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Protein Adsorption and Materials Biocompatibility :
A Tutorial Review and Suggested Hypotheses

J. D. Andrade and V. Hiady
College of' Engineering, University of Utah, Salt Lake City, Utah 84112/U.5.A.

A camprehensive review of protein adsorption at solid-iiguid inierfaces is presented, incheding a brief
review of prorein structure and the principles of protein adsorprion. Adsorprion-based biocompartbitity
hypotheses and correlations are discussed, including surface charge. interface energetics, passivation,
protein-resistant surfaces, and the role of adsorbed rnunoglobuling and complernent. New methods for
the study of protein adsorption are discussed, including total internal reflection technigues (absorbanee,
fuorescence, and Raman) and elfipsomerry. Qualitarive “rules of thumb™ of prorein adsorption are
alsa presemied.,
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Protein Adsorptinn i §ale ks Bocompati iy }

I First Observable Event?

It is caommenly stated that the first readily observable event sl the interface between
w masterial and @ biologicnl Muid is pratein or macromolecale adsorption. Clearly
odher mleraetions precede prolein adsorplion * water adlsorption and possibly absorp-
tion (hydration cffecis), fon bonding and cleetrical double layer Tormation, il the
walsarpivn and ahsorption of low maleculne weipht sofiles — such #s amino acicls,
The protein adsorpiion event munst resull i magos perturhation of the interfacial
toundiry layes which initially consists of water, ions, and ather solutes.

Body Muids have a rich and complex composition, permilding o wide vanpge of
interactions and competilive processss.

The great majority of the available work bis Toeused on Mood/plasnisfSeram
applications. In recent years Lhe mteraction ol lear componcents with contiet lenses
huve beeome very important,

Much of the enrly wark is reviewed by [Brash and Lyman Wand by Yroman
Protein adsorplion is a very old ficld — the carliest studies probably being mono-
merleeule [l observations wsig Langaie-Blodeett roughs ™. A compreliensive
menograph which reviews protein adsorplion is now ayuilable *,

Early abservations showed that blood elotied Taster in clean pliss fubes than in
siliconized glass. When Mr Hugeiman's blood failed (o clot i eéne, il was spoculaled
that o “Hugeman Factor™ was responsible lor the o pire “activation™ of bloed
congulation (see Rell @ for a delightful account}.

Larly obscrvations, particularly the work of Yroman &%, showed thal prafeing
nebsoch on prictically any surfiee. Vroman first showed ™! that adsorption of ]'l'ﬂ.‘l=l-'1'l"|
o 2 Bydrophilic surface rendercd it bess hydrophilic and alse that prolein adsorption
on a hydrophobie surlace rendered it hydrophilie

Knowledge and understanding ol protein struelure and propertics in the 19510
was rapidly evolving, The unigue secondary, tc iy, and even guaternury stroclhnes
ol proleins were becoming umdderstood "8 und the delicaleness of prolein thiee-
dimensional conformalion wis recopnized. including the possibifity for “denstor-
tien'” it liquidéair and salidliquid interfees =70

The fzet that Hageman Fuelor, @ |'||,"n;|11;| |1|'|'chi||, circulated Free in Do s oot
indueing congulition, but when expesed Lo gliss o silicate clay surlices did induce
coupalation, led to i dnique and novel hypothesis | changes in conformation induced
by Lhie adsorprion of Hagemon Factor resull in enzymitic petivity which iniinies a
seqience of teactions leading to fibrin formation. Alibough interface-induced de-
naturntion of proteins at liguid/air interfaces was well-known, the inferest in fy e
blood handling and the early development of medical devices provided an impetis
for nderstanding and controlling surface-indiesd congulation.

Al ahout the sime Lite, the Tield of protein separation and purilicstion wis ander-
going rapid development, The infroduction ol malerals for prigein chromatography,
sl s eross-linked dextron, nparose, uodd polyacrylomide, provided @ meins fo sty
matically advines knowledge in protein
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2 Profein Siructure

The rrestment and wnderstending o prowan adsarpiion reguires Gumediarity with
modern concepls of protein struclure and function, such as provided in Rel ® ™,
A concise I'I_"lf:l_"W s avaalalsle i {'hzlplur | of Mol 4

Protans are helogical maceomolecyles constrocted Tor specific and noigue Tine-
tions, They sre high molecular weight polyamides produced by the specilic co-poly-
meriation of up e 20 different oo dcids, The amino gcid composiiion, called the
primary struclure, is generally unique and specific to each particular protein, The
I]er risgen |1:}|||]I|'I.H charactenstics ol 1w [elya nvicle bond in the backbone of prmcins
pesult in various sccondary structyres, sueh as the well-known e-hebis omd |-shee
Intepmolecular assoeiations, including: jonic interaétions, sall bridges, hydrophohic
inderaclions, hydropen bonding, and covalent disullide bomds, resall inoa unigue
bertinry struclure Jor sach polypeptide chain, Finally, twoor moce polypeplide chuins,
each with its own primary, secondary, and tectiary structure, can assosinte 1o form |
multi-chain guaternary straeture. Most proteins conlain shar, eurbohydrale se-
quences ofT the main polypeptide chain and are therelore called glycoproteins.

The fundamental prmeiples of protetn stractore and Toncliom are availuble in
modern biochemisiry texibooks * ™™ The currenl odition of Siryer is partivalarly
rectanimended ™ The books by Dickerson and Geis ** are sxcellent tuloriuly on the
fundamental principles of protein structure. The medern text by Schulz and Schir-
mer M, Priedles of Profein Stavetire, is ootstanding, In addition, modern physical
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biochemistry 1exts, in particular Freifelder ' and Cantor and Schimmel " e
casential Lo the underslanding of pratein steactiere, lenction, snd interfacial behavior,
Bull's Physfeal Biochemistry is still an outstanding introduction o the subjeel "2
Walton's books on biopolymers sre ulso highly recommended '5 1 4is is Tanlord's
book **,

Tuhle | lists those charaeieristies of a protetn which are normally considerad ecssen-
tial for a minimal choracierization, Mast of the information desired is available for
practicully all proteins which muy. be of inlerest to the biomaterials invesligntor
Generally, all of this information iz svailable In the literature, and the investigator
need only Lo check for purity, homogencity, ind perhapsactivity of the prodein prepara-
i

Tulle 20 Adidivlonal pedfein informition desived foradsorption studies

Informestion Signdficince

Dunliey M thead

Moleculur ¥ibeatn:  Raman and mltored
Srﬂ;'ﬂﬁﬂl]l]l’
Thermal Densctugilion Banen, C) or Meerescence Confarmation (Secondieylamtinry) &
siruciune iy Filemperiure),
Munmolayer Properties Lungmuir iwough or pendant  Adrfwiiler interfacial propertics, a-A curves,
drip cun dieduce chise precked muonatiayer
ilim engions,
Bimiling Properics Equilibeium dialyss for Legsined hinading characten aticy, such us
Bomer ma lecular wieipht Ca* " o ing 1o (ibrinozen, sed
liginds — aMinity chromoto- prothrombin, Gity acid ond bilimihin
graphy for oilcrs Binding to ol boamin, hepadin Binding w
! dntithrambin HEand [beoneclin
Amino Acid Sequence Usicilly cleavige Fragments Seguence inporant in s irocere g

Secondary & lertiary sirecre,

plug sequenging function.
300 Sl e Xeray dillraction Complele sierisa-chemistry ol lertiary or
ywadernary structurs,
Enzyumtic o Substrite lwrnover, antibody 15 protin (eneyime) lunctional ?
Sprcilic Miochumical  bimding, lgand binding Does i1 bind s s pecific ligands?

Adtivily

For o complete adsorption analysis, the amine acid sequence and secondiiry,
tertinry, and quaternary structure of the protein should be known (Tuble 2. This i
usitlly anly availuble if @ eomplete X-my dilTosction analysis has been done, Some
informalion en ligand-binding characteristios of the protein should be availible:
Brocs iy bind low molecular weight solires? Daes it have speeific murcranvolecular
binding characienstics, ete.? For example, the physical properties of albumin are
difizrent depending on its fatly acid and bilirubin composition. The propertice of
hemoglobin are different i ils heme ligand s in the deoxy or oxy form or in the meat
(Fe™ ¥} form ™, The activity of many proleins is enhanced or potentinted when bound
o appropriaie ligamds. For example, heparin binding (o antithrombin 111 greatly
increases the binding of thrombin, All such information is uselul in predicting and
interpreting protein interactions with surlaces,

The general solubility characteristics of the prolein, including ite behavior in dif-
lerent pH and tonie strength environmenis, its bebavior in urea solutions, its hehavior
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in solutions containing small amaunts of methanal, ethanal, or glycerol, and reliizd
informatien en solulion charctetistics are all important in interpreting and predicting
interaclions at inferfaces.

The lindamental classes ol Torces and inleractions important in protein structure
and Tunclion are summarized in Table 3, The four general classes are; (1} lonic or
electrostalic interaction, due to the altiraction or repulsion of bro or more proups
enrrying anel charge; (2 hydrophobie interaction, i larpely entropdeally driven process
due primarily to waler struciure elfects adjacent to hydrophobic interfoces: (3) hydro-
gen bonding, a unigque lype of dipolejdipole interaction which results in interaction
energies compinible 1o very weik eovillent bonds 3 (4) and olher interictions, primarnly
thase of & charge-transfer or puitial electron donorjaceeptor Lype, which in aqueous
silulions are often dominated by 1 — @ interactions. 1t is imporianl to paint oul et
alb ol iese interavtions take place in an agueous medium, and that the hydrogen hond-
ing andl dicleeiric propertics of water play a very major role (see Rel. ™17 for
details),

There has been considerable effort on the prediction of secondury and tertiory
struetires of profein from the amino acid sequence using compulerided mminiml
potential encrgy caleulitions *\ The question as Lo how a primary smino acid se-
guenee hegins Lo produce seeondary and super-secondary struciures and fold into its
equilibrivm tertiary structure and functional domains isa very active lield of structural
hivchemistry. A relitted problem is (he mechanisme by which a protein unfolds or
denatares ™~ which 15 of Mundamental interest iy the protein adsorption process.

A polypeptide chain in water has a specilic patlern of polar and non=palir groups.
There is o tendeney [0 minimize the surface area between nen-pelar groups amd 1he
agueous phase, This can be treated in terms of o sirface-Tree ernergy argument ov in
terms of the classica] hydraphobic mieraction argument. The mon-polar groups 1eauel
1o he excluded from the surclace of the polypeptide globule with the hiphly polar and
charged umino acids on the surface interacting strongly witl wiler, There are some
regions an the surlace which are non-polar, and there’are some repions in the interior
which contain palar gronps, either through hydropen bonding or salt bridge assngin-
tons, About 902 of all mternal palar groups Form hydrogen honds. The selvent
entropy (hydiophobic interaction) effect contributes signilicantly (o overall protein
structural stability. The inteamolecular interactions are highly efficient and effective.

Disullide bonds confer additional stability. A Trequently encountered structural
compancnt is the sequence — Cys ~Cys — with both residues forming disullide bands
with ather eystines. This is o uselul archilectural unit and forms the hosis for linking
theee dilferent chiin scgments in close proxinity, This structure is fouad in seram

albumin.

