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BIOENGINEERING SCIENCE NEWS

Bioengineering: A Model for Engineering Education

Joseps D. Aloule

Chdod, Dclanmert of Bio.ngilelilg
Univc6ity or'Ui1h

sah Lake ciry, uT E4112

Introaluction

Tlere is a grovi.og dilsatisfactioB in the eDgireering a'ld
hdustriai cadmuritier \i,ith the presedt nature of eryine€ring
edrcafion. A vdiety of studies and rcPorts have taofiEended
siglificart dodificatioEs of enghe€tirg c ticula. Bioengine€r-
ing can - aad pdhaps should - serve as a model, a paradieE, for
all of eDgiae.irg educalion. Bioengiae€rs - with their broad

lers-petives i! science md tecbrotogy - ce lnd should asist i!
the c,rEiclllud modifi€rion and developEent at all levels of rhe

Xngineeril]g Ealucatiou Today
''The prinaty tlsk has 3lways ben to rrlie Practical use of

conve.tilg scienrific tbeory into usefirl applicalion . . to provide
for ro3lki.ud's material lelds and we -beiig . . . The eDgiDe€r
nust have a fedle iEagi.ation, ]rtust be q€ative . . . 3c{€Pt uew
ideas" d J.

This idplias thal eigin*riDg stldents ard elgr.neels must
know scie&€ and ttrey Eust have soEe aPpr€riation a kdowt_
edge ofEaa's "Eaterial de€ds ad weli being. " The probleE*ith
engineering educ.ation todiy is lhat il is focus€d atnost eEhrely or
slieDce and tec!.nology rather !hr.s otr ma-okird's rceds. Most
curricula are heavily loaded with basic ,.dd apPlied science coulses
ad with th€ Eethods aDd h.hniques "Fquired" !o apply scio-
lific ia{ornatioa ro Practical e s. There is i heai? eEphasis or
mathematics,lcooputer sinuktior, conPuter aiden desiea snd
analysis ad od the b&sic and apPlied sciences lel€vant to .he
eDgireering disciplbe bei.Dg studiei.

verf few elgine€:s iD society how Buch about engift€fl.ng
fields different from lheir o*4. Most studenls releive liEle
introdudioo to geEeral engire€rirg and sPetrd nost of their !ime'
aftef te-arding the basic scierce aEd Esthenari€l Principles' od
hishiy specializ€n coursas in their padcular engiDe€ring disc!
pline. Atlhough dosi engtuee$ today work in tesEs' thev hav€
diffidrlty commuaic-atiDg and irteracting vith of,e arother.

A ve.y idportarr problem d4ls wilh natind's "daierui
ftrds a well beilg." EngiEe€rilg eiucatols add th€ir snrdents
gercnlly leave it !o rcn-.Egire€rs to de.ide what matkird's
saterial nerns and weil b€ing should be. Engrne€rs are Dot
idterested itr socielal or social problems. They have difficulty in
ddling with issuei and Problens that are not amlydcal or

qu&rhaljve. They have difficulty ir coEdrllicaiiug ald irlteract
iixg wiih ror-iDgiEe€$. They are perceivd by the gereral pubtic
as not inierested ir iEport [t social issues, Bore or less itrespon-
sible or aresponsible with reipecl to socielal plobleE-s ard
concerns, ad genelaly ignolant, or at bst apathelic, about such
issues. Tbey tend to tlke a dim view of ecouiaglng students to
lartake in libe€l or geaeral education cou.ses. Tley opPose any
signiflcar Eodificliotr ir cu.ricula, i[ padicular a.y lhat would
derre€se tbe elrpbais on higbly spelializFn engiDemg colnes.
Thse are sode of the flldlEental probleEs with eDgin€ering

Tbe National AcadeEy of Eryine€ling aDd the Naliotral
Ressrch Col$cii rerenlly issJeda :.€pon, EnSineering Edu.ation
and Practice in fie annet Stote: (2). 'Ihey nrrne n E,Ajor
recommenrlations or the subje.t of eDgir€.iag education aod
p€ctic€, including:

"the chicula Bsr be exPaded to itrclude gre.ler
exposure to a vadety ofnor te.bnical subjecls . . ."
''iEprove the conmuaicatiotr skils ofelghe€rs, as vell
as thet ability to tEderstt'd ard adapt to chalgmg
conditio$ . . ."
". . . requiie rEsldctunng oftbe sta ard four y€r cu.-
liculuE by various meaEs. The conmittee lecommetrds
thal extensive disciplinary sp*ializalion be PostPo'en to
the gnduata level, "
"A.deric?d €trgileers must b€code more selsitive !o c!l-
tural ald legional differences . . . ad ne€d to apPrecEle
the fiaaaciai, poiiiical, and se.uriry forces at pliy irler-
lationaly. The [od t€.baical conPorenls ofengtue€.itg
educatioD ougit to ilclude exPosure to these asPects of
conteEpodry esgjneeriDg. "
This report was issued iu 1985. Although there has betr

cossidenble discussioq 3nd coDcem wi'hits recom-EeDdltioos :t

has not yet had a d.a]latic iEPact on eEgirering eirc3lio[.

Eogjreen, when thev do spe'ak up on social and Polilical
jsss- ;trd ro cdticize social, econodic, 'ad Political l'ade6 for

their Lck of scientidc a.nd te.blical back$suld al]d for their

irabilits/ to deal vith codplex ProbleEs' And thos€ sa6e e!gt-

neels who are doins the criticizing gerci?Ilv fail to b€'oEe

i:rvolved in rbe solutions to these codPlex Problens lt is si.oplv

e2sier to ctiticize than to act.
It is begindlg io be said widelv rhat "ve incre3singly Eeed

effeltive leaders h business' politics, and educanon who possess
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souod t.:r!r!s i! xrehce and eoqileen-sg and wbo also have

*.-",i ""rri. 
,*,u.r" 'xper;ea'e ed a ioowledse orbistot-'

lrJ *r** rjr. Ald ver there is lirtle or nolhbs !u dost

lrt*;"t ""-*o 
ro edcorrage and devetop tbe leadership

talenLs of scientisLs ard erg eers'
Sarouei FIorEaa, 3 civil eoginee! who has writtetr a spokea

widely on these issues, h.s exprgssed itwery well "SoDeth1lg is
\ery qroDg wi!h a professioD *hos€ voung p€oPle slartmg atage
.'";,*". *t" their backs on lhe general culturc ud immerse
thirnselves totally ir tecbdcal studies ' If esgine€rs were to
be.ome more liberallv educated, lhe ?rofessior as a whole would
idDrove ald beaome nore wodhy of esteeE" i/4)' A vet it is
ouite conmon krcwledge i.[ engi-ne€riog colleses ard dePadDreors
tiat "most faculty &d students tuve viewed don eugineeri-Eg
courser as a bolhersoEe waste of time" f4

Edward WeDk, of the Unive$ity of Washirgtotr Coltege of
Engireeri.ug: "Higher educatioE shoutd be distiDguished by
bradth, raiher thrn speciali".tioE' and should be Problem ceD-
tered, lather thar disciplbe ceDtered. Graduates should be versa-
tile. caDable of seif discoverv and self exPressioa' able io disria-
gursh truth iton p.oPaguda a!d hvperbole eager Io panicipate
i" e.t"**"", able to Eake disctrssioDs, prepared for lifelong
leami-dg and williDg !o as$de a baiance betwen Flf interest ard
social irleresi, between gerdng and givitrg" 15)'

A trumb€r of lauoDal eDgEe€ri-Dg l$ders are also Eow
bepildre to speak out on lbes€ isstes h Particular' Dr' Cetrge
B;li.r"io. p;"sid"u! of ihe Polvleahnic ud\ersiry or New York
ard a bioendneer, h.s argued tlat ''Engiff€ri.[g can b€st canT out
i6 social purpose wheu ir is involved ia the fo'mulatiotr of the
r.+o*. t 

" 
social [e!n' '-dner $an jut beilg calted oD. to

provide a quick t.chrological fix." He contr' es' 'eng:Deemg

as a force of society car and should illte.€de m corr€ctmg a soctal
DurDose it Derceives as detriEedtal...the dodinadce of a Pwely
ie.cbaicat role of engineaiog, panicularly in oor couEtry, can be
attributed priBarity to ihe sociologicll characteristics ofeDen+r-
ing, aDd to the iradeqDtcy of engir€€ring education tu Pr€parmg
for broad society l€sde6hip. The rigorous prolassionalism of
edeine€ring has be$ achieved in ou( coudry at tlte expe$e or
Drepararion for broader leadership roler" fd)'

Karl ?isterj former dear of lhe Colege of Ergineering at
U.C. Berkeley: "We must not contiDue !o isolate the education
aDd experieEce of eDgine€rs ftom the environiBenr iu wiich
eEgile.ilg is Pi-&ticed. We Eust resP€tt the p'inciple th4t the
sigaificrn; oasooethirg lies primarilv Dot iu irseif, but jn irs
relation to other things." Ee aiso siaied, "i! is a bi! irodc !o
deplo.e the probteE of coEEudction b€twe€r engur€€rs ado ron
engiuee6 whed there is a serious problem of coEmuDlc:tro{
among ergh@rs of differhg disciPli.ue!" fr'

WLat doet alt of this Lave to do with bioeEgineiring?

lYhat is Bioengineering?

iEprovemeDt ofh*lth ca.e. To others it m€ns biotdj1uoLogy and
biochemicat engi.oeering and the use ofbiologic€i Prhciples ard
processer for lhe productioD of chenicals, matelials, a.od drugs.
To others i! ne3Es agricultural engine€dlg, ot a modified ud
Eodemizen versiod of aglicultur"l elghe€ri]lg. Tlere is a very
small, but growing, group that se€s biology as just as criticat ard
ilcportaDt to dlt of engineeriDg 3s are chemistri ' physics' ard
EAlheEatics to&y f8-10r. To lhose of you reading thes€ pages'
however. ;r primarily ioelns bioEedical ergile€ring

Bioedgireeri.Dg is a c.nplex bt..- and Eulti-discipline To
s.Ee ir Eei.ns biodeiist engire€.ing, ihe applicatiotr of eDg;
nenng principie-s dd delhods to tbe prJctice ofEelicire ard the

ls th€re snythilg unique or speaial about bioBenical engileer-
ing that can serve as a paradigla or dodel for the naersary chdges
i! eD -q in.€nng educarioa ] I loink so. Most bioEedical e! gbering
programs re4uire a sftong backgroud Ln huE"n or naro-m1lio

;bysioloey, rld nost require at ie$t some backgrourd itr orgaic
;heEistry andbiocheEistry. Most cu..icula also include soEe in-

trodEtion lo medicire, lrenical probleds' od pathology Al-
thougb one €n ar8!e that 6uchof ths backgrouod d'v trotbe b

gr€t depth, it doer provide a.n apPre.iatios,nd awareoess of the

muliivariat. and coBplex Dalure of liviag sysleEs' and padrcu-

hrly of lhe iuro2r orsadsm. Thus of al1 eEgineerins disciPiires'
bioengiDee6 are the Eost prePared to address "E3Dkird's mare-

nal uetds &d well bein-g" , */hich w6 Part ofour 4riier definiliotr

of eDgineertug The issue is one of awarerers and Perspectve u

orde.to desiga ard build aa obj eci or device that wili help enlalce

Ealkird's "weli beirg. " ODe cemot be ieaonat in the lature of

d.a! 6d Eokir1d, ud of the Perturbatiors al]d PerhaPs Probleds
that ou. devices caD Produce ard cause- Tlis is the fi$d"Eetrtal
ars!6ed for tbe b.oadeairg of s engjre€lilg eiuetion' ard an

argrEent for including a biolosicl ard life scierces conP:Dei:

i.D aij of engjneerilg enucation How ca vou produce goo4s €ra

devic* for rnar ifyou how rothing about Ean hiEselfor helseiP

I! addilioo rc irs EultidisciPli.Dary nahrre, bioctgharing is

ilher€rtly ilterdisciplhary. A bioetrgine€r is Dot srEply soEe'ne

who knows soEe mediche and physiology' a[d Perhaps soEe

elertrical esgine€.iDg. If tha! *ere aU that were rcquiren' then one

wo!1d be far better off ;-n gettilg ar el€ctri'al eugideer a[d a

physicia! logelher to solve theprobleE Sucb a collabol-ltiou doas

i.i *.rt r"t*' the phvsiciar is coEmjried to lsmjDs some

ele.tric.al etrgine.ring, or &e ele.rrical engifflr is colrmitted to

leartrilg sode nedicine. The ProbleE is not siEPly otre of

multidisciDli-ses, it is one of iDterdisciPliues'
J. Prrusnitz, Profe'ssor of Chenical Engine€ring a! Berkeley:

''Scholais in the history of lTowledge bave stos,tr convilcingly

that in ary disciFtbe siglificat gtosab inevilablv occuF at the

oeripberv, ar the illerface lhal sePanr'^s o!€ disciplbe frod

-.U"t.' t\]t." coEmuicrtroo ber$e€o disciplilas de'lues'

crea.iod of rew ktro"d€dge is inPaircd " Thus biophysics c:me

out of lhe juDctios between biotogy a[d physics' biochemistry

**ooliotogv -a"l.ois!ry, E'terials science is a! interdisci-

riJ" i"""i'!.1.^;"'v. Phvsici 3od etrgi-oelri'Bg' ed low is

!r* *";rr:"i to LnvoLve biolosv The b€st ald dosr erre'rive

ui*"ii*" "i. '" t"rtidisciPiiuari's: thev "re interdis'iPli-
;;.ia;s. Thev look at the Problens or opPor-omilies in one a'e3

f.ora the perspe.live of 3-oother arez
""1;;-;i;;;J.*;ire crries baggage - a se'l or



iEplicit assuEptions aid uDdeistzndings about what is kro*!,
wha! is possible. A t!-3d of irdividual dis€iPliraria$ b.ings those
coustlainrs ald bo ndary coDditioD3 tkough ils meEb€rs to esch
probled lhat lhe teaE addrerses. ErPert A tells Expert B that we
can do tbjs and we c€$oi do that. Erp€n B doesil't challelge that;
after all, who is he to chaleage ExP€rt A's snalysis ald de.isio

Th6 i-rrerdiscipliIlariat, oE the other haad, "diftuser" alodg
the iDt€rface beb'veed the.wo discipliDg. add is eithet igaoraqt of
the idpiicil assuEptioN and bouodary conditiod, which the
experts accelt, or is so corfrden! that he ignores theE. ld a seEse
thar's what bioengj$€rs aE. They thiDk lhev loow ercugh
physiology, and they tbi.uk they how etrough engine€Ij.ng' to
atiack thase interdisciPlhary Problelos, and lhey are generaUv
succsstul. If they he* f* dore ersine€ring, or far Eore
physiology, or were s?€cialists in a Particular medic-al are3' thev
lright kao\x ihst wbat they were trying to do would uot b€ Possible
for va.iors ''reasons" - reasons oftetr hheren! to and limited to
!ha! panicular discipline. Basically, aD interdiscipliaariar h,s
littie .espe!! for disciplines- Bioengirers have eDough back-
ground !o feel coEfortable with .he tedinology, lhe ProbleEs'
ad sone of tle basic sciesce, and thev have the seu confidence
dd the molivalioD to leam what they r€€d to LDow to solve the
ploblem od coEplele the Projet-

There is a 6ajor plobieE with bioeDgir€€rhg educatioD,
howeve!, a.ud ir is the saEe Probled ihat feei all of engiD€nng
Althoueh we have be€n very successirl in nersilg the life scielces
ad the Eedic-al scierce.s witb eEgineerilg, and have be€n s!cae$-
fi.{ developing aew device! lnd nethods for applic4ioE to
inedicire d heahh care, we, Iike our eEgire€riog biothers rr the
Bore classi.:l disciplines, have not relly cotrsider€d '*'heihet
"Ealkind's Eate.ial n€€ds 3nd wel being" ere b€ing iEProven
by ou. aclivities.

There is growing conce.[ i! this couEtry q.ith the costs of
healtb €re, with Eaht3idng life, add ext€ndjug life under
coddilions where the palied's quality of life is very Poor.
Although undergEdu2te eDgi.le€ring educ.a.iotr usually inctudes a
token cours€ in econoEics aEd in cost benefit aralysis, Sl"duate
elgine€ri! g educ-alion, idcludiDg giadual€ bioengile€ring educa-
tioa, has gercrally iFored such issues. Those davs are over'

h our owri departmeat we are now le3chidg a cours€ titled
Bioengine€ri.Eg ad the Costs of Eealth Care !o i.Etroduce our
studesrs to tlle problem. Tbe solutioEs are no( analytical' they are
not quartitative, they a€ not siEple; tbey a€ higlly societzi ard
politicai i.a nature - ropics with which bio€agineers' as we[ !s all
otber ergbee.s, generally feel lr[codfortable.

Anolber acribute of bioeu gi-!e€ri-Eg educarion is coBmutrrce-
tiod- Bioedgide€n oft€! ildctiotr 35 bridg€s b€lweer disciPliGs m
order io Lelp facilitate coEdudication betw€eu Eeiical sPeciaF
isls, life sciedce spe.ialists, 3nd ergifteing sp€liatisls.

So What?

Bioelsj-seefi tend !o work with P€ople. Thev have soEe
app.eciatiod of E nldld's social and oaterial re€!s. Thev teud to
have bro.de! interasls th,.[ ergi.Eeers in lhe Eore classi.-al disc;

V o l u m .  1 5 / 1 , 1 9 9 1

piine.s. They teDd to work in nuirf and inter{isciplinary leqros
and ofteE firdctiod as caralysrs ad conmudic-ators in sucb teans.
They are often hirei by industry to help lead ald E"nage Froduc!
developdent te-aln-s. They ihu! have a peisp*tive a.od backgroutrd
that .ln be very lsetul to their colle4les ill acadeEia ed
hdustry. Ttrey clll spelk olt ar1d offer thei! assistarce h the
dodifi catiou snd eDlanceBert of eDgir€.iDg educatior. Bioeng!
Deering car sefle as a model or paradigm for ereiDeering
enucatior ir gereral

Bioerglle€ring studeEts ca! be.oEe irvolvei as t*chirg
assist-3nls b irrroductory ard Eore gederal eDgine€nng cowses,
usirg their backgrou ard expenence to provide a Eulti- and
i$ter-discipli.nary pe6pe.live which might olhesise be larilg ir

BioeEgif,e€ring ducators cln irvolve theit dore ciasical
collag!* Eot only i.o lese.arcL, but Particularly in tachilrg
aciivities, aqd offer their owr services as l*turers dd Participarts
in key engineeriEg courses.

Allhough ch3rgi4 the percePtious a]rd assumplioDs of pro-
fessionals is exkernely difficul!, we tuot wai! for the presenr
getreiatior of relativeiy coDseflarive engiae€rbg educaro.s to
rerire before etrgi!€.irg educalioD is substltiallv changed'
Although educariotr is a! exmciatingly slow procss' we should
all b€coEe irvolven 1]r that process'

The sooDer we Eodiry ,nd e!.hance engile€.ing eduqhon,
tbe sooner we cln exPect elgineerhg gsduates to imPrcve the
natior's e4onomic comPetitiveress; more iEportaltly, the soone.
we car exp€ct then lo begin to uiitize rationai' logical, aDd
quadilative skills in le3dershiP Positions ir all a.ss of socielv'

IIow Shoulil We Change Etrgineeri.ug Curricula?

OEe lossibiiity is to EiriEize the oveFpelializatiotr within
silgle, well defined disciPlines. Soire of the departEents lD By
o\,! coilege ofErsirc€rirg list aDd teach Ds'lv 100 differenr
cours€s in lheir specific disciplines!

Many schools have fouDd consider:ble success with a idore
projec!-orieoted curicuiun. After obtainiDg,n apPropriaLe
grouddirg id basic scieuce and the dajor courses in the particular
dis€ipline, students go on !o participate i.u proje4rs, oftetr leam
projects, h which they le3m what they ffld as tbey go along' 3!d

duch of lhat lez.ding is dorc indep€detrtly. This has b€€n caled

"juit itr tiEe le3lniog " or "just j.D time eiucatiod" ' analogotls to
'Just in tine Eanufacturing" p.ocesses. Such 'n erPenence
piepares studenrs for real'*'orld, problem-solvbg activiries'

NoMy .eaUy reEeEbers Euch of their bishlv sPecific

engheerin! course.s five yesrs into their care€r' Ir fac!, it is higblv

o.obable that sone of lie Bethods ad even prirciPles that are

iei.rg uught ir tnese courses silt be obsoLete or a( leasr ilrPpro-
prjate, five y€ars fron !ow.' 

Edu*,;r should e6Pbasize lifeloog le.Ei'og dd should

Frovide studeaLs vrith e awarene$ and tespect for all Frts of the

iibrary, aotj'jst their om n^rloq dis'iPllf'e' A Prcieas orien'a'

ro' ;so facilitata the i.oclusion of such topics as eavilosEedlal

imoact. cost-beDefilaralysis, beDefi l-riskealysis, ad ethicsand

BMES Allleti. 5



socie!:l resPodsibilities. Histori'al ald cultural Pe6Peativs ce

rls. be esiiy woven l['
Tbere have beeD pie3s frod Eajor €lgineerirg educaton to

u!ia6 the curriculud fJ l ) lrcouldbesig ficanrlv uljarnned by

iusr eliGinati.Dg the higblv sP€.ific cours€r ad replacrng them
'wirl 

aprojects-oriented apPloach to lear n-g The Problem is that

nost ;ngire€ri-sg educators are Ecomforrable with proJect

cou.s€s b€calse Eany of thed have rct bad rclevart Project
expe.ience. Muy of the Prese.t generation ofeDgine€ring prcfer-

sors fe€l uncoEJodable on alv subjecl outside of iheir o*T

Danicular course specialty. This ofcourse argles for soae creative

ieadeahip at ine departmelt and dear level ' including wo'kshops,

coofe.eDcei, ud indsstry exPeriencas for thos€ facultv who Eost
daspeEteiy require theE.

We musi ercou.age studenrs (ad facultv!) to t ke colllse's 1n
the huE nilier and iibe'al arrs. We EE! coavhce lhem tha! such
cources are just as imPort3.ut - eveE m,r€ lmPort2nt - !h3n

sperifi c eo gireerirg courses ll2 lJJ. Tley Eusr lerm to write to

spe.k, !o coEEunicate. They dust ism tha! rBEkiEd's naterial
reens and weit beirg irvotve far Eote than "Eatetial" thirgs'
They Eust assuBe some leadership ir societv

chalge dos not hapPen spoolaDe.uslv The only thing ve
car coudt on happening without our i.Et€fletrtioD ;s lhe i.[cre-ase of
estropy a[d tbe aging ptoceis. Posi.ive change re4uiras plaraing '
ieadership, aDd dolivation. Take the time !o belone i.Evolvedl
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Biomedical Engineering Applications in the Life
Sciences Programs for Space Station Freedom

DANEL W. BAR]NEAU

KRUG Life Scicf,€, inc.
1290 Her.ules, Suite 120

Houslon, TX 7058

The approaching coDstructioa of SPace Station Fre€doE
(SSg has presented rbe ensine€rirg conmuaity with a wlde range
ofchalleages to overcome. FroE a biomedical ergi.Deeriug @ME)
saldpoirt- probleds EEsr be address€d concemirg various
e4uipEeut desip Frameters (weight, Esss, volume' Power' rud
time, acount of artomatios, data geDeiatiotr, etc.) as well as the

conditiotr of the equipmert operaiors (4tmnaurs). SSF cudertly
has lhJee differeEr programs !o fiIl the re4uitemeflE for basic

6 sMEs Burr.tin

humra rcsearch in Eicrogravity, in-flight oPer'liodal modlorilg
dd coultermssuresr ard or-orbir scute cli[icll care' Thse are
rssD€.tively the Spae Biologv Idtiarive (SBD, Biooedical
Monilorirg ald Courtermezsures prograE (BMAC)' and the
crew He3lth Care sYsted (Cgecs).

la the SSF scenario, tbe thre€ iife sciences prograos follow
a prescrib.d paltem in tunction e.od orgad?ation, rritb SBI berng
the reiearch proglan, BMAC being the ope.atio$lly desigaed
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Abslract-Leo Vroman's rvork on blood-materials interaction over the years has motivaled and
influenced much of our work in rhis field. Here we show ho\r most of our studies on proteins at interfaces
can be traced to Vroman's ideas presented in Blood over 25 years ago. Specifically, we briefly discuss
simple proteins at simple intelfaces, comolex interfaces, compiex proteins at inrerfaces, multi-parameter
phenomena. and scientif ic communicarion and education.

KeJ v'ordt: Vroman effects; blood; protein adsorprion; competit ive adsorption; gradienr surlaces;
denaturation.

