 1.0 1.1
PU PTMO,2900 S 1.0 1.0 r.1 1.3
a Inqeaed p€ptid€ retortioD Etio corelate eiih the suface

coDceni.atton of hard a€erent aoEaiic groupB.

ou-o.o,,oo,E.IS.m mN
or-orno-rnoof-.€ e.N
o,o.nou=olEff iN
BIOIIER r. arN

peptide probe ftteltion lstio
T!p Trp-Ttp

LJ -pTl'1o o. PEo sort seqment mahix
a nelhy l  d iphenyl  d i isocyanate OlDl) /  b ! tanedlo l

I  Yor  aoo "a o seqr  erL drLr  r f !e .pr : . .
\  - - , 0 - a t  r q , a r e '

iigrrle 6. Chsnge in rhe cenle! of graviry fiequency of the
0E0-cE_' batrd, rhe.tbers$etc) associaled pirb rhe c$baEaie
aoiety, plotted ss a fsctio! of the squate root of hydration
im".. Th€ cloBed.srllbob repr€setrt tbe lEt hydration cycle
no he open 6y6Dol3 repr*eDr rb€ se@Ed cycle.
lear the sudace, exposing more ofthe polar hard-segment
)hase to minimize interfacia.l free energt.

The increases in the PU-PEO(100) sp€ctral shifts of
roth bands ffe suggestive of a poorly organized ha-rd-
egment phase. The iDcrease in the frequency of the C-N
tretch indicetes increa8ed hydmgen bordins of either
he anine or carbonyl tr'roln the data colect€d thus far,
rc are unable to deteEoine ifthis is indicative ofimproved
:rt€r- or intrachai! bydrogen bondirg. or if rhe shift to'igher frequency is a resull of water iDteraction witb tle
miDe and carbonyl fuctionaliry in rbe hard.sesment
lock. These conbined resulF indicare, hoa€ver, Lhar

)olFner restructuring is mst€rial dependent aDd sugges!
hat surface restructuring ofphases does occur in rhe ca€e
Ithe hydrophobic polyuethane, PU-PTMO-1000, and
ray also be occurring in the hydropbilic PEO pob.rre-

Figure 6 presents the spechai shift of tbe 1080-cm 1
arbamate shetch for two Lydration cycles 6s a function
ithe square rootoftime. The hard segmeDt ofthe more
ydrophilic poltuethane responds very rapidly and
pectral changes occur ijnearty with rhe square root of
ydrat ion Lime unri l  s leady.staie coDdir ions become
pparent. However, the nor€ hydrophobic polt'urethane
ectrum is relatively uDchanged for the initial 30 roiD

.nd slowly begins to sLow spectral valiationE consrsrenr
:ith a diffusion-related phenomenon. We have int€r-
rreted tbis delay time 6s an indication of the reorieDta-
ion of the suface-dominant hydrophobic phase to permit
nt€raction ofihe wat€r with the hydrophilic had-segment
iomains. Once rhe hydrophilc bard.seeDen! domains
.re exposed to rbe sulface, the inleracrion of wal€r wilh
h€ had phase r€aults iD a diffusion-coDtrolled response.'bi! further supporl,s l,he int€rprerrrioE oI rhe specific
,and shifts in PU PTMO-lmO;s an iodicaiion oiphase

We have observed from the water contact anele and
,alerhydrarion sludies thairh€ heieroseneitv of r-he had
nd soft pbases ofthe polyurerhane apipear;to va-ry a-s a
Jnctron ol  tberr butk compos't ion. Ini t ia j lJ, lhe more
.ydrophilic sofi -seg men r mar,erials conrai n hieher su rface
oncentrarions of hard segmenr rhan rhe hydlophobic'TMO boft.s€gment materials. An increa.e jn rlie con-

,enbation olthe sudace hsrd-segment dohain is observed,
rowever, upoh hydration of the more hydrophobic poty-

Wo.k is currently underway to evaluate the surface
-oncentration ofthe hard-segmentphase by studying the

Fisu.te T. Polluethde surface rt ructursl bodeb. depth plof e
view ob the lefr ud sudsce vieq otr t}le risha Scsfr; woitd be
approlimately5oo x 1200,4, Keli: (s) PUjPEO(100). (b) PU-
PIMO-2900. (c) PU-PTMOS50. (d) BioEer.

retention of aromatic peptid€ probes oD chromatographic
coluEns ofpolrr&thane beads equilibrai€d id phosphaia-
bulfered saline.31 Inverse ckomatographic anaiysis war
perforEed on high surface area pol]'uletlune psrticles,
whichistheuncha&cterizedstatioDaryphase. Itilprob€d
with well-cb&acterized peptides, which act as the mobile
phaEe. The pob.urethanes avail,able ir particle foIItr were
used in this study because of their high surface ales to
volumemtio. Peptidecombinationsof phenylaladneaad
h}?tophan, amino acids containiilg coujugsted unsatur-
ation iD their side chains, are introduced into the colullx
asanaqueoussolutioD. The retention ofthe prcbes relative
to wat€r indicat€ eDhrnced intersction ofthe p€ptide solut€
with the polylethane stationary phase. The retentioa of
probes designed to ltudy charge hansfe. of arolrdtic
specieshasbeenpreviouslystudied.3, StudiescobJirEing
the speci-tic in L€racEioD of rhe conjugaEd unsatuarionir
lhe amino acids wit"h the aromaric sroups of the bard
sesEenl.areDowulderway. TableIVpr€senLsprelimjnary
dBraand indicstesLhatPU PTMO-1000 S ha! the lowesi
intemctioD with the peptide probes. Differential scrnniDg
ca.lorimetry haB iDdicated that the high-tempelatu€
thermal transitions ofPU-PTMO- 1000 S are more sihilar
to the pllle hard-segment PU than any other polyr.rre-
thaneintheseries.ss Tbrsindicatesthatpha.seseparation
tu optimized lor the intermediate soft-segment block size.
The low peptide retention times suggest that the con-
centration of the hard-segment aromatic groups is lower

(s1) Sibre4 K.; Crldwell K. D.; Ah.bade, J. D. PreeDt d afthe 63!d
Coloid e.l Sqrface Scie.ce S]Eposiu, Seatile, WA, 1989.(J2)Porrrh, J.iC€ld*€U, K D. J, ChrcMbst.1917,1 ,fi'.r33)Sibreli, X.: Tircry. K. C,: Luberl" J. Mt Cald$ell, X, D.; An-
dnd., J- D.; Solonon, D. D., ir pleDdation,
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Surloce Mic,oheteroleneity ol Pol!(ethe. urcthanes)

than PU-PTMO-650 S, al1d PU-PTM0-2900 S in the
surface lsyer. From this we concllde that thesurface hard-
segment concentration i! minimized with h8rd-Begmert-

: phase puity. Additional inverse liquid chromatosaphy
: studies are now underwsy to further investigate this' ohenomenon.
. '  Based on theseexperimentsard analy€es,wehave begun
: ro develop models of borh dry and weL polyurerhane
i sufaces. We have characterized the vacuum su ace
: compositioD of these surfaces by X-ray photoelectron
;: spectrGcopy. Thebulknorphologyhasbeeninvestisat€d
' via differential scanni-og calorimerry. Surface energerics

in air are being probed by use of inverse gas chroba[og-
* raphy. Bulk composition has been quartitated by ele-

Ioental analysis and transmission infraled recbniques.
These bulk propenies and additional suriace characr.er.

li izations, important in developing the models, have been
:j reported elsewh€rc.s3 Representative surface models of

selected pollurethanes studied thus tar are presenrFd in
Figure 7. Tn the figure the surface or bp view is sbown
(righr) as well as a cross secrion of lhe surlace rlehr. A

: water dloplet is shown in the figure to emphasize the
-: r Bignificance of environment:lly induced phase reoden-
... tation. The hydrophilic PEO pob'uretlanes are pb€le
. i. mixed and do not appear to differcntiate much betw€e!
: wat€r and ai environments. The hydrophobi€ PTMO
.: pob'urethanes displayed in the fisure do, however, reori-
1- ent at the surface to minimize the interfacial free energy.
: The pudty, siz€, ard reodentaiion poterrial of the domains
I presented iD rhe model vary witb cbemical compositioo.
:' We want lo rest the hlTorbesis lhal. surface bercroge-
+,; neity is iroport€rt in detemining the blood conpatibilj8
na.!' of phase-separated copolyme*. The models of the mul-
;:i tiphase nature of these conplex sudaces Lave been
i . inportsnt id interprcting q'h8t we have begu to learn

about protein adsorprion and plaLele[ adhesion on these1 polyurethanes.s Tbe domajns of sinilu pol,rurethanes
I previously studied have beeD showl to be ftom 80 to 100