The inteior of (he protein has o very high packing density, comparahle. (o thal in
the protein crystal. The average packing density ol & protein is aboul 075, which is
incredibly high when ene considers that @ close-packed structure of spheres has a
packing density of 0.74. Thus the packing densily of proteins. in terms of volume
utilization is even more efficient than most elose pocked metals ), One often hears
the eriticism that the struelure of o protein in (he erystal must be very different tian
in the sclutiom. This is not the case. as the soluton packing of a protein i cssentislly
identical to that in the crystal, 11 wiportant lo pele thal active conlers jnreaclive
siles of protens tend Lo ke mueh more loosely packed than the rest of the molecuale,

particulariy strong in ddLeous

Hydrophobic internctions arg
solutions,
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Ihuruhl}' providing the mcreased Mexibility required for chemicil redctions s re-
copnilion processes,

Carclul study of the structure of axailable proteing suggeys regions of mmine acid
honelogy and structueal homology in very dilferent profein molecules. This las led
b the concept of the structural und Tunctional domain, One ean consider large glubuln
proteins as being made up of o set of functiona| domains, @ more important struetural
conuepl than the chain composition ol he protein: Active sites are often |ociied ut the
interlfacs botween two siructural domains, One can, therefore, consider proteins s
bising medular stracturees with the sivuetural or funetiona) domains as the modules,
A pood eximple i e mmunoglobulin molecule shawn in Fig. | {an lpi},

ANTIGEN-DING NG SITE

Fig. 1. Structure of an |g0G molecula showing
e i (1) el b (LN chims, dhe anii-
gen-binding siew (in the Fub regions), the
tomplemeni-binding site {in the s region),
and the constunt (O3 amd viriable (V) aming
nchd regions {from Red, Y1)

_Tlu:n: are both funcional and structury] domains, A functionad donain may consisi
ot oneor more structural domaing: A Mmelional domain is g Tunetianally antenomons
region of the moleeule. In the case of the 1pG, the Fab portion is the functional antigen
recognition domain while the Fe region is an effector domain. Strueturl doemains
are geametrically separate,

Klnuwi:_lg the binding characieristics of the variaus domains in ihe molecule ol ows
the investigutor to begin 10 deduce certain types of adsorption behavior. For exmmple,
il_i:i known (lhat human plasma Bbroncetin eontans severs hcrmri'u Linding sites,
with pEs in the 8-9 range and with s high, pesitive charge density. 1L wonld be reason-
able Lo suspect thit when Gbronectin interncts with negatively=charged surfaces it
My do so Hwough such binding sites, just as it does wilh hepain,

The kirge globulur proteins of hlovd plasmu are menomers — that is, they consist
ol anly one chain ot u set of covalently linked chains, An oligomer is an appregite ol
monomers wherchy the apgregate is held together by non-covalent bonds, Most
intracellular proteing are oligomers; proteins in blood plasma ure lwge monomers
penerally consisting of several funtional domains. ‘

A struciural domsin can be defined as a region of locally high electran density
m:pqru.r.ml by regions of low clectron density or clefls in (he electran density map,
Aming acid sesidues that uec Jar apartalong the chuin tend to be far apactin the three-
dimensianal structure, The concept of neighborliood correlation supgesis, perhaps
bused o kinetic falding considerations, that those amine acids which are close
together in a sequence Lend 1o siuy close together in the three-dimensional structure,
such neighborhood eorreluion is prabably cansequence of Ui chain-folding process,

{rrotein Adsorpelon and Materialk Biscompu biliy 9

The domains are prabably (hose pieces of a chain which fold indepandently. Most
globulur proteins have domains of |00-150 residues and ure ronghly 25 A indameter,

Five dilTerant clisses of struclurg) domaing have been identified, bused on the see-
pnlary striclural mikeup ™, Structural symmetry s olten evident, particulaly in
pppregate or oligomeric proteins. The more contacts, the more sibie the interaction.

Depending on the Bl the number and strength of contacts, and ather (uctores, 4
monamer-eligomer cquilibium willexist. For example, in the cose of Concanavilin 4
the tetranter 15 i eguilibrivm with dimer and monomer under normal conditions,
I the case of msalin the monomer, dimer, and hexamer are all in equilibrinm, In
hemoglobin the dimer and tetramer are in equilibrium. In the case of the udsorplion
of such proteins, ene must nol only know whaul is Uhe ageregation state of he protein
in solution, bul must be able to deduee the adsorbed state. Do the moleeules adsarb
as dimers 1 Do they adyorb o4 dimers and then dssociate as Lelrmmners or hexiamers
on the surface, clc.”

Snme of the frecsenergy consideritions used (o probe protein oligimerization i
aggreglion are also applicable W adsorplion. Prolein-protein snteractions usually
involve surface complimentarity, which can provide significant specificity. The
specificity of n surlface is determined by isshape, is pattern of hydrogen-bond denors
andd ueseplors, ils patlern of charges; and even its patlern of hydrophabic putches.
Based on immuno globulin stidies, o 100 A* surface can Torm on the arder-ol a thou-
sund paterns showng different binding specificities ™,

An important question is how the lineyr, amino aeid sequence spontaneously lolds
inte the three-dimensional structure of the nutive form. There has been considerable
work on the folding process, as well as an the unfolding or denutsralion process,
It is possible to take o prodem in is nalive form, and by subtly changing its micro-
environment (pH, ionic steength, temperature, addition of denaturants such as orei,
additian af other fons, ete.), induce the protein o undergo o conformation| chanpe,
The energelics of Ut chan e can be measored, Tooa number of such studies, summiriz-
ed briefly in Table 4, one can conclude thol the native state is only marginally stable
and {5 i equilibrium with w waiety of other states under normal conditions: One can
write he cquilibrium equation N = D, The total free energy change in going from ihe

Table 4, Estimtes of the stabibity of globulir proteins under physio.
logiciel conditions®

i
Piuilcin e lirant ﬂ.ﬂ“
{keulimol)
Lysairyme GnHC or Wren T3
T-pll 1
Ribomuelease GanHCl or Urea 3.3
T-pli bl
Myophabin nhl 140
iy oty pin T-pll 144
b vy el b i Cadn HCA 55

Dighit ciuiin
Wy} doman

* {lrom ttel. ™, p, 38}
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nutive (M) stite to one of the availuble denatured (13) states is only in the vicinity of
[0 kealfmole Tor an aversge globular protein of 150 resicdues *". This is an cnergy
corresponding to only two te live hydrogen bonds per molecule! 1t s clear thal prolein
conformations, therefore, are very [ragile and (raly only marginally stable. For
example, the hurying of just oue surfies tryptophan residue provides an enerngy of
3.4 keol/nete, Thus, when a protein finds itsell in the vicinily of an interlace, ils
iicrocavironment is altered, and cleirly its equilibrium will be altered, probahly
altering the protein conformation in the adsorbed stale,

I vite [olding and denaturation stidies have estiblished that the process occurs
in the tme gpan of 0.1 to |00 seconds. [His comrmonly sssumed that there exist [olding
nnelei — that s local regions of alpha helices which are stable and which function as
nuclei Tor additiona! folding or orpanization ®), This provides a domuin, thetelore,
wit strang focal neighborhead eorrelation, [ is expested thal there are various folding
pathwiys and intermediale structures which are vsed during the folding process.
Some of the theoretical methods whick are now being applied 1o the simulation of
folding processes may, in modified for, have application ks the simulution ol the
adsorplion process.

A protein and ils nsseciated water moloevles constitute an extrenely sinall thermn-
dlynamic syslem subjecied to the centinual Brownian muolion ar bulfeting of the solvenl
malecules 24 Such transiont changes resull in Muetuations in the lecal thermuodynamic
propeities of the system. A proicin with o moelecular weight of 25000 experences
iternal energy Muetuations of aboul 40 keal/mole *1 This is mueh larger than the
enersy changes involved in ligand-induced confernational ransitions. These thermal
Mugctuations can resull in volume changes which provide iransitory cavilies or chapnels
in the protein. These dynamic Muctustions are & eonseguence of the thermodymamic
uncertninty of small systems. They exist within a single macromolecule anel are not
correlated with similar Muetuations in other moleeales, 1t is clear from these thermo-
dynamic Muctuations that conformational mobility mu 1 e expecled. ILis nov known
from NMR studics that cven such large and ripid struetures as the planar aromalic
amino acid side-chains can Mip in and out of the pratein surfiee ™,

Proleins are therelfore dynamic, (lexible objecls whose physical and chemical prop-
erlies are dominnted, not otly by their conformation, butilao by he conl il chaniges
in conlormation which are 1 eonsequence of their misroscopic size **. The marginal
stability of most protein conformalions suggests that processes @l one poinl i the
profein might well have an ellect on a portion of the molecitle T removed,

The process of ligind bindingtoa prodein may also involve conlormationnl chanpe,
The process might be viewed as follows 7'

Freely diffusing ligand approaches the protein. Assume that the ligand binding
site is not a rigid siructural feature, but involves transitory conformations. |1 the
protein is in a transitory “apen™ eonformation, the ligand may dilfuse in aod bind,
The binding interactions may now stabilize a conformational state which is aplinum
for ligand-protein inleraction, a state which previoushy. und in the abseree af
ligands, would be unstable.

Ome can enviston @ canfornglional Nuctuation spectrum with the native stile heing
4 mican confornmtion. Since that mean conformation 5 only marginally stable, it is
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Clear Lhat iny Toeal miccospvironmental change, such us a solid surface, may well
stnbilize other conformations.

1n order 1o begin 1o understand and apprecinte huw o protein nay interact will n
surface, itis important to be ablote “see™ the protein in three dimensions. This nsually
requires the nse of models which, in the case of profeins, ae Lerribly cumbersone and
cxpensive. In many institutions molecular models haye been replaced by thres-di-
mensional malecular computer graplics. Uhere are some 70 mijor moleculinr graphics
installutions throughout the worll which hive (he capabilitics ol imaging lurpe macro-
maleeular structures in three dimensions.

[deally, one shonld be able W predict threc-dinensioial strucure from the umino
acid sequence. Thete has boen considerable aclivily along these lines. Corrent methuds
can predicl the structurd class of 4 protein or domain. Although about two-thirds
of !l residues in 1 pelypeptide chain ean he assigned to thecorreet scoondary struchure,
ihe three-dimensional siructure cinnal be predicled,

If ope independently knows the threesdimensionn] strueture, for cxumple, rom
Xoray viystallography, Lo allaltheatoms are identified and their atvmic coordinates
wnowrl, then this information can be fed into o computen and the three=dimensional
strueture displayed, Such coordinates and relited informalion are availubils Tor over
u hundred proteins [rom the Protein Data Diank (Brookhaven Mulional Labarutory,
Brookhaven, New York). The structure can be displayed as a wire or stick maodel
or as a space-Tilled model, With spaee-filled maodels, one sees only the outer surfice
of the protein, Using one of & number of alporithons Tor delining o proftein surfuce '
ol by color coding the dilferenl aming acid residies or atom 1ypes present on the
surface, one can guickly “see™ which regions ol the malecale are hydrophobic,
positively or negatively charged, non-charged but polir, and olher fealures.

Feldmann nnd others hive developed aseries of teaching tools For maeromoleculir
structure wsing color-coded moleculir graphics-derived imuges #-2 Connelly and
athers have improved upon this approach by elearly showing which portions af the
protein surlace areindeed accessible Lo a water molecule, as opposed to those porlions
which are inaceessible, such as in clefls, elc 7!, Tmages based on [he Conpolly methods
dircetly show those regions of the protein surfice which can be expected (o inlersct
with other malecules, 11 provides immediate, comprehensible informalivn about
sterie complimeniarity.

Another mujor advantage of malecular graphics is that it allows real fime miani-
pulation of several interacting molkecules whils quantitatively monitoring the stereo-
cliemistey and even the interaction energics, These methaods are anly beginning to be
useel for studies ol interactions between molecules and only in the most proliminary
way for the simulation ol protein adsorption *%.