I \TRODUCTIO\

In 1967 a l i r t le red book enrir led Blood rt 'as publ ished by rhe American luuseum of
Narural Historl '  [1].  Although designed as a popular scisnce book, i t  proved to be
rhe mosr complere and lhorough treatment of blood and blood proteins ar interfaces
t h p n  e r . r i l : h l a  T h e  h \ n o r h - c e s  . 1 e r h o d <  a n d  q e n e r a l  e n n r n a r - h  r n ' h :  n r o h l e m  O f

conlacr acrivarion in blood comparibi l i t .v plesented in rhar book have served as the
bas is  fo r  ihe  resear .h  careers  o f  man!  invesr igarors .  and indeed o f  rhe  f ie ld  in
general.  There are a number of reasons for rhe book's major inf luence and
populari l) ' :  (1) i t  is exceptionai ly well  rvr i tren, ir  is a del ight to read' and, through rhe
entertaining and effective use of metaphor and analog-r-, it helps to present very
dif f icult  concepts in very understandable rvays; (2) Vroman, in rhe book, and indeed
throughout his career, tends to take a more global, panoramic view of a
phenomenon than do most scienlists. He tends ro be much more interested in seeing
and deducing the nature of the foresr rather than experimenting upon and describing
each individual tree and branch; (3) a variety of methods and techniques are
presenled in rhe book and have been employed by Leo vroman during his research
career to detect, i l luminate, and general ly understand the behavior and interactions
a f  n r n r c i n c  a t  i n r p r f e c c <

one of us (J.D.A.) l i reral ly srumbled across rhis book in 1967 in the chi idren's
seclion of a small Denver library. Leo Vroman kindly agreed to advise Paul
Predecki and Joe Andrade at the University of Denver in a study dealing with blood-
comparible materials. He first suggested that albumin migh! be a particularly com-
patible prorein to attempt to bind and immobilize ar matelial surfaces, which led to
the formation of the albumin hypothesis, which was later extensively studied by a
number of research groups worldwide [2].

*To whom correspondence should be addressed.
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advanci ;rg man. The foresis drain themselves of  beasts and f lar ien inro
meado \ \ s .  rhe  meadc r l s  a ie  ru rneC in to  suburbs ,  and  the  suburbs  a ie
sua l l o *ed  b1 'ou r  c i t i es .  The  on l1 ' rh r i v i ng  r r i l d l i f e  s t i i l  ba re l ] ' r ouched  b ) '
the mind is the hor,  confusing, and poorl ,v l i r  *or jd i l t rh in hrmself .  I  am
a nature lover;  but maybe for lack of  iarger scener).  I  have learned ro
enjoy the tabierop-size scenery inside me, and inside you of course. The
strangely shaped _eiands, and bones, the l ransparenr lungs, the madl l '
dense tangle of  cel ls in the brain hold rvor lds rv i th in worlds;  and, through
i r  a l l  and  a1 \ \a )s .  i r r3dms  rhe  b lood .  (p .  i r . 1

Uni ike the machine sun, rhe,svr inse is an at ,esome wepon io hoid,

because i t  forces the at tacker so close to his v ict im, uho rvi l l  then iook at
him and rhink:  \ \ 'hat do 1ou think )ou are doing? I t  is easier to k i l l  a
c i i s ran r  c :o rvd  r r  i r h  a  n i ss i l :  t han  to  p r i ; k  a  ch i l d  * i r h  a  p in .  (pp .  x -x i )

.  i i  . o ] n e t l - r i n : r  a l i Y e  i s  n o r m a l l : i  i n l  i s i L , l e -  i t  \ a i l l  t r e c o m e  q u i t e  a b n o r

mal as soon as i t  is  made vis ible.  I f  )  ou \ \ 'ant to see an earthworm as i t
normal l )  l ives. I 'ou musr look at  j r  oni)  $ hen i t  is gone. (p.  x i )

I  knew-m.v rabbirs. I  made i t  a point to look deepl-v into the e.ves of
each ne$ arr l \ 'al ,  Into i ts long, hot ears I rvouid soft ly discuss the
r , ,  ea the r ,  so  t ha t  r vhen  t l : e  t i r ne  ca rne  f  o r  r ne  t o  des i -qn  l i t r l e  t es t s  f o r  r ny

l i t r le theories, I  s 'ould think long and hard in order to be sure there was
no way but through an animal 's death. And then, l ike al l  bioiogists I  am
sure, I tried to do as many quick little rests as possible in the short twi-
light of life remaining within the organs, like a man making light for
reading a map b.v setring it on fire. (p. 17)

When I rvas a iittle bo1', I ioved our piano and I hated playing it. One
of the ferv realiy good things I could do wirh it was to undamp its strings
rvirh the pedal, meanwhile open rhe rop l id, st ick my head inside, and
shout. Ali through its eternal darkness I could then hear the echo of my
colorless yell breaking inro a brilliant spectrum of pure notes, as each
string vibrated in resonance with its own pitch that it had recognized in
the mixture of my voice. The energy it needed for this resonance could
have come from only one source: my own sound. It must have absorbed
that particular bit of energy. (p. 56)

. . . globular protein molecules have their hydrophobic amino acids
hidden inside them to keep them dry. I now believe that those which can
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The book did more than present the curlent status of the field of contact activa-
tion. It basically presented a philosophy, a way of looking at the world, and a way
of doing science which tended to stimulate and encourage a generation of
investigators. The book is a delight to read. Leo's expert use of words, of images,
of meraphor have made the book a science classic. Here follow a nurnber of quota-
t ions from the book:

The last jungies in the rvorld seem to withdrarv almost eagerly from
advancing man. The forests drain themseives of beasts and flatten into
meadorvs, the meadorvs are turned into suburbs, and the suburbs are
srvallorved by our cities. The oniy thriving wildiife still barei-v touched by
the mind is the hor, confusing, and poorly l i t  rvorld within himself.  I  am
a nature lover; but maybe for lack of larger scenery, I have learned to
enjoy the tabletop-size scenery inside me, and inside you of course. The
strangely shaped glands, and bones, the transparent lungs, the madly
dense tangle of cel ls in the brain hoid rvorlds within worlds; and, through
it al l  and alu avs, streams the blood. (p ix)

Unlike the machine gun, rhe syringe is an awesome weapon to hold,
because i t  forces the attacker so close to his vict im, rvho rvi l l  then look at
him and think: Whar do 1'ou think you are doing? It  is easier to ki i l  a
ci istant crorvd s' i th a missi le than to prick a chi ld u' i th a pin. (pp. x-xi)

.  .  .  i f  something al ive is normall-v invisibie, i t  rvi l l  become quire abnor-
mal as soon as ir  is made \ isibie. I f  l . -ou want to see an earthworm as i t
normali l ' l ives. 1'ou must look at ir  only rvhen i t  is gone. (p. xi)

I  knew ml '  rabb i ts .  I  made i t  a  po in t  to  look  deep ly  in to  the  e l  es  o f
each new arr ival.  Into irs long, hot ears I rvould soft ly discuss the
rveather, so that when the r ime came for me to design l i t t ie tests for my
l i r r l e ' h e o r i e s .  I u o r r l d ' t t - ' '  r - - -  ^ - - r  L ^ - r  : -  ^ - 1 e r  t o  b e  s u r e  t h e r e  w a s-  -  - - J  l l l l l t ^  l u l l S  a l l u

no way but through an animal's death. And then, like all bioiogists I am
sure, I tried to do as many quick little tests as possible in the short twi-
light of life remaining within the organs, like a man making light for
reading a map bv sett ing i t  on f ire. (p. 17)

When I rvas a lirtle boy, I loved our piano and I trated piaying it. One
of the ferv real ly good things I could do with i t  was to undamp its str ings
rvirh the pedal, meanwhiie open the top l id, st ick my head inside, and
shout. Al l  through i ts eternai darkness I couid rhen hear the echo of my
colorless yell breaking into a brilliant spectrum of pure notes, as each
string vibrated in resonance with its own pitch that it had recognized in
r h a  m i w r r r r o  ̂ f  h t .  r . ^ i ^ ^  ' r L -  - - - - - , , ; +  - - - r - . r  f : r  t h i s  r e s o n a n c e  c o u l dw '  r r r l  r v r r e .  r r r r  r r r r r E J /

have come from only one source: my own sound. It must have absorbed
that particular bit of energy. (p. 56)

. . . globular protein molecules have their hydrophobic amino acids
hidden inside them to keep them dry. I now believe that those which can
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open easily will do so when they see a hydrophobic surface, and will turn
themselves inside out to paste themselves with their fatly hearts onto that
surface. (p. 63)

We may have grown like that, onro specific spots of rock with electric
charges on their surface just right to form patterns from the molecules of
protein they adsorbed, forming lacey films ried together u'ith hydrogen
and hydrophobic bonds, muraring, bui grorl in-e their rvay our of one
disaster into another, and meanwhile trapping chaos in our meshes and
creating order from ir,  locking in fars and phosphoiipids, and blowing
micel les up to bubbles that adsorbed more protein and held specif ic
enzymes safely inside them. One very speciai bubble, a deceptively simple
one, is the red blood cell (p. 100)

ir is bad enough that we cannot see small  enough; i t  is u'orse that we
cannot see brief ly enough. I f  we could see one mil l ion l imes one mil l ions
times faster, u'e could see that the water is made up of alu'ays formtng
and breaking clusters, but our slorv senses onl l  give us an unchanging'
smudged image,  a  s la t i s l i ca l ,  dead average fo r  our  s lon .  long- l i v ing
mind. One minute in a uniformly moist,  white fog to us mal be a vear
long series of f loods interrupted bl manl cir l  soel ls to a t inr ' .  fast. and
br ie f l v  l i v in -s  bug.  (p .  137-138)

I rhink the most obvious proper!.v, the ver.v nature even of l i fe, seems to be
irs dedicarion to making simple matter more complicated, more and more
structured. thereby opposing the ph.vsical iarvs that u ant l i feiess malter to
become less and less shaped, Iess o rganized, m o re chaotic. (pp. 157-158)

. .  .  simpii f icarion means giving more structure, not less. A chair rvi l l
look l ike s very complex struclure i i  vou force vourself to forget i ts
purpose.  (p .  158)

A careful reading of the book leads us to conclude that 25 years ago Leo Vroman
asked the critical questions and set the directions which have governed the last
quarter century oi work on blood compatibility and biointerfacial chemistry. With
the benefi t  of 15 years of experience and hindsighr, the reader can f ind references in
the book ro:
(1) the complex, competitive, adsorption hierarachy, which came to be knorvn later

as the Vroman effecr;
(2) the concepts of hydrophobiciry and hydrophilicity of surfaces and interfaces,

including the question of the hydrophiliciry of the endothelium;
(3) the role of polymer surface dynamics in biointerfacial processes, including the

unique structure and properties of lipid bilayers and cell membranes;
(4) the importance of protein structure and composition, including the important

effect which a single amino acid replacement can have on the behavior and
properties of a protein;

(5) the importance in looking at complex biological phenomena as a whole, as an
image, rather than in attempting to overly dissect it into an infinity of
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individually meaningless variables - he emphasized the need to look for cor-
relations and relationships between sets of variables rather than to overly focus
on or quantitate one or two individual parameters; and

(6) the importance of communicating our scientific philosophies, theories, and
results in a manner which can be readily assimilated and understood.

SII\IPLE PROTEINS AT SIN{PLE INTERIACES

It was clear to Leo Vroman that the composition and struclure of a protein was
responsible for its interfacial behavior, and that its conformational stability
influences its behaviour at interfaces, particularly at the nonpolar air-water interface,
where it could distort, denature, and expose its hydrophobic heart to the surface.

Many years later, long after techniques and methods became readily available to
present the three-dimensional structure and chemistry of a protein molecule on a
computer screen, we initiated a study of human and hen lysosyme adsorplion at
soiid-liquid interfaces [3] and, later, at air-water interfaces. That study has since
been expanded to include other model proteins rvhose three-dimensional slructures
are known. Their adsorption at the air-water interface was studied by dynamic
surface iension methods. The surface nalure and suucture of each of the proteins
were examined by dispiaying the three-dimensional crystal coordinates on a com-
puter screen and studying the various ' faces' or surfaces of the individual molecuies.
The surface h-vdrophobicity of each of rhe proteins was funher explored through the
use of f luorescent probe t i trat ion to develop an'effect ive surface hydrophobicity '
parameter. Final lv, each of the proteins was studied in solurion via urea and
guanidinium chloride perturbation of rheir solurion structure, thereby evolving a
free energy of folding, from rvhich an estimate could be derived of the stabilit;" of
each of the proteins employed. These various paramelers - effective surface
hydrophobicity, intrinsic stability, and interfacial behavior from the dynamic
surface tension technique - are correiated.

These srudies have led to the following hypotheses: (1) the initial collision or
contac! event between a protein and an interface is influenced, and even controlled,
by the external surface chemistry of the individual protein molecule. Although pro-
teins collide with the interface in a variety of different orientations, many, if not
most, of those collisions will be ineffective. Only those collisions in which the
protein presents a face or surface which leads to a significant adsorption free energy
rvill have the appropriaie residence time to result in adsorption. (2) After the initial
collision event, the protein may conformationally adapt to its new environment.
Those proteins which are the least stable will have the greates! probability of confol-
mationally adapting or denaturing at the interface. Figure I [4] qualitatively presents
four limiting cases for adsorption at the air-water interface: proteins which have a
high degree of surface hydrophobicity and are either hard, i.e. stable, or soft, i.e.
unstable, in solution; and proteins which have very little surface hydrophobicity and
are hard or soft in solution. This leads to four limiting classes of adsorption
behavior at the air-water interface, and probably at hydrophobic interfaces in
general. Proteins with high surface hydrophobicity result in a large decrease in
surface tension, even at very short times. Soft or unstable proteins denature at the
surface, thereby exposing their nonpolar interior and resulting in a further decrease
in surface tension with time. (See ref. [4] for funher explanation.)
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Figure 1. Conceptual i l lusrrarion of the role of srabii ity and effective hydrophobicity in the reduction of
surface tension of small model proteins in high bulk concentrations at the air-water interface (taken from
ref. [4]) Gee text for discussion).

These studies were done using model, small, single-domain proteins in the hope of
serving as a basis for application to larger, more complex multi-domain proteins.
Such studies are now in progress [5].

COIITPLEX INTERFACES

Classical surface chemistry assumes that its solid surfaces ale homogeneous, rigid'
and immobile. Blood clearly suggests that Leo Vroman appleciated and understood
why most biological interfaces are not rigid or immobile. He also treated the topic
in his scientific papers:

. . . blood flows over the soft bed of endothelial membrane molecules
that bend with the slightest atom wind too softly for protein molecules to
adhere. (Thromb. Res. l, 437 (19'72))

tl
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. the apparent simplicity of the interactions of plasma and
endothelial surfaces is maintained by the complexity of the substrate.
The complexity of the interaction of plasma and polymer surface is
caused by the simplicity of the substrate. Ann. N.Y. Acad. Sci. 516,
300 (1987))

AJthough we feel ihat the latter quotation has one or two decades to go before it
is fully appreciated, the biomaterial/biocompatability community has responded to
the need for an appreciation of the surface properries and surface nature of the
materials placed in contact with blood and blood proterns.

\n Blood, Vroman clearly talked about the surface characteristics of differenr
adsorbants and chromarographic supports used for the purification of different
classes of plasma proteins. He was also clearly tuned to the dynamics of the
endothelium and of cell membranes in general. It was his demonstration that the
endothelium was hydrophilic which led one of us, many years ago, to begin to for-
mulate the interfacial free energy hypothesis, which provided a rationale for the
study and appiication of hydrogels as blood-contacting materials [6].

The dynamics of surfaces have really formed the basis of the current large interesr
in polyethylene oxide surfaces as protein-resistant, or protein-repulsive, materials
[7].  One cou]d even say, rr i th the current interesr and activi ty in block co-
polyrrrethanes, particularly the parts dealing with their dynamics and restructuring
in various environments [8] can at least be qualitativeiy traced to the inrerface
dynamic concepls suggested in Blood.

CO\{PETITIVE ,A.DSORPTIO\ A\D DESORPTIO\ - THE VRO]\IAN EFFECTS

The development of speciiic anribodies as probes and detectors for adsorbed pro-
teins by Vroman and co-workers in the 1960s and 1970s conl irmed his earl ier obser-
vations and suspicions that biood protein adsorption involved a hierarchical series
of col i is ion, adsorption, and exchange processes. These observations and concepts
were confirmed by Horbett [9],  Brash and Ten Hove [10], and others, and came to
be known as ' !he Vroman effect '  [9,10]. The effect turned out to be a series of
effects which are now widely studied and the subject of this symposium. One of
those effects relates to competitive collision, adsorplion, and exchange processes
dependent on concentration, diffusion coefficient, and adsorption affinity. This
Vroman effect is now reasonably rvell modeied, assuming rigid protein molecules
which do not denature. The problem of incorporating the denalurabiiity of a
prorein, and particularly of a complex multi-domain protein, into such multi-
component kinetic adsorption models has yet to be effectively formulated and
presented.

Our interest in the Vroman effect led to our application of a powerful, albeit
somewhat cumbersome and time-consuming, analy'tical method known as 'two-
dimensional gel electrophor esis' .ln Blood, Vroman clearly presented the concept of
electrophoresis as a means for protein separation and even identification. In the
chapter which he cleverly called 'How We Play with Proteins', he briefly presented
chromatography and electrophoresis: 'But all never goes well with plasma. It con-
tains so many proteins that it would demand an impossibly sharp image to reveal all
its components.' (p. 52).Twenty-five years later, protein separation techniques have
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indeed advanced and developed to the point where the individual components of
plasma can be separated, detected, and even quantified. Instruments and techniques
for high resolution two-dimensional gel electrophoresis became readily available
several years ago. we chose to apply the method to the study of the competitive
adsorption of plasma proteins using high surface area particles and a solution deple-
tion methodology. Until recently, our group had focused primariiy on flat surfaces
of low surface area and on lhe use of radio-labeled and fluorescenrly labeled pro-
teins for our studies. But it rvas iiear to us that lhe ability to see 50-100 different
plasma proteins, comperirivel-v interacting in real time withour labels or other poten-
tial arlifacts, provided a seductive and porverful opporrunity with which to study the
Vroman effect. With the kind assistance and tutelage of the Andersons, pioneers in
the development of two-dimensional gel electrophoresis [11], and with the help of
Dennis Reader and Jess Edwards at the National Institute for Standards and Tech-
nology, we have shown that this technique is indeed immensely powerful [12].
Although a! this stage in irs development it is only semi-quanritative, it does provide
a multi-paramerer, mulri-protein assessment of the Vroman effect. The work to date
has focused on heparin-binding proreins interacting with heparin-Sepharose par-
r icles and, more recently, on plasma proteins inreracting rvith a set of poiyether
urerhanes t8l.  The major advantage of, and problem with, the technique is the
immense volume of dara generated. Since 50-100 dif ferent proteins can be derected,
i t  is virrual ly impossible to look at al l  of rhe proreins in every experiment. Although
ail of rhe dara are recorded and avaiiabie, we have found ir necessary to limir our
r r r , o n r i n n  e n d  e n a l \ . c i c  r o  n n l v  c e n : i n  q u h q e l s  o f  n r o t e i n s  s t t c h  a q  r h e  h e n a r i n -

binding proteins [12] or rhose proreins rvhich appear to be unusually depleted and,
therefore, acl ive for rhe part icular surfaces being studied' For example, in the case
of the poll'urethanes, preliminary dara sugges! that three major proteins have par-
ricular affinities for polyether urethanes [8]: fibrinogen, Iipoproteins, and
hemopexin, a prorein with a strong homology with vitronectin, but which has been
li t t le studied with respect to protein adsorption.

COMPLEX PROTEINS AT INTERTACES

Now that methods are available for studying the competitive adsorption of complex
plasma proteins, rve have become interested in attempting to develop mechanisms
and hypotheses for the interfacial acrivity of the individual piasma proteins. Since
each plasma prorein is a unique rnolecular personality, and generally has an
unknown three-dimensional structure, ir becomes necessary lo use approximation
techniques to begin to assess the interfacial activily of the individual proteins. Build-
ing on our limired success with model proteins at ail-water interfaces, discussed
earlier, and on the rapid development over the last 10 years of the domain concept
of cornplex globular protein structures [13], we have begun to examine key plasma
proteins in terms of their individual domain building blocks and the potential inter-
facial activity of each individual building block. The analysis for albumin utiiizes the
Brown model of the structure of albumin [14], coupled with an analysis of the low
resolution X-ray crystal structure which became available in 1989 [15]. Since the
three major domains of albumin vary significantly in terms of charge characteristics
as a function of the pH, it is possible to develop electrostatic models for the interac-
tion of albumin at various charged and uncharged surfaces as a function of the pH.

t6'7
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Such models suggest hypotheses related to orientation and thickness of adsorbed
layers [5], which can be readily tested using existing literature data or through newly
designed experiments. The amphilicity of the helical structure of albumin also
suggests strong interactions of hydrophobic interfaces. One could even imagine
that adsorption at hydrophobic interfaces would not necessarily require a signi-
ficant change or decrease in alpha helical content because of the amphiphilic
nature of the helices and the tendency of the hydrophobic interface to parrially
srabilize amphiphilic helices. Theses concepts and approaches have already been
presented in a preliminar,v way [5]. The availability of a refined structure for
albumin [16] now perrnits a detailed analysis of the charge disrribution and
hydrophobic amino acid distribution of the molecule, and should allow the formu-
lation of specific and testable hypotheses. An analysis of fibrinogen from a domain
point of view is now in process. Although the three-dimensional structure of
fibrinogen is not available, domain-based models are known, and are sufficient
for at least a preliminary assessment of interfacial activity. A comparable situ-
ation is the case for IgG: its general domain structure and characteristics are well
known.

I
7

]\{ULTI.PAR{]\{ETER PHE\ON{E\A

Vroman ciearly undersrood and predicred rhe
plasma protein interfacial processes. In the 25
become possibie to observe ci irect iy a number
and in reai rime using optical and specuoscopy
able in recent years.

About 10 years ago, rve chose to appi-'" rotal internal reflection fluorescence
(TIRF) spectroscopy to stud.v the kinerics of adsorption processes at low surface
area flat interfaces. Fluorescence is a useful technique because it also provides infor-
mation on the micro-environment of rhe fluor, which can be interpreted in terms of
its local conformation and srrucrure.

Vroman is a master at developing simple means for the observation of complex
phenomena. A technique which stimulated a great deal of thinking and activity in
the inrerface community was the elegant convex lens on slide method, which was
developed to study surface to volume ratio effects in plasma protein adsorption [4].
The establishment of a surface ro volume ratio gradient, and the ability to obsene
the effects of such a conrinuous gradient on protein adsorption, was, we think, what
reall,v led to the verificarion and acceptance of Vroman's concepts on competirive
protein adsorption and exchange. We think that this development helped lead the
biomarerials communiry to consider other possible gradients and multi-parameter
experiments. The inrroduction by Elwing et al. ol surface compositional gradients
[17] thus received an enthusiastic acceptance by many parts of the biointerface
community.

Our own group adopted Elwing's methods and coupled them with total internal
reflection fluorescence and fluorescent iabeling methods to permit the study of the
Vroman effect in the time range from seconds to minutes using surfaces with con-
tinuous surface property gradients. This work has led to the direct visualization of
adsorption and exchange processes, now commonly known as the Vroman effect
(Fig. 2).

complex multi-parameter nature of
year since Blood was rvrir ten, i t  has
of the key variables simultaneously

techniques which have become avail-
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Figure  2 .  Three.d imensrona l  p resenraL ion  o f  F luoresce in - lab : leJ - lgG adsorp t ion  desorp t ion  k ine : ics
onro  a  ser rab i l i r r  g rad ienr  sur face  as  m:asured b)  spar ia i l )  re :o l reC T iRF.  Th :  p i rosp i ra te  bu f fe :  so lu -
r ion  conra ined IgG (c , rsc )=0.013 mg.zml )  and two orher  un labe led  pro te ins :  a lbumin  and f ib r inogen
(cq^r61 = 0.041 mg./ml, c,rr,, = 0.003 mg/rnl). The adsorbed amount of IgC is proponional to the fluor-
escence signal. Adsorption of rhe labeled IgG is thus detected in the presence oi the unlabeied aibumin
and fibrinogen - all three proteins are, of course, competing for the l imited number of binding sites.
Note thar the fluorescence intensiry in the center of the gradient (the *'ettabii it.v transition region) first
increases and then decreases, suggesring that IgG adsorbs but is then replaced by alburnin and/or
iibrinogen. This direcrl-v demonsrrares rhe prorein/surfacez'time dependence of competit ive protein
adsorpr ion .  i .e .  rhe  Vroman e f fecr  ( taken f rom re f .  u8 l ) .

DISCUSSION

ln the past 25 years i t  has become possible to direct ly measure and presenr the
phenomena, the trends, and the images which have been in Leo Vroman's mind for
over 25 years. Altlrough he rvas able to translate those images into sketches and car-
toons, the images and canoons were treated by many as somewhat fanciful, and
perhaps even as fantasy. It is really only norv, with 25 years of hindsight behind us,
and with techniques and equipment which permit those images to be derived from
actual experiments rather than mental constructs, that his ideas have become accept-
able to rhe general scienti f ic community.