A in diameter.ss This is the same oder of mamitude as
l}?ical prorein dor!ains composed of l0G-I50 amino acid
tesidues, which result in domains of roughly 25 A in

: diam€t€r.36 The pol!.uleth$ae domairs or the interphase
,r reCions separating the copoly]]ler phases may accommo-
: date the domain nature of adsorbed Droteins. This

accommodation of the prorein ai rhe su;face may h6ve
. Iirlle effect on the protein E native secondary or Lertiiry

structure. In ihe adsorbed naiive or
I tbe protein may be sufficiently unchanged so that t}e
i foreignbodyorcoasularionresponsesinjriar€d byproreins
i are not triggered. We have recently observed correlal ;ons
i between hard-seguenr-phase puriLy and protein adsorp.
I lion.! These findinss are in asreemenr with similar
I observations made by olhers.s7 This ;ndicar€s tle s;s-
1 Dificance of surface oorphology in inreraclion wiih
, biological media. Further invesrissiioDs inro in shu
! interfacial microheteroseDeiry of poll'lner3 witl help us
I better undersrand rhesc inrerfaciat mechanisErs and may
i lead to the ability to engineer complex poil'mers to achiev;
I their desired suface properties.

r r34l linsey. X. C.iSibrel, K,: LMD.rr. J. M.iCsldqel. K. D.;An.r dtade, J. D.i SoloEon, D. D. T.drod..io6,I?lh M.erilcorr\e StriLyi for Biomate.iak. 19s1: . 3t
" r3s),e'Ophi! Z.: Wriles.C, L J, Polya.S.i.. Po6r.P,rye, Ed. r9s0,
: t8, u09 lblgBhclerl.J.: tae, C. D,, Polym. Sfl.. Poba. prys. td.

i -. 136' Schurz. C. E.iSLhirber, R. H. P4n(,pier o/ Propin gru u.i
: Sprinser VerLss: N.s YorL, r979t p 8?.
! I37l /sl TslGida. A., T4h a, J -lj Kriiy@s, T,i TsLsve@i. M.:!  Ma.Kn iChr .W,J .  Po lynpr  1s85.26 ,9?8.  rb ,  Cr*e l ,T .  c . iCoope- ,  S .
: L. Aioudle.idl6 198G, 7, 3r5.
:
I
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Future Wort
ESCA ana.lysis offrozen hydrared polluethsnes is being

condud€d ro enhance ihe accuracy of our modeis. Bi
free/ing the hydrated sa$ple to liquid nirrogen rempe;-
atures tlle structure ofthe hydrated suface will be "tocked
in". The surface wat€r caj] be sublimed below the plass
Lmnsition temperatrDe of the polyner and the su{ace
composition evaluated. We hope to observe the restruc-
turingofthe surlace io ih€ vacuum-equilibrated state by
turther Dcrear"utg temperar ure above t he glsss I ransitioD
!€mpera re oi rrre moblte pbase.
, Add;tional srudies probing surface helerogeneity and
oomarn srze {ue now berng devetoped iD olu laboralories
utilizing fluorescence spectroscopy. Similar techniqu3s
have been previously urilzed lo study tbe bul} dohain
formation in random copolymers and blends.16,13 I.he
conjugated unsaiuJarion ;n rhe bard-seqment monoher
leads to charactrisiic intrirsic fluorescence of the hard-
segment phase. The fluorescence speclruE ofl,hesurface
bald segEent can be shifted relslive io itre bute sDecl,Ium
io give a neasure of surface hard-segnenl conceDtration
though seleclive sdsorptioD of fluoresc€nt Drobe mole-
cutes,whichint€ractwiththesurfacehardsesment. The€e
fluorescence studies should be useful in delerminins the
surface hard-segmebl conceDtralion ard donaia size.
These ex"periments are.oDly in preliminary slages, bul we
arehoperr rnal IheywtlconLributetoourunder8landiDe
of the surface charader of rhese complex segmented

We ale also aftemprhg Lo apply computer simujalion
of rhese pbase-separared sysl€ms to studv rhe sLructural
reorietrtation of the heterogeneous surface in tle presence
of a simulated field mimicking the dietectdc character of
watei. A simulated dodain matrir model ofthe coDohEer
can be developed by usi-Dg the cbemicat structur€ of the
molecule, ils density, and Lhe the.mat properlies rbst
determine rbe hobilry of r,he phases. We would like to
invesrigsre rbe uncoverins of the by&ophitic pbase upoD
inuoduciion o[ simu-lated Earer. as suggesied bylhe
contacc angle ard iDfrued daua discussei-in rhis oaper.
The interaclion berween a model proreio a;rd hom-op-oly-
mers tLat model pol!'lrlethaae phases has been studiid
with this technique. Vaz obsened different desress of
repulsion be$een tbe rree pmFin and each ot the two
homopolyme. phases,lsb indicatiDg tiat interactions of
proteiru may occur preferen Lially with one phese rehiive
Lo tbe oiher. An undersranding ot dynamic sulface
shuctule oay enable us to simulste dlnaloic prot€in-
polymei surface interactions. This complex interactioE
between pollmers and pmt€in-s may resdtin simult€neous
polymer and protein st uctural reorieDtatioDs, whi€h may
be psltially responsibie for their complex adsorprion

SumEary

. We have showr: the applicability of contact angle,
infrared specLroscopy, and inverse liquid chroDatogra-
phy lor detecting rhe suriace srrucrurJof poburethanes.
These techiques have a1l differentiated specific aurface
or marerial properties berween rhe hydrated and dehy-
dJsledqlate ofLhe maLerial. we hsv€ s hoq.'n r haL alrhou;h
the concentralion atrbe surface ofihe soft-segment phase
is enhanced above its bulk con€entration, th;se pot-yrrrc-
thanes have multiphase surfaces wiih domains ofsufficient
size and concentration to be detected by coDtact argle
roethods. We have also shown that the surfaces of the
polymers are d]'namic in nature and respond to the
environment by minimizing tLe surface free energy throwh
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AdsorDtion of Globular Proteins at the Air/Water Interface as Measured
via Dvnamic Surface Tension: Concentration Dependence,

Mass-Transfer Considerations, and Adsorption Kinetics
BRhN C. TRIPP.* 1 JuLEs JoHN MaGDA,t AND JoSEPH D. ANDRADE}

. Pu.ifioliak aad Fotmtldtid Pt@6s D\?loPflen| Genetij hetitute tnc , Ohe Bnl Rood Atulowr. MosthBeus 01810:
t D(turthent of Cheni.dl dnd l'uek Ensin ding Univqsit! oI Utah. 3290 MEB Salt hkc c'f Utah 841 12; ah't

IDetartnent oIBioqetne&ns, Un asry olutoh,2180 MEB,satt LakeCitv, Ulah84|I2

Rdiled April 8. 1994: acc.pted Decembs 13, 1994

The pendant drop lechDiqu€ was Lsed to measure the dlnamic
surface tension (DST) ofeight globular proteins at the air/wa.er
interface as a function of prot€in bulk conc€ntration (G) ai Cb
values of0.0r, 0.1, and 1.0 ms/rnl. tnitial p€riods ofnegligible
d€creas€ iD the DST ("induction tines") wer€ obs€rved for nanv
of tha\proteins at G : 0.01 ng/ml, bur were less comnlotr at
hisher G values. DST kinetic paran€ters varied by up to seYeral
orders ofnagnitud€ for diflerent proteins, ev€D those wilh similar
bulk difusion co€fficients. All eisht proteins achieved initial
values of ile mesoequilibrium surface temion (MST) wirhin I 5
h at Cr = 1.0 mg/ml, although only four ofthe proteim attaned
steady-stat€ surfac€ tension within this time. Th€ t5-h MST
value at G = 1.0 me/ml did not vary nuch anong the eisht
proteins, with an ave.age value of 47 I 6 mN/in. The DST data
were numerically mod€led by a 4-parameter Hua-Ros€n equa
tion and anal)zed with resp€ct to ploteb surface hydrcphobici9,
coffornarional stability, bulk depletion effects, and the apparent
vstheoreticaldifiusion-limitedrareof adsorption. @ree5A-d..-

Ke| Wor.ls: Air/watet intErfac€; protein adsorptioq surface

INTRODUCTION

Many proteiDs los€ their biological activity ("denalur-
ation" ) after exposure oftheit solutions to the airl*ater ( A /
w ) interface ( I -4 ) . This is due to adsorption and unfolditrg
process€s resulting from the amphiphilic (polar/nonpolar)
nature and marginal stability (5) ofglobular proteins. This
phenomenon is theoretically iDteresting and practically im-
portadt because it can result in undesimble aggregalion atrd
precipitation ofcommercia y imponallt proteins (6). Fur-
thermore, the A/W interface is a hydrcphobic/hyd$philic
inrer{ace whicb sen€s as a good model for bloodJ biomaleriai
interfaces important 10 biotechnology (7, 8).