[Lis recommended that any reader serionsly interested in protein adsorption ohlain
Feaching Avds for Macromaolecnlar Siructires =y which is enmmercially aviilable Tor
aboul $20.00. These aids clearly show the dramatic potential of surface proluin
struciural visualization for the development of hypotheses of protein-surface inter-
actipgns.

How can all this protein information help ow pnderslanding of the stdsorption
process? Figure 2 is a schematic and idealized view of a single protein interacting with
a single, well-characterized solidd surface, Assume thal the salid srface is well-chir-
acterized * Presume that we know precisely the location of hydrophobic regions
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on the surfce, the location of positively and negatively charged regions, newtral hydro-
philic regions, ete; e, (he solid suclice properiics are thoroughly mapped on a
submicroscopic level. We alse presume thil we huve comparable inforplion for the
proteing we know its three-dimensional surfice structure, the distribution of fue-
lional groupy, and refated properlies. We now begin o allow (e prfiin toapproach
Ilml sulid surface (by moleeutnr graphics'?) and sample the variety of polential injer-
action arientations. Clearly, one or mere of these interaclion orentations will tend
Lo duminute on certain areis of the surfice, depending on the inlersciions present,

ILis cleir, given the protein and solid surface in Fig: 2, that the protein can inlerncl
withihe solidd surface ina vaciely of different wiys, depending on Lhe particular oricnta-
tien by which it approuches and the pyerall binding energeties. Such mental gym-
nustics, ided by three-dimensional gruphics and at least crude estimales of inter-
action-frec cnergics, shoukd aid in (e fommulation of definitve hypotheses and in the
explanation of dat ¥,

3 Mass Transport

All adsorption and desorplion processes depend on transport of selute to and from
the interface, ‘There are basicatly four major fransport mechanisms (Fig, 3)

a) diffusion;

b} thermal convection;
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Fig X The parabialic Mo profthe o o wall clammel. Tnondd Dion o fow, miss Iransport ean oocur
by moleculir diMusion and by thermal conventon

¢) Mow teommaonly called convective transporth;
o1 coupled trinsporl, such as eonvective-chiusion processes,

Turbilent or stirred solotions My {ncnrpurﬂlc all of the processes notetd,

Assume (bt o freshly preparcd intecface, such as an airsolution mtecface in a
Lapgmuir lrough, is optimally thermostaled Lo minimize emperaiuce gradicnts and
thus minimize thermaol convection. Agsume there is no energy barrier to adsorption
during the initial stages — every moleoule which hits the imerfee sticks and adsorbs.
All molecules near tha interfice will be rapidly adsorbed, resulling in a depletion of
solute in 1he volunie adjueent to the inferface, called the subluyer. This concentration
pradient drives diffusion from the bulk of the solution Lowards the depleted sublayer.
Linder these condilions, The rite of sdsorpion s equal o the rate of diflusion, dn/di .

do STy
il

5

where 1 = number of molecules;
Ly = bulk solution concentration ;
D = dillfusion cosllicient:
i time.
Thus this eave ol adserption is proporiional (o 12 und 12 (Fig, 43
Lotegruting gives the total mumber of molecules, n, adsorbed o the elapsed tme (1:

|)1 e
N ]t'“(:) (i

The total swiface concentration ai lime, |, 15 proportional o T2 and ' (Fig 4
13 Far proteins is in the range of 107 *1o. 10 " em?/s.

AdE M interfiees contain an undisturbed layer of solution adjacent (o the mter-
face. Musss transport in this houndary liyer ocours only by diffusion. The thick ness
of the boundary [ayer depends on temperature, stirring, and the jnterface itself 1
is up tod) 1 em thick in unstirred systems and approaches 107 enin vigorous |y stirred
syatenng - 3120

Chee the interlice is partally saturied with adsorbed solute molecules, then the
ritle of adsorption Lalls below the rate of diffusion, sugeesting un enerpy barrier o
ddsorplion.

Maolecules at or near the interface may diffuse back into the bulk soluion, partic-
ubirly if the free enerpy of adsorpiion is not veey high. Mass transporl equations
which pecount Tor back diffusion dre avilable 3320
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Fig. 43 and b, Ploiting of dilTusion-fimited adsorption data (soe Rel, ") . sate o adsorption, Jndy
is proportianal o 1 B the Lotal ameunt adsorbed, o, dn e initial stages i prapactionl o (19

Adsorbed moleeules may diffuss kilerlly al the interface. Although surface dilTu-
sion is well-known in classical surface chemistey 21, ditn on adsorbed mucromolecules
is sparse. Burghardi and Axclrod ™75 and Michacli ¢l al. 1 have both demanstraled
rapid interface diffusion of adsorbed albumin.

L muny siluations, the system is primed with o bulTer solution which is displaced
by the protein solution of interest (Fig. 3k Assuming constanl, taminar established
[ow, the velogity (M) in @ reckangular low chananel of width {wh. thickness (b), and
length (1), where b <€ w has a charaeteristic parabolic profik, given by

=y _(¥Y
VeV a= ==

: (h {h)) (3
\\\\\\\KE&\@&\W

=

y £—1L —_—

Fig. Sa, The devilopment ol the comcentralion profile due to o plug of pritein soletion entering o
buller-primed, (hin plate fow chinnel, Note thita “bullel-shaped™ concentration profile develops

will time {assaming no diffusion]; b e geomeley wied eoordinale systiem used 0 the conveetion-
diffusion |redtiment
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where ¥ is the avernpe welocily antl y is the ¥ coondinate {sce Fig, 5b)
The volumetric Dow raie, @ = AP, where A is the cross sectiopal area of the channel,
ig. A= b-w, thoaelore,

o A
\" - . 4
e (l h) 4

[l can be shown that the wall shear rate, v, is

60
! (i {5

[+ vy

¥
V=% v ]
..'r(l h) in)

which is the equation For the pariboels showain Fig. 5
Physically, the shear rale, v, ix the change in Muid velocity over i change in distanue,
d¥idy, or the veloeity pradient, The units of y are

thus

conys ‘
0§
om

The shear stress is also of interest, Shear stress (1) for Newlonian Tuids is lincarly
related Loy,

T =y !

where s the viszosity,

Mestee (it the velocily al the wall {y = Oand y = by is zero, meaning nolhing moves
at the wall, according 1o classicul Nuid mechinics,

Mow imagine thal @ prolein solution cnters the Mow chamber at time | = M. The
protein solulion (of unilarm concentration and low velocity) beging displacing the
buller sofution (Fig_ $a). Given n parabolic velocity profile, Fig, 5b shows the develop-
ment ol the coneentration profile in the cell at various Limes after entrance. A “huller-
shaped” conceniration prefile develops. |his is casily observed using a dye selution
or blood. Ne pretein renches Uhe surface by conveetive flow ilone, Prostein bs Lranspor -
ed 1o the interlace by diffusion,

The Mew svstem can be designed Lo produce mixing which i nimizes concentration
profiles. Such provesses are discussed in any basic [uid mecianics or Mow ijection
analysis texl book 2547,

A complete treatment af miss trinsport to interfaces reguires combining convestive
[Mow) and dilfusion processes " % ag the molecules present in @ Howing stream are
transported by Mow feonvection) and by dilfusion simultaneously. Fortunately, this
mass transport prablem is well-reated ™, particularly in the ehemital enginecring
literature. Rabertson %0 and Leonard "1 ire chonngal engineers who have heen
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very productive in the area of protein adsorption — they and their students hive
presented amd vsed comveative diffusion treatments cxtensively:

For the Mow dircction and coordinute system given in Fig. 5h, and assuming
dilTusion perpendicular to the solid-liquid interfage. the generud convective diflysion

cquition in Cantesian coordinates is 2"
i i i*c
2 O (%)
il k¥l ix Oy’
whore
iy = vy (1= D 19)

' = concentralion,

I = ume,

[ = diffuston cocllicico.

The origin ol the coordinate system is the entrance 10 the flow chamber (Tar left of
Fig. 5b). Assuming there {s no sdsorption at the interface, the boundary condition
sre oAb

all =0,C = 0forally, x > 0;

alw = C = O, Torall y, L = 0,

aty = bz, C = O lor i < x/Vm,

C =, lart 2 x/VNm;

aly = 0,000y = Oforall e > 0,0 = .

The equation cin be solved using various numerical methods

As the prolein solution moves inta and through the reetungalar Now chamnel, o
parabolic concentration profile develops (Fig: 5a). Diffusion wishes oul the Mow
prafile; eventually equalizing the cotcentration al £,

la Uhe ahsenee of diffugion, the injected material would never veach the woll due Lo
the Loz mature of tie flow, T the preserce of dilfusion, the concentrition al the
el Fises with time i an S-carve Tashion. Lok generated u dimensionless equidion
which defines the time course of diffusion *™:

n's
e= 0 (1)

where s the distamnoe [eom Lhe enfraince Lo the midpoint af the fow chamberind where
T = 3 1o reich o plateau value (i.e. the concenteation at the wall is Gy). Solving far 1,
woe find that

[

U= * i (1

Using the typical vilues D = 4.0% 1077 ews for pumma globulin, | = 2.5 em,
y = 4745 [or s volume Oow rate of 2.0 mifmin and 1 = 3 Lo reach equilibrinm,
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the diffusion time {8 57 seconds from the fime the newly injected Muid enwers the eell

The study of adsorplien or desorption kinetics in the lirsUminute oF 0 must Lake
full accounl of convection-diffusion processcs. Fortunately this has been well-modeled
by Lok, et ul, "™ gnd by Watking und Roberison 2%

Tn any adsorption situation, the adsorption process itse!fis involved in the boundary
conditions, thus affecting the sslution of the equation 71

Limiting euscs of the general convective-diffusion equation are often helpful. [T
the time dependence is fpnored, de, 200 = 0 (for cxample, at low bulk pratein
coneentration, ul Tong tinnes, and/or when the rite of adsorption s moch greater than
the transpaart o the surface), then we Tave

o il B
N e ¢, L (12
Ux oy

Thig stmpler expression can be solved numertcally with the appropriote boundiry
conditions, This 15 the se-called transport Timited or Leveque case *-110

Another limiting cuse 15 when ¥ = O (oo How), then we gel the commen diffusion
o L |

S ac :
o o (13)

Techniques which allow one ta monitor the bonndury Liver as a function of time,
such as total internal reflection Muorgscence (TIRF) spectroscopy %%, permit i
guamtitutive evaluation ol interfacial mass lransport processes using, for cxample,
Muorescently-tipged  macromolecnics which do not adsorb, such as Tuoreseein-
Eileled degiron

Vroman ™ has recently demonsirated the great importanee of volume and con-
centration in limiting onterficinl transpont wnd thus o infleencing (he adsorption
provess (sed also Sco. 4.6

4 Protein Adsorption Principles
4.1 Background

The chissical Langmuir theory for gas adsorption can be applicd 1o adsorption from
salution, i the sofution is sulTiciently dilute 5" The surface is considenal to consist
of sites of about the simne sreu as the projecled argn of the solute of interest (Fig, 6),

Let % be the number or moles of solule molecules adsorbed per area of surfice.
The subscripl an ¢ refers 1o the ease of adsorpiion on o selid gicfiee as contrusied
with ¥ (sed in this cose of protein-gand equilibeia ¥4 Let [A] be the equilibrium
solute concentration,

The classical Langovor adsorplion isotherm is then

= kA ;
= I—-l_"EI “"’”
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Fip. 6 0. Schewatie view of adsorplian o caorluith oo ot st b ploman su fices whte the s e
wegion™ are eansidered to lave thesame arei 15 the projected sren of the solute ulinterest. & Top. the
selonnl ¢ Botimsuin | eases b ehistersnge of adserbed selute dhe ot vackive Ll cail imtemetions or Pl lve
coopermtivily . heterogeneois surfies, fr, twe ks of binding sites; d Uplehwise hetersmaily
o s fiee dommins of different fduarmiive propeics

which assumes:

I only one moleeule can be adsarbed per site (commonly called the monolyes
!I.‘u'!i|I1lli'!ll|3|'|_J'r

2. ooly onc tepe ol sile is present wpnogen coy surfice);

1 the adsorplion of one moleeuls dogs ol allecl e aelsorption cnerpy of ollicer
moleeules (no bateml interaclions or cooparitivity):

4. only ane udsorbing specics is presenl (no competitive adsorption);

5 dilile solution; and

6, reversible adsorption.