It is now safe to say that protein adsorption is, at least qualitatively, reasonably
well understood. In our opinion, the next big hurdle is a chemical one. Most of our
models, theories, and interpretations assume that protein molecules are stable with
respect to their primary chemical bonds. Although we tolerate secondary bonding
changes, i.e. denaturation, we generally assume, implicitly, that changes in covalent
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bonds are not occurdng. We can no longer tolerate such simplification and such
luxury. We all know that there are innumerable proteases and preproteases present
in plasma, many of which are activated by interfacial processes. Some of Leo
Vroman's initial and early experiments with the ellipsometer dealt with protease
effects at interfaces. Protease-dependent enzyme cascade systems of blood coagula-
tion and protease-dependent systems of complement activation are well knorvn, and
yet we generally ignore the protease effects and changes which are complicating our
ultra-simplified protein adsorplion experiments and their interpretations. John
Brash, Leo Vroman, and'others have clearly shown that prorease-dependent
cleavage and fragmentation of proteins does indeed occur. Given that we can
identify, or at least predict, the nature of the protease aclivity which may be present,
and knowing the amino acid sequence and structure of the proteins rvith which we
are dealing, we can predict the cleavage profile for virtually all of the proteins of
interest. The task now is to couple that information with our knowledge of
denaturation and stability at interfaces and to begin to evolve a comprehensive and
global picture of plasma proteins at interfaces.

SCIENTIFIC COMMUNICATION AND EDUCATION

Parr of the major success of Blood was i ts very effect ive use of analogy and
meranhnr This is clearlv shorvn in most of Leo Vroman's rvri t ines in both the
i i terary and the scienti f ic l i terature. For example:

Introducing piasma to a relat ivel l  art i f ic iai surface the rvay ue do is.
on a small  scale, I ike using a pocketknife to section t issue, and then
peering at the knife ior an image of rvhar *e cut. The simpler rhe knife.
the harder ir  is, and the sharper the false image of nature i t
creates. lThromb. Res. 1. -137 (1972)t

Facing a hail of miscelianeous eggs, we cannol expec! to come awa.v
clean. Unless rhey are hard-boi led ones, we are mos! l ikely to become
coated rapidly with a relatively thin film of matter from the most
numerous and most fragile eggs. Similarly, no interfaces may exist that,
facing blood plasma, can escape being coated with the most abundant
and fraqi le nlesma nroteins. (J. Biomed. Mater. Res. 3, 43 (1969))

. . . Wherever the well trained scientist aims he must dive inro detail to
crash with his brain impaled on his pinpoint specialty. (Thromb. Diath'
Haemorrh. Suppl. 42, i67 (1970))

Leo felt strongly that his experiments and results must be relevant to and relatable
to the general public:

Whenever I become so lost into the beauty of smaller and smaller
things that no one will tunnel behind me, I must stop and turn myself
around, and come back ro the world. The day I come home unable to
explain to a child what I did, that day is lost, and that child has receded
from me.
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In this day and age when we are all very concerned with the scientific literacy of
the general popularion, and indeed even wilh the scientific population, it is
imperative that all of us attempt to effectively communicate the joys, rewards, and
achievements of Science to our acquaintances, our children, Our grandchildren, and
to the general community at large. It is only if all scientists and technical people do
their part in communicating that we can expect ihe community at lalge to appreciate
and support our work, and, even more importantl-v, lo be able to make intel l igent
judgemenrs and decisions regarding scienti f ic and technoiogical issues. Leo's art ist ic
and lirerary skills, coupled rvith his exquisite scientific intuition and perspective,
have been verl 'effecrive. Perhaps rhe grearesr honor thar we can bestow upon Leo
vroman is our own commitment to attempt to emulate him in some i imited ways.

The fol lowing quotation from one of his art isr ic col leagues may be appropriate:

So horv do you go about teaching them something new? By mixing
what they know with what they don't  know. Then when they see in their
fog they think, 'Ah, I  knorv that, '  and then i t 's just one more srep ro,
'Ah, I  knorv the rvhole thing, '  and their mind thrusts forrvard into the
unknorvn and they begin to recognize rvhat they didn't  knorv before, and
thef increase their porvers of understanding. (Picasso)

HAPPY B]RTHDAY, LEO:
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our rvork has been supporred by rhe cenrer for Biopol l 'mers at Interfaces, Univer-
sity of Urah: the Ruder Boskor ic inst i tute, Zagreb, Yugosiavia; and the National
Heart.  Lung, and Blood Insri ture. we thank our man-v coi leagues and co-rvorkers
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Needs, Problems, and Opportunities in Biomaterials
and Biocompatibility

J. D. Andrade
Department of BioenginceriDg, Center for Biopolymers al Inlerfaces- Universiry of Utah, Salt Lake Ciry, Urah.
USA

Abst rct: There are iour tolics rclatcd ro biomareriah aDd bjocompatibillry
$hich I t-eet are key problerns. arc ofrcn unrecognized. and arc rhefetbre rich
olpofunilies for vork iD the near fururc: (i) tbe covaleu! instability ofproreins,
(ii) the concept oi statlsiical slecifrcity and siatnt]cal bete.ogenciiy, (jn) the ssue
of solid surface dynanics and surfacc relaxation. and (iv) lhc ero$'ine concern
*i!h lhe cons of health care and ofnedical rescnrch. Each is brieily discusscd in

THE COVALENT INSTABILITY O}'
PROTEINS

It is nonnaily assumed in the treatments of protein
adsorption that proteins are stable with respecl lo
their covaleot bonds (see Andrade et a/. and Norde
in lhis volume). It is ofcourse well known to protein
chemists that proteins are not particularly stable,
but this instability has been largely ignored by the
biomaterials community. In addition to problems
with sulfhydryl and disulfide chemistries ancl the
general oxidation of proteins, there is the perhaps
even more ubiquitous and importanl issue of
protease,effects at intedaces. The contact activation
system of blood coagulation and the complement
system largely consist of pro-en4mes, which are
activated to have vaious protease activities. These
proteases act on subsequent proteins leading to a
cascade behavior, resulting in coagulation or com-
plement activation. In the case ofcontact activatioll
it is interaction ol selected proteins at an inteface
that leads to protease activity and srLbsequent
activation steps. Thus it is reasonable to expect that
adsorbed proteins. partioulariy in studies involving
complex protein mixtures such as plasma or teals,
are likely to be modified by protease conponents of
.he  m i \ l L r fe  o r  b5  p ro  enzyne .  $h i ch  ha \e  i n  l u rn
been activated by inteffacial processes.

It is parlicularly suryrising, for example, that in
electropholetic studies of adsorbed proteins, which
have been eluted from surfaces by sufactant or
other neans. the electrophoresis pattern shows a
high concentralion of material in the 10 20
kilodalton range. This is exactly what one expects
frorn nonspecilic protease cleavage of complex
proteins. In addition, adsorbed proteins, due to
confonnational alterations imposed by the ad-
sorption process, may experience very different
protease susceptibilities from the same proteins in
their native conformalion in solutions. Thus, nol
only are pfol-eins likely to be covalently altered at
interfaces, but the nature of th:1t covalent alteration
may be very dillerent from that ofthe sane protein
exposed to lhe same enzyne in solulion. The good
news, however, is that control studie! of adsorbed
proteins exposed to protease enzyrnes, followed by
subsequent elution and andysis, should provide
unique information as to the confomational
changes in the adsorbed state (Fig. l).

Suface oxidation and disulfide/sulfhydryl
changes may be particularly pronoutced with
Dro te in  s lud ies  r r  . r i r / uaLe r  i n te r face . .  Tho .e  i n re r -
ested in this area should look to plotein food and
ioam literature where such efects have been
considered in some detail. Biologically modified
maierial surfaces will of course also be suscep-
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Fig. l. A schcmatic view of some protein interfacial nroc€sses. A! the top is rhe now comonly accepted thenohenon of proiein
adsorption, follow€d by confornatiola1 chanee (denaluralion) in the adsorbed slate. Below that is illusirated the phenomena of
prolein absorption. or penehation, into certain polymer systems. Thls is ofconcem in the esc of vcry high water colrenr,loosely
crosslin-ked syslems inlenciing wilh very small proleins, such as @italn hydrogel conlact lens matcdal interacring with lysozyme and
other small proteins in the teus. Thc ccntcr pa$l shows lhe phenonena ofpolymer suface rclaxation or dctraturation. in response
lo an adsorbed protein. lf th€ polyDcr sxfacc is parliolaril soft it nay relax. llow, or oilrcrwis€ adapr to thc prcscnce of rhe
adsorbed protein. We may say that thc polymcr sllface low denalures'in response to the new protein microcnviromcnt. This, of
cou6e, could be a precunor to ihe absorption or penelralion stcp jllusiratcd jnst abole. The bottom t\lo paneh refer 1() the chenical
changes lhal we have beer discussjng. Firstaprotein in solulion that is normally rcsistant to certain enzyme or protease attack may,
as a resuh of confomational changes iDposed by theadsorption procc$, bc snsceptibleio protease attack in the adsorbedstate. Thus
an adsorbed prolein may show dedeased protease resjstance. This ofcou$c can be xsed jn a posirive way by using vanous protease
enrymes as probes ofadsorbed proieins- and then examining the digest by clcctrophoresis and other techniques. The boitom panel
attempts to illustrate the activation of a pro-enzyme lo an enzyme as a rcsuh ofconformational changes imposed by ihe adsorption
proces. The adsorbed enzybe js now proiease active and can act on othcr proteins collidjng with the surfac€. again 1() produce
protein fiagments. This can also be turned aroud aDd used as. probe ofthe adsorltion pro@ss by simply attempting to measure

ll1e enzvme activitv ol adsorbcd Droreins.
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tible to protein covalent chemical changes and
problerhs.

SOLID SURFACE DINAMICS AND
RELAXATION

It is now generally accepted and understood that
pollmer sudaces are dynamic and relax or change
inresponse to a change in environmental conditions,
particularly if the polymer is amphilic in nalure,
that is it contains both polar and nonpolar groups
or components.l ln equilibrium with air or vacuum.
the nonpolar componelts tend to dominate the
interface. thereby minimizing the suface energy. In

an aqueous environment, the polar components
tend to dominate, thereby minimizing the intedacial
fiee energy. The relaxation process can be rapid or
slow, depending on the intdNic dynamics of the
polymer involved. Although this has not been
thoroughly studied, it is generally acc€pted that the
surface relaxation times will be of the same order as
the bulk relaxation times. Some of the bulk
relaxation mechanisms that have been discussed
ioclude lhe glass transition temperature and the
beta relaxation. which occurs in the vicinity ofroom
temperature in most methacrylate systems-

The subject ofpolymer dynamics and relaxation
is well treated in all basic polymer science and
pollnner materials textbooks. Although it is gen-
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Fig. 2. Some sciremstic ilLustration of conscqrcrccs of solid
strface dlnanics and rclaxaiiotr phcnomem (scc text for
discussion). f.ls the solid surfsce energy; fs is the iniefacial

free energt,.

erally understood that the same polymer exhibits a
differenl surface under water than it does in air,'
whal is not generally understood is that it exhibits
still a dillerent sudace when in contactwith protein.
This is illustmted in a schematic way in Fig.2. In
the upper right we show a polymer rvith hydrophilic
side chains or side groups at the air interface. The
side groups tend to be buried inside the pol)'mer.
thereby minimizing its surface free e11ergy. When
exposed to waler, the controlling thermodynamic
parameter is the interfacial free energy; thus the
polar groups telrd to migrate to the interface.
thereby minimizing the interfacial free energy. This
is the parl that is well understood and has been
rcasonably well studied.

Il a protein now contacts a surface, then ofcoune
the principles of protein adsorption apply, and the
idtial contact of protein is a function ofthe surface
chemistry olthe pol),rner, equilibrated in water, and
the surlace chemistry of the protein rnolecule. This
has already been discussed (see Andrade ct d/. in
this volume). However, oice the prolein has
adsorbed and makes contact. then of course the
protein has its o$11 illterface and its own dynamics,
and bogins to confonnationally adapt and denature
in response lo its intefacial enlironment. For
example, in the bottom lelr illustration in Fig. 2 we
show the dark hydrophobic patches on the protein
surlace. These hydrophobic palches now provide an
environment in many ways similar to the air

f'' 4-r'.tr\ ,.i't.J*#\ ^:4 ' h

environment illustrated in the upper left. The
poiymer now senses this more hydrophobic en-
vironment and begins to adapt its suface locally to
that environment. Thus, wemay have regions ofthe
pollmer surface in which lhe polar chains are
oriented outwards and other regions where they are
oriented inwards. Thus the adhesion mechanism
may be considerably dilierent at various contact or
residence times. The initial adhesion in thc early
stages of adsorption, as indicated in the boitom
center, may be verv diflerent fron1 lhe loog-tenn
adhesion in later stages of adsorption, indicated at
the bottom left.

The hypothesis, therefore, is that the sudace
denatures or conlomationally adapts in response
to the adsorbed or adsorbing proteins. This, of
course. has nol been well studied. There is probably
some data in the chromatography literature, but
there is very little in the biomaterials litereture.

STATISTICAL SPECIFICITY

Although most polymer and prolein adsorption is
considered to be nonspecific in nature and most
biochemical processes are considered to be highly
specific. it is clear that these are merely limits-
Biochemistry is indeed primarily based on func-
tional group matching, steric complementarity,
steric adjustnent. and cooperativity. This leads to
association constants that are quite high and
interactions that are highly specific.

Nonspecific bindilg or adsorption of proteins
and polymers generally occurs with low binding
energies per segment. The large number ofsegnents
or contact point leads to very high binding energies
but relatively low specilicity.

Figure 3 attempts to illustrate how a family of
mofe or Ie.. ra rdom .) n lhe ic pol) mer. r i ln conl. i in
individuals that can combine with high specificity to
biomolecules. This merely has to do with lhe
statistical placement of groups involved in the
binding process. This oan be called the Jacqueline
and Marcel effecl', in honor ofthe Jozefowicz's and
lhe coworkers who have demonstrated such
behavior with modified polystyrene systems-e

Let us assume thal the biomolecule, perhaps
heparin which binds through its anionic groups to
cationic groups, requires a certain minimal numbet
and appropriate placement of sites for effeclive
binding. Using affinily chromatography with an
immobilized heparin column, one couid clearly
select for those components ofthe polyner mixture
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Fig. 3. Schenalic illuslration of the conc€prs of biochemical
and shtistical specincity. Thc upper prnel denonstratcs the
typical view of biocbenlcal slecificity, whlch i! ba\ed otr
i-unctional eroup complementaril) and matching, sGnc comple-
nentaritv. steric adjusrmelt. and cooperlrivity. The srarlslicaL
specilicily alproach js shown on the lowcr panel. Heie we see
lile dlferent s]nthctic poltner moleculcs rvhich bale beetr
stalistically or rdDdonrly derivitized, shown by rlre cncles. The
lunctionalgruuls lre shown ar dilTerent concclrradons and ar
difcrenlregion! oftheDolccxle. The polymer nolccule js irself
showD in a number of difiereni conlbrmations. OLE rusr row
imagrnc how such a slatisiical dhblbutlon oI conlofmations
xnd arargenrent of fuctioDal groups will interact with a
particular ligand, illustrated at the far right. Snnply nake a
transparency ofthal ligand and play rvith it otr tlis partictrlar
tigure and you will see how ceilain orietrhlioDs md combin-
anons should lead 10 spccific and sbong birxliDg, rlicreas most
of the orientalions and interactions rvill le3d to weak and

.elali\ely nonslecinc blndiirg.

which indeed do bind to heparin \\,ilh a particular
binding constant or binding strength. That subset
ofthe population could then be said to 'specifically'
interact with heparin. whereas those polymers
whose statistical placement of cationic gloups is
different would not bind or would bind much less.
They would then be said to not bind or to bind
nonspecifically.

Clearly the random nature ofsynthetic pol)'mers
would lead to a binding constant distributioll
function and one could define high binding. low
binding, specific binding, etc., with respect to the
nature of the dislribuiion f'unction. This approach
helps explain the specificity obseNed with the

L !,nd i t i  sri ir ie 3,!!p:

sulfonated polystyrenes and related polymers de-
veloped by the Jozefowicz's and their coworkers,,
and should be readily modeled using standard
statistical synthetic polymer concepts. This concept
is well developed in biochemistry and indeed has
been used to nodel the specificily and cross-
reactivity of antibodies.3

ETHICS AND THE COSTS OF HEALTH
CARE

The costs ofhealth carc appear to be risiDg in mosl
parts ofthe developed world. from a low about 6 0%
ofgross national product in Bitain to about 12yo
in the United States. Most of Europe is somewherc
in belween. Thcre are major diving forces, par
ticularly in thc Uniled States, to reduce the costs ol
health ca.c. This is already starting to lead to
changes in research and development funding
priorities. One can expect that iD the near future all
research proposals in the biomaterials and bio-
engineering areas will require ajustification m terms
of lheir potential impact on decreasing. or at least
evidence that their successful implementatioo will
not increase. the costs of health carei that is
proposals will have to contain a coslbenefit
analysls.

We should begirl asking the question: 'How can
biomaterials and bioengineering research and de-
\elopment be used lo decrease the cosls ofthe more
expenslve procedLues?' Wc can also expect thal
there will be an increased emphasis on prevention
and cLLres rather thai on device-related lreatments.

The  i nc rea . i n !  (oncem $ i .h  a .1 im . r l  e \pe r imen-
tation will also lead to an increased emphasis on
modeling. simulation. hypothesis formulalion, and
general full and etrective use ofexisting inlormation
before proceeding with aninal experimentation.
There are many irstances in modern biomate als
research where the investigators are not fully aware
of relevant work which preceded their intercst or
activity in the area; thal is 'many people do nol do
their homework'. This is of course dilncult in our
field because of its broad and interdisciplinary
nature. but it is essential that we make effective use
of al1 existing inlormatioll. Ignorance of the
litcrature will be no excuse.

There has also been the tendency to approach
problems in a'shotgun'fashion. that is to simply
try a wide variety ofapproaches and mix up a large
number ol variables, rather than to think througb
the problem. Such an approach is no longer
tolerable and, indeed, from a cost-benefit analysis

l
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point of view can be considered completely inefec-
tive and possibly even unethical. At least qualitative
modeling and simulation must be dooe in order to
formulate testable hypotheses and thereby design
Pl i . i cn r  P !nP r imPnre

There is also a tendency in many quarters to
argue that one cannot begin to appreciate the
literatur€ outside one's own speciality and that
therefore there is a right, or even an obligation, to
ignore it. This is, and will become increasingly,
intolerable. Ifthe investigator chooses not to make
the commitment to leam tbe appropriate literature,
collaborators mnst be found in those allied fields
who will, by working together, make lull and
efiective use of the existing information and of the
resources available.

The increasing concern with bioethics, with the
min im iTa t i on  o f  an ima l  and  human  e r fe f imen-
tation, and the drive to reduce the cost of research
and development and ofhealth care in general, will
make it essential that research and development
propocals in biomcrerialq cnd bioe.]gineering con-
sider these points. There is certainly going to be
increased emphasis on modeling and simulation, on

hypothesis formulation, on in-vitro testing, and on
the increased use of cell culture and simple
organisms in lieu of more complex animal and
human experimentation (see Harmand in this
volume).
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Adsorption of complex proteins at interfaces 
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Utah 841 12, USA 

Abstract - We have previously shown that the adsorption of model proteins at model 
interfaces can be quantitatively understood via a careful consideration of the proteins' three 
dimensional structure and its stability. Using computer molecular graphics, dynamic surface 
tension, fluorescence probes and labels, and solution denaturation data, we can relate the 
chemical and structural properties of proteins to their interface behavior. We have developed 
a novel means to present these data and correlations in a simple radial plot (the "Tatra" plot). 
We are now extending these approaches to complex multi-domain proteins. Albumin 
consists of three large domains with differences in electrostatic nature, charge-pH 
characteristics, and denaturability. The interfacial activity of albumin is due, at least in part, to 
the interfacial activity of its constituent domains. Consideration of the structure and interfacial 
activity of the various domains permits new and more precise hypotheses to be developed, 
with which new and better experiments can be designed. Such hypotheses allow one to 
evaluate and compare adsorption data, including kinetics and isotherms, adsorbed layer 
thickness, refractive index, multilayer formation, etc. We feel strongly that each different 
protein is a unique molecular personality, which must be understood and considered if we 
are to more fully understand and apply the interfacial behavior of complex proteins. 
Expanded treatments of these topics are available in References 1-4. 

PRINCIPLES OF PROTEIN ADSORPTION 

The principles of protein adsorption have been presented in a number of monographs, review 
papers, and conference proceedings [l -81. 

The arrival of protein at the interface is assumed to be driven solely by diffusion processes, which 
are dependent on bulk concentration and diffusion coefficient. That results in a collision frequency 
[9]. The particular surface chemistry of the protein and of the surface dictates the residence time 
due to the initial interaction energy. The surface dynamics, or denaturability, of the protein itself, 
together with the residence time, probably controls the surface denaturability of the protein. The 
protein tends to denature with time at the interface. With increasing residence time, denaturation 
reaches a maximum. With increasing denaturation, the interaction energy in the adsorbed state is 
increased, and the probability for desorption, or the rate of desorption, is decreased. 

The reality of the process of course is that proteins are not homogeneous particles. Not all 
collisions are equally effective in adsorption, and different protein "surfaces," or faces, result in 
different interaction energies with the protein, and therefore different tendencies for surface 
denaturation. We attempt to illustrate this in Figure 1, in which the protein is shown as having four 
"faces:" a hydrophobic face, a positively charged face, a negatively charged face, and a neutral 
hydrophilic face. Although all collisions are equally probable, it is only those collisions which result 
in interaction energies in the range of kT which will provide the residence times necessary for 
subsequent interfacial processes to occur. Protein adsorption on neutral hydrophilic surfaces, for 
example, tends to be relatively weak, whereas adsorption of proteins on hydrophobic surfaces 
tends to be very strong and often partially irreversible. Adsorption on charged surfaces tends to be 
a strong function of the charge character of the protein, the pH of the medium, and the ionic strength 
PI. 
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Protein with @, 0, neutral hydrophilic ( 4, 
and hydrophobic ( - ) faces. 

neutral, hydrophilic hydrophobic 
polymer -- polymer - 

weak adsorption strong adsorption 

Moderate 
Adsorption 

f(l.S., pH ,...) 

Moderate 
Adsorption 

f(l.S., pH ,...) 

Figure 1 : A schematic view of four-sided "protein," with one face being hydrophobic, one face being 
negatively charged, one face positively charged, and one face of neutral hydrophilic character, 
shown interacting with surfaces of comparable character. In the case of a neutral hydrophilic 
polymer surface, one would expect weak or little adsorption, whereas in the case of a hydrophobic 
polymer one would expect strong adsorption via the orientation shown. In the case of charged 
surfaces, one would expect moderate or variable adsorption, depending on the electrostatic 
nature of the interaction, a function of the ionic strength and pH of the solution, charge density, 
charge location, etc. (from Ref. 1). 

In order to predict the initial contact event, or the orientation of adsorbed protein which would lead to 
the maximum interaction, we need to know something about the external surface chemistry of the 
proteins themselves. This is a simple problem for proteins whose three dimensional structures are 
well known, such as insulin, myoglobin, and lysozyme. In these cases the X-ray crystallographic 
coordinates of the protein are readily available, and can be displayed on a computer screen. One 
can very easily visualize the different faces or surfaces of the protein with respect to their 
hydrophobic, charge, and neutral hydrophilic character and readily formulate hypotheses as to their 
possible surface interaction [ lo,  1 11. 

We have studied a matrix of model proteins at airhater interfaces by dynamic surface tension 
techniques [13]. Our goal was to correlate the three-dimensional and surface structure of the 
protein in solution, its initial adsorption at airhater interfaces (determined by dynamic surface 
tension methods), its stability or denaturability in solution, and its tendency to denature upon long 
term contact at the air/water interface (again using dynamic surface tension). Denaturability was 
assessed by calorimetry and by urea and guanidinium chloride perturbation deduced by 
fluorescence changes. The surface chemical nature of the protein was assessed by examination of 
its external surface chemistry using molecular graphics and by the use of fluorescent probe titration. 
A relative, effective surface hydrophobicity (ESH) parameter was then deduced [11,12]. 

After consideration of a wide range of parameters, we selected twelve variables and began to 
qualitatively examine the correlations between them using radial axes with the axes arranged and 
scaled so as to emphasize and even exaggerate correlations among the various parameters. We 
call this multi-parameter radial plot a "Tatra Plot" [ l l ] .  

Figure 2 presents the Tatra Plot for superoxide dismutase, a highly stable protein whose surface is 
extremely hydrophylic and thus exhibits little surface activity at the airhater interface. The upper left 
quadrant depicts protein surface hydrophobicity. The lower left quadrant depicts the stability of the 
protein. The upper right reflects surface activity. We are still experimenting with the variables, their 
placement, and their scaling, and the Tatra Plot is far from being completed or optimized at this time. 
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c 
3 

- - 0 

Figure 2: The Tatra Plot, Tatra parameters, and the data for superoxide dismutase and ribonuclease 
(dotted lines). Axes 1-5 are stability or stability related parameters. Axes 7-9 are parameters of 
effective surface hydrophobicity or related to it. Axes 10-12 are steady state surface activity. The 
directions for all axes, except for 3 and 7, are increasingly outward. It is clear that superoxide 
dismutase is a very stable, hydrophilic and relatively non-surface active protein (from Reference 
11). 

Figure 2 also gives comparable data for ribonuclease. It is less stable than superoxide dismutase, 
as indicated by the partial collapse of the points in the lower right quadrant; ribonuclease has 
slightly less surface hydrophobicity and less surface stability. 

The proteins studied to date fall into three different categories in terms of their structure, function, 
and surface activity relationships [ l l ] .  