Numelo].s surface t€$ion studies have ueviously b€ed
peformed on globular protein solutions ( ?-50). This work

1 To whom orBtondene should b. ad<lcs€d.

Copldrh @ 1995 by Aedemtc Pq lm
AX rishls of reproddion i! any lom l€s.d.

discusses experimental dynamic sufac€ tension (DST) b€-
havior of eight well-characterized globular proteins as mea-
sured by the pendant drop surface tenston method. DST
m€asurements were perforrned as a function ofbulk solution
prctein concentration ( Cb ) . The proteins used were hen egg
lysozyme (Lls), bovine riboDuclease A (RNase), €quine
myoglobin ( Myo ), tuna heart cl'tochrome c ( C)'t c) , bovire
er!,throc).te superoxide dismutas€ (SOD), bovine milk B-
casein (B-Cas), recombinant human gro*'th hormone
( hGH ). and bovine serum albumin ( BSA ). Some kev phvs-
ical and stuctural propedes ofthes€ proteins are ljsted in
Table I (51-63). These eighr proteins difer gready in their
amilo acid composition, secotrdary structure, confona_
tional stability, and surface distdbution of noDpolar amino
acid rcsidues.

THEORETICAL CONSIDERATIONS

Protein srrlklwal hadnesr. Globular proteiDs with a
high degee of conformalional slabitity and a low deg€e of
flexibitity are considered to be dgid or "hard" (9, 64, 65)
and tend to resist large, irreversible cha[ges in conformation
upotr adsorption al interfaces (66)- Conve$€ly, "soft' glob_
ular proteins arc relatively flexible and can rcarrange their
tertiary structures to facilitate adsolptlon at itrterfac€s. Hard
proteins are generally identiied by their relatrvely great re_
sistance to thermal, chemical, and shear-induced demtur-
ation.H^rd si gle-domait prcteins may tend to have greater
numbers ofidtrachain disulfrde bonds, which rcsult in morc
rigid folded structures.

Protein foamability- Foamability, as defined by the
amount of foam created upon mpid mechanical mixing of
an aqueous, surfaclant-free protein solulion with air, is an-
other physical Foperty indicative of prolein ha.alness. So-
lutions of hard proteins should exhibit rclatively low foam_
ability, becaus€ the thin interfacial films offoam bubbles are
thought to be stabilized by extended amphiphilic polvmer
s€gments of unfolded pmtelns, mther than by compact na_
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TABLE I
Mod€l Globular Protein Physical and Ch€nical Pmpedes

t 1

IJ
fc)9S.(rDa)

Hrcs

soD-

hGH"
BSA'

E-p

a{3-D)

t19
124
153
t0l
t 5 l
209
146
582

t0.?
9.6

r0.0

5.0
5.0

t3.7
r8.8

15.5
24.1
22.Q
61.4

18.0
4.1
8.0
4.2
1.3

70
68
11
60
92

8 1
65

0

0
2

l l
16.0
6.1

0.1
1.5
1.0
2.O
0.5

l 6
l 5

'IEP is the abbHiation for the i*iecln. loint, rhe pE value at which lhe protein hs zerc n€l cha€f.
'This is the nunb.r of d-heli6 and Pihet slnnds (@ndary dructusl 6 <teimined frcn X Fy crysLl srrucruB. The 3,D nor4lion aoi BSA

deno16 thar it hd th@ probable s1ructu6l donaj$.
'No- a deno16 the nunber of amino &jd 6idu6 in lhe !@1qn primaty eqE e.
'MW is the molecul weight, in tiloDaltos, ofthe ungtycoylated fon of€ach prolein.
'No. 9S is ile numbe. oi @qlent Nlinks preo1in @h pmteitr slruchrre, disulfrde bonds eilher bet{€d cyst€i.e Bidu€s or berwer cynei.e

Bidus ed psftenc heme CrouF.
,r. is the themal denatumrion (meltlng,/ufoldind lemFBruF oi€ch p.oron, 6 dctemined lrcm ditrercntial sntritrg cabnnety ofa Ch = I-5

nynl slurion of prolein i. pH = 74 slaodard bufe^, 6 n6uFd via a Han Sciertific Model 4207 diffeEnt'ral s(fuins .abnmder, Mth e uppad

,Expe.ine al rdention time of 50-l0O d ofp.obin at Cb = 1.0 og,/bl. in PBS butrd. in a lGm diametor x l0{m lenslh Phamacia phenyl
sphar* hydrophobic inlenction chrcnatogaphic colmn, at ? - 24'C. a p6urc of I -5 MPa, and a lluid flw Ele ofo.? mvnin. Th€ elutins prcreiG
*@ delet d by n*uring the eluiant ad$irane ar ! Erel€sgth of280 o{, 6 @.ded on a timed p€n plofler. The rEt€dtion tim6 wE eslinard
by sing the tine of ndimuo Uv abrcrbala ol thc cluting prct in p€al.

r F@n heish of 5 ml of pH = 74 C6 = 1.0 mgnl prctci! elution, shrr€n for 30 s ad ajlop€d ro @alese fo. 30 s inside a 2Gdl das $intiilation

Both confo.mational stability and surface hydrophobicity
influence the extent and mte ofinterfacial protein adsorption
(9). Soft proteins with high ESH ralues should have fast
adsorption rat€s, as indicated by rapid rates ofDST decrease.
Hard proteins with low ESH values should have slow ad-
sorption rates, as refl€cted by slower DST kinetics. This hy-
pothesis was examined via DST measurements on the eight
previously discussed model proteins.

Su{ace tension kinetic rcgimes. For sufac€-actrve prc-
teins, the g€neral adso.ption proc€ss al the A/W interface
may be coDside.ed to b€ a three-slep pmcess ( l0-13, 2l ):

Step l. Ditrlsion ofsolute molecules Fom bulk solution
to the subsurfac€ region,

Step 2. AdsorptioD of molecules ftom subEurface to the

St€p 3. Confomational rearrangem€nt ofadsorM protein

As protein molecules adsorb at the A/w interface, the
surface tension (,y ) will dynamically decreas€ ftom the pure

,o[6s and ]oll€s (5 t ), PNrz (5 !), od Salm (53).
, Dayhotr (54).

rMaihds (56) dd Dict€Mr (57).
'Richardsor (58) and Gelzotr (59)-
'Dctins. aod Siair$y {60}.

, PeteB (62) and Hahilbn a a/. 163).

tive-structue globular goteins (67). Thun foamability is a
measure of how easily protein molecules arc unfolded by
shear sfess and exposure to the A/W interface- The foam-
ability ofglobular proteins also directly correlates with their
a6nity for the A/w int(rface t68-701.

Protein efective surface hylrophori.airy- Thetrumberand
alistribution of nonpolar amino acid residues oD the surface
ofa dobular pmt€in molecule also inlluences its adsorptrod
behavior at the A/W interfac€. A folded, globular proteiD
which has many and/or large trodpolar surface regions is
considered to have a high efective surface hydrophobicity
(ESH), with a high afrnily for amphiphilic iDterfaces, in-
cluding the A/W interfac€. Cotrvenely, a folded globular
protein molecule with few and/or smau nodpolar sudace
rcgions has a low ESH and a low afrnity for the A/W in-
terface. The ESH of a protein can tle experimentally evalu-
at€d by hydrophobic interaction chromatography (HIC), a
nondenaturitrg cfuomatographic proc€dure (71). Proteins
\rtth longer reention times id a HIC column are indicative
ofhigher ESH values.
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solvent value. until some lower equilibriurn value is attained.
Th€ equilibrium surfaci lension is attained bv solutiods of
structumlly complex polymer su.faclants only when ad-
sorbed surfactant molecules have achieved both equilibrium
surface concentration and conformation. The nonequilib-
rium surface tension is a function of both the adsorbed sur-
fadant surface concenlralion (l-) and $e surfaflaDt con-
formalion. DST data are sensitive to all thre€ steps in the
adsorption process. Tbus. DST measuremeols can be ustd
to indirectly modtor the process ofsufactant adsorpton at
rhe A/W inlerface. However, the dynamic and equitibrium
surface tension of aqueous surfactant solutions are not di-
rectly proportional to I, at aI possible values ol I'