These assumptions are klentieal (o those in the idedl theory of multiphe eyuilibria
used Lo analyze low molecular weight ligand binding to preteins * AT Figure 7
shows hew Lhese assumptions can be congidered innore refmed treatments uf adsorp-
tion from solution **!

‘[he case of the heterogeneous surface (Fig. 6) s trouted as

s
: F."(I_-l-k,h) (s

The case of palehwise heterogeneily versus “hamogeneous™ heferogenelly cunnet be
distinguished by adsorption data using low molecular weight solutes Y72 The ecase
of luteral interactions can also be treated using assumed functions for the Talerl
interaotion enerpy (Figs. 6oamd 770
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Tlie ndsarplion theories and protem-ligand cepuiitibwin theories are Formally identical.
Il one simply treats (he protein moleenle as o heferogencols surflce {fwo o more
closses of binding sites), interacting with ientical low molecular weight ligands, the
eyuations are identical. The assumptions involved arc generally identicnl — for
example, ome lipand per site, which is the same as one adsorbed msleculefsite or the
muenalayer assumplion ol Lagmuic adsorption. Lateral interzction in the Langmuil
treatment beenmes coeperativity in the ligand equilibria treatment hieteropencous
curfaoes are he same fs Bwo or more classes ol binding sites; cle,

Fliere is o class of adsorptioa or ligand equilibria data which is of particulay impor-
inee il relevance to our disemssion — the literature of protein chromalogruphy
Proteins enn be sepnrnted by ion exchange, hydrophohic, and charge-transfer procosses
on suitable chromatographic supperts. Generally, a support i used which las very
low interactions with protein ¢k i very lowh. A common one is cross-Tinked agaresc.
The support {5 then devivatized with the proper 1ype and density of binding sile
{immobilized ligand). The ligand may be a carhoxylic acid proup, H yualcrary
ammonimn group, a charge-transfr teleciron donar o electrom jleceplor] group,
or a hydrophohic groap. We shill nnly eonsider the hydmphohic case asnn eximphy
hore. The underivilized agaross s a high water content gel which consists mainly
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Figg. B, Schmitie ol o hypotiielical peotein mleraeting wih a crosstinked agarose pel COnkising
certuin bamding sites . The bonding sibes on the pel nec cossichered 10 bi ootz Tigiimds

ot OH groups, which are considered w hove o megligible interaction with most
proleins in wiler,

Comsider Fig. & where the Binding cquilibrivim is expressed dingramatically. Clearly
the binding groups on the igarose bead surfuce play the same role as ligand in a muliph
equiliboia treatment. Jennissen ™ has used Uis approach ta study the interaction of
prowm with alkyl-substitted agaroses ol differen degrees of subslitulion {alkyl
group densities or surfiee concentrations). s duly *Y sugpests § cooperative binding
process, where ubout four butyl residues (binding sitesh are involved in the sdsorpiio.
In the case of the methy! derivative of Sepharose’. 607 me hyl groups dre reguired
for :idmlrpliuu 3t

The usual udsorplion experiment consists of a fved surface and @ovaruble protein
comeaniration, thus, the “ligand” concentration is constant and the profem concentra-
tion is viried. The expressions can be derived in terms of [P] rather than [A . wihere
1] i the equitibrium profein concentefion

_ mwoles bournd protein [PA] (16
T wialmoles ligand  [A,] = [PA] + JA] 4
For n identical, non-interacling sites
i ak (1] (i
Lk ]P]

Diuc to steric considerations, o will generally be o lower number than in the free
ligand case, For the adsorption of proteins on asolid surfuce, the Lotal kgand concen(ra-

tion is ustially represented as the aciunl surlace area of the adsorbent, In studies viiliz:

! Sepharose G il commercial cross-linked sgnose produced by Phamacia, Ing,
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ing cross-linked yel cliromatographic adsorbents, ligand conceniration is often wiven
as moles/ml packed gel, Units of [k]are reciprocal concentration uniis.

Jenmigsen®s duta ™Y chows thut in termy of ligands bound (for example, bulyl
groups), the process is positively conperative. Binding of prolein to the first butyl
group imcrenses the probabilily of interaction wilth o sccond byl group, ete, Howeyver,
in Lerms af protein binding or proiein adsorption, binding of one protein (o the buryl
proups decreascs the probubility thal a second protein can interuet, or 1he system
exhibits negative cooperativity, Figure 9 summarizes these concepts in simple, din-
grimmeatic foam,

T he sdsorption er intersction of profeins witl ehromutographic supports discussed
in the previous scetion made ene overriding assumption : the underivatized support
does not signilicantly interacr with proteins: e, the underivalized agarose has such

[ + Ej i E:} e .,

8 Gp = {moles bownd A] + {moless total proteind = ( nklA] ) = (1 * k[A] }

+] =

I ﬁp = (moloes bound P] 4+ (lotal mobkes &) = | nk[P] ] 2 | 1+ k[P] |

" |
e
3
2 1+ m o<1« NEGATIVE
= CODPERATIVITY
¥ Vrosimve
- | CODPERATIVITY

a in (Al n {Pl

Fig. Ba. Top: Protcin — solubde Egand chssic binding cquilibeie and definiion of & as moles bomnd
lnggarinad e bes voanl |m'll.cin':' b Coenter: Protein adsorption — bisding equilibria now reaied in lerns
of suduble protein congentration; 4 now delined as moles bound protelsfmoles botul immobilized
ligamed, 2. Bottan - THIL ploty Tor il case, dénoensiataig that positive cooperativily with respect
o barn g ol gl 15 negative vou porstivity with respect 1o binding (uidsorptiond of protein
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Fig. 10, Typicil adsorbenl surfazes can be cansidered 10 have very high bindi
densities, rosulting tn multivalent intemetions with adsorbed profein, 17 e m
are of sufliciest number and energy, the adsorptive niericions i “irreversalile

i low interuction cnergy per sile with proteins that for all practical murposes hiit
interuction is neglipihle. This is not the case with most ofher surlices with which pro-
teing eome in contact, Using our carlier definttion of surfice sile Irom Fig, 6, Fig, B0
schematically shows whitt happens when a typical surlice of vory high sile densily
interucts with a protein. This is the cuse wilh -hydrophobic surfaces such s, [or
example. polyelhylene, polypropylenc. polystyrene, and related biomedical polymers,
One can consider every monoiier wnit exposed al the surlace in such polymers to be
a surface site interacting with (he hydrophobie dumains or patches en o protemn by
strang hydrophobic interaclions. A large number ol sueh mteractinns per individoal
protein melecile resulls in irreversible adsorption. This is, of course, also experiencd
in conventionsl protein ndsorption chromatography. whether by hydrophobie o
ionic (clectrostatic) mechanisins. When the site density on fhe chromalogripiic
stpport is law high, the protein is irreversibly boond, Sometimes this condition ¢in
be overcome by ehanging the elution medium. In the case of jon exchimge chremito-
rupliy, one would po 10 a higher fonic strength eluanl, which woulkl deeroase the
magnitude of the elecrostalic interactions. Under these new imic sirength conditions.
that pretein would then be reversibly bound and could he eluted, The same is true of
irreversible hydrophobic adsarplion, I ane clules with an eloong which destroys or
deerenses (e magnitude of the hydrophabic interaction, then wlat was an irreversihie
process is reversible in the new solulion environment **. Mast studics of prroiein
adsorption onto solid surfaces in the literature are under irreversible or al Teest semi-
reversiblo ennditions,

Ldeally, protein adsorplion experiments shoulid be concucted on surlaces of low
hinding site density so thit the interaction remains reversible and con be analyzed by
multiple equilibua and related models. This will then allow the gslimation of the
number of interaction sites und information on binding consiants umd interaction
energics. Thisis not only useful for the characterization of (he surface, bul For the
ehiracterizition of the protein sell, e, the dceessible tegions on the pralein sur e
whivlare invelved in e adsorplion progess. There are cises and conditions in which
proteins e ho studied on Lydrophobic surfees in o reversible fshion — for example,
proleins whicl appear to be very wenkly hydrophobic or st the bottom ol the seale
in hydrophobic chramatography experiments 3. Albumin is highly lydrophobic
and near the Ltop of the hydrophabic chromatography scale and would be expected
Lo adsorh irreversibly 1o most low encrpy surfaces, On highly hydrophtlic surlaces,
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stich as slean, wettable quartz, it is Enewn that some protelns adsorb in a highly re-
versible fashion, including albumin ™. Here, the hydrophobic interaelions nre prok-
ably minimal, and the major adsorptive interaction is probably insinic.

The mast uselul information on Lthe interactions of profeins with surfices will
come [rom studies analogous to those of prodein chromatography, where wiell-
characlerized and understood profeins are studied with well-chasacterized surlices
of knonwn fimctional group type and density. The information obtained is then analyz-
able in such a way @5 to deduce inleraction site densities and interaclion enerpies,
Only with such data in hand will we be able (o begin to quantitatively Lreal and under-
stand protein adsorption.

ACSORPTION DATA

t
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Fip. 11, Schemse for the amadysis of proicin adsorption data nsing the skt b o o Haple syl i
ol ot

Chven the assumptions and limitations eutlined in this section and clsewhere *,
comventional adsorption isothenm dala can by snalyzed in terms of muliple equilibria
models, The general scheme is outlined in Fig. 11, Fiest, the adsorption dita is taken
with sulficient care to pel & wide range of points over a wide ringe of concenlrations,
preferably as both a funciion of pralein solution concentration and- immoehilized
ligand concentration, as outlined by Weber L 1o many cascs, the Tignnd surfaee
voncen{ration will ke kept constint or will be larpely unknown. The adsorplion 150
therm is then plotted. It is then most convenient to perform a Seatchard plot ' if
e plat is approximalely lineir, an cstimate of nand ¥ can bederived. (T the plot has
a strong cencayity, then one can use the approximution lechnigues to alerive an sl ol
i and k for (we different assumed site populations, The shape and concavity of the
Seale hard plot in1||1l.:|l|'.':l1:1-}-' indicates severnl thinps TT it is concave-down, ene can
assume (hat this is due primarily 1o a positive cooperalivity process, For example,
the papers by Jennissen make such conclusions ™ *7, 11 it is concave-up, one can
assume lwo or more populations, ie., heteropeneons sites. One can also assume
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negitive cooperativily. Theconcavity may ba due to he fuct that one is using a Nexible
g, sinel 3 Neaible ligand model is needed Lo analyze such data *°. However, from
the Scatchard plot or from thie orginal isotherm, one cun ge nerally obiin an estimate
of the upper valug for o, Using this value for n, one can pedform a Hill plot, i.e. log ¥
f1-7 versus log [P 44527 From the slope of the Hill plot one can deduce some measire
al cooperativity.