Given the apparent success of the multi-variate Tatra Plot approach to correlating the behavior of 
model proteins at airhater interfaces, we are now extending the approach to the solidniquid 
interface [l]. We have taken a limited set of parameters and used them to develop a preliminary 
Tatra Plot representation for model protein adsorption on polystyrene lattices, using the data of 
Norde and co-workers [8,13]. 
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In the airhater interface case, hydrophobic interactions are believed to dominate the adsorption 
behavior and this is clearly reflected in the strong correlation with the hydrophobic surface character 
of the protein. In the case of charged surfaces electrostatics plays a major role, and this is strongly 
reflected in the shape of these preliminary Tatra Plots. Hydrophobic interactions also play a major 
role 

We are still in the process of optimizing the Tatra Plot representation for solidniquid interfaces [14]. 

COMPLEX PROTEINS 
What do these concepts and results have to do with the more practical problem of the 

behavior of complex plasma and tear proteins at biomaterials surfaces? We feel strongly that the 
way to understand the behavior of a complex protein is to look at its various structural domain 
building blocks. In the last 10 years it has become evident in structural biochemistry that, although 
each protein is a unique and distinct molecular machine and molecular personality, proteins can be 
considered as constructed of a multiplicity of smaller domain subunits. For example, in the case of 
coagulation proteins, functional and structural domains include heparin binding domains, growth 
factor domains, kringle sequences, carboxy-glutamic acid-rich calcium binding domains, and 
others. Fibrinogen is an excellent example. High sensitivity calorimetry studies of fibrinogen and of 
its protease derived fragments suggest 12 domains in the fibrinogen molecule with denaturation 
temperatures of 45", 55", go", and 100" C [15]. We are only now beginning t o analyze fibrinogen in 
terms of its domain structure, with the hope of beginning to understand its behavior at solidniquid 
interfaces. Fibronectin is another example. It has at least 20 calorimetrically identified domains 
[16], and it is likely that its complex adsorption behavior will be partially understood through a 
domain approach. 

The optimistic view is perhaps best described by Chothia [17]: "The apparently complex structure of 
proteins is in fact governed by a set of relatively simple principles. Individual proteins arise from 
particular combinations of and variations on these principles. An analogous situation is found in 
linguistics, where a set of simple grammatical rules govern the generation of different , and 
sometimes complex, sentences." Others have suggested a protein structural linguistics [18]. 

We have attempted to apply some of these concepts to the analysis of the interfacial behavior of 
albumin [19]. Albumin is perhaps the simplest of the multi-domain proteins with which to initiate this 
analysis. It is a major component of blood plasma; it has no bound carbohydrate; it consists of 
three, roughly 20 kilodalton domains; it is high in alphahelix content, high in disulfide cross-link 
content. It has a high degree of alpha-helicity and is somewhat myoglobin-like; it binds a variety of 
ligands, including fatty acids and calcium. The crystal structure, refined to the four angstrom level, 
for human albumin is now available [20]. 

We have taken the three domain model of albumin and done a very preliminary analysis from an 
electrostatic point of view. A computerized simulated titration of the three domains as a function of 
pH, and a simple analysis of the possible electrostatic behavior of those domains at various 
interfaces, allowed us to begin to formulate a number of hypotheses regarding the possible 
interfacial activity of albumin. These hypotheses now allow us to probe into the voluminous albumin 
adsorption literature and try to begin to make sense of that enormous data base. The analysis is 
continuing. 

It is clear that a domain approach to protein adsorption and immobilization helps to greatly simplify 
the apparent complexity of the process. In fact, we have been quite successful in applying these 
concepts to a variety of problems involving the covalent immobilization of antibodies for biosensor 
and related applications [21]. 

SUMMARY 
We feel that the adsorption of simple proteins at simple interfaces is qualitatively understood. This 
understanding is being extended to the behavior of complex proteins, even at complex solid 
interfaces, by the careful consideration of domains, domain properties, patchiness of the surface, 
and domain-patch interactions. In fact, this can be used to develop the concept of statistical 
specificity of surface interactions [2]. The various domains of complex proteins and the various 
domains and patches on complex surfaces each have their own surface activity and "denaturability" 
which must be characterized and incorporated in the analysis. 
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We must also note that surfaces which greatly decrease adsorption and may even be resistant to 
protein interactions are becoming available. Models and simulations, as well as experimental 
results of protein interactions with PEO surfaces, suggest that such surfaces do indeed work, and 
can be further optimized and enhanced for biomaterials and related applications [22-241. 

We must also note that the new technique of scanning force microscopy shows potential not only in 
the direct imaging of proteins and complex biomaterial surfaces, but, perhaps even more 
importantly, in the manipulation, processing, and fabrication of protein interfaces [25,26]. 
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I O. lmmuno-Biosensors:
The Cl in icol  Chemistry ond Coogulot ion

Loborotory on o Chip

Joseph D. Andrade, Jino-Nan Lin, Vladimir Hlady, and James Herton

INTRODUCTION AND BACKGROUND
The 21st century is only 9 years away. Many of our preliminary ideas and experiments

today will be commercial products by the beginn.ing of the 21st century. Japan has a national
program in Bioelectronics and Biochips [1]. Some of the first medical products using bioelec-
tronics/biochip concepts will be biosensors [2-5]. Biosensors have the potential of replacing
and enhancing many of the tests and functions now provided by clinical chemistry and coagu-
lation laboratories. Virtually any clinical chemistry test can, ir principle, by transferred to a
chip. A chip here means any small, integrated device with high reliability. The integrated minia-
rure clinical chemistry laboratory could indude micro ele cuon-mechanica.l, optical, and biochem-
':rl svstems, or MEMOBS for short.

There are two fundamentally different objectives and directions in the miniature clinical
chemistry field: 1) the development of simple, easy to use methods and devices for the quan-
tiradve and specfic assay of clinical chemistries in individual blood, urine, or tear samples;
this approach is often called a single or "one-shot" measurement device; and 2) the develop-
ment of remote biosensors suitable for continuous monitoring and perhaps for feedback con-
trol of artficial organs and/or drug delivery devices [5].

The "one-shot" device is analogous to the present day clinical laboratory, where a patient
sample is measured for various analytes of imerest. The remote , continuous device-a true
sensor-is analogous to an on-line pH or pOu electrode, which can respond continuously-
-ad remorely-ro a change in analyte concenrration.

Just as the development of immunoassays revolutionized clinical chemistry, the develop-
ment of immunosensors will revolutioqize immunoassay. The increasing sensitiviry of muhi-
monoclonal antibody based immunoassay makes it possible to perform highly sensitive meas-
urements with small sample volumes. It is possible to do a number of different immunoassays

Depeirmeoi of Bjocnginccri.g 2480 MEB, Univclsity of UraI, Salt laire Cirt, USA
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with a small volume of serum orplasma. The rechniques and merhods being developed to produce
one-shot "sensors" for single analytes can be readily combined and multiplexed to provide many
differenr analyte channelsdifferenr analyte sensors or channels oo a single device. One can envision, for example, a liver
function chip*or a thyroid function chip-which would measure all of the biochemisuies needed

Extfacorpo real

[ ,4ul t ichanne]

coni l fuous and
re  m o te

Sensor
ou tpu t

Fig. l0-1. An animal or patient is shown, which could
also tepresent a bioreactor or biochemical reactor. An ex-
tracorporeal loop is shown, for example rhc extraco4>oreal
blood pathwav in hemodialysis or cardiopulmonary blpass
during open-hean surgery. A connector is shown in that
loop which contains a multi-channel immunosensor- Out-
puts of rhe various channels are appropriateiy referenced,
rationed, and otherwise proccssed to pcrmit the quandta-
tive analvsis of*re analltcs of interest. The output is shown
on  a  con r inuou ,  o r :em i -coo r inuou<  p lo r  o fana l l r e .on -
centration as a function of time,

for a clinical chemistry assessmenr of liver or thyroid function. One can even imagine i00 or
more channels-the only real limiration is the total sample volume required and the individual
channel or analyte sensitivities needed.
_ A problem is how to display and utilize multiple channels of biochemical information [6].Specialized clinical chemistries are expensive, so they are generally used to confirm diagnoiii.
The availability of many different clinical chemistries will allow chemistry-assiste d diagnosis,
as well as the confirmarion ofdiagnosis. Multi-channel analyte date will also permit physicians
to more completely and quanrirarively assess the effect of their ttearmenrs and therapies.

The development of one-shot, miniarure automated biochemical measuremenr tsrems
is relatively straight forward. \Vhar is required is a sufficiently long range and appropriately
funded effort.

A more dif{icult problem is rhe development and practical application of truly rernote and
continuous biosensors-that has been rhe goal of our group [t] (Figure 10-1).

An animal or parienr is shown, which could also represenr a bioreacror or biochemical reacror
(Figure 10-1). An exuacorporeal loop is shown, for example, th6 extracorporeal blood pathway
in hemodialysis or cardiopulmonary bypass during open-heart surgery. A connecror is shown
in rhat loop which contains a multi-channel immunosensor. outputs of the various channe.ls
are appropriately reference, ratioed, and otherwise processed to permir the quantitadve analy-
sis of the analyres of interesi. The output is shovrn on a conrinuous or semi-continuous plot
of analyte concentration as a function of tirne.

T i m e
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Appiication areas include:

l. Biochemical engineering and biotechnology, primarily for process contlol;
2. Medical diagnostics;
3. Extracorioreal device monitoring and control (Figure 10-1);
.{. Implanted device monitoring and control;
>. Biomedical research, such as the monitoring of analyte concentrations in experirnental

animals and in cell cultures;
6. lVarer and wasre-water monitoring of environmenal pollutants and cooraminants.

Our approach is based largely on immunoassay; thus, we are interested in applying these
senson ao the assay of the following general classes of antigens/haptens:

1. Coagulation proteirs
2. Compleme nr prore ins
I. Antibody leve.ls
i. Lipoproteins
j. Enzymes
6. Enzyme inhibitors
7. Hormones
8. Growrh factors and regulators
9. Drugs

10. Viruses and bacteria
Coagularion proteios are our currenr applicarions focus.
Most of our work is based on rhe use of aotibody or anrigen immobilized on a quattz or

.:rorphous silica surface [7]. silica is used because ofirs oprical properties, specifically its high
:: -Lcrive index, which permim one to use rotal inrernal reflection oprics. The interfacially bouid

c', anescent wave is the means ro excite fluolescence on the solution side of the solid liquid in-
rerface without exciting bulk fluorescence in the solution phase [gl.

More recently we have been working with murti-channil derection primarily through the
use of a two-dimensional CCD (charged coupled device) camera i9l. We have demonstrated
that various channels, i.e., differenr spatially distinct regions of immobilized antibody, can be
readily detected.

ANTIGEN.ANTIBODY B INDING
The sensiriviry and specificity of an immunosensor is based oo the sensitivirv and soecifici-

rv of the interacdon of specific antibodies with a particular anrigen.
_ Figure 10-2 ptesents the basic antibody antigen equilibrium equation and rhe plot basedoo the assumed reversibiliry ofthese inreractions. The piot shows antigen binding as a function

ot aodgen concenrration. The dynamic range of an immunoassay or immunosensor is usually
considered to be roughly from 10 to 90 % saturation of the antibodv used or about two orders
of magnirude in antigen concentrations I l0]. If one wishes to sense a much *ider range of con-
i r:.:lations, then two or more antibody channels are required, each wirh a differe nrlnribody,'..-: rhe appropriare binding constant.

, Irt the case of a multi-epitope anrigen ir may be desirable to use an array of channels,
each containing a differenr monoclonal antibody. In this way, the dynamic range could be en-
hanced and discrimination against nonspecific binding could be improved as well.
.,. Although we have done some work with aatibodies against prothrombin, antithrombinI ll, and albumi!, most ofour work has been with a model system of and-fluoroscein monocloqal
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Fig. 10-2. Bound Ag-Bulk Ag equilibrium curvesj brred on reversible Ag_Ab interacrion:

antibodies developed by voss and coworkers ar the univeffity of Ill.inois [11]. The binding ther-
modynamics of this sysrem have been studied and presented by Herron et il. [12]. The overall
association constant as a function of temperarure for three different anti-fluorosiein monoclonallt'
is well known [12]. The overall association constant can vary by up to rwo orders of magniude
over a remperature range of some 40 to t0 degrees cenrigrade. It was this behavior that led
to the cpncept ofthe thermal regulation ofantigen anribody binding which our group has been
studying [10].

The binding kinetics for five of the anti-fluoroscein monocronals have been determined
[12]. The overall associadoo consrants nnge from 5 x 107 to 3 x 1010 moles .1. Although
the association rate constant is relatively constanr (of the order of 5 x 106), rhe dissociatiin
constanr or its rec.iprocal, the dissociation lifetime, varies by a factor of 500. Therefore. the overall
association consmnt of an antigen-andbody complex can be governed almost entirely by the
dissociation rate constana. The dissociation lifetime is the response time of an immunosensor
as it attempts ro respond to changes in circulating analyre concenffation- Therefore, for the
development of a truly reverssible, continuous immunosensor, the dissociation life time issue
has to be addressed and considered [8, t0].

Figure 10-3 presents the dissociation lifetime data for one of the antibodies, the 4_4_20
clone, as a function oftemperature. Here one can leadily see that the response time ofa sensor
can b-e improved by an order of magnitude with a 20 degree change in lo.al temperature.

This discussion of antigen/aatibody binding, however, has used data taken in Lulk solu_
tron. under those conditions antigen/antibodv interactions are reversible. However. the situa-
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Temperature "C
Fig..I0-J. The dissociation lifetime 1on rhe left) for the 4-4"20 anrifluorescyl monoclonal anribody as a func_':cn oi temperarures LogK. daca rs given on the righr a-ris. Note rhar Ka decresjes an order of magnitude with.  i0- In.rease rn remperarure f f rom ReL t2)

rioo may.change significantly when one ofthe components in the binding reacuon ls immobilizedat a solid liquid inrerface rwe w l nexr d.iscuss the question of antibody immobilization fol-Iowed by the issue of the reversibility of antibody/antigen interactions at interfaces.

ANTIGEN/ANTIBODY REVERSI BILITY

,,,,- _1 
,4. immunosensor requires rhar rhe sensor respond ro changes in the circulating ana_tyre concentrarion. Most "sensors developed ro dare are nor ,aa r.-nror. bur rarher are 

-derec_

ANTIBODY IMMOBILIZATION
. A wide range of immobilizarion -methods has been devetoped and applied Ii ]. In our casethe.reactions are.constrained by the fact that we need a r--obitir. at an interface which isoptically compatible with the tota.l internal reflecdon/evanescent wave opdcal s.prr"rior, _"ahoipreviously described [8, 9]. In addition to the detailed immobilization chemlstry, ir is impor-tant to consider the co.llision and adsorprion.of the antibody to the interface, 

" ;;"."rr;;;,.pto the covalent chemistry employed in the immobilizatioo process [1i1.Immunoglobulins are highly complex proteins with a variety #dir.lo.t functiona.l andsrructural domains. There are hinge regions and_ switch ,.giorrs, tir. zu".,ion of *Li.h _igiaend on the local micro-environmenr and mode or mech-anism of adsorptio., 
"oa 

i,o,ooilir-
:"-ji:l::l:t. 

regions. in turn,may affect rhe binding constant ofthe actrve sue in ways whichare nor tuliv undersrood ar Dresenr. Inrenrionally denaruring lgG prior ro iw adsorpiion ar asolid/liquid interface [13] J.n result in a significant increase in th1 surface antigen bindingcapacity. Lin, et al. demonstrared that it is possible to engineer the immobilizarion ofandbod_
iT,:_:!:iTlz. 

their properries,ar the inrerface by contrll of their srructure in solution [13].r nrs_ work ls connnurng wtrh a derailed invesrigation of the solutioq, denaturatiorr, 
"rd 

,i-._tural characteristics of model antibodies in rhe-hopes of opdmizing means to adsorb and thenrmmobrllze rhese molecules wirh enhanced anrigen binding characteristics.

7 0
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tors. They are designed ro measure rhe analyte conceotration and then either are discarded or
regenerared by some process.

our goal is ro develop immunosensors which are inherentlv reversible and can continrro,li-
ly sense circuiatiog analyte concentrarion. The problem is illustrared briefly in Figure 10-4. The
bottom half basically demonsuares immobilized antibody inreracdng with its antigen and shows
that although the on-rares in the bulk solution and interface case mav be similar, the off-rate
consranr is much smaller in the case of immobilized anribody, meaning thar the dissociarion
lifetime is much looger, which means rhen that the respoose of the sensor is very slow. The
question is whir?

This issue has been addressed brieflv bv others l1,i] and more completely bv Lin, er al.
in a recent paper which presents six possible reasons for the observation oiparrial irreversibilitv
in immobilized antibodv systems [7]:

1. Diffusion and mass tlansport effects.
2. The immobilized antibody is in a differenr canformatian than the andbody in solurion.

thus influencing the nature of the anribodv / anrigen interacrion.
). Andbodl Iantibody /ateral tnteractton".
4. Change in so/a oq micro.entlro,tment.
1. Non-specifc adsorption.
6. . fultiralent binding.

All six of the above hypotheses and mechanisms are operable, some more so than others,
in a particular experimental situarion. It will be very difficult ro isolare and sort out the in-
dividual components responsible for the irreversibiliry of antigen / antibody interactions ar in-
terfaces.

.. )- oo.on
* ,r. --\ )- 7 )

' '2  +-  Ab-Ao.1
2

(Ka)su , ra .a  
"  

(Ka)so , r i . "

(K ,  )  sur iacE << (K , )sorur ion

Iig. 10-,1. Bulk solurion Ab-Ag equilibria are nor generaliv ob-
served when Ab or Ag is immobitized at an interface (see Ref. 7).

OTHER ISSUES
A rruly remote fluoro-immunose nsor will require some means to deliver fluorescently la-
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bcled antigen, as rhe basic principle ofsuch a sensor is thar a fluorescently Iabeled antiqen com-
peres with unlabeled circuladng antigen for the finite number of anribody binding sites. \fe
have previously described a number ofapproaches ro solve rhis problem. Those studies are on_
soing [15 i- 

Earlier ir was nored rhar ir might be possible to regulate the anrigen / antibody binding
conssnt by changes in tempenrure or even by other means. rWe have performed a numbei
oi studies along these lines. However, ir is necessary to immobilize anribody by means that
permir the reversibility of the antibody/ antigen interacdon before one can expect to regulate
the naure of the binding constant. Our studies on binding consrant regulation are condnuing,
based on the assumpdon that we will iodeed develop methods to soie rhe "irreversibiliry ' problem
described above.

Non-specfic binding is a problem which must be minimized. Although cenain aspecrs
ofrhe problem can be overcome by the use of appropriate reference channels, it is clearly desirable
ro minimize the problem as much as possible. In our case, this is done through the use ofpoly-
er:hylene oxide as a "protein-repulsive" coating ro minimize prorein adsorption. This has been
l,scussed exrensively elsewhere [16]. rWe are also developing methods to immobilize antibody
ihrough the use ofpolyethylene oxide tethers or spaceff in rhe hopes of minimizing non-specific
adsorption to the spacer or ro the chemical linkage itself.

Finally, there may be another problem with the development oftruly remote sensors based
on immobilized anribodies, particularly in blood and related environments. Blood .is known
to contain a variety of prorease pro-enzymes, which can becor,e ,?crivated under appropriate
conditions to produce proteolytic activiry. If protease acdvity is generated loc"lly at the s,irface
of an immunosensor, perhaps due to non-specific binding of coagulation or complement pro-
reins, and if such proteases attack the immobilized antibody, then rhe sensor surface wilfde--lerate with time aod will eventually cease to function. That is one of the reasons whv it is
;o imponant to build multi-chaonel devices widr the appropriate calbntion and reference channels
to account for decrease or change in immobilized antibody concentradon or acdvity. It is also
why the non-specfic adsorption problem is so importanr to eliminare and nor simply ro refer-
ence or calibrate out as noted eadier. If we minimize the non-specfic adsorpdon ofall proteins
theo we also minimize the possibility of interfacially induced protease acdvation. Again, o.u
approach ro this problem is rhrough the polyethylene oxide surface approach [16]. Studies on
the stability of immobilized antibodies are only now being initiated in our laboratory.

ll

CONCLUSIONS
The developmenr of truly remote , continuous, high sensitivity and specfic immunosen-

sors, capable of functioning remotely in blood or in other biological environments,.is sdll in
irs eady stages. There are a number of important technologies which must be developed. As
the work ptogfesses, one can envision the development and evenrual production of multichan-
nel biosensors based on rnicrointegrated devicei incorporaring biochemical, optical and even
electtoBlc runctlons.
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BOOK REVIEW

Artificial Heart:
The Development of Biomation in the 21st Century
Editor: Yukiyasu Sezai, lvl.D. FA6.
Published by W B. Saunders Company, Harcourt Brace Jovanovich, Inc. Philadelphia.
Copyright by Nihon University, 1992. $120.00

by Elaine Duncan

The attractive cover of this book beckons the die-hard
artificial heart "groupie". "Buy Mel", it cries. A book this
pretty must have the very latest inlormation on aitificial
hearts, right? Well, not exactly.

"As part of the ev€nts marking lhe centenary of Nihon
University, an international symposium was held on The
Artiiicial Heart-Biomation in tho 21si Century." This book
is a compendium oi the papers by the participants in the
symposium. lt strives lo include a medical anth.opological
point ol view and the role and contribution of the artificial
hean to the humanity, as well as eihical aspects of the
technological revolulion of "biomation." This goal was
intriguing and unique.

There are sixty-four chapters in the book, contributed by
world-wide authors lrom universiiies, companies and
consortiums from around the globe. For this reason alone
it is shocking to see how many photographs in the book
appear to be Jarvik-clones (such as the Thomas 60).
Artificial heart "success" is repeatedly measured by
survival times oi animals in days.

(Continued ltom Page 121 
|

e^-6 ^l rhe chaoters make interesting reading sli$'today I
B:T?;ii..";iF:."4113r,3;1":",0;,'o;ff0'"0" "''

nrq*:r**;ll:tufr*rrlm
trj:!1qh*#3:i:';.:'j'"#,'*d*""
!**i*:nili::":l';l'"Tr",."J"?i"10'o,l?""i'fi"""'*
:i'1";;#,il r#iechnolosv proposed in Lhis arr'cre
:1'15."oii;; ;;;i ;;Lpenoeii oi tne success or lairu'e
;f the arti{rcial heart technology

[i":]i]'iii"l"';J"1',ThJ[1ii""'"1".:'J:iilfi "":

The chapter by the Pierce group at Pennsylvania State
University presented lheir original work on ihe electrical
heart assist device, but at lhe timo of this book, only
sketches of human :mplant locations could be provided.
The steam artificial heart lrom Russia certainly seemed
interesting. but the technical discussion was scanlv

This is a continuing ditficulty with books generaied by
symposia. By the time the hard-cover is published, the
intormation is dated. Worse, the papers cannot be
adequate{y critiqued and so the authors may produce any
information that they ciloose.

One of the nost konic statemenls in the book was the
conc{usion oftered in "The Toial Artilicial Heart - A
subjective view irom Berlin", by Dr Klaus Affeld. He
slated, " Aiter many years of developmenl of the artiticial
head. a light is finally visible at the end of the tunnel, the
reasons for this is that lhe basics of heart replacement
and heart assists are understood and that the tools lor the
design oi lhese devices ate develaped:' Oh really?

The book has merit, don't misundersland. In fact, some-
one went to a great deal of work to get these authors to
return thek manuscripts and photographs. This book is a
lasiing tribute to lhe extrenely hard work of all of these
scientists and engineers. Whal seems amazing, reading
through chaplea atter chapter is thai with all of thjs work,
\/oridwide. why is there yel no tolal artiiicial heart on the
market in the U.S.?

Simple answeE are hard to come by, but it seems that
evenlually one p.ogram will succeed. When it does, this
book will have collector's value, as well as merit as a
general reference text.

The least interesting chapters deal with the "clinical
experience" of use of the hoa.ts in different countries.
The slatislics are numbing and have liltle appeal to the
technologist. There is little oa no discussion of the
biomaierials testing conducted for these various devices
and there is only meager emphasis on design
qualification. The promised ethical and anthropologicai
assessment of the artificial heart was not delivered.