The DST of aqueous surfactanl solutions can be charac_
teried by upto lhreegeneral Linelic surfac tension regrmes
{ 72,.  Drior lo al la iomeol ofequi l ibr jum surface tension as
iUustr;led in Fig. L The Erst possible regime is rhe induclion
iime. dudng which {t) rcmains n€arly equal to the pu€
solvent value, witll liltle or no appar€nt decrease At very
low values of l, ihe interface poss€sses the physicochemical
DroDerties of water, with an €quilibrium surface tension
;ha;act€ristic ofpure ater, e.g., (73, 74). Th€ solutiod sur-
face tensi,on will decl€ase fiom the purc solvent value only
after a significaDi amount of surfactant has adsorbed at the
A/w interface. For globular proteins adsorbing at the A/w
inlerface, apprc\imatel) 50% ollbe monolayer surface con_
c€ntmtion must be attained before the surfac€ tensiotr will
decrease significadtly from th€ pure bufer value ( I 6' 2 I ' 22'
32. 36, 41, 43). Under dynamic conditrons, the decoupled
surface tension-surface concentmtion functionality at low
ralues of th€ surface concentratiotr may result in th€ obser-
vation of an inducdon time in the initial DST from mili-
seconds to hours. Induction tides are not always observed'
esp€ciaily for higbly conceolmled or rapidiy adsorbing sur-
fmtanl solur;oDs. lD lhis$ork,lhe inductiot ume isde6ded
ss the time after formation ofthe llEsh A/W interface dunng
which lhe magnitude ofthe rare of DST decrease ( I dr / dt | )
is less than 0.2 mN/m'miD and includitrg any time ofinitial
ircreare in th€ DST

The second kinetic suface tension regime is depicted in
Fig. I by regime 2 aod is cbamcrerized by a rapid rate of
decrease in 1. wilh poinl values ofdll/l for proteios in lhe
mnge of-0.2 to -10 mN/m-min. Observation ofthis DST
kin;tic regime indicates that t is betwe€d 50% aDd 100% of
its equilibrium value, i.e., full monolayer/mult ayer surface
coveraae ( ) | ). lf lhe surfadanl G is reladvely high aDd/or
adsorplioD al lhe A/w interface isnpid. this wil b€ tbe 6rsl
DST l.inetic regtme obs€rved.

The third DST kiDetic regime is the mesoequililrium sur_
face tedsion (MST) regime, indicaied by regime 3 in Fig l'
Attainmetrt of the MST regrme is indrcated by a large de-
creas€ in the magiitude of the DST slop€, at the etrd of
regime 2, with /1/dl values mnging from 002to-0001
mlq/m-min for mesoequitiurium and 0.0 > dT /dl > -o 001

a Adsoded Prcrein Mol6ule

E Inied6c'ar warer Morecules

FIG. l. lde.lized diaBrln ofdvnanic surfae tens'on surhce cotFg'
rl.lio.shiD, illustratins the $@ rtsit'le dvndic surf@ j€nri'n hneric
@n6: I, :rdu.non hme. los ro half monotr]er \urGe coKBge loprion'l
n;r emmo0lv ob*Eeti for low c" ! al tb and'or sloq D adwbins suF
faciants); 2: mpid sutrac tensio. d4tee, hatlf to tuu mo'olavd srrfae
@vonge 3, mEdequitibnun sldae t€nson, slw tuihd d61gs in srfs
tssion, due 10 dfotuanod ch,ngEs (unfolding), pacldng @tugpffia'
ullinalely Esddng i. 4, the equilibiium (steadv4bl€) surfae tensiot

mN/m-min for e4uilibrium/steadv-state (rcgime 4 itr Fi&
l). The slow rale of decreas€ in'y duriDg the MST r€gime
is probabl) due lo molecular reorientatjoD and cnnforlna_
rioDal changes in the adsorbed prolein molecules. Slow rates
of dedease in the long-te.m MST have been observed for
solutions of proleins (21), liposomes (75)' and other sttuc-
tdally compl€x pollmer surfacran6 (72, 76' 77) Attarnment
of steady-state surface tension during the MST regime in-
dicates that the adso.bed sudactant molecules have achieved
their €quilibnum conformation and surface concentration
at the A/W interfac€.

MATERTALS AND ME'I-TIODS

Prctei s and bafet sollttiotts The proteiDs used in this
study were all siDgledomain proteins, with the exc€ption of
BSA, which has tbree domains. SOD exists only as a drmer
in sohlion (78), p{3s occurs in solution as large molecular
weight multimers (?9), and BSA s€lf-associates in solutioD
to a miDor extent (Howard Li, personal communication)'
All ofthe other proteins used arc present in solution only as
monome$. over the lange ofconceDtradons used. This was
verifed duflng the retention tlme experiments lf,ith a hy_
drophobic iDleEction chromatocraphy column, for Cb = l'0
mg/ml solutions, which yielded sidgle, slmmetrical elutiod
o€aks. indicative of monomen (80)

3X crystaltized and lyophilized heD egg lvsozvme (prcd'
no. l-68?6, lot no. 89F8276 ), tum hean q4ochrome c (prod'
no. C-20 I I , lor Do. 28F? 120 ), bovine padcreas ribonucl€ase
A tlTe XII-A (prod. no. R'5500, lot no. 80H8020), bovine
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milk 6-cas€in ( prod no. C6905, lot no. 67F9645 ), and hon€
skel€tal muscle m-voglobin (prod. no. M0630, lot no.
69F7165 ) were purchased from Sigma, St- Louis, Missoun.
Crysta[ine BSA (prod. no. l2657.lot no.001264)was pur-
chased from Calbiochem. La Jo a. Califomia. Puntied bo-
vine liver superoxide dismutase (lot no. 238-52) was pur-
chased from DDI Pharmaceuticals, lnc., MountaiD View,
Calilomia. Recombinant human growth hormone (lot no.
PS9033AX-GO42A), was provided by Genentech, Inc.,
South San Francisco, Califomia. These were the purest com-
Bercial gades available ofeach protein. with small amounts
of salts prcsent as conlaminanls. Purity was demonstrated
via sodium iodecyl sulfate polyacrylamide gel €lectropho-
r€sin followed by staining with Coomassie blue, which re-
sulted in single bands for each protein.

The hGH was reconstituted in a pH = 7.4, 0.005 M
NarHPOa, 0.25 M glycine butrer. A1l other proteins were
dissolved in a pH = 7.4 phosphate buffered saline (PBS)
solutiod, with the following composition: 0.0 130 ,41KHrPO4,
0.0540 M NarHPOa, 0.100 M NaCl. The componeDts used
in the buffe$ were anab'tical reagent-grade salts from Mal-
linckrcdt, Inc., Paris, Kentucky: Tbe water was obtained
ftom a Millipore MilliQ revers€ osmosii ion exchange, and
frlmtion apparatus, and had a conductivity ofless than 18
Mohm-cm. ConceDtrat€d protein solutions (Cb = 1.0 mg/
ml) were prepared by gently stining in a gravimetrically
measuEd amount oflyophilized prolein into buffer solutio&
in a glass beaker, with a glass rod. More dilute solutions were
prepar€d by addrtion ofan aliquot ofconcentrated prot€in
solulion into buffer. Buffer and protein solutions were pr€-
parcd and |lsed on the same day.

Foamability measurement. Five millilitels ofeach prc
tein-standard buffer solution at Cb = 1.0 mg/ml was pre-
pared in clean glass 20-ml scintillation-counling vials. The
high solution con€€nration was used in accordance with a
recommendalion by Kato and Yutani ( 35 ) , who noled thal
the lowest protein concentmtion effective for observing in-
terfacial prof'edies (foaming and surface tension) was 0.5
mg/ml. Each solution was vigorously shaken by hand for 30
s and allow€d to s€ttle for 30 s, and then the foad height
was measured with a ruler-

Efective surface fuidrophobici! measureme t. APhar-
macia phenyls€pharose l0-mm-diameler X lo-cmlong
chromatogaphy column was us€d as the hydrophobic in-
teraction substmt€- The column was prcssurized by a Phar-
hacia fast proteiD liquid chromatography (FPLC) system
at a pressure of I .5 MPa, a tempemture of 24"C, and a fluid
flow rate of0.7 ml/min. The column was equilibmted with
ftesh PBS butrer ( pH = 7.4 ) for I 2 h prior to the experimen..
The protein solutions were prepared in their siandard bufe|s.
at G = 1.0 mC/ml. Fifty to one hundred microliters ofeach
solution was injected into the column, and the eluting so-
lution absorbanc€ was measured at a wavelensth of 280 nm

and recorded on a timed p€n plotter. The retention time for
each protein was delermined from its maximum elution ab-

Surface lension measuremar. lDitial DST experiments
werc performe'l using the Wilhelmy plate method for suface
tensiqn measurement. However, protein adsorption at the
three-phasdine during use ofthe Wilhelmy plate technique
resulted in poor experimental accuracy and repeatability in
DST measurements, as noted by others (9,39.43 ). To avoid
these problems, a variant ofthe p€ndant drop technique was
d€veloped and used for measuring the DST of protein so-
lutions. The p€ndant drop technique relies on shap€ analysis
of mechani€ally stalic pendant drops, either through com-
parison ofchamcteristic drop dimensions to published tables,
or thrcug} a numedcal analysis of the entire drop shape.
The theory of the pendant drop me.hod is derived from the
Young-Irplace equation of capillarity and has b€en de-
scribed iD detail by various authors ( 8l-86 ). The panicular
pendant drop method used in this work employed digital
image analysis and a Simplex shape-fittiDg algorithm to de-
temine the surface tension of pendant drops (87) and is
temed the digital image pendant drop ( DIPD ) method. The
DIPD method is very s€nsitive, accurate (:t0.2 mN/m), in-
dependent of liquid meniscus contacl angle, and repeat&ble
within 28. making it an ideal t€chnique for DST measure-
ment ol proteiD and pol)rner solutions.