Formany proteinsand many surfaces, the adsorption will be essentially imeversible,
which will result ina Seatchard plob with a shape which {5 not easily analyzed. The
inodels and methods presented here ure not adegoate for treating such data, 101
impartunt under such condilions Lo redo the wdsorption experiment, preferably on
o muoditicd surfuce of Tower binding site density or enerpy. Figure 12 outlines n sche-
matie form what one might expeet il this is done, although no such dats ure al present
avanlable in the literatire,

Ea
A
o+

no sebio muion

I, =0 il

Flg- 12 Hypothetical 3-13 plot of protein adsorption isstherm (0 plotied sgaina [P7],) o 2 functivn
ol st fivee lignal concentration, [A], Mote thar the system iz reversilile only up laa eritical (A und
(et baeliaves it reversibly For Bgler g su s coneentritions, The right aoraws |-+ ) denote adsong-
tion: the lef-facine ones (=-), descipbion

Assume that we hivea surface — for example, a substituted agarose analopous 1o
the ¢chromatography suppoits discussed arlier — in which the ligand surface densily
is ullowed ta vary. Further ussume that each of these different supports of different
ligand group density 15 studied with respect 1o dilferent profein solulion concentri-
Lions, and he amount adsorbed is determined. One then has two-sets of sotherms,
bagically @ vs. [P], asa function of ligand group density or ¥ vs, [A], Le., ligand group
densily or concenteation, as 1 function of [Pl These can be plotied in a three-dimen-
sional Torm as indicated in Fig. 11 and analyzed by the methods described herein.
This lus Been described bricfly by Weber ¥ Mote fram Fig. 12 that we are assuming
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thut #s the ligand group density [A] increases, the adsarplion isotherm becomes
irreversible, which is no longer within the domain ol analysis of the maodelsand methods
presented here. However, theadsorption behaviorcan be shified 1o 4 reversible domain
if the solution conditions are changed us discussed eurlier,

There are some inherent hmitations and assumplions in the multiple equilibria
presstment, One s the fact thid the ireatment was devised primarily for ion interactions
with protems, that is small, spherically, symmelric ripid solutes. There are models
availahle for non-rigid salutes ** ™ which are more appropriate 1o futly scid binding
to profeins, particularly through the hydrophobic atiyl chaing. Such models would be
more appropiale lo the study of protein ideractions with highly mobile surfaces,
sich as those of elastomers and low glass transition materials, and probably cven the
bstitiied aparoses. Finally, both the rigid solute and the sofl solute models ** >
assmne that the profem s canformationally figid, although the rigid maedel has heen
treitted in erms of allosteric phenomena or conloiiational coupling of the binding
process ®. In most cases of particulir interest. Lhe protein cannat be assumed 10 be
conformationally rigid, and further metheds, models und means of obianing Jdata
will be reguired in order 1o interpret and understand such processes, The allpsteric
ireatments of eonvertionl rpgid lgand-protein equilibria ", coupled with the (reat-
s of mobile ligand-rigid profein cquilibria " should ullow such prablems 10
be appreached. The methodologies and discussion in this section, therefore, are bul
o Lirst step in the analysis of protein interaetons st solid-lguid inferfuces.

4.2 Thermodynamics

Whal is | he driving force for protein adsorption Is the adsorption driven by overall
energetic {enthalpic) interactions or does (he entropic contribution prevuil? Do bath
entropic and enthulpic contributions play a major part in the adsorption process,
Ihe extent of cach depending on the particulur profein and surface o question? An
illminating (hermodynamic analysis given by Norde and Lyklerna *5 % Tor the
adzoiption of two different globular proteins (human ssvum albumin, 1S4, and
bovine purcreatic bonuclense, RMNase) on polystyrene latices will be presented
We believe 1his analysis has goneral validity,

Two parts of the adsorption isotherm can be distinguished: the injtial part and the
platean region. At very low protein solulion concentration, the adsorbed amounts
are so low (hat el interaetion hetween protein moleeules can be neglected, Tlas
parl of the isetherm {or is initial slope) reflect anly the interaction between protein
and sdsorbent. In the case of HSA adsorption on negilively-charged palystyrene
latices ut pHl = i.e.p., the adsorption was (ound to be independent of lemperalure,
T, while at pH greater or less than the g, adsorplion inereuses with increasing lem-
petitire 0 The positive viduzs of (878} sugeest that Lhe prosess is enthialpically
unfavarable and is entropically driven, The more the pH differs from the fep.,
the Lirger (82T becamcs, implying that unfolding of HSA on the surfiuce is o process
which is net favored enthalpically.

Al the plateay region direct enlorimetric messurements of A, H (adsorption
enttuilpy) showed that for & number of protein-surface combinations there is a part
of the pll range where A, H = O Sinee &_,.G < O for the process tooceur, T, 8
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= ) The positive sign of the entropy change indicates Lt there are conditions where
the process of adsorption is entropically faverable, il not driven solely by positive
8,5, For rigid profeing like RMNase, unfilding is opposed by strong intramolecyfar
enthalpic forees. I the RMNase melecule cannol gain entropy by adsorplion or cannol
lind other enthalpy sources, it can not and does nat adsorh. This was [ound in the
enae ol ineractions between positive-chorged hasmatite and RMase; no aelsorplicon
took place due Lo electrostatic repulsion M Fqual sipns of the surface liarges and the
prolein charge does nol necessarily imply an abseace of adsorption, however, 1L was
found in a namber of cases that negatively-charged HSA adsorbs on negatively-eharg,
il suifaces wilh its nepative groups orisnted toward the surface. This was due (o
counleriens incorporatud in the sdsorbed protein layer hetween the suarfuce and
pralein molecule providing an clectrostatic bridging mechanism 10 b an imporkand
part of the adsorplion process since i contributes both Lo A, HLand & S.

Following are the contiibulions o enthalpy and entropy ol protem adsorption
that kave to be considercd, according (o Morde and Lyllema ™' +*3';

1. Hydrophobic dehydmtion results from bonding of the prolem’s hydraphobic
palches 1o the hydrophobic regions on the adsurbent. The cithalpic part of s
internetion is small: the entropy change is positive. [Tydrophobic dehydration iy
relatively unimpertant for hydrophilic surfaces andjor rigid hydrophilic proteins

3 Owerall clect rostatic interactions depend on the surfsee charge and protin clirge,
bl of wiich are usually funetions of pH and solution jonic cantent. [Vis @ mors
decisive parameter for rigid protcin because of the ion-ineerpocation-and possible
conlormational changes ol Fexible protoins.

1. Profein conformationa) changes contribule positively both to the enitulpy and
entropy of adsarption. Such contributions are phl-dependent

4. lon incorporation has tawo importint aspects: a) dusto the Lransport al inns [Tomm
solution to the adserbed protein layer, contributions (o enthalpy and entropy arc
vswally negalive; b) in the case of ehurge redistribution in the electrical double
layer, the ion conlribution to the enthalpic forces depends on the prolein-suface
charge dilference, pll, and solution ionic conlenl, [ts cntrapic contribution is
positive.

5. Cwverall, Vi der Waals interactions are relatively insignilicant due to the similar
Hamaker constant of proteins and watet

fi, Spec'[ﬁc binding may also play an important role and it contributions o both
cothalpy and sntropy of the adsarption depend on the specilic protein-surlace
combimalion.

Apparenlly, no single factor can be used o predict lhe process ol adsorplicn;
there are always several different properties of protein and adsorbent thal determine
the protein-surlace interaction. As a summary, the Tollowing general guidelines can
he given :

I. The alfinily of a negatively-charged surfnee [or a given protein increases il the
surface is more hvdrophobic orfand has smaller eleclrokinetic poleniinl,

2. The affinity of protein towards a given negatively-charged surlace increases the
mare hydrophebic the protein is andfor the graller the amount of negatively-
charged parts of proteln occupy Lhe inner region off the adsorhed prolein layer.
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3. Adsorption is enhanced by higher concentration and valency wd smatler chao-
tropicity of the indilTerent jons,

4, The adserption process is often entropically driven with the gain in enlropy arising
fram dehydrution of the adserbent surface and structural rearrangements insitle
the proleim malceule (the stale of hydration und lield overlap changes inside the
adsorbed protein incladed).

4.3 Kinetics

“The kinetics of sinple protein adsorption lave been discussed aimd modeled by several
groups ™73 The models are summarized in Figs. 13a-[. These modcls assume the
process is surface renction mited, ie. profein trunsport fo e mterfice is ol rake
limiting. The nomenclalure is:

bulk selution concentraiion [g/1]

- udsarbod suilace coneentration al time © [kg/m’|

¢ plilean surfuce concentration at long [ke/m’]

rate constants [min ! or |/g min]

nunber ol mateenies e slade b por ol arven ol suilace
surlace arca (mction sccupivd by moleculesin stale i

n:  total number of adsorbed molecules per unil area of surface

Figure 174 shows basie Langmuir reversible udsorption, disonsscd carlicr.

The Lundstrim model ™ is given in Fig. 13b. He assumes that protein adsorhs
with 4 rate constant k, into State 1. Upon adserption, some of Ui adsorbed proteins
in Stute 1 (mitive) may conformationally chiange (via rale constant k,) to Stale 2
(denatured), Letting n, and ny be the number of melecules per umt arca in Stafes |
and 2, el 1, and 2, be Uhe area fractions ocoupied in ench state, he savs (naling thal
the unpccupied area fraction = (1 —ayny — agng) that i

dljl-l-ll =k, Co — kn I — oy — apng) (18)

The build-up of proteins in State 2 is given by

diny
== Rnll - ang — Agng) i
di
Lundstriim shows (hat ™"
kO, Ky
o T 20
Wiy (knq, = k,n,) ™ (209

o al sleady stile (assuming monokyer
wntilly by radisisotope or ellipsometry

He poes on to deterinine relations: for
coverape) and for ny 4- 05 VeI BRPET
studies.

The Lundstrom model allowing for desorption is given in Fig, [3c, altheugh il
has not been treated i the ilerature,
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Hetssinger™s and Leonard’s model (Fig. 13d} accounts for desorplion of both
putive and denatored adsorbed species (Stires 1 and 2, respectively), They used the
clissical Laongmuir-Tinshelwood model Tor catalytic renctions (the surfoee is the
catulyst for eonformationul change or denaturalion of the adsorbed profein), which
agsumes equilibrivm a1 @ stendy stae between adsorbed and solution molecules.
They shonw!

Ua
dil = Okl — oy —ay) — agk gl — o, —a) — a,k, (1)
ihans
— = a k(1 —uy — 03 — kia, 22
di
n,=m + n; (23)

The equiations were best it to albumin on quariz adsorpiion data by a nonlinear
repression method to obtain values ol 'k, kg, ki, k. and n,. They then extended the
model 1o consider the competitive adserption of (wa proteins ™'

Soderguist and Walton ' added lime dependence of the. surface reaclion lo the
muodel. They also allowed for readsarption of desorbed material {Fig. 13¢). This
model in principle takes into account the tane dependence of the conformationul
clinge ol adsorbed protein. They consider (hree distinel processes or shites:

1. Hapid and reversible udsorplion: reaching a pseudo-equilibrivm during the firs
minute;

2 Surinee-induced change in conformation which optimizes prolein-sirface inter
action and decreases the prabability for desorption;

1AL - o adsorbed rterinl is (ully denatured and iF desorbed can not readsorb;
desorption feom State 3 is irreversible,

R | [ [ : : .
Provess 1) Rate of udsorption, —I--[! . ds propertional o selutian concentention, O,
L
bt desorbed materinl readsorbs a1 a different rate.