C'rcl6 No.13 on R€Eder Sery'@ Cad

(@ntinued on page 17)
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Proteins at Interfaces: Principles. Multivariate
Aspects, Protein Resistant Surfaces, and Direct
Imaging and Manipulation of Adsorbed Proteins

J. D. Andrade, V. Hlady, A-P. Wei, C-H. Ho, A. S. Lea, S. I. Jeon, Y. S. Lin
& E. Stroup
Departmenr oi Bioengineerin8. Center fof aiopolymers at Interfaces. Universiiy of Utah, Sajt Lake Crty,
Utah, USA

Abstract. The principles ofprotein adsorption are bneflt levie*ed!i1h emphasis
on model proreins !t modelinlerlaces. Usidg a dala set fo. prorei! bebavior ai the
an/waler inreiface. a multi-va.iare, nllti-axes ireatment of prolein adsorltlon
bcbavio! 's developed: the Tafa plor. By the carelul placenenl aqd scaljne of
.adial axes. representing 12 pro€in, surfacc, and inteiface paramelersj one can
begi! to deduce various corelations betw*! these paeoeres. The corelarions
are then used to lomulate hypotheses sith wlic! ro desisn additional
experinenrs. The hearinent is extended to the soild/liquid inlerface using dala
available in the literature for model proteins on nodei solid snrfaes. We then
presenl bnef discusio! of ihe extensior of the teclnique to more conplex
surfaces, inchding means !o parameterize solid/liqlid lrterfacial prolerties,
before plocftdilg io morc complex proleins based on a strucrnral domalt
approach to prorein structure and fn.ction. A prcliminary amlysis enploying
albumin is briefly present€d. We dove on to proiein resistant surfaccs based on
poly€thylene onde ard present a ratiolale for the propenies add behavjo. ol
such inlerfaces. inchdinc a pr€linjnary theoretical model which nay be useful fo.
rhe desiSn and opdmization of proiern fe$stan! surfaces. Finaily, ve b.ient
lresert some prelinirary atonic force tuidoscopy stndies ofiDnunoslobuljns or
nica surfaes, deoonsrating not only dned ina_ing ofproteids at interfaces in
an aqueous e.virormen! bu1, perhaps even noie lmpoitanlly, their nadpuladon,
lrocessing, and ordering.

PART I I PRINCIPLES OF PROTIIIN
ADSORPTION

The principles of protein adsorption have been
pre.enled in d number of monograph\. 'e\ ie\L
pape$, and conference proceedings.'" The chapter
byNorde in this volume, and.elated papers by him
and his co-workers, should also be consulted.

We like to begin a discussion of protein ad-
sorption by refercnce to the complexity axis concept
(Fig- 1), wherein the complexity of protein is
rcpresented as one qualitative axis- This axis ranges
from relatively simple proteins, such as insulin,
mloglobin. or ly(ozyme. to \ery complex proleins.
such as lipoprotei$ and other multi-domain plasma

proteins, for exampie fibronectin and fibrinogen.
Very complex multi-component protein solutions,
such as blood piasma and tears,n are also repre-
sented.

The surface or interfac€ on which these proteins
are acting is also considered in terms ofcomplexity
and reprcsented on the hodzontal axis.n One
n o r m . l l l  t h i n l .  o f  t h e  a r r  * a t e r  i n t e r ' a c e  a s
perhaps being the simplest, possibly followed by
model lipid/water inte.faces or tiquid/liquid inter-
face. One can lhen con. ider polymer/uater inteF
faces and finally very compiex solid surfaces, such
as tbe block co-polyurethanes. As protein and
interface complexity increase, the type and number
of inte acial intemctions increase.

67
Cb.ical Matendts 0261 4605/92lS05.00 @ 1992 Elsevier Science PlblhheN Ltd. Ensiand



68

Fis. 2. A general kinelic model for prorein adsorpdon
(F.om Rel. 4 )

we must consider the dynamics of the process.
and the ability of the protein and the surface to
undergo conformational change. ln lhe case of the
protein this is called denaluntion.t ln the case of
the solid surface this is ofien called surface
dynamicsu (see also the chapter by Andrade in ihis

We begin ourdiscussion by considering the lower
lefr-hand comer of the complexity axis, i.e. simple

proteins at simple inierfaces, and we will focus on
the air/water interface. Figure 2 summarizes much
of what we think we know about proiein ad-
sorption.4 Here we show a kinetic model for
adsorption ofa single protein onto a model surface.
The arrival ofprotein at the interface is assumed to
be driven solely by difiusion processes, which e
dependenl on bulk concentmtion and diffusion
coemcient. That results in a collision frequency.l
The pa.licular surface chemistry ofthe protein and
the surface dictates the rcsidence time due to the
initial interaction energy. The surface dynamtcs, or
denaturability, of the protein itself. together with
the residence time. probably conlrols the surface
denatumbiliiy of the protein. We assume that the
protein denatures with time at the interface; in this
simple model system lhat is represented by a rate
constant. With increasing residence time, denatur-
ation reaches a maximum- With increasing denatur-
ation, lhe interaction energy in lhe adsorbed state is
increased. and iheprobability for desorption, or the
rate ofdesorption. is decreased. This is all iliustrated
in Fig. 2.

The realily ol the process of course is that
proieins are not homogeneous particles. Not all
collisions are equally effective in adsorption, and
differentprotein surfaces, orfaces, result in diferent
inreraction energies with the protein, and therefore
diflerent tendencies for surface denatuntion. We
attempt to illustrate this in Fig. 3, in which the
protein is shown as having four faces: a hydro-
phobic face, a positively charged face, a negatively
charged face, and a neotml hydrophiiic face. Al-
though all collisions are equally probable, it is only
those collisions that result in inte.action energies in
the range oltZthat will provide the residence tjmes
necessary for subseqnent interlacial processes to
occur. Protein adsorption on neutml hydrophilic
surfaces. for example, tends to be relatively weak,
whereas adsorption of proteins on hydrophobic
surfaces tends to be very strong and often pa ially
irreversible. Adsorpiion on a charged surlace tends
to be a slrong funclion of the charge character of
lhe protein, the pH of the medium. and the ionic
strength (see Norde in this volurne).

ln order to predict tbe initial contact event or the
orientation of adsorb€d protein that would lead to
the maximum interaclion, \{e need to know some-
thing about the external surface chemistry of the
proteins themselves. This is a simple problem for
proteins whose thre€-dimensional structures are
well known, such as insuljn, myoglobin, and
lysozyme. ln these cases the X-ray crystallognphic

=
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Fig.l. A protein adso.ption ard codple ynairix.Thelowei
lefi comer reliesents simple proteins at simple intefaces,
whereds the npper riehl r€presents conllex proleins at codpler
interfaces. Protein complexily is shom inc.easine on the
verticalaxes, whereas suriae or interface complexity N shosn
as incr€asins on the honzontal dxes. (See texl lor demils lron
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Fig. 3. A schedalic view of a four slded lroteln, with one face beine hydrophobic. one face being negadlelt .harged, one face
posidvely cha.eed. and one face ofleutral hydrophilic character. shovn ilteracting {ith sulac* of conparable cha.acter. In the
case of a neutlal hydrophilic polrmer surface, ole would cxpecl w€ak or little adsoiption, whereas in rhe cas€ ol a hydrophobic
polymcr one would expect strons adsorytion via tle o.ientalion shorvn. In th€ casc ofcharged surfaces. ore sould expeclmoderate
or vrndble adsorption. delending on rle electosiatic narure of the interactio.. a funcrron of thc ionic strength and !H of the

solution. chtuee deDsin. charee locario!. elc

Ttble 1. TIe sei ol nodel proteins chosen for the basic sludy ofmodel proleins at the alrlwater interface. (From refs 9 and 13)
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i%)

{cYTC)
(MYG)

(soD)

(L\Z)

0 ( 0 % )

0 (0%)

8 (16%)

5 (52%)

I  (79%)

0 (0%)

4 (21%J

3121%)

t0 3E

1 8  4 6

4 6  l 5

Hen egs  5  (16%)

Bovine pancreas 3 (37%)

1 1 3 5 3  2 5  '  2 5 x 3 1

I7 l8 l  44 !  44 x 2J

15534 36 x 40 x l8

l , {296 45 x 30,30

13613 38 !  28 x 22

4 la7 31

4 9 6 3 5

103

t 5 l

t 5 l

129

124

1

' Calculalions sere based on dat. obtaircd from lhc Proieh Dala Bank, Brooklavetr National Laboraro!!, Upton, Ne{ York,
1973. The pe.cenlage of d-lelices and ̂ hcets arc g'vcn i. parcntheses.

coordinales ofthe protein are rcadily available'and
call be displayed on a compuler scrcen. One can
very easilyvisualize the different faces or surfaces of
lhe protein with respect to their hydrophobic,
charge, and neutml hydrophilic chamcters and
rcadily formulate hypotheses as to their possible
surface interaction.3 e

In an early study we showed that the adsorytion
of hen and human lysozyme on neutral, apolar- and
charged suriaces could be at least qualjtatively
understood by consideration ofthe external surface
chemistry of the two different lysozyme molecules.

we could also rationalize the differcnce in ad-
sorption behavior of human and hen lysozyme by

we then expanded our matrix ofmodel proteins
(Table l)'g and studied their behavior at air/water
interfaces by dynamic surface tension techniques-11
Ourgoal was ro correlate the lbiee-dimensional and
surlace structure ofthe protein in solution. its initial
adsorption at ajr/water interlaces (determined by
dynamic surlace rcnsion methods), its stability or
denaturability in solution, and its tendency to
denaturate upon long term contact at the air/water



10

c\
.te;
a9

nf, e-,
t ( <tr--s'?
" c:'/r

lnlerface Behavior
Fig. 4. The relarionships beiween protein struture itr solution,
lrotein soluiion denaturability, and prol€in behavior di ihe

mod€l airlwater inierf&e. (Se text io! disaus$on.)

interface (again using dynamic surface tension).
Figure 4 illustrates the objectives ofthis sludy, that
is the correlation of sudace properties in solution,
solution denaturability, and behavior at the air/
water interface. Denaturability was assessed by
calorimetry and by urea and guanidinium cl oride
perturbation deduced by fluorescence changes. The
surface chemical dature ofthe protein was assessed
by examinalion of its extemal surface chemistry
using molecular graphics and by the use of
fluorcscent probe titration.'n'" A relative effective
surface hydrophobicity (ESH) parameter was then
deduced.'

After consideration of a wide nnge ofparamete$,
atrd particularly the adsorption principles illustnted
in Figs 2 and 3, we selected 12 variables and began
to qualitatively examiae the corelations between
them'o,lr (Table 2). The variables were plotted on
radial axes with the axes arnnged and scaled so as
to emphasize and even exaggerate correlatlons
among the various parameters. we call this multi-
parameter radial plot a 'Tatra plot'; it is described
in deiail in Ref. 9-

Figure 5 prcsents the Taira plot for superoxide
dismutase, a highly stable protein whose surface is
extremely hydrophilic and thus exhibits little surface
activity at the air/water interface. The upper left
quadnnt depicts protein surface hydrophobicity.
The lower left quadrant depicts the stability of the
protein. The upper right reflects surface activity. We
are still expenmenting with the variables, their
placement, and their scaling, and the Tatra plot is

far from being completed or optimized at this
time.

Fignre 6 gives the comparable dala for lysozome
and dbonuclease- The lysozome data are clearly
pulled into the upper left quadrant, indicating its
high surface hydrophobicity. It is much less stable
than superoxide dismutase, as indicated by the
partial collapse of the points in the lower right
quadrant. Comparc this with dbonuclease, which
has stightly less surface hydrophobicity and less
surface stability.

Figue 7 shows the data for myoglobin and
cytochrome C two proteins v''ith similar Tatra
patterns. In this case the sudace hydrophobicity is
lower than in Fig. 6 ard the stability is much lower.
These are more denaiurable proteins. Thi\ ease in
denaturability is reflected in the incleased surlace
activity (the upper right quadrant), with myogtobin
being more surface actire lhan cyLochrome.

It is clear that proteins studied fall into three
differeDt categories (Figs 5, 6, and ?) in terms of
their structure, function, and surface actiuty
relationships (for fu.ther details see Ref. 9). Given
the apparent success of the multi-variate Tatra plot
approach to correlating the behavior of model
proteins at air/water interlaces, we ate now ex-
tending the approach to the solid/liquid interface.

Table 3 p.esents a listing of solid surface
properties that are believed to be importanl for
protein adsorption, and a suggested parameter-
ization ofeach of these properties. Much additional
work is needed before mary ofthese paramele$ can
be appropriately characterized and utilized in tle
understanding and prcdiction of protein adsorp-

Figurc 8 presents ihose adsorption parameters
which might be useful for multi-variate conelation,
based on protein adsorption kineiics and rsotherm
results. Wehavetake[a Limited set ofparameters in
Fig. 8 and Table 3, and used them to develop a
preliminary Tatra plot representation for model
protein adsorption on polystlrene lattices, using the
data ofNorde and co-work€rs (see Refs 14 and 15
and the chapter by Norde in this volume). The
variables selected for this initial use of the Tatra
plot for sotid/liquid interface problems arc listed in
Table 4.

In the air/water interface case, hydrophobic
interactions arc believ€d to dominate the adsorption
behavior, and this is cleatly refiected in the strong
correlation with the hydrophobic surface character
of the protein. In the case of Figs 9 and 10, we
utilized data obtained at two difercnt soiid su.faces

50 lutron Behavioa
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Teble 2. The 12 pa.ameters selected fo. exp.ssion in the Tatra plot iD figs 5 to 7. {from ret 9)

11

NMber Label valtu.ahge Ph)si.ulsiehilcuce

1 Td CC) Temperatue of 40 - 100. Thedai stabllity
tbemal denaruration CC)

2 [CdnHC]],/, Gdnlci concent.ation of 50% 1 - 6 (M) cdnHcl srability
(M) denaturarion

3 40ov) Rale constllt of slrfa.e 0 - 1 (h ') r, values were fornd to be limilcd by
(h ) tension tinetics ai low the lroc$s of slrface irduccd

bulk conenfation
(0.01ms/nl )

4 F!! Average pdonent mlltiplied by 0,0.1 A measure ofborh the quanlily and
fracrion offtheets i! molecule amphilicity ofl{heels rn

structure
5 S S Nunbcr of disnlnde bonds 0-5 Mo.e S-S bonds *,ou]d mate a

protein nore siable, allhoush the
coltrarf may not bc true

6 los (MW) The losari$m ofnoleculdr 3 +5 Siz€ offrolein
werght

1 O % Percent accessible area of I -6 Inverscty correlared with prorein
negatively chareed oxygen effeci'e hydrolbobiciry

8 ESH Efectlle surface hydrolhobicity 0 + I A neasu.c of hydlophobicjty of
measured by.n-PnA binding proteins in then native shres
and hyd.ophobic interaclron
chromatography (HIc)

9 (,(high) Rate constart of slrface I 3 a G 1) 4 values were found to bc oep.noenr
(h I tension kjnedcs al row on tne hydrophobicily of

bulk conentranon proreins in their native states
(l me/nl)

la 41" Average 4-moncnt mlltiplied by 0 -025 A measure of both rhe quntity and
fradion ofd-heliccs in nol4lle amplili.iry ofd-helices rn srucrure

ll 4" Steady state surfae 0 - 15 An/warer surfde acriliL)
(dynes/.m) prc$lrc vahes at bul! (dyns/cn) ofproteins at equilibrium

con*nLrarion of005
ns/mt

12 Nonpolar % Percent ofnorpolai residues in :10- 50 (%) Corclatcd ro sready srate surface
sequence, calculaled on a mold lressure values

' The direction ofthe afow represenls the outward dn{don in 1be plors.

that vary significantly in charge. Therclore eleclro- ribonuclease and lysozyme is again evident on the
, statics plays a major role; this is slrongly rcflected positjvely charged polystyrcne (PS). Adsorytion on

in the shape of these preliminary Tatra plois. the negative PS, however, is very dillerent for the
Electroslatics are reprcsented by the vertical axes: two proteins (see the lower quadrant axet. The
the upper vertical axis rcflects the charge on lhe dala for myoglobin in Fig. 10 show that, although
proteitr and the lower vertical axis is the charge on its protein parameters are very different, certain
the surface. A simple calculation of the charge aspects ofthe adsorption behavior are similar. For
density shows that the charges on the polystyrene example, Mb on negative PS is simiiar lo Lyson
surface are of the order of 25A apart, and the negarive PS. Figure 11 presents lactalbumin, a
inteflening space on the surface is largely hydro- negatively charged protein. Lactalbumin on the
phobic in nature. lt is lherefore clea. thal hydro- positive PS behaves in a similar way to Mb.
phobic interactions must also be playing a major We afe stiil in the process ofoptimizing lhe Talm
rote; indeed, both lattices are relatively hydro- plot rcpresentation for solid/liquid intefaces, and
phobic, as characterized by advancing contact angle conlinuing 10 atlempt to interprct the data of
rneasurements.r4 The similadty in behavior between Figs 9 to i l.
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Fig.5. The Talra plol. Tara parueiers. and the dara for superoxide dismuiase. Axes 1-5 are stability related parameien. Axes 7 9
ara paranetets of etreciile surface hydrophobiciry or related !o ir. Aies 10 12 are steady-rtdte surfae acllvity. The dn€ctions tb.
all axes, excepr fo.3 and 7. arc iDcreasingly oltward.It is clear fiat superoxide dismutas€ is a leiy stable, hydrophiiic. and relatively

non{urface-active lrolein. (Frcm Rel 9.)
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PART II: COMPLEX PROTEINS

What do these concepts and results have to do with
the more praclical problem of lhe behavior oi
complex plasma and tear proleins at biomaterials
surfaces? we feel strongly thal the way lo under-
stand the behavior of a complex protein is to look
al its various structural domain building blocks. In
the last 10 years it has become evident in struclural
biochemistry that, although each protein is a unrque
and distinct molecular machine and has molecular
penonality, proteins can be considered as con-
structed of a multiplicity of smaller domain sub_
units- For example, in the case oi coagulation
proteins, functional and structural domains include

heparin binding domains, growth factor domains,
kdngle sequences, carboxy-glutamic acid-rich cal-
cium binding domain.. and olbers. I  ibnnogen is an
excellent example- High sensitivity calorimetry
studies of librinogen and of its protease detived
iragment5 suggerl l2 domarns in lhe 6briDogeD
.nolecule \ rLb dendlurarion remperatures o[ 45. 55-
90, and 100'C. we arc only now beginning to
analyze fibrinogen in terms of its domain structure,
with the hope of beginning to understand its
behavior at solid/liquid interfaces.ld rr Fibronectin
is another example. It has at least 20 calodmetdcally
identified domains,l3 and it is likely that its complex
adsorplion behavior will be partially understood
thmugh a domain approach.
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Fie_ 6 The rcmpahble Tara.plor ddra for nbon (lease and lyso4me (soli.l liie). Here one sees the close smlarrly and behavioror rnese I{o pro|erbs, dlrholgh lbe surrace rension decays for lysozyne inbo$ the high ard low sojution cotrenlratio$ are hisher
rhdn to nbonu.rcase

multi-domain proteins witl which to initiate this
analysis. It is a major component ofblood plasma;
it has no carbohydrate; it consists ofthree, roughly
20 kilodalton domains; it is high in alpha-helix
content and high in disulfide cross-link content; ii
has a high degree of alpha-helicity and is somewhat
myoglobinlike; it binds a variety of ligands,
including fatty acids atrd calcium. The crystal
structure, refned to the 4A level, for human
albumin is now available.'L,3

we have taken the thrce domain model of
alburnin (Fig. 12) and done a very prelunnary
analysis from an electostatic point of view. A
computerized simulated titration of the three
domains as a function of pH and a simple analysis
of the possible electrostatic behavior of those

2
t1->

The optimistic view is perhaps besi described by
Chothia:1c

I The apparently complex structure of proteins is
in fact govemed by a set of relatively simple
principles. Individual proteins arise from paf-
ticular combinations of and vaiations on ahese
principles. An analogous situation is found in
linguistics, where a set of simple gnmmatical
rules govem the generation of diferent, and
sometrmes complex, sentences.

Others have suggested a protein structuml linguis-

We have attempted to apply some of these
concepls to the analysis of the interfacial behavior
ofalbumin.:t Albumin is perhaps the simplest ofthe
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Fig. ?. The comparablc Tatra plot data for cylochrom€ C and nyoglobin Golid li.e). Again, the verl eeD€tuj behavior ls sinilar,
bur qlite difereit from rhat observed in Figs 5 and 6. Myoglobin slows a much higher surface activity, !.esudably due to its higher

tronpolar anino acid coltcnt. and pe.baps its alpha heiix conteni and amphilicitv (S€e R€l 9 lor details.)
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domains at various intedaces allowed us to begin to
formulate a number of hypotheses regarding the
possible intefacial activity of albumin (Table 5).
These hypotheses now allow us to probe into the
voluminous albumin adsorption literature and try
to begin to mak€ sense ofthat enomous data base.
This has been done in a preliminary way in Ref.21.
The aralysis is continuing.

lr  rs clear that a domain approach lo prolein
adsorption and immobilization helps to greatly
simplify the apparent compiexity ofthe process. In
fact, we have been quite successful in applying these
concepts to a variety ol problems involving the
covalent immobilization of antibodies lbr bio_
sensors and related applications.'n

PART I: PROTEIN RESISTANT SURFACES

There is now considemble interest in the devel-
opment of protein resistant surfaces for bio-
materiais and medical devic€ applications. This
builds on a wealth ofexpe.ience over the decades in
the area of colloid science and chromatography, in
which minimal intemcting surfaces have b€en
extensively developed, modeled, and applied, The
fundamental rationale for protein rcsistant surfaces
for biocompatibility purposes is that proteins that
cannot be adsorbed cannot be interfacially acti_
vated. Most bioincompaliblity is believed to result
from protein adsorption processes which change
the structure and biochemical properties ofproteins
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Ttble 3. Solid surface prolerties importart jn prolel!
adsorplion. Ahhough d1e n.sl lour parametes caD be readlly
quanlitated and p.esenied for many surfaces, the bottom lbui
are oilen diniculi to claraclerize, and eve! more dimcult !o
appropnarely paiameielze

Surfacc cha.ge density

Charge rr ansfer properlies?
Acid base character

Sdrfacc h€ierogen€ity

ex. polycftefurelhanes

,-N
_,/

. l > f f i 7 -

in a deleterious way. Surfaces that mrnrmEe
adsorption would be expected to minimize such

Our own work and approach to the problem is
summarized in Fig. 13 and ranges from the
development of means to produce praclical poly-
elhylene oxide (PEO) surfaces on common bio-
materials (utilizing tle adsorption of a PEO
containing polymeric surfactant'z6 ") to the use of
covalently immobilized PEO as a tether for the im-
mobilization of antibodies and other proteins-'3 'e
we are also developing gradient surfaces as model
systems for studying and optimizing protein re-
sislant surfaces.3o Modeling and simulation ofsuch
surfaces is also under way.31

Earlier in thjs paper we discussed adsorption
ftom a protein perspeclive. Although we considered
the properties of solid surface, we considered them
primarily in tems of classical hydrophobic and
eleclrostatic interactions. We now wish to consider
them from the point of view of dynamics, pai-

Fig, 6. sch€natic and Ceneral dravirg of p.otein adso.ption
aDd desorptjon kidetics and protei! adsolption isolhems. A
rmbe. of adsorplion parameters are slesesred for the

lreliminary Talra plot aDalysis. (F om Ref. 15.)

licularly the dynamics of a su ace that has lhtle
potential for irtermolecular interaction with aque-

Polyethylene oxide appears to be a nearly ideai
polymer from such a perspective (Table 6).'z6 3'2 It is
a neutral molecule, and its weak hydrogen bonding
characteristics can be easily satisfied by surrounding
waler molecules- Its low refractive index suggests
that van der Waals interactions wili be relatively
low. Its stereochemical structure suggests that it
tends !o fit into the tetrahedral water lattice with
minimal perturbation of water structure. It is
perturbation ofwater struclure, and particularly its
enhanced strucluring in lhe presence of hydro-
phobic solutes, that leads to the hydrophobic
interaction. Thus solutes that minimally perturb
water sfuctrue are expected to have little or no
tendency to develop and promote hydrophobic
mtemchons.

PEO is infinitely soluble in water and has
exceptionally low chain dgidity. It is a dynamic and
mobil molecule in solution. It fits almost all of the
criteria for a surface that has minimal interactions
of any kind with protein and for a surface thal

//./7V77772-

--z)v/x-/z - 2,:
ti:--,'-rt'-
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T le 4. A very preliminary set of parameters foi a Taria llot
relatins to protei! adsorylion at solid/liquid inteifaes. (From
ref. 15)

 pH : PI-pH Measue of net protein charger range
fron -5 ro 5

r" cc)

Los(ionic slreneth) Measu.e of sreenilg of electrostatic
inteiaciions betwee! proteins add
surfacej lange flom 4 to 0

co . ,  cos .oe  o l  rd le r  con ts - r  anBle .
hydrophobiciry of surf&e; range
from -0 25 io l 0

Surface chargej rdnge liom 3 to l

Nomalized surtrce coverage is
related to lateral ilteractions in
adsorbed protein layer; Erge from

Molar enthalpy ofadsorplion at iow
sDrface coverae€s; range fron

1500 to 1000 (kl/moi)
Denned as: (,",",.",,.,.r*., (1,., 

"-.,"."riranse froD 50 to 50 (m!)
Efeclive suface hydrophobicity

measued by .iFPnA binding md
hydrolhobic interaction
chroBatoeFphy (HIC): .ange liom
0 t o l 0

Averase d-momenl nultiplied by
flactio! of d-heli@s in molecuie I
range fron 0 to 0.25

Denalurat€ temperature bsed on pH
of butrer soiutiotr : .ange liom 0 to
100 fc)

concentmtion of PEO, preferably an interchain
sepantion of l0 A or so, whereas for very large
protein"s, the optimum may be in the range of
15 20 A interchain distances.