A diagram ofthe DIPD exp€rimental apparatus is shown
in Fig. 2. This apparatus consisted of an Apple Macintosh
Ilsi computer and a modified limer veNion of th€ image

Marlow Ind. SE5010 DT"2255 Video
PlDTemperature Frame-GrabberCard,
Controller 105 Mb Hard Drive

FIG, 2. Schemalic diagFm oflhe digiral imag€ pend4Dt drop exp€n-
menlal appanrus, wlth a themelecriicall, healed/ooled envircnnedar
chamber for rhe pendanr drop, nicrcsope lor ifrage nagniicalion, Siem
&ie.dnc CCD deo cameE for obianing Erey $ie ioag6 ofth€ p. a
drcp, a Macirlosh lki compuler wilh Data T@nslation DT-2255 ann€-
srsbber ca.d for disitiatior ofvid@ lisnal im.36, and a 105-Mb hard dnve

Pendant drop in
Satu rated-Vapor
Temperature
Conkol Chamber

Macintosh llsi with
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anatysis software N1H /md8? ( National Institutes of Health, on their relatively long retendon titnesin the HIC column.
nei*saa, l,to1, termea /,a age Timer. 'fhis appatu!|)s and The other five proleins had much lowef EsH values, with
software couid automatically measure penalant drop data at BsA bavinS the lowest ESH value. An approximate ESH
inrervals ranging from seconds to many hours. with a ca- ranking, from highest to lowest EsH, is given in Eq. [2]:
pacrly ofseveral hundled pendanl drop images Der erDeri-
me . A l0-gauge (4.17 mm diameter; starnlesi sleel flac d-cas > Lvs > hcH > RNa* > c]4 c

tipped needle was used for suspending the pendant drop in- >Myo>SOD>BSA- l2l
sideacontrolled-temp€rature envitonmental chamber' Other
delails of the apparaaus are given ;n ( 8? ) . Stable aqueous Dln(lmic sudace lension The experimenlal DST data
pendant drops coutd b€ maintaired in the environmental for each oflhe eight proteins' at f = 24"C, and initial Cb
chamber for 24 h, with minimal change in volume, under valuesof l .0,0. l .ard0.0lng/ml( l .0rng/ml=0.1w1.%)
satumted vapor conditions, are plotted in-Figs. 3-10. Many of the pmtelns exhibited

Prior to each DST experiment, tI€ slainless steel needle, induclion times in their inirial DST data at th€ lowest Cb
glass syring€s, and connecting valve were ultrasonically value of0.0l mg/ml. Only SOD exhibit€d an induction time
cldaned and rinsed in pure ethanol and MilliQ water. other 31 le higlr.tl cb value of l 0 mg/ml various experimental
glassware was cl€aned in hot chromic-sulfuric acid and then DST pammeters for the eigbt protejn solulioDs are sum-
repearedly rinsed in MiliQ water. The DIPD device was marized in Table 2, including initial I -min DST decay mt€s
ass€mbled, heated or cooled to t}le desired lemperature, and for Cb = 1.0 mg/ml, induclion times al 0-01 mg/ml,and 15
humidified, and the image of t}le needle tip was focus€d. h MST values at all thre€ Cb valu€s. The protein DST dala
Severdl drops of th€ protein solution werc flushed througb iD Table 2 are vertically ranked fiom top to ttottom on the
the system, and then a final stable p€ndant dlop ofthe desired basis of the initial rates of DST decrease at Cb = 1.0 mg/rnl.
size was formed (drop volum€ -0.04 ml), folowed by ac- The induction times were determined ftom enlarged plois
tivation of the data acquisition Imagetimer proerafi. The_ oflhe initial DST data, subject to the mathematical criteria
time betweer drop formation and the beginning ofthe data for induction limes described above.
acquisition was on the order of 5 s. The sp€cified drop vol- The DST data at Cb = I .0 mg/ml were fit to an empirical
umq in conjunction with tie lo-gauge diam€ter needle, al- Hua and Ros€n (72) DST equation via nonlin€€r optimi-
lowed the surface teosron of aqueous solutions 10 decrease zadon with Kaleidacraph ruDning on a Macintosh II com-
to approximately 30 mN/m, without detachmenl ofthe drop. puler. One form of the DST equation is ctven by

l

Afier drop formadon add timer aclivatioD, the envircnmen-
tal chamber was s€aled for dre duration of each DST exp€r-
iment, which tlpicaly lasted for 17 h-

.  1 o  Y r  . , ,' f { l l=1-  r  t ;1 t77 .  t r r

- - . t :
dt |. 2I*

RESULTS wh€re {t) is tle surface tension at anv time '' ao is pure
solvenl surface tension, 'yn is the initial MST value, t is the

k)amabitity and hatdness. Three of the eielt modet dme folloMnq frTl:A /:v- i]tlerface formaiod' I+ is a time
proreins ha.r very hth foamabilities (p-c]as, ss.A. ;nd ;Cij, ::i'".lt ".011T,:9,'" -:t 

',lj^:''" t" 
"*in 

the initial MSr'
thre€ were slightly lbamatte 1c1t c, vyo, ano RNut fl""i "na 

';t '.a;tensionless,exponenl Assuming that lhe value
r*o (Lls and soD) had very low roamau rtv iiatre it. a ofro is mta mnstanl al,the purc bufer sufac€ lension valuq
comparative analysis ofthe noaer p.ot"in prrys;-p-.op.;; *:" 1:,*' "i".*.ol' l-*,"-"t"' 

'Y^' t+' ^ad me.
indicative of hardness (nurnber of aisunae Jid"s 1iu.u- "atue orrte par.am.:te] 1::a.nPe iiterereted as the half-time
biliry, andrhermal stab rty) yelded an approxr;;;1-J".* t"at*t t"."t*-1t the ioilial Msr value A kinetic pommeter'

ranking ofthe eighr proteins, eiven in Eq.lll. 
- - 

H"'Jni:*Tile 
teosion decav at r*' can be computed

SOD > Lys > RNase > Myo > Clt c
> hGH > BSA > d-Cas; lll

SOD, L)s, and RNase had the hardest stmctures, while hGH,
BSA, aDd 6-Cas had thr sofusr slructures.

Efectiw surface hydrophobicity. The HIC retention
tim€s of the eight pmleins used in this study are listed in
Table I . Of t}le eielrt uoteins sludied, B-C-as had the highest
ESH, because it did not elute foom the HIC column. Lys
and hCH had the second and third highest ESH valu€s, based

The vatues oftie fit Hua-Ros€n parameters add the com_
puted value of (d,r/dl),. are listed in the five right_most
columDs o[Table 2.

DISCUSSION

Knelic analysis. Ideauy, a d€lailed analysis ofthe prot€in
DST data should yield the surface concenfiation ofadsorbed

t41
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TABLE 2
Protein Experimental and Model Dynamic Surface Tension Pfameters

21

Ind.lin€ d'yinJ.l
cb = 0.01 ch = l_0

horein (minf {nN/m'nin)'
c b = 1 . 0  ( ; = 0 . 1

d'ywldl 1- H,i
ch = 1.0 c! - 1.0

(mN/m niiY (nN/nX

,tsd d,rltltfua
cb = 1.0 cb = r.0
(no u.il)' {nN/n'minl

ci = 0.01 c; = t.0

hcH

BSA
soD

0.0
l 3
0.0

200
6

100

48.1
2 t . 2
! l . t
1 .0
3.4
5 . 1
3.4
t . 5

J7.8

52.1
48.0
49.9
46.5

47. l
43.8
43.6
51.8
51.4

5 1 . 5
60.1

55.2
55.5

57.5'
62.8.