R..u e= '!k,-.':u“u} T I"‘.I.{-."I[ll} i :' A= -ﬂl E kEII{:i[!i] IE‘I':'
wherei refers 1o solution species which had been on surface for ) A is available surluce
ared; ki is the rute constant {or specics L
Priveesy 2 s difhicul o model.
frocess 31 The desorption rate s much slower, particularly after long contaet mes,
They assume that Tully denmiured protein does noe desorb.

R, = ZEYC) (1) 25)

where (C,); is (he ndsorbed concentration which has: resided for a peried 1 on the
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surlaee. IF we consider material incubated for g definite taoe, 1, aod all desorbed
niterial is continuously removed, then

Ry = kCdt) (26]
which can be written in U [form
R = kKGO + kY (27}

where k, is the mte canstant for conformational change of the adsorbed protein.
Combining {24) and {27 by noting that at steacly state R, = Ry, they gt

A ZKICH) = kG — (1 + kg (28)

At b= (1, this reduces Lo the Langmuir equation for reversible adsorption; as 1 - oo,
the process becomes fully sereversible (see Fig, 1% which will be digeussed later)
The model reconeiles eszontially all of the pliyvsical evidence sccording 1o Soderguist
amd Walton ™ ulthough several of its asswnptions will be questioned later,

Sevustisnov et al. " ™ have developed a model which considers the elfect of surface
heterogeniely on the adsorplion process, They define “eenters of irreversible adsorp-
on®, lakeled P, and “centers of irreversible desarption”; labeled T¥. They argue. in
agrermetl with Soderguist and Wallon, thal desorbed matetial is conformationally
altered and thus cannot readsorls — hence desorplion is irreversible. The resulls of
this model are piven as Fig 14 tahen fom Bel, ™ The model also includes the case
where adsorption may be trausport limited, The model fits commoanly observed
alsorption data, inchiding the “overshoot” plicnomenon (Fig. 14, top} (diseussed in
Rel ™9 to be discussed laler.

Altiiough Uhese maedels are ambitious, complex, and tend 1o fit experimentd data
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Fig. 15, Suppested pencral kinelic moded for protein sdsorption in the abeence ol any covalent bt
formation or distupriion, Any protein desorbed moa devsitired state is assmned A0 mpidiy renntuee in
salution. IF the surface is helerageneaus, Them fwo or more such scenarios sin he formalated, with
approprinte aceouml 0 the ares lructions, of cuch bype of sullace presenl

ressana bly well, in many cases, some of Ui assmmplicns are npl rensomible. Alhough
proteins do indecd widergo time-dependent conlimativnal changes on o sorfiee,
il those |1|'nl|:il|:{ desorh, they pl'(‘ll?ill!l}' Srepature’’ o solution, hEC"JI'Hiﬂj! indliztin-
guishable [rom profeins in bulk solution. Protein denaluration is generally reversible
imiogr covalent hords have been formed or disropted, which could happen i the
sutface is catalylically active or i proteolylic enzyime aclivity is present.

Therefore, n more general kinetic model is sugpested in Fig. 15, based on the pioneer-
ing sludies reviewed in Fig. 13, This is essentially a simplilied fomm of the Sodorguist
and Walton ™ treatment, excepl we have assnmed that any protein deserbed in o
dematured stale rapidly renatures in solution. This model could be combined with
two or more clisses of surfice sites (heleropeneous surfaces) (o treal more complex
materials: To our knowledge, no modeling or data fitling to such a model is presently
available.

4.4 Conformation Effects

We have already established that the protein adsorption process may resultin signili-
cinl conformitionnl changes. In addition to mdsorbed amonnts and raies, the oricn Li-
tion and eenformation of the adsorbed protein are eritical (Fig. 16). Conlormation
rilers 1o the secomdury {o-helix, [ksheet), terbiary, and qualermgry siruclires,

Certain orientations may make a specilie site on the protein inaceessible to figand,
substrate, or antigen. For cxample, consider (he adsarplive immobilization of
specilic 16 Tor u solid-plise immunoassay. The procedure will be oplimal il the
Fub doimaing are (tee to bind antipen {Figs. 1 and 16).

If' the protein’s structure is changed due 1o Lhe adsorption process andjor the new
local micte-enviranment, then it is said 10 be fully ar partially “denitured ™, mening
Uil its properlies are ne longer Those of the native protein, Conformitionadl changes
can oepur due Lo ligand binding (for cxample, hemoglobin), substrale hinding (miny
enzymes), heparin binding antithrembin 1, and surface hinding (Hagemin Fucter,
likroncetin, albumin, cte). Although there hove been many hypotheses relating 1o
prodein adsorplicn conformational cffects, there is little dircel data available



12 B Apadriide o Vo H addy

FAOTEIN ADSORFTION

Fie, B6. Tl adsorption of an lgli molocule (Showan for
convenicnoe @3 ¥W-shuped) may resull in =everal arien -

J/ picaris. The pieolecule iy uilsorly iheowgh cine or boe of
the Fubs ends or throwgh the Fe ol - or e on s side™,

5 Tew ducbelitiinnt (o suchy prdeesarion cllects, (e nolecule may
S50LI0  EBOLUTION e con Fonmnonully aliered or disrenirog

The surface dsell’ oy also be conformationully alicred or “denatored™, due (o
s mleraclion with the protein, parteularly polymer surfaces which tend 1o relax
or cliunge in response to new environmienis ¥

W have already established that profeins are highly dyniamie stroctures, which ane
constantly “sampling” diiferent conformintions due 1o local thermodynamie Tuctua-
tong. Some such transient conformations can be stabilized In new micro-cnviren-
ments, such us at o solid-liguid interface.

Many studics of protens ot aic-getution interfaces have indirectly estoblished (ha
lhe mbsorbed proteins undergo detectable conformitionadl changes. Similar studics
ol solid-liguid interlnces are lew. We review here only several key studies.

Murrissey ** used trunsmission infrared speclroscopy Lo study prolein adsorplion
onto silics purticles in a heavy waler (1,00 buffer. By observing the shilt in the amide |
nhsorption bamd, he coubd deduce the fraction of protein sarbony| gronps ivolvil
in bonding 1o the silica surface. He Tound that bovine 1gG had a bound fraction of
0200 at fow bulk selution concenirations, but only abwoul 0.02 il high solution concen-
trutions. However, neither prethrombin nor bovine serumealbumin exhibited a change
in bound fraction with concentrion. Parallel cxperiments with fal silica plaes
using ellipsometry showed that the TpG-adsorbed liyers had an aptical thickness
of 140 A and a surface concentration of 1.7 mg/m® at low bulk selution concentration

in concenirated solutions the surlfaee amount was 3.4 mg/m® with o thickness of

320°A (Fie, 173,

A\ INCAEASE €, A\

—%

Fig. 17. At low solution concentration, the prolein has no neighbaors on the surfivec and this san
aptionilly slapl 10 the susliee, maxinizang (he sumber of binding interactions. Al high solution
conventrution, any one sdsorbed protein is immedintely sirrounded by neighbors, minimizing (he
peeclabsilivy thiat it can conformanionlly adapr to the inferluce, This behavior leads w ibe diftcrence
i adeorbed amount and adserbed protein (ickoess (detenmined by cllipsometey), ks discossed in the
el

iy |
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Maorrissey suggested that at low solution concentrations the adsorbed profein has
suffleien time and “elbow reom” 1o accommaodate (o ils new microenvironment by
conformational change resulting in significant hydregen bonding Lo the silies surliey,
At high solution coneentrations, the collision frequency with the surfsce is so high
that an adserbed protein has neither the lime nor (e room (o oplimize its interaction
with the surfice. This gencral interpretation is common in the airfsolution field us
well, Airawater stucies show that the pretein only needs to gel o suificient " footheid™
o i surface te mininize e probubility Tor deserption . Onee attached o the
sirfaee, the rest of the protein is “dragged"” Lo the interface, thereby optimizing the
intersetion. The Toothold nesd only be roughly HE-200 A% in contrast (D the cross
seetional arcas of 1ypical proleins, 1000- 10000 A%, Morrissey’s bigh bulk ¢oncentra-
tion citse may represenl o minimum foothobd.

Willon and his students have also pioncered the study of protein conformational
changes, wsing Muorescence and arcubn dichroie spectroscopies TR TR Transmis:
sion C13 spectra o Hageman Factor, adsorbed ona stack of guartz plates, suggested
conformational changes wpon adsorption. CD spectra of profeing eluted alter dif-
ferent cortacl times with the surface show that the degree of conformational change is
dircctly related to the contaet time for periods of up 1o 10 days. [0is now penerally
aceepicd that protein conlormational change cun be a rather slow process.

Brash has also used CI to study cluted proteins and finds farge changes in #-helix
content of fibrinogen, perbupy dué o enzymutic fragmentation produced by the
surlnce-indueed actvation of plasminogen to plasmin 7™,

Transmission fluprescence stuidies of adsorbed Hagemun Factor show changes,
which can b interpreted in terms of conformational and other micro-cnvironmental
effects "™ although such studies must consider substrule effects on [norescenoe i

Adsarption may lesd twoan dncrease or decréase i titrable groups, Tiralion data
ain s be interpeeted in terms of conformational changes.

Soderguist and Walton 7/ shawed an “overshoot™ in adserbed amount as a fune-
tion of time and a kink or inflection in the isotherm at about hall saturation (Fig. 18,
see also Fig. 14) They proposed :

I. Within the Tirst mimue of contact, adserption is rapid and reversible — a pscudo-

a n L b Ciy

'
(]
]
}
I
i
]
i
i
Fig, 18a, & schematic of kinetic “overshoot™ adsorption dala, as discussed by Sodevguist and Wal-
ton "3, Nom Dl and Morde *, wind edliers, See teat for eaplanations. b The “Rink®™ w1 obout hall-
saduration ofien obseriad i protein adsorpiion sotherims
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FROTEIN ADSCRPTION

Fig. e, The adsorplion of an Lgli meteeale (shown for

J/, nfl’I comveaicnce s Y -shiped) may result in seveml ool

tinz, The mebesuly moy adsorl through ose o botl of

e Pob endsor (hrough ohe Pl or e o s side™

R\\\\ Bin sisdadinion iy b0 el aefer todie wllects, the moleoute may
S0LID SOLUTION ke comfurmationally allercd or demttrad

The surface 1sell may also be conlormationally altered or “denatured”, due Lo
its interaction with the protein, porticularly polymer surfaces which end to relax
or chanpe in response (o new environments ™,

We have already established that proteins are highly dynamie structures, which are
constantly “sumpling” dilTeren conformsations due 1o loea] thermaody amie Mucton-
lions, Some such transient conformations can be stabilized in new micro-cnviron-
ments, such as al a mll.fi*“l[u-td interfuce.