This conclusion derives from a model involving a
large number of assumptions, and is yet to be
experimenrdl l )  lesled. Ci!en $is model.  holrever.  i l
is nol  par lrcular l ]  surpr i ' ing lo ur Lhal di lTerence. in
protein adsorption and prctein rcsistance are
obsefled for difercnt proteins on lhe same PEO
surface. It is highly possible that a surfac€ may be
rcsistant to fibrinogeq and even IgG, while being
adsorytive towards albumin, which some of our
own preliminary data suggests.3o

Another major problem is the patchiness of
modified surfaces. In order to obiain a thorough
charactedzation and undeNtanding of gradient
surfaces, we arc now developirg methods to
characterize the patchiness of surfaces. In facl, it is
indeed the patchiness, or lhe domain characteristics
of multi-domain mateials such as polyurcthanes,
that is probably responsible for their peculiar
protein adsorption properiies,s3 because thei do-
main sizes are comparable to the sizes of protein
domains. Thus patchiness ol the same order with
PEO su.faces, that is in the range of25 200,4., will
certainly lead to adso+iion results that are diiicult
to interpret. We are presendy involved in a set of
studies dealing with PEO gradient su.faces, well
characterized witl respect to surlace concentrations
and patchiness, in an attempt to partially resolve
tlese complex issues.

PART IV: DIRECT IMAGING AND
MANIPULATION OF ADSORBED

PROTEINS34-.r?

The development of underwater atomic forc€
microscopy (AFM) by Hansma and co-workers3e
and the ready availability of stable, reliable,
commercial atomic force microscopes has made it
possible for us and other groups to begin to apply
AFM to the study of proteins at intefaces. After
seeing the spectacular results of Hansma and co-
workers on the adsorption of thrombin activated
fibrinogen on mica,3e we initiated a study in
Hansma's labomtory to directly observe lgc
adqorpl ion." 'Thi5 !rudy. and Ihe earl ier nbr inogen
study ofHansma, clearly documented the fact that
one could direcr l)  observe the prorern adsorpt ion
process under water, in real time, by atomic force
micloscopy.

We then proceeded to begin to develop the

Aar--.,
ESH

would be of intrinsically high mobility and rapid
dynamics, and is therefore optimum for steric

Some of these concepts were incorporated in a
theoretical model, developed in collaboration witlr
deGennes, in which the interaction ofa hypothetical
protein with an assumed PEO surface of known
properties was simulaled.s' The basic model and its
components are given in Fig. 14. The model suggests
that a su ace designed for optimal proten re-
qistance should have the highest possible con-
centration of immobilized PEO and a maxrmum
PEO molecular weight. This is ofcourse difrcult to
practically accomplish because the steric exclusion
characteristics of PEO make it dimcult to achieve
high surface concentration, at leasl from aqueous
solutions. Thereforc, tricks are clearly requircd in
order to produce surfaces with a large surl-ace
concentration ofPEO chains. The model also shows
that il one assumes there is a weak hydrophobic
inleracLion bel\ teen PFO and prolein. lhere i !  a
balance, or an optimum, between the number of
PhO chains per uni l  a rea and rhe si /e of $e protein.
For small proteins, one requires the highest surface
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Fig. 9. A preliDinary rep.eseltarion ofa Tatra plol for ribonuclcas ald lysozyme adsorbed on cheCed polystyrele natices. (From
R;t I 5 j ;dsorption dlta fron Ret 14.) Aeain rhere are sinilaJities anddltrermes n the resdls for ribonucl€ase and lysozyne. (Se

technique by careful considemtion of possible covalent bond rupture. Clearly, extensive defor-
artifacts and perturbations, which we tend to call malion of the surface is possible when a force in the
'protein sweeping witb micro-brooms'. Although nanonewton range is applied througl a rigid micro
proteiff at solid sudaces can be readily observed by cantilever tip to the suface.ao ""
AFM. it is clear that the forces of interaction Figure 15 presents a schematic showing how
between the micro cantilever tip and the surface proteins can be swept along the surface when the
result in sigdficant perturbation of the protein sample is scanned with rcspect to the stationary
films.t6 The sensitivity of prcsent-day instr$ments rigid tip. The magnitude of this efect can be
requires that significanlinteraction fo.ces be present controlled by applying grcater or lesser lorces
beaween the tip and the surface. These forces are in between the cantilever and the surface, by contlol-
the nanonewton range which, given the contact area ing the scanning rates' and by progmlnming t}le
between the tip and the surface, can even induce scanning area.
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Myoglobin MGB/PS(-)

MGB/PS(+)
Fig. r0. The cooparable data for nyoglobi!. which has a rery differcnt set of protein properties. y€t the adsorptioo b€hllior is

comparable 1o ihat of ribon@ledse.
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d-LA/PS(-)

19

4 
t_'- r'tl

- { r_*( 'v t

a-LA/PS{+)
Fig. 11. The p!€limjrary Tatm plot daia for lactalbmin. a lesativ€ly charsed lrotein with a low alpha-helix @nrent Now t!€
laiter! is very defnilely din-erdr. and the adsorption sloFe is muc! ditrerent from that for ihe other proteins, piobably representng

rlre strols el4trosuiic nature of th€ iDlelaction in rhis cas
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Fis. 12. The'tennis ball dodel ofalblmi4 showire the 6ree
najor dooaiN aDd tle disuifde bonded alpha helical sub'
doDains. Donain I is ihe N-temiDal, Donaln III ihe C-
.em,ndl  \ore lhe dr$ercuces .o o\e,a l l  cb!8e in  rhe rdr ioL.

domains. (F!om R€fs 22 and 23.)

Tdle s. Preliminary hrpotheses oupling hman albunin
stuctural lropefties 1o interfacjal activlty at pH - 7. (Ftun
ref. 23)

Domains I and Il are negatively
clarged and vould be
prefereltially bould. As these
doodN are le$ stable than
donaiD lll, o!€ would expect the
adsorbed aibdin to bc no.e
denailred than on othei surfaces

Domain III n weakly posni'e and
wolld tend to adsorb. Tnere $
liitle denaiuration due ro the
slabilily of domain III when it
coriajrs bound fatty acid

The tust loop ir domair I is
probably hydrophobic and would
tend 1o bind. As this loop is less
srable than other loops. a slow
lime-dependenr denaluration can

+c-c-o +
Fig. 13. Various approaches to proiein resislet surfaces that
se hav€ b€en studyl!8. upp€r lefti *e have attmpted 10
lbeoredcally dodel grafted PEO usiDs thc decenns scaling
and b.ushmodel app!oacb.3' Lower leh. we havebeer studyng
conBercial ald especially synthesized PEo-containing poly-
meric sufactants as the neans for the practical and rapid
trealment of biomaterials Lowef ngbt. we
have been omplorrlg imobllized PEO as a €rher or spaer,
with shic! to ilmobilize antibodies and orher bio
molecules.:s sr Uppo. ngh! su.faces that contain a gradient in
PEO conGntration along one dimension of a material a.e now
beins developed and studied exp€rimentally. Thes€ nodel
surfaces should mable a rapid asse$nell ol the paraneters
and chtuacteristics required for optimrm prolein resistant

surfaes.30

Tabl€ 6. Some ofthe propertios of poiyelhtlene onde, which
may be imporiarl in ils surface nodincalion and !.ole'n
resisiant characle.isrics. (From refs 27-32)

why poly(oxyethylene)?
. It is a lcurral m&romolecule.
.  lL  hc\  a oq Fi r " . r \e  inde\  ( low vdw inr .dcr .ont .
. !t has h sh sarer sollenc! and low risiditr.
. ir hds h an noDltry/oynauc{

(c c o),
POE - poltoxy€thylere
PEO = polyethylene oxide
PEG : poly€thylene glycol

Figure 16 is the rcsult of an adsorbed layer of
fibinogen which was then scanned over particular
areas so as to pmduce a 'u' pattern represenling,
for public relation pulposes, the Uriversity of

Fis. 1.1. The schemalic model used for tle pleliminart
theo.edcal teatmelt of prot€jD interactions sith PEO con-

raintng brush sufaces. (Refer to Ret 3l for ddails.)

Utah. We are now in tle process of attempting to
apply this unique ability to sweep proteins to the
design of expeiments, and perhaps even to the

':/tl|tfl l;/ fulll:\
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Fiq. 15. The sclematic illust.alion ofthe abililt of a! atomic
fo;ce mi.roscope to sweep adsorbcd proleins over a surfae
usins the contact fore Dode: (a) Tip mo'ins in the fasl
scanni4 direction be-sins sweeping the proteins across the
surface, provided rhe verli@l force ex€ned on the tip by the
pro .ern  F  rma l l .  ,b ,  A)  rhe  p ,o re id  bee 'D.  o i l iog  uD r fe
interaction of thc aggregate with the sunae mcteases,
ploducing a ialger renical fore exerred on rhe cantilele. (c)
when rhe vertical lorce becomes sulliciently large 10 ause
cartilever dciection, the f*dbacL system retracts ine piezo
electric crystal, as indicated by the dovrwa.d ar.ow. to
nairtain constant force. (d) The piezocl€ctric crystal ad!anc*,
as indlcated by the upward arrow, when the vcnical force js
diminished and the sw*pins p.oce$ begins aeain. {From

Ref. 36.)

development of devices involving preassembled
protein arrays. We are also hopeful that we can
apply this method lo analysis of multidomain
pol) ' rner qurlaces. (uch as pol lelherurelhane'.  in
the hopes of being able to directly image and
characterize the morphology of such surfaces under
water. This is done by utiiizing a force modulation
method and model systeDs involving rigid and soft
Pol]'rner blends."

It is likelythat the sensitivity ofAFM instruments
will be improved substantially so that much smaller
forces will be needed for the imaging process The
results to dale, however. suggest one can indeed
image proieins at surfaces, albeit at this time with
relatively low rcsolulion because offorces involved
and the softness and lack of igidity of protelns.
especially in aqueous environments- It is clear that
much progress is being made in overcoming some of
these probiems.az lt is also clear, however, thatthese
problems and potential artifacts can be important
tools and developments in their own ight, as we
have demonstrated with the manipulalion and
processing of fibrinogen in Fig. 16. Indeed, the
ability to move proteins around on surfaces into
predesigned pattems and arrays may well be the
most imporranr biological  appl ical ion of scanning
force microscopy.

SUMMARY

We have atlempted to sunmarize most ofwhat we
think we know about protein adsorption in Fig. 17

Fis. t6. Tle resulrs ota proerammed prolcrn s$eeping experiment using adsorbed nbrinogen to Produce a bloct leiter U, cl*ilv'0"-.rrt 
",.",r,",titi," "f 

.erM;d ts sca;rne process to sNeep and manipllate proGins on suiaces. {From R€l 16.)
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(modified from Rei 43). Figure 17 and its com-
prehensive caption serves as a gnphical summary
of most of the curent principles of protein
adsorption and protein interface engineering.

we feel lhar r he adsorpl ion of lhe . imple proreios
at simple interfaces is qualitatively understood.
This undentanding is beitrg extended to the be-
havior of complex proteins, even at complex solid
interfaces, by the careful consideration of domains,
domain properties, patchiness of the surface, and
domain-patch interactions. In fact, this can be used
to develop lhe concept ol statistical specificity of
surface interactions (see Andrade in this volume).
The various domains of complex proteins and the
various domains and patches on complex sudaces
each have their own surface activity and denatur-
ability which must be characterized and incor-
ponted in the analysis.

Surfaces that greatly decrease adsorptron and
ma) eren be rel islanl lo prolein inreractioDs are
becomrng a\ai lable. Models and s,mulations. as
well as experimental results of proteitr interactions
with PEO sudaces, suggest that such surfaces do
ind€ed work, and can be further optimized and
enhanced for biomaterials and related applications.

Finally, the new technique of scanning force
microscopy shows potential not only in the direct
jmaging of proteins and complex biomateial
surfaces but, perhaps even more importanlly, in the
manipulation, processing, and fabrication ol pro-
tein interlaces.
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REVIEW

Polymers Have "Intelligent" Surfaces: Polymer Surface Dynamics
J. D. ANDRADE

Depanments of Materials Science and Bioengineering, Center for Biopolymers ar Iaerfaces.
2480 MEB, University of Utah, Satt lake Ciry, m 84 2

ABSTRACT: The 'intelligence" of syntheric macromolecules is currently a ropic of great i0!eresr,
popularity, and activity. The understanding of macromolecule mechanics and dynamics has reached
the stage where utuque and novel applications are being developed

Here I present basic principles of polymer surface science, bulk polymer dynamics. and some
selecbd areas in polymer surface dynamics.

I include a brief treatmenr of the complexity of highly dynamic, multi-domain. macromolecular
surfaces and their interacrions with higtrly dynamic. mulri-domain *block copolymer- proteins
which are important in biocompatibility and biotechnology.

BACKGROIJND

IDoLYMER physicists and material scientists are weli
|. aware of the dynamics, the relaxations, and the multi-
tude of conforrnational states which exist in most polymeric
materials. Indeed, it is these very properties thar are largely
responsible for the unique set of physical and mechanical
characteristics which have made polymer materials and the
products derived from them so ubiquitous in every day life
tr,21.

Biopolymers, and parricularly proteins aod polynucleic
acids, have a history long track record, and even expecta
tion of intelligence'. Multiple conformational srares, con-
formational nexibitity, coopeativiry, specifi c binding in-
teractions, temperature and pH sensitivities, and a myriad
of other properties are all common or expected with bio-
polymers [3], yet it is only recently that the same set of ex-
pectations has been extended to and attributed to synthetic
macromolecules- This is largely because the two worlds
have not overlapped in terms of $e pracririoners.

Fortumtely that situation has changed dramarically in rhe
last decade. The proliferation of programs and resea.ch
groups in biomedical materials, drug delivery systems,
medical devices, and biotechnology has produced hybrid
scientists and engineen; their students and co workers now
expect synthetic macromolecules capable of far more than is
oormally reflected in polymer materials textbook.

Our focus is on the 'intelligencd' of surfaces and inrer-
faces, parl\cularly those involving polymers. Surfaces and
interfaces operate with the same set of thermodynamic and
kinetic rules as do bulk phases. Indeed, rhe equations of
surfaca thermodynamics are exactly the same as those of
bulk thermodynamics with the exceDtion that the interfacial
work and interfacial free energy terms are included, rather

AsseiatE Editol C. Wa ace.

lhan neglected as in rhe case of infinrte bulk phase slsrems
[4]. As soon as t]ris is understood, then of course the "intel
ligence" of polymer surfaces becomes much less of a mys-
tery. Surfaces and interfaces respond to their environments
Just as do bulk polymers. Surface and interface propenies
are time and tempcrature sensitive, as are bulk polymers
ts1.

The dynamics of polymer surlaces are rrell knowl in rhe
adhesrves and texti le f iber communiries. lndeed. rhere is a
rich patent literature which goes back over 40 years [6].
However, because of the normal classical assumptions of
surface chemistry and physics [4], i.e., rhat surfaces are
homogeneous, f lat, rigid, and immobile, the dynamic
aspects of most polymer systems have been largely
overlooked, ignored, and even unk:nown to the academic
polymer science and surface science communities, unti l
perhaps 20-30 years ago.

About 20 yean ago, surfacc dynamics was rediscovered
by the medical devices community, largely rhrough studies
on contact lenses [7]. Since rhen, there has been growing in
terest and application of polymer surface dynamics in
medical and biomaterials problems [8].

INTERFACES

The major driving force tbr intertacial processes is rheir
interfacial free energy (Figure l) L9.41 49). Al rhe solid
polymer/air or /\€cuum interfacc this is otien called the sur
face frce energy. or evcn thc solid surf-ace tension. The in
terface Orders or structures so as to /rit ini.-{, lhe Surtacc
free energy. thereby minimizing rhe overall cnergy of rhe
systerr. The situation is quite differenl at a \olid
polymer/water interface. Herc the very high surface tension
of warer itself, couplcd u,ith the charactcrrsrically lou sur-
face free energy of solid polynrers. leads ro thc dcvelopnrenr

JouwAl oF INTEUTGENT MATERTAL SysrEMs AND STRUCTURES, Vol. 5- September 1994
1045-389X/94/05 06p O/ $6.00/0
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Figure | . Hypothetical intedace between two phases, A and B, and
the surface Ension and work ol adhesion comfbnents (hom Reler,
ences [9] and [520.

ofa high interfacial free energy or interfacial lension. This
can be estimated; a now somewhat old and classical dara ser
is shown in Figure 2 [9].

In Figure I we see a typical hypothetical interface be-
tween fwo phases, A and B. By yn and y" we refer to rhe
surface free energy or surface rcnsion ofeach ofthe individ_
ual phases. By 7,,,, we mean the interaction between
Phase B and Phase A at the interface, and -ytr(,). the interac_
tion between Phase A and Phase B. These rwo parameters
constrtute the work of adhesion at rhe inrerface. ,4,. Thc
interfaciaf free energy 7,u is given by l^u = l^ + tu -
t/,r. tt is this inrerfacial free energy that is rhc driving force
for subsequent interface modincation and interface restruc
turing processes.

Figure 2 shows what happens under ideal conditions at a
solid/water interface. The vertical axis represenrs the inrer_
facial free energy bctween the solid and water. The horizon-
tal axrs represenb the surface free energy for the solid 1, in,
te.facing with water, 7,. This is a somewhat academic and
hypothetical plot so we ailow the horizontal axis to go from
zero to relatively high values. Let us take a rypical
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Figurc 2. The intedacial lree energy, -.t^8, and work ol adhesjon
W^8, fot suiaces ol diftercnl suiace hee energy, 1L in watet (frcm
Reference [9 .

hydrophobic polymer, such as polyethylene or polypro
pylene. which would have a surfacc free energy in the range
of 25-10. The very high surface rension of water, 72.g
dynes/cm or crgs/cm'. interacts largely by its own disper
sion forces with the hydrophobic polymer, providing a work
of adhcsion component Iargcly dispersivc or apolar in
naturc. ' l 'hcrc is l i tt le or no polar intcraction ac.oss the in
terface as there is no polarity; the dipoles in warer really
have nothing to interact wirh on the polyethylene surface.
assumlng a completely unoxidized hydrophobic polymer.
Thus. the polar and hydrogcn bondrng inrcracrrons in warcr
which are manifested at the inrerface arc entirely un
compensated, and,are therefore largely responsible for the
rcsidual interfacial frec cncrgy. 1,,.

More highly polar polymers, for example an epoxy or
nylon, would be in the range of perhaps 40-50 ergs/cm'.
havc a somewhal lower interfacial free energy, becaise now
there are mutual polar or dipolar interactions across the in
tc.face. The work of adhesion is also shown on the plot.

lf one considers solids whose surface energies are much
higher than thar of wate( rhen the inrerfacial free energy in
creases again, but this rime mosr of that energy is coming
from the uncompensated forces on rhe solid side of the in-
te r face  Ce l - l i ke  \o l rd  marcr ra l \  o f  very  h igh  wate f  conrenr
have a surlace free cncrgy or surlar.e tenrron almod equal ro
that of water irself 2I. Such a marerial is shown at the posi
tron ol about 72 ergs/cmr on the horizontal axis and would
ol course havc a vcry low interfacial free energy against
water. Because of such very low interfacial free energies,
aqueous gcl matcrials tend to have wcak interfacial interac
trons. such as adsorption ol proteins from aqueous solu-
t  ions .

We havc discussed these principles in a number of reviews
and books  over  lhe  ycars  14 .5 .8  I2 l .

Holly and Refojo, srudying rhe wertabil iry ofhydrogel soft
contact lcnses [7], showed that polyhydroxyerhylmeth-
acrylate (PHEMA) based lenses appeared to behave as
hydrophobic surfaces in air. and as much more hydrophil ic
surfaces under watcr- A gcneral understanding lrom their
studies, and many others on similar systems over the years,
is that polyHEMA is a good exarnple of a hydrophobic
hydrogel [3]. HEMA is an amphiphil ic nronomer with
weak surfactant properties fl41. and polyHEMA is an am
phiphil ic polynrer. When highly plasricized by water under
equil ibrium swell ing conditions. rhc hydrogel interface is
hrgh l i  n robr lc  and can redr rJngc  r ) r  re \ t rucrure  lo  min lmlzc
its interticial frce energy. [n air or vacuum this is ac
contplishcd by orienting the n]ore apolar segments of the
mer unils lowards thc air or vacuum side of the interfacc,
thcreby mininrizing thc surface f-rcc energy and maximizing
the surface hydrophobicity. Under water. however, it is the
polar. more hydrophil ic side clrains lhat tend to orient
towards the water phase, thereby functioning as weak sur-
factants and minirnizing thc interfacial tension. These ef-
fects are easily seen in dynamic conlact anSle expertments
!51. when a water droplet is advanced along a polyHEMA
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surfacc, the advancing angle is quila hydrophobic whereas i l '
that same water droplet is receded. the receding anglc is
low. suggesting a highly hydrophil ic surtacc

Such contacl angle hysteresis experiments are well known
and are one of the standard methods of characterizinp the
surfaces [4.301 fhe polymer srmpll responds to its en-
vironment.

A now classical study by Pennings and Bosman [19] dem_
onstrated the dynamic restructuring of polymers cast against
a high energy gold substrate, and rhen allowed to restructure
or reorient in air under different t ime and temperature con-
ditions. From such a study they determined that the activa
tion energy for surface restructuring was approximately
equal to rhat of the bela relaxarion for rhat panicular
POlymer.

Mecbanical and dielectric relaxation studies demonstrare
dramatically the rime/temperarure dependency of polymer
dynamics [,2,201. It may be reasonable to suggest rhar high
molecular weight synthetic polymer sysrems are rarely, if
ever, at equil ibrium. What you see depends on when and
how long you look. This is certainly true for polymer prop_
ertles and is perhaps even more true for surface propenies.

These effects a-re now well understood, but they have not
yet made rt fully inro surface chemistry and polymer science
textbook, although rhey are becoming increasingly recog,
nized in the chromarography field [51]. One finds the
phenomena are being regulariy rediscovered in the l iterature
[21]. These effects have been known for a very long time in
cenain aspecrs of rhe polymer indusrry and in panicular rhe
textrle communiry [61. Reference [6] refers to a lgl parent
assrgned ro rh€ 3M Corporation describing a set of copoly
mers which res[nnd reversibly ro changes in their environ_
ment. r.e.. "inreuigena' surfaces.

If the polymer surface contains ionizable groups which
differ significantly in their polarity in going from the non-
ionized ro the ionized srare, then a simple change in pH can
dramatically change rhe polarity and wertability of the sur_
face. This has perhaps been most elegantly demonstrated in
a set of recent srudies by Whitesides and his group utilizing
essentially contact angle titrations [22]. Folymer surfaces
conlatnlng azobenzene or other components which can
undergo a trans to cis photoisomerization, with a sisnificant
increasc rn dipole moment and thereFore polanl). also dem
onstrate significant wetting changes upon photoisomeriza
t ion  [23 I .

BULK POLIMER DYNAMICS

Polymers are dynamic marerials [1,2]. polymer chains
and solid polymers exhibit a variery of morions. The ends.
loops, and segmenls of the chain\ can errrnence a variety
o[ relaxation processes whlch are trme and temperature dc-
pendent. The most well known and quoted of these dynamic
processes rs the microBrownian motion characteristic of
polymers held above rheir glass transition temperature, L,
the temperature at which there exists motion of main chain

segments involving pcrhaps 50-100 carbon/carbon bonds
6i. The glass transition rempcrarure of polymerhyl merh-

acrylate (PMMA), a rigid polymer. is abour 130.C.
whereas for polydimethyl siloxane (PDMSO). a highly
dynamic mobile polymer. ir is - 120" to l l0"C. The
microBrownian motion of pDMso rs present ar room tem,
perature, whereas the microBrownian morion of pMMA is
not activatei unti l the temperature exceeds abour 130.C.

Howevg1, svsn rigid polymer surfaces can be clynamic
wrth respect to interfacial propenies and processes. The
glass transition temperature argument alone lvould suggest
that PMMA would not restructure under water because the
polymer molecules do not have sumcienr nrcbil iry or
dynamics to respond to rhe high interfacial tension ar room
temperature. But this is not so. The I. refers only to micro-
Brownian motion-activation of major segments or parts of
the polymer chain. Many polynrer systems have side clieins:
side chain roation requires much lower acrrvatton cneroie.
In the case of PMMA. the side chain rorarion. i e .. thc beta
relaxation, is activated in the range of 20"-30.C: this is
sufficient to provide at least some siarisrical amphil iciry ar
polymer/water interfaces. Indeed. PMMA and other
polymethacrylates can be spread as monolayers and
characterized by pressure/area t\orherms ustn! Laggmurr
t rough techn iques  I t7 ] .  As  rhc  number  n t  carbon ar6nr .  rn
the side chain increases. they provide plasticizarion of rhe
system, thereby decreasing irs I and providinu for a more
dynamic and mobile polymer l18l.

GRADIENT AND HETEROG ENOUS SURFACI.]S

A quarter ofa century ago J. J Brkerman rn a *,ondcrful
monograph considered the problern of warsl (soplg15 on
heterogeneous surfaces [24J.

Surfaces with a continuous range of surlace charactcr
along one or more l inear dimensions. qradient surtaces.
have become popular in recenr years ibr ihe srudy of rhe ef-
fect of a solid surface paramcte. on inrerfacial processcs
They have perhaps been mosl widelv enrplored in srudies
related to biomaterials and bioconparibil ir\. parricuiarl!
protein adsorption. Pioneercd bl Hans Elrrins and co-
wo.kers. they have been uril ized by Elrving and a number ol
other groups and have provided intportant. fundantental in
[o rmat ron  on  lhe  ro le  o f  sur lace  prope le \  nn  f , ro tc in  Jd-
sorption [25.26i.