40.5
15.2
4 t . ?
.11.6

.15.t

5 1 .  t

0.0074
0.548
1.68
6.83

t2.3
18.0
19.1
93.1

0. t70
0 360
0.648
0rr50
t .016
u . 1 1 1
0.526
0.539

{:00r4
0.00050
0.0026
0-00074
0.0031
0.0027
0.0{40
0.m41

2142.0
33.6
9 . 1 1
2.08
4.941

o.721
0 . | l 2

No1e, An slaisk indicl1es thar the n*quitbnum su.f.c lension kinelic egime had nor b€en arained wilhin 15 n al Cb = O.Ol ntnl. basd on the laBe
azg in  Jd .  o l  4 ld ,  a t  I  lSh .arho t rn rnncssand lC

? Experincn6lly obsfled indlcrion fine in fie innial DST al Cb = 0.0 I m&hl
'Experim€nral I min dsEe in inidal DST froh puE bufl{ valrc (72.0 nN/n) al Cb = 1.0 dg/nt.
'Erperioental value ofmesoquilibriun sufae lension al i = 15 n for G - 1.0 ng,hl- wilh an eror ofa0.2 mN/m. (No1q MST vahe for RN* w6

enimled by lin€r exlrapolalion ol 12 DST dah poinrs allin€s a.Bins Aom 750 to 860 6in)
d E4qinenlal value of mes@quilibriun surfaft rensio. at r = l5 n fo. C6 = 0. I mgi/ml, witl an ero. of a0.2 nN/m.
'E4erinenlal value of mesqlilibdun surfe re6ion ar r = 15 h lor Cb: 0.0r n&/nt, wilh an e6or ofi0.2 nN/n.
/ Nlnenca y conput€d yalue of d/!r, $e 6te of mesoequilibriun surfe bnsio. dmy, €valnated from lin€r liB of DST dala al a rine of l i h aor G -

t B€s!6r lalue ofHua-Roen nes.quilibnud surfae tensio! for G = 1.0 mg/ml DST data for each pturein. (Nole 70 Bd 6xed at ! constant value of 72.0
mN/a fo. eacb oflbe proteins, bas.d on the eqnilbnun su.face teNion value of pue PBS bufler al r = 21"C).

" D61-nt value of d panneter in H@-Rosn equalion for C6 = I -0 ns/ml DST dala for @h prolein.
'a€n-6t value ofdinensionl* pa€neler r in Hna-Rcn eq@tion fo. C6 = 1.0 ms!/nl DST dala lor ach proren.
I Conputed value ol d,r/dr, evallalal at l = a, lor Cb = L0 ns/nl fmm Hua-Ropn eqlation panneten br G = L0 m&/nl DST dara for ech ofulein.

Eotein as a function oltime and indicak whether the ad-
sorption kinetics were limited by the rate of diffusional mass
transfer to the A/W interface or limited by an adsorption
energy barrier al the A / w int€rface. However, the small sur-
lace area and curved semi-spherical geometry of a tT,ical
pendant drop do not lend themselves to direcl measurement
ofl via mdiolabeling or ellip6om€tdc methods. Conversion
of DST data into surface conc€ntmtion kinetics by appli-
cation ofpolymer twodimensional equations ofstate (88-
9t ) requiret many simpliSing assumptions and may not be
valid for nonequilibrium conditions.

Th€ simple form of fh€ Gibbs adrorption equation (92)
$ also considered to t€ inapplicable to modeling polymer/
prolein adsorption at the A lW ifiertace 116, 1'7 , 22, 24, 11 )
ror s€veral reasons. Filst, the chemical potenlial ofadsorbed,
dehydrated, unfolded globular proteiN is poorly defircd,
rehtve 10 their solvated native states- Second. the Gibbs
oquadon is lid only for rev€nible, equilib.ium adsorptive
processes, while proteins and other polymer surfactants fre-
quently adso$ at the A/W interface in an ireversible man-
aer \22, 24, 7 7, 93, 94), with greater extenls of unfoldins
observed for slower adsorption rales (91, 95)- Proteins ad-
sorH at the A/W inlerface may b€ desorbed by Iareral
compression ofthe interface ( 24, 96, 97 ), bu1 this may resutt
ln Fecipitation, .ather than.esolvalion ofthe adsorbed pro-
ten (98. 99t.

For this work, a simpiified approach was used to anal_vze
the DST kinetjcs. Well-documented relationships betw€en
DST values and I were combined with limiting{ase cal-
culations for bulk depletion and diffnsionlimited adsorption
to estimak whether the adsorltion kinetics ofthe eight pro-
teiDs were diflisionlimit€d or adsorption ratelimited. '

After approximately 4 s, any initial convective motion in
the pendani drop should have dissipated (87). Surfactart
adsorptiod kinetics at the pendant aLop A/W interface may
be limiled by th€ mte ofdiffusional mass transfer from the
interior region ofthe drop to the subsurface region ( Step I )
if adsomtion-induced bulk depletion is sienificant ( 100).
Simple bull, deplelion calculauons perlormed using avemge
pendant drop ph)sical parameters (drcp volume = 0.04 ml,
drop surface area = 0.5 cm':) and experimental equilibrium
protein tvalues( l  = l -8 mglmz\,  (16,22,24,42,93. l0l)
indicate thar butk depletion due to interfacial adsorption is
significant ( 10-100%) only for initial Cb < 0.01 mg/ml ( 87 ).
The minimum theoretical time required for complele surface
coverage ( e.g., monolayer/multilayer) to be attained via dif-
fusion-iimited adsorption can be estimated from the equation
propos€d by Ward and Tordai ( 102 )

r = 2c"(4)'/" I 5 1
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where D is the protein bUlk difirsjon co€fficient, t is the time
elaps€d since the formation of lhe fresh A / W interl-ace, and
tr is the numerical constant 3.1416 - . . .

Simple calculations with Eq- I5l can b€ used to estrmate
the theor€tical diffitsion-limited time required for a sp€cified
protein to attain near-equilibrium I values. This theoretical
aalsorption trme can then te compared with the expenmental
rrme required Lo alurn nrarfquilibdum surlace coverage.
as indicaled by th€ lime for altainment oftie initial MST
(as discussed above). The approximate time at which the
initial MST is achieved can be estimated from the value of
2t+. where l* is one ofthe fu parameters in Eq. [31.

This method of kinetic analysis was applied to the DST
data of the three proleins P-Cas, BSA, and Lys. The bulk
diffusion co€fficieDts, adsorplion kinerics, and equiljbnum
surface rension-surlace concenimtioo rclation;hips of these
proteins have been experimentally m€asured by other re-
searche$ ( 16, 2l-23, 32,42, 103). The theoretical diffusion-
limited times required for lhe eqirilibriurn I to be attain€d
at Ch > 0.1 mg/ml, as calculat€d for B-Cas, Lys, and BSA,
from Eq. [ 5 ], indicate that for Ch > 0.1 mg/ml, the equilib-
rium I qfeach protein should be achieved within 0.3 to 4 s
(87). ThC values of2r* for each protei& at which tim€ the
initial MST and the equilibrium I were presumably attained,
were 0.9 s for p-Cas, 14 min for BSA, and 40 min for Lys.
Reasodably close ageement between the theoretical and ex-
p€rimental adsorption rimes was apparent only for d-Cas, a
protein which is known to adsorb at the A/W interface in
a diffusionlimied manner ( 16, 42). The much larger ex-
p€rimental adsorption times observ€d for Lys and BSA sug-
gest that these two proteins both adsorb in an adsorption
rate-limited manner (Step 2), in agreemenl with experi-
mental radiolabeling studies (32, 42) .

The otlrcr five proleins us€d in this study had values of
2t* ofat least two orders of magritude greater than the P-
cas valu€ ( Table 2 ) . Four of thes€ five p.oteins had lower
molecular weights (with the exceptior ofdimeric SOD) and
much more codpact fold€d structures than the random-coil
proteitr p{as, suggesting that their bulk ditrusion coefrcients
and rates of diffusional mass transfer to tlrc A/w inte.face
rvould b€ faster than that ofp-Cas. However, the much slower
DST kinetics observed for tlese proleins under conditions
of minimal bulk depletion suggest that their net rales ofad-
so.ptioD at the A/W interface are limited by some tlpe of
energy banier to adsorption (Step 2).

The sigificant bulk deplelion which can occur at G =
0.0 I mg/ml may panly account for ihe long induction times
and slow attainment ofinitial MST values obcerved for many
ofthe proteins at this Cb. Howeve., lhe long induction tilne
( ca. 4 miD ) obs€ned for SOD at Cb = I .0 mg/ml is gobably
due to some O?e of energy bartier to adsorption, as bulk
d€pletion should be insignificant ai this Cb. The DST be-
havior ofeach of the eidt proteins is dis€ussed and analtzed
in further detail in the followiry sections.