Many stwdies of proleins at aic-solution inlerfaces have indirectly estublished that
the adsorbed proteins undergo detectable conformationul changes. Similar studies
At solid-liguid interfaces are (ew. We review bere only several Key studies,

Maorr ssey *¥ used lransmission infrared speetroscopy (o study protein adsorplion
onto silica poriicles in o hesvy water (1,0] butler, By obeerving the shilt in the smide |
nhsorption band, he could deduce the Taction of predein curbony] proops invelved
in bonding to the silicd surface. He found that havine 1gG kid 8 bound fraction of
02900 low Bulk salution concentrations, bat only aboil 0,024l high solulion concen-
lrations. However, neither prothrombin nor bovine serumalbumin exhibited a chanpe
in bound Traction with concentration. Parallel experiments with [l silica plates
uging cllipsometry showed than the IgG-adsorbed lyers had an optical thickness
af 140 A and a surface concentrotion of 1.7 me/m® al low bulk solution cencen rution

- i concentriled solutions the surface ameunt was 3.4 mg/m® with a thickness of
320 A (Fig. 17),

e WHUO

Fig. 17, &g low solation concenication, the protcin has no ngighbors on the siesface and by con
eptimally adapd 10 the swrlace, waximicing the number of binding mtorsclionds, AL lugh solation
cereeniiion, any one adsorbed protein is immedintely surcounded by neighbors, aumimiing the
bl livy that it can conlormationslly adapt 1o the interface, This bebayior beads 1o the dillerences
i udlsorhed amonnt and adsorked profein thickness (determined by ellipsometry), is discpssed in the
leal
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Morrissey suggested that al low solution coneentraiions the adserbed protein has
sulMicieni time and “elbow room™ to accommodate o its néw microenvironment by
conformationn| chionge resulting in significant hydropen bonding to Lhe silica surface
At high solution concentrations, ihe collision [teguency with the surface is so high
thal an udsorbed protein has neither the time nor the room 1o optimize its inteenclion
with the surfiuce. This general interpretation is common in the air/solution feld as
well. Airfwaler studies show thial The protein only needs to gel 3 suflicient “foothold™
am e surliee Lo minimize the probability for desorption *, Onew attached (o Lhe
surface, the rest of the protein is “drageed” o the interfaee, thereby optimizing Lhe
interaction, The foothold need m]ly [ 1-‘||Jg|11‘-,,l L0200 ,'9&2_ in contrust to Lhe cross
sectional arcas of typical profeins, 1000- 10000 A® Mlorrissey’s high bulk concentri-
o cuse may represent o manimum foothold.

Walion und his students have alse pioneered the study ol protem conformational
chanpes, using Muorescence wnil cireular dichres speetroscopies ™ 77", Transmis-
sron CI spectra of Hageman Factor, adsorbed on a stuck of quartz plates, suggesied
conlormational changss upon adsorption. CD spectra of proleins eluted after dil-
ferent contact times wilh the surlace show that the degree of conlbrmational chiunge is
directly reluted 1o the eontaet time for periods of up o 10 days. 11 s now generally
secepted that protein conformational change cin be a rather slow process.

Brash has also used CD o stucy eluted proteins and linds [orge chunges in a-helix
contenl of [ibrinogen, perhaps due o eneymatic fragmentation produced by the
sutface-induced activation of plasminogen to plismin 7,

Transmigsion Muorescence studies of adsorbed Hageman Factor show changes,
which can be interpreted in terms of conformational and other micro-environmentsl
elfects 1% pithough such studies must consider subsirgte effects on Muorescence ™,

Adsorption sy lead 10 an increase or decrease in titrable groups, Titration data
cun thus be interpreted in terms of conlormational changes.

Soddergquist and Walton ™' showed an “overshool™ in adserbed amount as a func-
tiog of time and a kink or inflection in the isotherm at about hall saluration (Fig. 18,
sce ailso Fig, 14), They propoded :

1. Within the first minute of contact, adserption is rapid and reversible - a pscudo-

< 1 b Gy

Fig. 18a. A schematic of Einetie “evershaot” adsorptipn datu, us dissussed by Soderquist snd Wal-
e 7 Yan Dulm and Morde **, and othiers, See leat Tor eaplinations. b The “kink™ at sboul lali-
sourition oficn ohserved in prodein adsorprion isolherms
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equilibrium is present. The protein is adsorbed in a random arrangemenl ab o
erages less than 5097

27 At coverages greater than 509, surfuce transitions and ordering may develop
which lead to more efficient packing and in increase in adserbed mmount, hence
the kink in the isotherm,

3, Criven suliicient tme, adsorbed proteing uidergo conformational changes which
lead to increascd surfuce interction. Duaring this process, proteins less oplimaliy
adsarbed undergo desorption. hence the overshoot in the Lime curve.

4, The desarplion rate decreases with increasing residence time.

5. Desorbed protein may be permancatly denatured, suggested by CD resulis,

Allhough this last point may nol be general, the athers ore now aceepled s rough
“ruleg of thumb™ Tor prolein adsocption, (hough clearly each protein-surfiee-selulion
systen is unigoe and may not exhibit all of the features noted.

Van Dubm and Norde ®F (inca study of human plasma albumin on negatively-
charged polysiyrene latices) showed a fast initipl adsorption folluwed by desorption,
probably dug 1o conformational elunge of the ndserbed albannin, which induces the
release of leass dehily bound protein. This resull was observed at pll 4, where the
ilhumin has o et positive charge and was nol observed at pbl T4, where it is Tighly
neplive,

The attenusied (ot rellection (ATR) Fourier trnsform infrarcd speciroscopic
(FT-IR) studies of Gendrew, Jakobsen, und others ™' have the potentisl for direc
determination of conlormational chunpes during the adsorplion process due to shifis
i the infrared absorption bands, Sakweai e al, ™% have used ATR-FTIR, s well
as €D, (o probe esnlormational changes upon adsoction,

Totul internid rellection fluorescence (TTR Py speetroscopy hits recently been dpplicd
by several graups *** 43 i complete reviews wie now available * ' The method
can easily follow the kinctics of adsorption, wsing protwing Lebeled with exirinsc
Muors, such us Auorescein or rhodamine, The intringic UY fuorescence of tryptophan
CPep) can be used Lo foflow adsorption. The UY approach has the odvamtage that the
tryptophan Muoreseence is sensitive b he local micro-envifonmenl and ne fabel is
ruquirmi The major disad vantage of the UV method is the UY photochemical chanpes
which ecour, although such changes can he minimized by workmg at low light levels.

The intrinsic UV Muorescence of proteing is dominated by the teyplophin indole
rings. The absorption maximun is 280-290 am with (he Nuorescence ARG Fng-
ing from 315355 nin, depending on the local environment of the indole side-chins,
Quantum yields vange from 0.04 1o 0,50, .10 {5 0 commoen value, As the local environ-
ment polurily or dielectne conslanl movsises, e Muoreseence masimum shilis up to
255 min, such as For an indele ring in water or bulTer. Trp moicties in highly hydro-
phobic environments Auoresce al 315-320 now Thus W Muorescence emission maxi
s (and the quantum yiekd) provide indirect information as to the local environ-
menl of the Trp Muors,

Allhough a number of proteins of inlerest (human serum albumin, for example)
contain o single Trp, most contain two or more, This the speetrum observedl is the
sum of all active Trp Muors, making it dilficult to deduce the local environment of
each Muor, Nevertheless, the UV Nuorescence emission spectrum is vsclul in dedue
ing oricnlation andfor conformtion chinges upon aclzorption.

Protein Adsorption and Matedals THocompntits ity as

Fibronectin (1n) adsorption from 0.05 mg/ml solution showed very diflercnl
adsorplicn Kinetics on hydrophobic and hydrophilic surfuces. The data for static
and Mow adsorplion and desorplion have been reported ), The quantity of inlerest
here is the Nuorescence maximum, which for Fn on hydrophilic silica is identieal to
that in bulk solution, sugeesiing no major conformational change upon adsorption.
The Fr-silica sielaee interactions probably invalve the churged groups on the surface
of the molecule, most likely the highly positively-charged heparin binding regiens of
the molecule (pK = B-2).

I adsorbed on hvdrophobic silica, however, Muoresces at 326, suggesling a shight
denaturation of the moleoule, Fo interactions with the hydrophebic surfice may
involve some of the apolar resicues in the protemn intcrior, suggesting a partial de-
naturation, Clearly, studies on surfaces of a range of charge, polarity, and apolar
eharacter would be of interest.

Bovine albumin has been studied (o date vig intrinsic TIRE enly anhydrophilic
quartz ™19, The Nuorescence maximum {1 mg/ml BSA in PBS) is 342 nin and shilts
16 333 nim upon adsorption. These resubls sugpest Uil the adsarplion of BSA ontu
silica changes the conformativn of e mulesole sueh it the twe Trpy Nuors e i
niore hydrophobic envirmunent.

Studics using radio-iodinated proteins in the TIRF apparalus permil a direct
fessurenient of the umount adsorbed, thus allowing ene to deduge: il the guantum
yicld js also changed on adsorplion by

Hyvdrophohic ciromatography stucics of protuns int ramolecularly crosstinked
lo minimize unfolding suggest that *, ., the elfective hydrophobicity of prodging is
ducin part to the extenl to which huried hydrophobic restthies are expesed by protein
unfelding™ (Rel. **, p. 971

Both Vroman ™ and Chusng * ™ have shown that specific antibodies can be
used as probes of adserbed protein orientntion or conformation. Chuing showed
thal Fbrinogen adsorted on Cuprophane surfaces could be measured quantitatively,
uging n P ldabeled antifibrinogen-1gG "), howewer librinogen wdsorbed on poly-
vinyl chlotide *. . was nol readily aceessible for reaetion with Pl brinogen-
Jta.™

Clearly specific antibodies, and pasticularly moneclonal antihodies, may be very
useful in probing (he propertics of adsorbed proteins. Specific antihodies have been
nsed [0 probe the structure of antipens in solulion 1 Consider the adsorption of o
simple protein with a small number of reasonably well-defined epilapes (surfuce sites
with antibedy binding activity), as in Fig. 19, Clearly epitopes E and A are nol
accessible Tor binding, while B. €, and D would be sterically aceessible. One could also
envision a conformational change upon adsorption which produces an epitape

ADSORBED
O PROTEM

‘ "-\ N, t‘
R
Flg. 19, Schematic ofn protein with Gae differentsintigenic sites (epitapes). Ench epiiope iy bave ere
of mnre speeilic monoelonl antibodics, A set of such amtibodics can he ssed 1o probe which epitapes
are dovessible o nob; allowing the investigater to dediee e orientition ol thi addanher prodan

T TR o
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nermally unavailable. Antibodies to such “hidden™ cpitopes may be generated i the
profem s lirst denatured i solution to expose the normally hidden site.

I s important Lo note Wiat antibodies are very lurge moleeules (Fig. 1hand may be
sterically unable to bind (o an sdserbed protein, even i the proper epitopes ire indeed
whposed te e soliioy (Fig 19)

Chusng uoel coworkors observed thal i specific antibody Lo hrembin showed very
low reaclivity wiltk prothrombin in solution bul very high reactivity with adsorbed
prothrombin, suppesting thit adsorbed prothrombin exposcs w new binding site
eguivilent Lo ane oF the thrombinvepitopes "™, The reactivity of adsorbed prothrombin
for the thrambin antibody wis surface specilic, sugpesting it adsorbed prothrombin
Ias dilTercal ecicntations andior contormations on (he surfaces examined, Aller
thorowgh study, Chuang concluded *™, “The duta from this study appear 0 demon-
strute Uil adsonprion of prothcombin 1o anilicial surfaecs, such as PYC, had induced
same conformational changes of the mucromoloonle that resemblod dntigenically
the domain(s) ol adsorhed (hrombin . . . Monoclonal anlibodies specilic either to
prathrombin or thrembim may be uselul (o pinpoit (he exact domaings) involved in
such chanpges. ™

Chuang further cautions that *In solid phase immunoassay, iU s generally sssumed
that narigens adsorbed 1o 0 surfaee, such as polystyrens microtiler dishes, will renci
wilh specilic antibody in b manaer similac (o thal antigen-nntibody reaction fn solu-
tiois such gs occir in immune precipitution, However, our ovidence and ol hers ™
secm Lo poinl oul that data oblained rom solid phase immunoassays shoubd be infer-
preted with caution since adserption of W nomuntigen 1o polymer surfiee conld
render {1 imminoresctive o previously unreactive antibodics,”

Clearly a set of monoclonal antibodies may help elucidate the muure of sdsorbed
profein orietition and conlformition. Such studics are in progress by several EroLps.