Very recently alkyl thiol monolayers have bcgn,..dit.
model. highly ordered surfaces for a variery of applicarions
[Z]. These surfaces are so ordercd and so ideal that rhey ex
hibit very low contacr angle hysreresis. I l *,as shorvn bl
Z isman many years  ago l28 l  lhd t  on l )  h rgh l \  o rdcrcd .  h , ,
mogeneous, and packed rigid surfaces exhibit minimal con
racr angle hysteresis [4,28.291 Vinually all other surfaccs
demonstrate signil icant hystercsis.

Whitesides and co_workers have prepared gradienr sur
faces using thioalkyl reagents. Although such surtaces vary
in  wet tab i l i t y  a long the  l inear  d rnrensron.  a t  an \  pdr t l cu ld r
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point on the surface the contact angle hysteresis is very low-
Such modern, ideal surfaces allowed Whitesides ro show
what Bikerman had speculated upon decades earlier [24],
that is, a water drop could bc made to move along such a
surface "scarching" for a position which minimizes the
system's tolal energy. This tendency can be made great
enough that the 'rater drop can even be induced to move up
hill [30], an elegant demonsrrarion of the importance and
strength of interfacial energetics, and a reasonably high
level of interfacial ' intell igence'l

Polymer blends, diblock polymers, and triblock polymers
generally involve two or more distinct phases of different
cohesive energy density and different surface character.
Such materials are also interfacially dynamic on an even
grearcr spatial dimension than the individual polymer chain
processes discussed earlier. Assuming that at least one of
the phases is highly mobile and above its glass transition
temperature then, given sumcient equil ibration time, the
low energy phase tends ro dominare in aiq whereas the high
energy phase tends to dominate under qrater. Admittedly
this behavior is constrained in diblock and rriblock systems
by block size and stoichiometry, but nevertheless, the ten-
dency is there. Systems with a polysiloxane continuous
phase, for example, are almost rotally dominated by the sil i ,
cone component rn arr.

PROTEINS AND BIOCOMPATTBILITY

Proteins are complex polyamides with a wide range of
amphiphil ic and dynamic characterisrics. Chan and Dil l
recently reviewed rhe motions and time scales for both pro-
teins and synthetic l inear polymers [31] and, alrhough the
nomenclature and the semantics are different in the two
worlds. the processes and the principles are similar. The
tendency for protein molecules to adsorb and then confor-
mationally adapt (denature) at polymer/aqueous interfaces
has been an area of major study for the past 30 years
[32,33], largely driven by rhe need ro enhance and improve
the blood and/or rear compatibility of various medical de-
vices and diagnostic products.

A number of "magic" biomaterials have been studied by
our group from the point of view of interface dynamics and
restmcturing. Here we discuss some .ecenl work on
polyether urethanes, because they represent multi-phase
polymer systems with the "intelligence" required ro restruc
ture their interfaces, depending on the environmeat.

Tingey [34] and othe.s [35] have extensively
characterized the surface propenies of biomedical polyerher
urethanes both in and out of water. Briefly, there is a ten-
dency ior the low energy phase to dominate in air and the
more high cnergy phase to dominare in wate., although in
many biomedical polyether urethanes the surface free ener
gies of the soft segment and hard segment phases are
roughly comparable, so this rendency is not pa.ticularly
dramatic. It is far more dramatic in multiphase polymer
systems where the two phases differ greatly in their respec

tive 5u1La. free energies. Nevertheless, even in biomedical
polyether urethanes, the tendency is there. In addition, and
perhaps even more importantly, the phase dimensions in
these systems are in the range of 100 angstroms or so. a Dar_
ticularly important scale lor plasma and tear protein interac_
t lon .

PRCTTEINS AND INTERFACES

Proreins are highly anisotropic, dynamic, and conforma,
tionally unstable polymers and thus exhibit a wide |anse of
interacrions at interfaces. The abil iry of rhe same prorein to
interact at different interfaces by hydrophobic, polar, and
electrostatic mears, and by combinations of such forces, is
now well known and has been extensively discussed

0,tl,36|. The abil iry of such proreins ro conformationally
adapt, i.e., denature, at interfaces is also well khown and
qualitatively understood [36].

Such understanding, however, is most complete only for
relatively small proteins of single domain character whose
3-dimensional stmctures are known. These have served as
model proteins for the study of interfacial behavior and have
greatly advanced our understanding of such processes [37].
Howeve., most proteins in blood, tean, and other body
fluids are not small, single domain, "modet' proteins.
Rather, they are of high molecular weight, ranging from
perhaps 40,000 to several million, the crystal structures are
generally unavailable, and they consist of a wide range and
number of domains [38,39]. Most proteins of interest are
analogous to block copolymers, in which diferent regions
of the same molecule can have very different chemical and
physical properties.

A good example is fibrinogen, one of the more concen
trated proteins in blood plasma, whose function is to pro-
vide a polymer network and much of the mechanical
strength of a blood clot. Fibrinogen has t2 thermo-
dynamically autonomous domains [40,41] with a total mo-
lecular weight of about 350,000, involving 6 polyamino acid
chains. One might think of rhis as a star polymer wirh 6
arms on the star, but the a[ns associate and self-assemble
into 6 times 2 independent domains. These domains have
different dynamics, i.e., thermal srabiliries, they have dif-
ferent electrostatic characteristics, and they have different
apolar characteristics. Thus the domains each have their
own unique set of surface and interfacial propenies, which
means that the protein can interact with different interfaces
by different domains, providing a wide range ofpossible ori-
entations and interfacial ordering or self-assembly pro
cesses [1,41].

DOMAIN-BASED STATISTICAL SPECIFICITY

Both Feng [42] and Tingey [34] studied the adso.ption of
some 16 different proteins from dilute blood plasma onto
rigid carbon surface5 and soft polyurelhane surfaces. re-
spectively. Feng found that adsorption largely correlatedj
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T I A i F :  -  n  r t t n r : \ n face. tf, on the other hand, the protein is relatively "hard"'
i.e., is domains have high thermal denaturation tempera-
tures, and it is interacting with a soft. more conforma-
tionally adaptable polymer, then the polymer surface may
conformationally adapr to its new protcin envl.itnmcnl

This domain matching may be the basis of "specil icity"
behavior in some systems. This is of course a speculative

(b)

Figure 3. Speculations on domain-based "statistical speciticity".
assuming a multt domain prctein (top, left) interacting with a multi-
damain palymer whose domains arc rcughly comparable in size to
those of the plotein (e.g-, cenain polyether urethanes). fap: domain
malching and inteftctian complementarily; middle: protein dena-
turcs ar adapts lo try to match polymer; and bottom: polymer sur-
face aclapts to adjust ta a less-adaptable ("hard ) prctein. The
variables likely to be imporlant include protein and polymer domaln
sizes and sudace chemistries, prorcin domaio denaturation temper"
aturcs. and polymer domatn glass transilion temperatures (lrom Rel
erence II | ]).

with the concentration of the protein in solution and that all
p.oteins adsorbed irreversibly, with, to a first approxima
tion, adsorption being independent of the particular proper
ties of the individual proteins. The only real correlation
observed was with the solubil ity of the respective proteins,
as cxpected [1,42J. Tingey, on the other hand, using
polyurethanes, found several proteins were highly
depleted/adsorbed on certain polyurerhanes, bur not on
others. There was a crude correiation with polyurethane do-
maln stze.

This had led to what we call the "multi-domain interaction
hypothesis": a muLti-domain protein interacting with a
multi-domain polymer surface, wherc the protein and
polymer domains are roughly of comparable dimensions,
lcads to a number of possible scenarios. If there is some
matching or complementarity between the domains on the
solid polymer, and rhe domains on the prorein, rhen, in
time, the adsorbed protein wil l orient ro optimize such do-
main interaction matching (Figure 3, rop). t i the dimen-
sronal matching is not optimum and the protein is reLatively
"soft", i.e., easily denaturable [t,43], or at least the crit ical
domains involved are easily denaturable, then the protein
may conformationally adapt to the mo.e rigid polymer sur

)
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Figurc 4. A schematic view of a dynamic polymer suiace n dl
ferent envionments: (a) in at (b)in water: (c) a orotein molecule in
water exhibiting its equilibriun 'sudace : (d) the protein apprcach.
ing a water-equilibrated sudace: and (e) the polymer-adsorbed prc-
tein system with the protein shown inleractjng manty via hydrcpha.
bic interactions. lhe polymer surlace has restructured to
hydrophobically interacl wjth the ptatein and. where appropriate. n-
teract -t/,/ith the aqueous phase by hydrcphilic means (t'ram Refel
ence I53l)
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hypothesis which will be diffiCult to test because of the
difficulty in characterizing polymer surfaces and adsorbed
protein fi lms in aqueous environments with high spatial .es-
olution and with conformational and orientational informa-
t ion .

Figure 4 shows a dynanric copolymer in air, in which the
more hydrophobic side chains dominate the surface. We
now understand the same polymer in water will rearrange its
surface, given that it has sufficient mobil iry and time to do
so, to express more of its hydrophilic and less of its
hydrophobic characrcr. But the story is not over if the
polymer is in an aqueous solution which contains solutes or
colloidal particles which can adsorb and modify the inter-
face. [n the final panel in Figure 4 we see that sarne water
equilibrated polymer surface is now sitting undemeath a
protein with a multiplicity of domains and hydrophobic/
hydrophil ic character. Just as the protein attempts to accom
modate to its new microenvironment, the polymer, too, is
restrucluring in response to itt new m icroenv ironment.
They are both intelligent in this respect. Their mutual intel-
ligences are complicated by the cooperativity and de-
pendence of the various processes on each other.

CONCLUSIONS

Heterogeneity

Polymer surfaces are never homogeneous - there are
simply different degrees of heterogeneiry. The polymer
chains are generally oriented parallel to the free surface
[,14]. Depending on the process and conditions for the par-
ticular polymer material, the orientation may be exrcnsive,
such as in a fiber or highly extruded material- Polymer
chains are finirc-there is a granularity or heterogeneity on
the level of the size of individual polymer molecules due to
the lack of interpenetration of these molecules. There may
be microBrownian motion due to glass transitions and
related relaxations. There may be side chain rotations. Pro-
teins, too, are heterogeneous, as indicated earlier-

Dynamics

When dealing with macromolecules, everything is a func
tion of t ime. As described by Chan and Dil l [31i, overall
molecular conformations may require seconds to minutes,
or even longer, to achieve. Routine adsorption equil ibria
may range from seconds to days. Synthetic polymer adsorp-
tion equilibria may require weeks or cven months, whereas
side chain motions may be in the microsecond to ptco
second domain.

Cooperativity

Although not discussed in this paper, the interfacial
phenomena considered tend to involve multiple cooperative
interactions and many low energy binding sites. The sites

may have different dimensions and differelt interaction en-
ergies. Although I only briefly discussed side chain rota-
tions and large domain interactions, there is clearly a whole
spectrum of motions and dynamics between these two
limits.

Statistical'Specifi city"

The heterogeneity of these systems, their dynamics, and
lhe fact that the inreractions are highly cooperative in nature
Iead to 'specificity". Specificity is well knovvn, and even ex'
pected, in biochemical systems. Enzymes interact with their
substrates, and antibodies with their antigels, by a number
of small functiondl groups or side chains, perhaps as many
as five or six, arranged stereochemically to provide comple-
mentary intenctions, yet each of these interactioos, individ-
ually, are of low energy. The fact that such multi-site in-
teractions are cooperative in nature leads to very high
binding energies when complementarity, i.e., stereo specific
matching. is optimum, producing exquisite recognition
capabilities (specifi city).

I have tried to show in this paper that some of the same
behavior can be expected at polymer surfaces-there is a
statistical specifcity. This has, of course. been recognized
by many other groups, and I have previously calle4 this the
*Marcel and Jacqueline EffecC because of the texlensive
work that Marcel and Jacqueline Josefovich have done in
this a.ea [45].

"Intelligencd'

When one has heterogeneity, cooperativity, and
dynamics, and then pus such a system in a different en-
vironment, it of course responds in a time dependenr. com-
plex manner to that new environment. That responsiveness,
or accommodation, is often called "intelligence". [t involves
many levels of complexity which we are only beginning to
appreciate. Such complexity provides the opportunity to
design and develop novel materials and devices.
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Applying "lntelligent" Materials for Materials Education:
The Labless Lab'u

J. D. ANDRADE AND R. SCHFJf,]R

ABSTRACT

$.. A very large number of science and engineering courses taught in colleges and
t universiti6s toiiay do not involve laboratories. Although_good instructor.s incorporate

class demonstratibns, hands on homework, and various teaching aids, includlng comput€rI dass oemolNllauurD' llalllun \,|r u\,!l!swvr^'
:: Ji.ul"tio*, the faci is that students in such courses often accept key concepts and

experimental results without discovering them for themselves. The only Partlal soluuon
. i  

- ' i . -  
--^Lr^- L^- L^^- :-^-^-- i- ;  ""^ ^f nlocs d.rrr. instrat inns end cnmntttet;;'thi, problem has been increasinf use of class demonstrations and computer

simulations.---we 
feel strongly that many complex concepts can be observed and assimilated

through experimeniation with prbperly-designed materials. We propose the development
of miteriali and specimens designed specifi*lly fot4+499++to"t9t:

, 
- ;Intelligentn and "communi-cativei materials are ideal for this.purpose. Specimens

:1, which re,s$nd in an observable fasion to new environments and situations. provided.by
:,, the stuAen6lexperimenter provide a far more effective materials science and engineering

experience than readouts'and data generated by complex and expensive machines,
oaiticularlv in an introductory course. Modern materials can be designed to literally
bommunicite with the observLr. Although some such materials can be obtained from
Commercial and research sources and are suitable for experiencing and learning certain
materials phenomena and behavior, there has been no concefted effort to develop

I materials soecificallv for education application.
+ We are embarkei on a proiect to d'evelop a series of labless l:bsn utilizing various'degrees and levels of inteliigdnce in materials. It is exPected that_,.::l ?lf.:_?Pj:would be complementary to iextbooks and computer simulations and be used. to provide.a

reality for studlnb in coipses and other learning situations where access to a laboratory is
or limited.

J.D. Ardrade, Univeniry of Utah, 280 MEB, Salt hke City, Uiah 841 12
R Sche€r, hotein Solutions, Inc., 39O Wakara Way, Rn. 31, Salt l-ake City, Utah &1108
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BACKGROUND AND RA,TIONALE

Undergraduate students in many science and engineering courses in the United
States have little or no laboratory experience in such courses. The labless science and
engineering course has become a very common feature in higher education. Although
ouBtanding instructors attempt to overcome this deficiency with the use of classroom
.lgmonstrations, discovery based homework assignments, Class projects, and computer
srmulatlons, many instructors may not have the time or inclination to utilize these tools,
particularly inrelatively large lecture environments. labs are also not generally available
lor correspondence, distance leaming, or TV/video coumes. We feel there is a need for
sm4l. inexpensive. completely self contained laboratories which can supplement existing
textbool$.

The several hundred undergraduate engineering programs in the country nearly al.
teach a course in materials science, most with a significant polymer component,- and
many of them t€ach a separat€ course in polymer materials. ln adaition, adi,anced-high
school chemistry or physics courses often include a significant polymer materidis
component. There are on the order of 4O,000 introductory materials science texts solc
annually in the U.S. and Canada (l-2). The National Science Teachers Association has a
l-righ school supplement text which is very popular with high school teachers throughout
the country.
. Although many of these texts come with instructions for experiments and
demonslrations, in-reality. these are rarely performed due to the difficulty in obtaining the
mat€rials in a timely and inexpensive fashion.

The Exploratorium, an interactive, hands on science museum in San Francisco, and.
Klutz Press in Palo Alto, Califomia, recently teamed up !o produce a volume called The
Fxplorabogh, in which a range of hands on, disioveiy based experiments were
incorporated into a small inexpensive book. The Explorabook is the largest selling
children's science book in the United States today. It demonstrates tlie need fo-r
challenging scientific materials by the general public. That need is also present in higher
education.

The recent Proj ect 2C5l report of the American Association for the Advancement of
Science (AAAS) states (29):

"For teachers to be able to bring all students to the level of
understanding and skill proposed in this report, they witt need a rci
generation of books and other instructional nols...Textboolcs and other
te-acli1tg materials in current use are - to put it starkly - simply twt up b
the job."

. Although. there.has been major soul searching and even restructuring of education
throughout_ the nation and a growing emphasis bn hands-on, discovery, experiential
activities, this renaissance has not yet significantly penetrated higher educ-ation. science
and engineering_ education_ in.many institutions is 6till highly didaltic in nature, relying on
computer simulation and visualization to provide an "dxperimental" experieircJfor
students. There are two major problems withthis approach :

1) Motivation -- students know that there is a difference between virtual realitv and
real realiw:

2) Students 6thenvise excellently prepared for college and univenity work often lack
experience in dealing with simple tools, in working with their hands, and in
making simple common sense observations and deductions.

This is due to two major features of our society:
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Institute of chemical Ensineers (AICHE) and the Ma'eri-ars Research sociery (MRs).There is a potymer ktucaion Cenier at the u"i"",i]tv 
"iwi.iili;, #;;;J;ai;;;; 

"Polymer Education Newsretter (3). ih" inrtiilt; chemical Rrucarion ar theDepartment of chemistry ut tt".i,.ririu"oity_;iw;;;#,", Madison, is arso active in
S:ulTf &;"n 

ery or educati onut'nit"'iui 
" 
r- ai ;;;;; il;;;;;l ;*y ;:.r il hl,,

These activities are at herpfur. and indeed have greatly stimulated this Droiect.However,. rhe rvpicar insrrucro.,'p"rti.,tutiy in *r'iii,irflr*g6 
"ili#;"iil"5:"if;"does not have the time or the incrination'to assembre ihe materiars, components, andequipment necessary !o Dut rogerher.;;ii""ti;;;;;r,i,r;u.*tiir!; p"dfiili'ytiii;class is a recture oilv cburse,'which is tvpi""ir.i:"i""ir rnroducrory mareriar scienceand polymer science iourses.

II COMMUMCATIVE'' MATERIALS
ncommunicativen materials.are trose which arter their propertres or characteristicswhen subjected to a perturbation uy trr" oLseri"i. 

'tt 
" rur"rrut,s response to rheperturbation is easirv 

-and 
readity o6sirvea-i,i ,"iit ,""or.r" ro any instruments oraPparatus' The obsirver's own senses are sufficient. There are, of course, manvexamples from common. everyday p*"ti*,-tr," 

"r,i"g"'in;;i;;;;;fi;l d,;;;iry;iiliquid crystar thermometer oi u iiq'"iu 
".y.,ii-uirlati.iiirpurer screen; the chanee inhardness/softness and other-m".ffi;"1-'p;"p"-ff; o'r"pory,n"r. due to chansEs intemperarure; rhe porvmerization or settin'g rip- "i!ri".i, urr,..in"., unJ ;ilii.:;,i;elasticity and exteirsi6n of rubber_bands; erc. 'Artho-ugh 

these are aI usefur, there aremany opportunities for enhancing the educationar 
"orGfioi p"rym"ti" #;;il;;;j-T. d_:rl gl and de ver opment of ft ateri al s w-ii;-h *i ffi ;d. i;,;ff ,il; ;#il#BTKeyconcepts and phenomena (Iable l).

meetin g some barticular .onrur", o, indfiiJ#i. "w.,ilE&;dl
W. wirh rh.;;'rdii-rulnr. rhe srudent canobservephvsicarandihemEilE*d;;;;;Giir'#i?ililltiH'i:ffi .liffiu_tilizing grdient,materigrs (20). 'we 

tri"" Gn ,tiliriffiraoenr surraces for hanv veariiil"'H""JiJ?,1,*:,'""I::,E""rg:':11lE:i*iitstTtvst;,.o;i"p"rffi#ii6iwe are noiv usins rhese.uhuJ.lin-uioi""il;il';ift;:'ri6f ii#'.fr1il1_",li,Li;?imaterials and deviies wirh surrounding ^tisrue, ana ir,,Jlitrputiuility of mareriats anddevices tends to be a strons.function 6f tf," .urfu""-pi.p"rtles of the marcrials (surface
lf."^:":,T_f:_p.lanry, tryoro-prrobicit,ih*c" d.;*-yfffir,n"rr, and surface dvnamics)*nt;.1f,:Iflryrran"r roles in varioui biocciinpatibiliiy.inition. izi,Xi..*- 

-r..{u,eo/,
- | ne gnroent surrace is onein which.a disiinct surface prop"t y ii varied continuouslyIrom one end of the samot-e_1o_1!e other (llj. 

-Eip.r,i*..r;,i"gt"-ril;".iJ 
rh;!.ppropriate biologi.cgr environment permits a qualitative assessment of a wide ranse oflunctrons and activities. therebyalto;ing g*^.";l ;;-;F to u" Jir""*r"a ffi&;;JFor example, we now routineiy prepari lurfaces *itt'Jcontinuous spatiar gradient inwetting, as indicated in Fi eur6 i. ^' ry-g .u"r, .oJu""i praced togerher with a smallseparation, allow the ohenorienon of c;pii*ity,'* 

" 
iii"tion or wenrng or conract angle,to be dramatica'y demonstrated. Such i,"si; ;;;;;;;'l*"""" energy, hydrophobicity,

f9:ltll_* q arb directry observed *J ;;k;;;fi i uno p"rrn*.nr rmpression. oneooes rot need to graph or correrate the results of ttre -experiment. 
one ,fi;lt .;;r-til;cometatrons vividly (lg).
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Hydrophilic €nd Hydrophobic end
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Figure 1 . Capillary rise merhod for investigation of wettability gadients. Two transptrent
gf:,T19^::l?gll€'"di:* re put rdgether with.,upi;rh;;;uorcs rhe prares.rne lower edg€s ot the para el plates- are then brought into contact ,uirh a t ougb filled
::1":r.j::,^y".T-T?:"^: "p*19..Ftwee-n theplates and the height of t6 fiq;dme sclts ls detennned by tbe weuability of the surfacc of the plates (from Ref. l1). 

.

Gradients are used in pa-rticular areas of research. For example, biochemistscommonly use sels with a q;dienr in cross link density, inerUy a""ef"fiiig i g'#i"iiii"porositv''This is widelv uGa in erJrofh;;;;;6;;;;;n anarysts and separarron (re).
llll.:1ry1r:lv" gradieni gels are used in'"t."trrin"rai'f i'..,ou". a gradient in pH, whichatows the separation of macromolecures on rhe basis of net ct argi 1rej. d,[oi'""Gi"surface ro v6lume ratio have been ;r;d-;;-;;";y ;oi..nrr"t,on and mass rransporrdependent effects (12, 13).

Since so manv of the properties of _polymer materials are time and temperaturedependent, it is atmost'nuniur.iry to be adte i. p.J;;diil;r;;i ffi;;;,J,i5 ##i,such observarions. A simple rerirperarure gradient device ur"a *iiii'g.Ji";;;#;;.allows a wide range of relaiionships ro be difurly;il;;.
_1 . rne mermalgradrent devicc wilr provide_a continuous temperature gradient fromabout room temperature to 600c. A p5rymer film at a grass transrtlon_ lemperature of say40"c. placed oir such a device *iir .in"ui" i-rr"-rtr8*t to directly ,i'.*,-?""i'*aexperience the chanse in ooly-mer properties with tempe-rature aUovi,'tfo;, il;il;hthe glass tnansifion t6mperature.
,__Y. . ul" using methacrylate homopolymers of varying alkyl chain length todemonstrare the effect of side chain rengrli oiintemal ptasti6izu?on oi,-T;;; rhil?; d'"physical and mechanical oroperties (31), UriE ilIfi;;yl rn;iilryffi;(i; ="t:04),Polyoctyl methacrvlate fTi ='-6q, ria iiit"""J?"It" uitvi 

"ru,n lengths, we have a nearlyi*al.series of matlrials'wittr *triit tG si"oerts;";il;Gp";?; i; ; ;il;i;,of side chain character.
we are also devel6pilg polymers with a continuous gradient in composition so tharcomposition variation aird itrl.consequ""t ig "*i;iio" *5;;;;ilil'##i",J#il.one end of the film is rigid (pMMAl una ine 

"-trr".'i,"Jir-.J"t lr{jrvial:'iil;;ti;observed directly in the stidents h*J;ab.d;;;;il;.
l ne rore or exosenous orasticisers, such'as di-octvr Dhtharate in poly vinyr chloride,can be:imilarty exrtrience&. pvc;;;ili;g 3la; doF';,*""rzer rs gradrenr exrracledtn methanol to provide a oolvmer film with a iontinuous ringe in plastiC-ir"r;n;;?;nearly zero to i57o.
In the case of an elastomer or a hyd-rogel .network, a variation in crossrink densitv
llj-l:.19iyuY "Pservable.chan_ge i" Gfi""i-. ef"rigitiJr.under 

"onstant toad varie!results in a directty observable chang;i" b"f;;;i,";. "8t';g;d#;il;'ll#"Ti[:,fiHil1
iil:T-"lfyilh,_.-ssrink density. .F.tr,j,;q;;;I;fi;;G;, sweling and dimensionalinversely wittr .r6ssiinl aenrity.change varies inv".servwitrr'ci6i'riir.,i-"*:iiy."i"'#ih1"rill:##Hffiiir"'#H::i:i
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as sets of individinl samples which can be compa-red with one another, and studied as
g.di"oi .ilft"s in which the continuous range of characteristics can be observed in a
single sample.