B-Cdr. Tbe DST behavior ofp-Cas (Fig. 3) was simiiar
to lhe DST behavior exhibited by aqu€ous solutions ofsimpl€
detergents at G valu€s belowJheir critical micelle concen_
trations (CMCS). At the highest G of 1.0 mglml, B-Cas
exhibited the fastest idtial mte of surface t€nsion deoease
of all eight proteins, based on the large values of d'Ii.i,/dt,
/,y/dri&R, and the small value of rfiaR (Table 2). Other
rcsearchers have aho observed rapid equilibntion of B-Cas
surface tension at similar Cb values ( 36, 43 ). The adsorption
of d-Cas at rhe A/w interface has also been demonstrat€d
to be a reversible process ( 104). The gxeat flexibitity Il] and
hydrophobic amino acid composition and surface charactel
[2] ofthis Endom-coil protein may both contribute to its
high. yel revenible afrnily fo. the A/w interface.

,GlI' The inilial rate of hGH adsorption at the A/W
interface was very rapid, with no indudion time observed
at any of the €xperim€ntal Cb values ( Fig. 4 ) and the s€cond
fastest initial DST decay mle at Ch = L0 mg/ml (Table 2).
The equilibrium snrface lension ofthe Cb = 1.0 mglml so_
lution (,y = 38 mN /m ) was the lowest observed for th€ eight
pror€ins. hGH has a relatively high ESH [ 2 ] and a low degee
of hardness ul. Some surface rcgions of rhe folded hGH
molecule may be relatively unstruclured aDd flexible, unl€ss
the molecule is bound to its rec€ptor proteiD ( 6 I ) . The rapid
adsorption ofhcH at the A/w interface may be medrated
by partial unfolding and exposure ofits stongly amphipbilic
a-helices to tie nonpolar air phase (30, 31, 36).

M.],o- Myo e'xlibited a measurable induction tim€ a1 Cb
- 0.01 mg/nl(Fig. 5). However, Myo had the third fastest
initiat mle ofDST decrease aI Cb = 1.0 mg/ml (Table 2),
despite its hydrophilic surface character [2]. At a[ bulk con-
centrations studi€d, the long-term Myo MST converged to
approximalely the same value of42 1 1,0 mN/m within 2-
13 h, depending on the Cb value. The long{erm MST in-

z
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a  2  3  1 0  1 2  1 4  1 6
Time (hours)

FIG. 3. Dymmic surfae tension or bovine B.l*iD 6 a lunction of
inilal cb cb =0.01.0-1, l.0ng/ml a= 24"c,pH - ?.4,0,125 MpbGthal!
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FIG.4. pyranic su.face tensio. of hrn.. go*th homone s a tu.c-
tion ol iritial Cb Cr = 0.01. 0. l, I -0 ng/ml, 7 = 24'C. pH = 7.4, 0.005 M
Na,flPO. 0.25 nr' dyci.e bntrer.

dependence of Cb is srmilar to the b€havior of simple sur-
lactants at Cb r"lues abov€ their CMCS. The high amphiphilic
a-h€lical content of Myo, coupled with its intermedlate sta-
bilit ul and its low net charge at pH 7.4 (IEP = 7.4, Table
1), may contribute to its apparendy rapid adsorption ra!e.

,S,4. BSA (Fig. 6) did not extribit a measumble induc-
tion time a! the lowest Cb of0.0l mglml, while the initial
DST kinetics at the highest Cb of L0 mg/rnl werc the founh
fartest (Table 2) of aI eight pmteins. Similar kinetic and
long-term DsT behavior was also observed for BSA by wa-
taMbe a dl (37) and Absalom er dl (26). Despite its ex-
tremely hydrcphilic surface [2], BSA adsoption at the A/
w interface app€ars to be a rapid process. BsA is knollrl to
adsoft onto hydrophobic solids ( 105). lt is likely that the
relarively soR BSA molecule ul partiatly unfolds upon ad-

a  1 0  1 2  1 4  1 6

Time (hours)
nC.6. Drrim( (ur{ae mioi of boqne mn album'n b a tund;o

of iniriAl G, cb = 0.01.0.1. 1.o mEJnl, T = 24'c, pH = 1,4.Q.125 M

sorptiotr at the A/w interlace (23,26,34, 106), possibly
via partial unfolding of the least-stable domain I ( 107 ). The
long-telm MST behavior of BSA had a low dependence on
cb, with 15-h MsT values in the mnge of 53-55 mN/m.
Similar long-term MST behavior has also been observed by
Busscher el al (108), who concluded that BSA had an atr
parent CMC at Cb = 0.005 mg/ml.

SOD. SOD exnibited very unusual itritial DST behavror
at boft low and high Cb values. At Cb = 0.01 mg/ml, an
increase from 68 to 72 mN/m was obderved iD the initial
DST, followed by an extremely loog inductron [me of 200
min (Fig. 7). The reason for this increase in the itritiat DST
;s uLkao*a, but this obs€rvation was rcpeatable. At G =
I .0 mg/ml an inductioD tirne of 4 min was observ€d in the
idtial DST. No induction trmes were observed lor any of

o  2  4  6  a  1 0  1 2  1 4  1 6
Time (hours)

FtC.5. DFanic s!.fae tension ofequire Byoslobh s. tunctio. or
inirial cb Cb = 0.0 t. o.l, Lo ng/mL I = 24.C, pH = ?3, 0. | 25 Mphocpb{.

o  2  4  6  a  1 0  1 2  1 4  1 6
Time (hours)

FIG. ?. Dymnic surfae tension oltbvine sup.roxide dtsmuia s a
fuoclior ofinirirl cb cb = 0.01, 0. l, L0 ng/nl, I = 24'C, pH = 7.4. 0.125
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FIG. 8- Drmht surf.ce 1e6ior of tum cicnrome . 6 a tuncrion
of inilial c6 Cb = 0.01, 0.1, 1.0 ns/ml, I = 24"c, pH = 7.4,0.125 M

the other model proteins at Cb = 1.0 mg/ml. Similar initial
DST behavior has also been noted for SOD by Wei (9). The
long indlction times observed for SOD at each Cb suggest a
very slow initial rale ofSOD adsorption al the A /w inlerface.
SOD ir present as a dimer in solution (58, 59), resulting in
a larger effecrive molecular weight and a smaller bulk dif-
fusion coefrcie than thos€ of the six other singledomain
proteins. However, BSA has a much larger molecular weight
than the SOD dime., yet faster DST kioetics and no induc-
tion times (Table 2 ) were observed for BSA. Thus, the dow
apparent rate of SOD adsorption cannot strictly be attdbuted
to mass-transfer limitations; the hydrophilic suface [2] and
the great degree ofhardness [ 1] oISOD may also contdbule

. to its slow apparctrt rate ofadsorptioD.
Orc The short 6-min induction time at Cb = 0.01 mg/

ml and the rapid DST decay rate at Cb = L0 mg/ml (Table
2) indicate that C)'t r a&o$ed fairly rapidly, despite ils in-
termediate ESH value [2]. Two important featues werc ap-
parent in the long-term DST of C]'t c (Fig. 8). Like Myo,
Cyt c exhibited a long-term convergeDce of its MST. inde-
pedent of initial Cb value. Unlike Myo, the steady-state
surface tension of Cyt c was not attain€d wilhin the lime of
the experimenl, even for the Cb = L0 mg/ml solution. The
MST continued to slowly decrease in an ainosl linear man-
ner, even after 16 h, suggestive ofa dow unfolding Focess
by adsorb€d Clt c molecules.