Temoerature responsrve polymers, initially poly isopropyl methacrylamide,w-hich has
been so widely appiied as an tntelligent" polymer, are also being developed lor these
applications (20).
" polynor$."n", a shape memory polymer, sold in Japan as a technical novelty, will

also be used (32).*--Oth;;-"$#ments 
and activities in the l-abless Labu include molecular weight

,"p*uiion. 
'using gel permeation chromatography, growth of .splerulite's. using

upi-O"t" p"t'm"eri with low melting points, mnsiderations -of solubility and solubility
o'"i*'i"t"r. ihairees in the ionization and redox behavior of polymers in, response to
Llectric field's arid to different electrochemical environments, photo degradatlon, photo
induced cross-linking, and cerain aspects of polymerization.--ift" 

"u"ntu"t 
goii ir thut all of ihe them'es 

-and 
concepts listed in Table I would be

direcflv experienced.:GiO'd-tftori 
polymer samples and the thermal gprdient device, the Labless. labn

will inciude OC tirttriry powered electrical experiments, a variety of optical experiments,
and a small inexpensiv-e device for force, stress, and strain exp€riments' -

What does bne do with these novel and unique polymel samples lor sclence
education? Table I presents a typical topic outline for an Introduction to Polymer
Materials course. Thii represents lvlateriali Science and Enginee_ring 519, the.reqlired
Dolvmer course for Materials science majors at the university of utah (16). This ls the
iirsl anO last polymer mat€rials course for those students who do not go on lnlo tne
oolvmer science track.'- 

if," iiof 
"olumn 

in Table I presents the general topic, followed by a column of
commercial or conventional polymer examplel, followed by a column of the special
materials we are developing. The Table indicates how the new mat€nals, as well :ls
existing materials, are uied-by students to discover and observe the various concePts,
properties, and behavior, covered during this class.

CONCLUSION/SUMMARY

A labless Labo for potymer materials is well on its way !o becoming a real. realiry.
Preliminarv versions are'uei-ne tested in a course at the university of Utah. A field test
version keyed to several majoi textbooks in polymer _science. and engineering.should be
available b'y summer, 1995. Limited commertial distribution is expected in early,1996. ,

The goil is to develop a labless Labo in polymer materials which could be made
availabliin classroom qu'antities with prices cohparable to thosc of existing. textbooks,
i.e., in the $40-$60 rang'e per unit. It i6 anticipated that there will be two such products,
an introductorv polvmei m-aterials version, and a more advanced version.

*" are inieiesti.d in learning of additional materials and phenomena which could be
incomorated into the l-abless Gbt" in a very inexpensive manner. l-abless l-absn in
other aDDroDriate science and engineering courses are also under develoPment'

fni i-a6tess l-abru is a radeirark of-Protein Solutions, Inc., Salt Lake City' Utah'
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" Leadership in the Academic Centrifuge "
by Joseph D. Andrade

Professor of Bioengineering and Materials Scrence
University of Utah

prescnted at the Whitaker Foundation Biomedical Enginecnng Research Conference
Snowbird, Utah, August 5, 1994

It is a pleasure to address this 199. Whitaker Grantee Conference. You are all

considered young or relatively new investigators in the early stages of your acadcmic and

research careers. Thc majonty of you are in academic and research institutions and most of

you are still several years away from tcnure decisions. I would like to share with you some

perspectivc on six short topics:

. The Academic Centrifugc,

. Education and Responsibility,

. Universities ::Lnd Their Faculty,

. Communication With thc Non-Technical Community,

. Leadership -- a Crisis in Higher Education; and.

. You -- Your Role and Involvement in the above five topics.

First, the Academic Centrifuge. Harold Shapiro, president of Princeton and formcr

president of the Unrversity of Michigan, has expressed this most succinclly, "One

challcnge that bears critically on the future of education is the centnfugal force of academic

specialization...centrifugal forces threaten to dnve all the separate groups rvithin the

univcrsity community arvay from the core and to the penphery."

All oi you are tubes or vials in an academic centrifugc. Thc nature oi the tenure

process in most universities, particularly the more prestrgious rcscarch universities. with

which most of you are affiliatcd, directs and insisls that you focus practically all of your

efforts in ouLstanding rcscarch pcrformance and productivity, including, of coursc,

rcscarch funding. In most traditional departments you are cxpected to be strong and solid

in your specific discipline and particularly in a sub-disciplinc. Collaboration, particularly



with people outside of your dcpartmcnt, and especially with individuals from widely

different departmcnts, is ofien treated with suspicion and gmve concem. Most of you have

already experienced this. Thosc ofyou who haven't probably will soon.

As bioenginecrs you are intrinsically intcr- and multi-disciplinary. Your situation is

perhaps a bit easier if you are in an intcrdisciplinary department. But even in

"interdisciplinary" departmcnts, the centrilugal forces are strong. You don't have time to

bc involved in other topics or in issues or concems bcyond your dcpartment, your college,

and your university.

Your overwhelming commitment, drive, and direction is directly picked up by, and

passed on, to your students. In thc rvords of Frank Rhodes, president oi Cornell, "What

frustratcs students...is the apparent disengagement of many of their teachers from any

interest in the larger questions or even in the broader relationships and implication of the

subjects thelt teach...We simply have not done well in linking...scholarship and

professional practice to cntical thinking about the Iundamental issues of lifc."

Derek Bok, formcr presrdent of Harvard, goes on to say, "There is much et,idence

to suggcst an erosion of many forms of pcrsonal responsibility...at a time whcn these

attitudes of trust and moral concern seem tveakened and precarious, it is important to ask

horv thcy can be strengthened :rnd what higher education can contribute to thc process. ',

Some of your studcnts, particularly undergraduatcs, will expect you to at least have

somc interests in socictal topics, in addition to your concerns rvith specilic research projects

and assignmenls. This all leads to a broader question as to the role and responsibility ol'

univcrsities in our society.

Donna Shalala, iormer president of the University of Wisconsin-Madison: ,'There

arc those who belicve that universities can only rcflcct society. I am not aLrnong them. I

believe that univeniities must be role models lbr smiety. We must have the courage to

lead. "



Vaclav Havel, prcsident of the Cz-ech Rcpublic, has stated, "The only genuine

backbone of all our actions...is responsibility. " And yet, that is not discussed, at least not

very much, in most profcssional programs.

There is grorving concern rvith issucs of ethics, but they tend to be focuscd on

professional ethics, the number of authors on a paper, non-overlapping of grants, etc.

There is little discussion of societal responsibilities.

Students must be made "to understand that to acquire special erpertise is to acquirc

p,ower and that it is dangerous to wield such po$,er without learning to use it responsibly...

No professional schcnl should risk creating an impression that matters of moral and social

responsibility are digressions, or sentimcntal irrelevancics, rather than integral parLs of all

sound analysis" -- again, Derek Bok, former prcsident of Harvard.

Perhaps Albert Einstein said it best, "lt is not enough that you should undcrstand

about applied science in order that your work may increase man's blcssings. Conccrn for

man himsclf zurd his I'ate must alrvays fbrm the chief interest of all tcchnical endeavc-rrs.

Never forget this in the midst of your diagrams and equations. " Dcrek Bok continues that

such concerns includc "honesty, promise keeping, free expression, and helping others, for

thesc are not only principles esscntial to civilized sociefy, thcv are values on which all

learning and discovery ultimately depend. "

Part of this responsibility involves communication rvith the general public,

including the press. We all havc the responsibility to communicate rvhat rve do to others,

not only for profcssional development and advancement, but becausc it is also in the best

interest of-society that it be informed and knowlcdgcable. Ultimately society is paying the

research bill, and society has a right to know rvhat it is purchasing. The peoplc have a right

to cxpenence, or at least appreciate, scicntific progrcss and scientific and technological

achievemcnts. This means being able to communioate not only with one's peers and

colleagues, but also with the lay public and the lay press. Many of vou have already

expencnced that it is not necessarily easy to communicatc with the public, and partrcularly



with the press. What you say may bc misinterpreted, distorted, or even outright

misrepresented. Aftcr being bumed you will want to avoid the prcss. But is essential that

you do not succumb to such a tremptation.

We have a scientifically illiterate society: this is a particular problem in our legal and

our political systems. This is not surprising, because wc as scientists and engineers havc

not generally been involved in that communication prooess. We have dclegated it to othen.

The delegation clcarly hasn't worked. We must all be personally and individually involved

in the communication process whether rve like it or not. It is possible to communicirte what

you do to thc lay public. If Stcphen Harvking can talk about advanced cosmological

theones to the lay public, then surely you und I can communicatc what we do in biomedical

engincering, a subject rvhich is generally highly relevant to the typical man or woman on

the street.

In thc rvords of Lro Vroman, a wonderful scientist wcll-known to some of you,

"The day I have come home unable to cxplarn to a child what I did, that day is lost and that

child has receded from me."

It is, of course, necessary to makc y'our comments relcvant and to make extcnsive

use of analogy and metaphor, and to othenvise rclate what you are cxplaining and saying to

the specilic background and interest of 1'our audience. Again, to paraphrase Albcrt

Einstein: "Ner-er fbrgct this in the midst of your diagrams and equations."

Our final briel topic is leadership. Again, Donna Shalala: "lf you asked Americans

who the country's top tcn leaders are they probably would not list a college president. It's

really been relatively recently that the heads ofthe great universities wcrc not significant

leaders in this country."

Warren Bennis probably expresses this thc best in his series of knks on univcrsity

unleadership. lnWhy Izaders Can't laad: The Unconscious Conspiracy Continues,1989

"In previous gencrations, at any given moment, there werc a half dozen univcrsity heads

who were known and respected throughout the world. James Conant, Robert Hutchins,

A



Clark Kerr, and their like did not merely run their universitics but led a kind of constant

nalional colloquy on the state ol-education in America. Their turf was not simply their

university but all of education. I cannot remcmbcr the last time any univercity president

addressed any problems beyond his or her own campus. Universities have changed, and

so have univcrsity presidents."

"Today, almost no college or university president has spoken out significantly

about Bosnia, Haiti, North Korea, health care, rvelfare reforms, the attack on the National

Endorvmcnt for the Arts or dozens of other issues high on the national agcnda." (W.H.

Honan, New York Time, July 24, 1994).

I feel strongly that universities must provide much of the vision, the problem

solving expertise, and even the conscience of socrety, and that responsibility should be

expressed and endorscd by presidents or chancellors. Most of thcm, as have many ofour

national lcadcrs, have a problem with, to quote Georgc Bush, "The Vision Thing. " In

somc cases presidents are actually told to lay low and not get thcir universities in trouble.

Socicty needs leadcrs. John W. Gardner's little book Orl Izadership expresses rhc

rcasons very suocinctly. He also talks about the mechanisms of leader formation: "Leaders

havc ahvays been generalists. Tomorrorv's lcaders will, very likely, have begun lifc as

triuned specialists, but to mature as leaders they must sooncr or later climb out of the

trcnches of specializ:rtion and rise abovc thc boundanes that scparate the various scgmcnts

of socicty." To use the Harold Shapiro acadcmic centnfuge m<xicl, the-v have to climb out

of their particular ccntrifuge tube and make their way morc to the central core of the

university -- where they can expcricnce wider views and a larger perspccrive.

Buckminister Fuller, shortly after being introduced bv a univcrsity president to givc

a commencement speech, is reportcd to have sard, "What you fellows in thc universities do

is to make all thc bright students into exp€rts in something. That has some usefulness, but

the trouble is it lcavcs the ones rvith mcdiocre minds and dunderheads to become the



Seneralists rvho must serve as the college presidents...and thc hesidents of the United

States. "

What does all this havc to do rvith Whitaker Fellorvs and Assistant hofessors?

You rvere those bright students that Buckministcr Fuller was ref-emng to. Bright students

who are now university professors, educating and training other bnght students, practically

all of whom go into appropriate tubcs in the centriflge. There is nothing wrong with this.

What I am suggesting and asking is that, if'you have a natural tcndency or a natural

lnterest in more than one part or subjcct of the university, and indced all of you do,

othcrwise you wouldn't be doing biomcdical engineenng, you consider (after you have

tenure) climbing out of the centrif'uge tube and gctting involved in wrder issues.

Don't let anyonc tell you that service as a depa.rtment chair, election to a schcnl

bcnrd, cven sen,ice in your state capitol, detract from your career. What detracts or

augments depend on rvhat you want for your career -- and on thc exercise o[ your

responsibi l i t ics to \  our society.

I have a strong bclicf that thc rea-son srriety is in such deep trouble today is that

most of-the people responsible for the various segmcnts of that scrrety were not effectively

or appropnately educated in their undergraduate days. They generally do not havc the

vision, the background, the ethical convictions, nor the brains to deal with complex socictal

problems. Thosc of us in universities must be involved in assuring and guaranteeing that

every student that goes through the system has an outstanding education and has some

appreciation for social resgrnsibility iLnd lcadcrship. That includes you -- and your

students.

Good luck.
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B E S O U B C E S

Don't stand
on the sidelines
This is a call for the technical community to demonstrate
a new sense of social responsibility. pariicularly in rhz
ongoing health care debate.
Joscph And.ade

e are all menbers of a hierar
chy of connnunities: our fam
ilies, the institutions in which

we work and conrribure, our ciries,
counlies, states, narions, and our
lovely green and blue biosphere-the
plarct Eanh. Except possibly ar the
biosphere level, we are members of
each of ihese communities by choice.
We could choose to live in a differenr
stare, in a different community. and
even in a differcnt family Menbels
of comnunities have responsibitiries:
They must be involved in ihe process
ol deiennining ihe conrmunity\ val-
ues, 1ts needs, and iis governance.
They should not leave these duries
and responsibilities ro others.

Unforiunately, ihe lechnical com
mumty, and the engineering commu-
nity in particular, rends ro relegaae
some of its social responsibiliaies to
others. Often dudng the upper eLe-
mentary and junior high school years
a iumber of social bifwcarions mate-
rialize: One is iypified as a "people
person' or as an analyiical pelson;
one is a Lilb science penon or a phys
rcal scrence person. These divisions
may continue ihroughour olrr high
school, college, and professional
caress. The caricarure of engineers
and scientists is thar rhey are nor peo-
ple people: They shun reporters; rhey
have disdain for poliriciansi fiey rend
not to serve on school boards, city
councils, or state Legislarures.

Individuals wi.h engineering and
iechnical backgomds can and should
mate sigdficant coniributions roward
solving a range of social and narional

The author is with the UnirersitJ of
Atuh and Protein Solutions,Inc.
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problens. Their technical and analyti
cal training and background can pro
vide vital inpur inlo practically aU
socloeconomic issues and controver
sies. such as the role ofrechnology in
hedith care, the environmeni, itnd rhe
biosphere ls well as in weaiher and
natural catasfophes. We musr insisr
tbat these important issues and prob-
lems be addressed by oul various
communities and social sysrems. We
must help genenre the potirical witl
and the leadership to address fiese
lmponani societal concems.

Our iraining and back$ound pro-
vide a perspective as well as a ser of
analylical and critical tools. That per-
specnve is ollen absenr or is incorn
pletely and inetrecrively presented in
sociological debates and delibera-
tions not because people do not wanr
io listen and not because we arc osrra
cized or kept from being involved bur
because our cornmuniry in general sim
ply has chosen nor ro be involved. It is
not only we who suffer rhe conse-
quences of ihar choice: Our sociery

Those days are over. We see the
development of a new ethic, a new
sense of social responsibiliry in the
scientific and teclnical communities.
The old perception and exc$e -of
the "lwo culiures" is weaLening. We
look forward to an incrcasing levet of
involvemeni by the scientific and
technical communities in rhe full
spectrum ol societal problems, parric-
ularly in lhe nature of healrh and

DefiDing the pro! lcm
Ensineers Iarcly aitempr to solve

problems that don't exist. They lite

well defined, *"1-pr"."nt"a p.oUf"Ill".
The herlrh care prcblem has not be€n
adequaiely defined. The protien is noi
or y the 147. of our cNP spenr or
health carei it is not only ihe 40 milion
people in this country who are unin
sured; it is not only rhe more than
2,m0 individual insumnce compdnies,
each wiih ils own forrns and bureauffa-
cy-rhe problem cornprises atl of these
issues and yet is even more basic.
Wlai do we realy mean by "heairh
care"? Have we defined heatrh, healrh
care. and health policy properly? They
are defined very ditrerenrly in oiher
countdes. These questions are difficulr;
they are not panicularly analytical, and
they are the kinds of questions ihar
engmeers don'l like ro address. Engi
neers aud physical scientisrs chose
rheir respecnve professions becxuse
they like well posed problemst rhey
are very uncomfortable dedling wjth
ill-posed questions and probterns.
Neverlheless, as socidly responsible
aduli cirizens, we must deat with rhe
probiems in our communiries.

The state of Oregon has been
involved in discussions and plrnniry
pertinent to the general heatih and
well being of its population for ihe pdsr
five years or so (1 J). Afrer many
years of public discussion and debare
involving all se.rors of the stale's pop-
ulation, the Oregon Health Cjre plan
(Oregon Plan) evolved. This ptan
defrned and ideftined vdlues and ne€ds
with respect ro healrh dnd quatity of
lifei it addressed the issues of access,
qualiiy, costs, and economic con-
staints, and it formulaied a siandard
benefits package for healrh and heatlh
care. wiih a major emphasis on pre-
vention, healthful living sryles, and



early diagnosis. There was a de em,
phasis on expensive, heroic, and half-
way technologies and procedures. The
Oregon Plan. and the dialogue pre-
ceding it, generated a considerable
amount of criricism, discussion, and
debate. It nevertheless serves as a
model for what we as a narion and
whai we in other srates and regional
communities can do.

Scientists and engineers know rhar
Foblems need to be ar least partiatly
defined befbre they can be effecrively
addressed and eventually solved. We
really ne€d to decide whether heatth
care is a righi, and/or how rnuch healh
care is a right, and how much we are
willing b lspend on health care. W}lar
about individuals who insisr on living
unlrealthy lifesiyles? Do we wish ro
mainrain dre choice and independenc€
characteristic of the presenr system?
Do we want to empower parienrs to
have a significant financial stake and
intellecrual stake i! their healih and
well-b€ing and h the selection of rear
ments or nonfeahents of rheir health,
relaied problems? These issues are
primarily societal quesrions thar musr
be addressed in appropriare forums to
define the hedlth care problem.

Calculaling tiue costs
What are rhe hre costs of healrh

care? The costs of healrh and well-
being begin at the moment of con-

cept ion and escalate t iom there.
Prenatal care costs can be allocated
to both the mother and rhe fetus, as
can the costs of birth iiself_ Can we
develop a calculus for the iotal costs
and benefits of a human life? If my
average life span is ?oyears, whar
will il cosl my parents, me, and my
community fiom my conception ro
rny death and burial? We have
rarely. if ever, looked al ihe problem
in such an inclusive manner.

Missing a vaccinat;on in child
hood can lead to significanr prob
lems and inordinate costs later in
Life. We can't focus simply on rhe
incremental cosr of rhat vaccinarion
or on the ircremental cost of health
problems resulting from nor having
had the vaccination: rhe issues are
all related. The inregral srretches
iiom conception to burial. and it
includes an enormous amouni of vir
tually unpredictable statisrics and
probabilities. Some of us know how
to do integrals. Some of us know
how to deal wirh noisy daia. Some
of us know how to nade quantity in
data for quality in applicarion. We
can help address those complex

Is lhe cost ot' handgun conrrol, or
gun control in gener6l. a health care
cost? Are drug preyention and drug
lreatment programs health care
costs? ls a summer job for an inner

ci ty teenager,  who is l ikely to*E
acquire both guns and drugs, aF
health care cost? These itens are all=
part of the cdlcuius, this exrremely q
complex integral. We must now inre E
grate. over the life ol one individuat
plus all indiriduals in sociery, con
sidering all of the cmss rerms. The
integral must include all of society.
Engineers, at leasr certain kinds of
lhem, know how to deal wirh very
complex systems, and rhey can help
develop models and neans to define
and to address such complicated
problems.

Benelits a[d risks
The scientific and iechnical com-

munity tends to have some apprecia
tion of probabiliiy and starisrics.
People wiih even the weakest inro
duction ro ihe life sciences know
ihat organBms eve'rtually die and
thaa they die fiom myriad causes.
Mosl of us know thar the caussian
distr ibut ion, or normal,  curye is
more or less endemic throughour
biology. Yet although these pinci
ples tend to be parr of rhe education
of some college and university siu-
dents, they arc not a part of the edu-
cation of ihe general public or of
iheir lawyers. Unfortunately. rhese
concepts are also not well known
among many physicians and medical
providers, and when they are, they
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olien are noi communicated effec-
tively to rheir patients.

Clearly there are morc safe as
well as less safe activiaies and proce,
dwesi there is malpractice; there are
poorly designed and rnanufactured
devices. We need effective regula-
tion with respect to safety and effi-
cacy. Bui, just as clearly, there are
statistics and there are probabilities.
No one is 1o blame if an earthquake
levels your town or your home. It
Inay be your elror fbr having chosen
a home on an earthquale fault, if
rhat faci indeed was known to you.
Is ii really society's responsibility if
you live on a 500 year flood ptain?
ls someone to be blamed if 1 our ot'
10.000 rnedical implants leads to a
negative or even catastrophic outcome?
Is it fair or ighi to insist that the
device have a one-in-a-million faif
ure rate, increasing its development,
testing. and manufacturing costs by
orders of magnitude to produce such
reliability? ls it fair to make the
o t h e r  9 9 9 . 9 9 9  i n d i v i d u a l s  w h o
receive that implani pay the excep
tionally high cost required for an
increased level of saiety?

Everyone, but especially lawmak-
els and lawyers! must come to under-
stand statistics and probability: You
and I and our colleagues must educate
them. We must ensue ihat these con
cepts are incorporated in a profes-
sional courses of study-in aI rnajon,
on all campuses, in all schools.

Whal YJe Gan do
Health care and i ts costs are

important 1o every single irdividudl
in society. We are all involved and
all pat of rhe problem. Every single
group, every component of society,
will have to change its behavior pat
temF to effectively and successfully
solve the health carc problem (4). ln
some rcspects, we musr all do less
so that we have the rime to accom-
plish those things more compassion-
aiely. relevan.ly, and effectively. We
must ercourage people, ourselves
included, to gei off .readrnills lead
ing to nowhere so that we will have
the time to reflect, identify the prob-

A11 goups nust become far beiter
infbrmed and involved in the eniire
health care arena. They must select
their physician collaborators more
caretuIy. They must design their
experiments particularly animal
and human experiments-far rnore
carefully and efficiently. They must
attempt to determine the socieaal
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impaci (5) of new medical proce-
dures or technologies. They Inusi
consider and perhaps overcome the
technological imperatiye.

The issue of risks, panicularly as
applied to health care, must be con-
sidered and communicated to the
general public and to the media. The
difference between voluntary and
invotuntary dsk must be made clear
The role of dsk awsreness in influ-
encing behavior is cr i t ical .  The
importance of patient choice and
empowerment should be empha,
sized. Cost wilt probably nor be
hought under confol wiihout a gen
eral appreciation of the limits of
technology and of ihe inability of
devices to conect the natural wear
and tear of the aging process. This
includes ihe acceptance by patients
of risks commensurate wirh ihe sra,
tisncally demonsrared benefit.

Contributing to the public yiew
The communication skills of sci

eftists and engineers generally are
not lbstered in our curricula. and
few incentives exist for developing
those skills. Because people with
commmication skills often do nor
have s€ieniific and technical skills,
the information ihat reaches the gen-
eral public (with ihe exception of ihat
provided by a few good science writem
and reporters) is usually incomplete
at best and completely erroneous or
mis.epresented at worsr. We must
rectify rhis siiuation. We have ro
challenge those reporters, writers,
and lawyers. We have to irfo.m
them, and the community they influ-
ence, thal their scientific and techni-
cal iacb are conect/inco[ect, their
analysis of a lechnical or semitech-
nical issue is appropriate/inappropri-
ate, and their consideration of risk is
reasonable/unreasonable given the
data and understanding at hand. Not
to do so is socially inesponsible; ii
leads 10 the system and ihe problems
we have, and the blane becomes
ours for being so uninvolved.

Every major repofi on engineering
educaiion, medical education, under
graduate education in general, and
public education over ihe past decade
or so has urged us to teach less, but
leach better. and to educaie in a more
integrated and systemslike manner.
We need to produce graduates and
profesiionals who are good listeners,
effective communicaiors, and respon-
sible citizens.

Although I have yet to see a signii-
icart response to these reports in the

higher education sector, the public
education sector is changing rapidly.
There are maior movements and
activities throughout the nation to
enhance education ai the.elementary,
junior high. and high school levels.
particularly in science and technology
e.ducation, which includes maihemat-
ics, statisiics, and related topics. I am
optirnistic. As these students advance
to college and university and chal
lenge professors and fellow studenrs
and then join the job market and
interact wiih co-workers and fetlow
citizens, I think they will help reaiize
.he fulfillnent of the hope for a more
responsible and involved eleciorate.

We need no less.
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