Zl$ The initial DST kinetics of Lys were slrongly de-
pendetrt on Cb (Fig. 9), with induction times of 12 and 90
min obs€rved for Cb valucs of0.1 and 0.01 mg/ml, respec-
tively, and a slightly slower DST decay rate at Cb = 1.0 mg/
ol than C).t c. Lys has a rclatively hydrophobic surface [2 ] ,
possibly due to a hydrophobic surface patch apparent in ils
X ray ff)stal structure ( 109), which gobably dominates its
ioteracliotrs wilh hydrophobic surfaces ( I l0). Lls has b€€n

o  2  4  6  8 1 0  1 2  1 4  1 6
Time {hours)

FIG,9. Dyianic surfee tenEon ofhen l'szyme 6. turclion of initjal
c!, C! = 0.01,0.1, 1.0 nglDl. I = 24'C. pH = ?.4 0.125 M phosphate

shown to adsorb im€veNibly at the A/w interface (22, 93):
this irreve$ible $ocess may be caused by unfolding upon
adsorption (21). Lys is a very rigid proteiD {11, and the slow
rate of deoeas€ in the l5-h MST at Cb = 0.1 and 1.0 mgl
ml may reflect a slow process ofconformational change. The
rale ofMST decrease was inversely proponional to Cb, sug-
gesting that the mte and uldmate extent of unfolding by
admrb€d Lys molecules were higher when the bulk and sur-
face codcenlration werc lower, as obs€rved in oiher intefacial
adsorption studies (23, 93)-

,RNare The initial and long-term DST kinetrcs ofRNase
were among the slowest of all $e proteins and were very
dep€ndeDt oD the Cb. A slow rate of MST decrease was also
obs€rved for RNase by Wei (9). At G = 0.1 mg/ml, the
DST dau set was very noisy (Fig l0), possibly due to an

75

o  2  4  6  a  1 0  1 2  1 4  1 6
Time (hours)

FIG.10. Dymjc sufae 1e6ior of bovine nlonELae a 6 a tulclior
ol initial cb cb - 0.01, 0.1, 1.0 mgltuL T - 24'c, pH = 7.4,0.125 A4
phosphate b!fr.
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asymmetrical pendant drop shape. RNase can be character-
ized as a relatively hydrophitic protein [2], with an inter-
mediate hardness I I ] . The linear rate of MST decr€as€ at Cb
= 1.0 mg/ml suggests that the adsorH RNase molecules
were undergoing a slow coDformatioml rearrangement pro'
cess, as observed dudng RNase adsorption at solid-liquid
interfac€sII l l l .

Sotmdry. All eight ofthe proteins adsorbed at the A/
W interface, based oll tie large differences b€tpeen the pure
bufer surface tension and the experimental 15-h MST values
at Cb = I .0 mglml. A large degr€e of variation was observed
in the initial DST kinetics ofthe eight pror€ins at all exp€.-
imental Cb yalues (Table 2). At the highesr Cb vatue of 1.0
mg/nl, the time required for attainment ofthe initial MST,
as eslimated from 2lt, varied by several ordem ofmagnitude
f;or the different proteins, mnging from 0.9 s for B-Cas to 1 90
min for RNase. After attainment ofidtial MST values (at
Cb = 1.0 mg/ml), four of the protein solutions exhibited
funher decreases in their long-term MST, including the three
most rigid Foteins: Lys, SOD, and RNase [1]. The l5-h
experimental MST values at Cb = 1.0 mg/ml did not vary
$eatly betweeD difrerem Fo&inE wilh an average value ol
,y = 47.0 t 5.7 mN/m. This average MST value is higher
than that t)?ically observed for solutions of simple ioDic
detergetrts and nonionic polymff surfactants at equivaleDt
Cb values. For examplq an aqueous Cb = 1.0 mg/ml solution
ofTween 20 has an equilibrium surfac€ tension of30 mN/
m (unpublished data).

At the lowest Cb of 0.01 mg/ml, induction times of the
eight proteins vaied by over two orders of magnitude (Table
2). krge ditrerences in induction times at low Cb values
have also been noted for SOD, Lys, RNas€, sperm whale
Myo, and C)'t c ( 9 ), and for P-lactoglobuliD, alactalbumin,
add BSA (49). The initial MST was achieved by six of the
eight proreins within 15 h at this Cb, indicaring rhat rhe
adsorption step was over for these six proteins by the end of
each experiment. Lys and RNase, two ofthe most .igid pro-
teins ul, were the only two proteins which did not attain
initial MST values at G = 0.0 I mglml, based on the visibly
steep slop€ ofrheir DST data at r = l5 h (Fies. 9, 10).

Th€ eight proteiDs can be gouped into three general ca!
egones by thei DST behavior, hardness. and ESH values.
The first category consists ofthe three soft I l], higNy foam-
able proteins hGH, B{as, atrd BSA (Table I ). P-Cas and
hGH have relatively hiSh ESH values I2l, and BSA is known
lo have a st ong amnfty for hydrophobic surfa€€s, as discussed
atlove. Thes€ three p.oteins exhibited very ideal DST be-
haviorwith no or very briefinduction times at low G values
(0-l min at G = 0.01 mg/n ), rapid attainment of initial
MST values (Table 2). and eventual attainment of near
steady-state sufac€ t€nsion \alues within l5 h ar rhe high
Cr of I .0 mg/ml.

The second category consists of two proteins that have
tntermediate values of hardness lll, ESH [2], and foama-

bility (Table I ), namely, Myo and C]1c. Thes€ two proteins
exhibited relatively complex, nonideal DST behavior, with
medium-length iDduction limes on the order ol l0 min at
Cb = 0.01 mg/ml and intermedjate initial DST d€cay mres
al Cb = 1.0 mglnl (Table 2). The lo4{erm MST values
ofcyt c and Myo converged to single values within 16 h,
suggesting indeperdenc€ of the long-term surface coverage
on G over the experimenlal range ofcb.

SOD, Lys, and RNase constitute the third category ofpro-
tein. These thre€ proteins have the hardest structures [1],
with low or intermediat€ foamabilities (Table I ), and highly
variable ESH values [2 ] . Thes€ proteins o{hibited rhe slowest
DST kinetics at both low and high G (Table 2). SOD was
the only protein to €xhibit an induclioD time at Cb : 1.0
mglml. Lys and RNase were the only two prot€ins which
did nol attain initial MST values a1 Cb - 0.01 mg/ml, within
the time ofthe exp€riments.

The differences in the initial DST kinetics of the eighr
proteiDs clearly indicate that the rate ofprotein adsorption
al the A/W inteface is very dependent on the protein b!€
and composition. Proteins with rapid initial DST kinetics
tended to artain lower long+erm MST values. An attempt
to statistically correlate ESH, foamability, and hardness pa-
Emeters wift measued DST kinetic pammete$ was laBely
unsuccessful ( 87 ) . However, some trends werc apparentt the
soflest proleins (d{as, BSA, hGH) had much faster rates
ofinitial DST decre.ase than the hardest proteins (SOD, Lys,
RNase). The effecl of the ESH on DST kinetics was less
cleari The fastest DST kinetics were efibited by tle mosr
hydrcphobic protein, B-Cas, and for two pails of proteins
with similar bulk difirsion coefrcients (103), i.e., B-Cas vs
BSA and Lys vs RNase, the more hydrophobic protein in
each pair ( B-Cas and Lys ) exhibited faster DST kinetics. The
ESH ofa native pmtein is not always indicative ofits dfrnity
for amphiphilic interfaces. A soft, initially hydrophilic pro-
tein, e.g., BSA, may unfold during adsoDaion, resulting in
exposure of normally buried hydrophobic residues to the A /
W iDt€rface. High foamability was a bette. indicator of rapid
DST kinetic behavior than 1ow thermal stability; e.9., hcH
had a high thermal unfolding temperatur€, but was very
foamable and had the second-fastest DST kinetics at Cr =
1.0 ms/ml.

CONCLUSIONS

The observation oflarge decreas€s in the DST ofaqueous
protein solutions indicates that many different globular pro-
t€ins adsorb at the A/W interface. The initial rate of DST
decreas€ is much more dependent on the protein composition
and physical propedes than the long{erm MST value, eveD
at high G values. Both conformational stability (hardness)
and surface hydrophobicity have a large influence on the
adsomtion mte ofglobular Foteins at the A/W interface,
although hardness is the more important variable. Soft, €asily
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foamable proteins with hydrophobic surfaces exhibited the
fastest adsorption mtds, while hard, poorly foamable proteins
with hydrophilic surfacer exhibited the slowest adsorption
rates, However, globular prolein adsorption rat€s cannot al-
ways be predicted solely ofl the basis of their lolded tertiary
structure aDd surface characterislics; unfolding can occur
during t}le adsorption procesi resulting in a manifestation
of higher rhan exp€cted afrnity for the A/W interfac€.

The initial Cb is also an impo(ant variable in !,rotein ad-
sorption kiDetics al the A/W inteface. Adsorption-induced
bulk depl€tion is significanl only at initial G values at or
below 0.01 mg/ml in drc DIPD method used in this work.
At high initial Cb values, e.9., Cb = 1.0 mg/ml, masetnnsfer
mtes to the subsurface region do not appear to be tlle limiting
faclor in protein adsorption rates at the A/W interface, u/ith
the excepion of P-Cas. Bas€d on the 6tted values of the
H&R pammeter t*, the adsorption kinetics ofthe other seven
globular proteins al Cb = 1.0 mg/ml arc not di$rsion-limited,
but are much slower, due to aD energy or probabfistic barrier
to adsorption. Thus, any genenl kinetic model thal describ€s
proteiD adsorptiod at high Cb must also account for tbe in-
fluence ol proteid structunl properties, as well as mass-
tmnsfei rates. to theA/W inte|face.
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