4.5 Desorption, Exchange, 1lysteresis

Ths adserption of macromolecules 15 rarely an equilibrinm process. fust as the prop-
erties ol synthetic polymers are oflen dependent an non-equilibrium processes and
Pehenilion phensmena '“'"1 so cho the propeitics of udserbod proleins depend on time,
mietastahle states, and hysieresis processes,

As e adsorption site density (Fig. 12) or tolal free energy of adsorption increases,
one moves ram the readm af “reversibility™ 1o than of “irreversibility.” As proteins
cun undergo conformational und orientationa | changes on a surlace, they cun optimize
their interficiul interactions €0 ny to provide the maxinum free energy of udsorption.
Such conformaltional alterations are relatively slow and henee very time-dependent,

Soderquist ind Walton "' showed that the desorption rate is o funetion of residence
Lz, The adsorption process cin be chavicterized in three stipges:

L. Short times where adsorplion is reversible, presumably litle or no time is available
for conlormational changes,

2 AL longer times where slow confarmational clanges oceur, the process is semi-
reversible and desorplion occurs very slowly,

30 AL lone times where the conformational chungu is completed, adsorption 15 now
irreversible, and desorption is improbable,

Provein Adsonption gosd Moaterds Diocompati licy kT

Those proteins which do not undergo nny sipnilicant conforniational change al
g particular interface may not show any signilicant time-dependence.

Soddergist and Walten proposed that the kinetie “overshoot® (Fig. 18a) and the
kink at cround halF-saturation (Fig. 18b) oflen obseeved m protein adsorption studies
may be due 1o time-dependent, surface-induced transitions, The confermational
chunges probably resull in some unfolding snd an increased number of protein sies
conticling the surface. Conformationally changed protein requires greater surface
area — those proteing further slong in the coaformational change proceds "consume™
surliee al the expense of their neghbors, which are less tightly adhered tothe surlace.
Therefore, the amount of protein adsorbed can go (hrough o masimum ds neled n
Fig. 18 Van Dulm and Norde huve made similar observations #), ‘

e isotherm equilibium™) ease follows a simibir mgoment (Fig. 1Eh) At low
'y, the surface is not saturated, and the adsorbed proteing are randomly ori¢nted
an (he surface. Al preater thun 50%; covernpe, luleral interactions among nemhbors
hecome important, possibly producing an ordering of (he adsorbed proteins, which
can be thought of as a surfoce phase trinsition. The more ordercd adsorbed laver
requires less area per moleoule, hence the surlics has “room™ fer more protcins Lo
adsorb — thus the kink in the lsotherm (Fig. 18 k). Dircet evidence of two-dimensional
protein crystallization and ordenmg is now available for the cuse of antibodics deposit-
edl on hipienated phospholipid monoliyers ™.

Soderquist and Wallon's ™' model of the protein adsorption process {discussed
earlier, Fig. 13) reduces to the elassical Langmuiv (small-incleculed adsorption as t — 0,
As b =+ o, thelr model predicts this adsorption is ireversible. A model which reduces
to Langmuir adsorption al shorl contact time and Lo ircoversible adsorption ul very

TIME

Fig. 20, Schematic  udsorption iso-
therms™ with a constant surduce siic
coneentration (AL in Fig 124 here
constant), bl with ddsorpiimg Time we
avarinkile AL very shorl tines, idsorp-
thon s diffusion contralled. AL shun
pimes, he protein has issullejent finm
o carformat bonally odjest 1o the il

¥, face, thus adsorplion s e reversibi
a, .f/ T and of the Langmuir type. Al longer
I ﬁ_,—;:f-- " tinies, confurmational adjnsimeits be-
gin leching e Hhe commaonly abserved
e surni=grir-reversible hebavior ol protein
.// .'ﬁla.lll]lll[lll (iher nomienealere same
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leng contaet times iscertainly eonsistent with much ofthe datain the llerture. Wallon
and Kaltisko *'t have examined both protein stability and surface-induced, tine-
dependent conformational changes, Such treilments deserve 1o be niore fully dovelop-
et el investigated,

The tendeney for an adsorbed protein to undergo conformational change is protein-
and inlerluce-specific, as well as time-dependent. Total internal reflection Muorescence
(TIRF) studies on lgQ adsorption and desorption on hydrophobie and hydrophilic
surfuces #% o lmetion of residence ime show clearly both the time-dependence, as
well as the surface-dependence, of desorption *3,

Figure 20 summarizes the situation in sehematic fomm, Assuming & constant surface
binding sile concentration (ixed surface propertics), we exumine the amounl hound
as & function of time and bulk sehtion concentration. At very shorl tinies and partic-
wlarky al low bulk concentrations, adsorplion s diffusion-contralled and shows
a 1'% dependence. At longer times the sluggish conformational changes begin to
become impertant. A significant hysterssis now beging Lo appear on the adserption-
desorpiion isotherm. Al long contact limes (e conformational adjustmenis are
con phets; adsorphon-lree coergy s maximized, and adsorption is irreversible, produe-
ing muximumhysteresis,

Clearly, proteins with a high concentration of binding sites on Uheir surfaces may
adsorb in the proper orientation, resulting ina muliipoint attachment and high adsorp-
tion-Iree energy. even withoit any conlformational adjustment, Thus, hysleresis can
he present in sorie syslems even al very shorl contact limes, Protcins with very stable
tertiary or quaternary structures may ol show signilican! tine-dependenee due to
the low probability (or conlormational change

[t is commonly observed that pretein dosorplion can be very slow or even non-
existanl, bul protein exchange can be rapid. This “anomuly™ has been ponted out
wany tmes ™ M Fortunately Jennissen's studies " * i (he arguments and work
dhiseussed in this chapter fead to a reasonable explanation.

Consider the cartoon in Fig, 210 Imagine some adsorbed proteins with multiple
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Fig. Xa. Curtnon shawing the itprobility of desorplion for a proten adsorbed by 4 or 5 boding
sites: by cachange of adserbed projcin witl protein in the bl seliion s prabable, however, due 1o
e Fact 1hit as one foot celesses, a fool lom adiflcrent protin may aitich, Seetest for o ber d geus-
sion. Bxplanation dug to Jennissen ™ %

IMeein Adsorplion and Materials Biocompatibility M

binding sites. Call cach protein binding site a “Toot ™. Statistically, 1 protein fool ity
lifi ol every now and then. Clearly, sl feet must be lifted efl'in order [or the proten
Lo desorb, This is stalistically imprehable, thus desorpiion cannol oceur, We siiy the
prodein is irveversibly boued, [xchanpe 152 different maller. Bow we lpive proleins
present fn Uie local enviranment, difTusing to and eolliding with the surfice. [[.ﬂm'
of these proteing should statistically place a foot on the space vacated by a “desorhing™
fool of an adsarbed protein, then o “compeiiion™ i present. 17 the new pratein 1ht'.l'|l
puts several Teet down and becomes ancheored, it may indeed induce the removal of
the lirst protein. Therelore, ane profem can, in essence. be lifted off by o number of
proteins adsorbing nnd attempling Lo accommodite with (he surlice. This 150 very
scheimatic and simplistic explration, bul i appears Lo at least guatitatively explain
the siluation.

The adsorption of polydisperse synthetic pelymer shows similar behiavivs in ihal
the ayvernge molecular weight of the adsorbed polymer increases wilh Lime I|igl|
molecular weight material is mare tightly boumd more “feel” attached), thiss induciinge
desorption of the low molecutar weight molecules (see Fig. 22),
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Fli 22 Muobeculor weight elleet of smihatie pakyrner welsorpaicon Modecolar weiplht PW ) distbribi-
i e guelydvinyl chibaricdey in ol o ond inoibcadsibed Tager aleguilitesn, Mot tha e wabsior bed
wterial lias o higher avetige MW than the bulk solution (from Ref L e e |

This is probably (he basis af the vomplex protein exchinge processes “h!ﬂ-‘l“fkﬂl by
Vioman and coworkers ® The inore Teel and energy per oot (total -.udsmrﬂ_:(?n-
[ree energy), the lower the probability that exchitnpe con dceur, Henee [nacompetitive
i1d5-.nrp1inr| proeess, one finds that hose molecules prescil in e highes! omounds
anel of sunller size bind lirst (due 1o diffusion snd collision argoiments) and are then
exchunged by the more strongly adsorbing components. Viaiman and _v'\tlﬂl‘llﬂ hiive
shiown ™ for plasma proleins adsorbing en glass and cerlain metal oxides that the
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exehange hicrarchy is: albumin < gamma globulin =< fibrinogen = [bronectin
= Factor X1 {Hageman Factor) < high moleenkie weight kininogen (HMWHK)
falbuiiin wdsorbs ficst).

4.6 Competitive Adsorption — the “Vroman Effeet™

Tl adsorption of protem from single component solulions s gualilabively wnder-
stoad, althaugh o quumtitative understanding and models or theories with predictive
character are nol et wvailable, £f'the structure and solution properiies of the protein
are known and § the solid-huler interface properties are known, then by carefil
examination of the “surlace’ of the peotein (ideally via moleenlar eompuler graphics),
we can indeed predict whal oricagation of (he protein is *preferred™ on Uhat particolar
SHEEde.

Recently, considerable progreds hus heen made on the calcolation of clectrostatic
and hydrophabic interactions in biochomical systems "™ 109 We can expeet such
cileulations 1o become common for protein-solid sorfuce imteractions, Thus we cin
expect upproximale values for the adsorplion energy i selecled systems Lo appear
in the near future, The problem of tme-depeadens conformational sdaplation of the
protein to the surfuce tand viee versad will b soch more difficull, Initilly, we will
have 1o resorl to crude measures of the struetoral stability of b protein, sach us the
lemperature wt which thermal deraturation accars, the sred malar comeentirution for
sofution denaturation, cle. One or more of e models given in Fig. 13 should apply,

Bur what happens i we huve bwvo or more proeins in solution ! Clearly there will
b o comnpetition and the resulint surfaes concenlrnion ol the twe proleins il some
Lime, L, will be a comples Tunction of protein, surface, and solvent properiies.

The general problem imvolves, Tor exwmple, thiee dilTerent protans (A, B, C) i
solution and interacting withi o surface, The key varmables are bulk solution concentra-
tinn 10, ©y €, diffusion coeflicients (17, 1y, D, and the sdsorption [ree encrgy,
wliel is o Funclion of tine, AGIU fur cach protein, The free energy of adsorpiion wl
initial contuet, AGg, {5 relined 1o the final free eoergy state, AG,, through the “de-
nutnrabality™ of the protein. Fhe denaturahility s o Qnelion of the stikility of the
pratein 1 solution, the interagtions aviikable at the solid surface, imd the surlice
oeeipancy (ruetion of sites aceupiad), The problem i5 1o dake these gualitative con-
cepts and develop u quantitative model useiul for prediciing adsorplion,

Although there have been many experimental studics of protein adsorption from
binury and trimary mistures, itk or no modeling Tus Been alicnpled.

Beigsinger and Leonard ' modeled (e competitive udsorplion ol two proteins,
albumin (A) and 1O (G, permitting eoch protein (o oceupy pan of the surinee in
twa differant stares, and also allowisg [or desorption of each protein Teom caclh of
it Lwo allowed states, The model uses 12 adjustable parameters. making it difficult
to apply for predictive purposes,

Adsorption friom plasma is considerably more comples, as literally hundreds of
dilferent proteins are present ™" — all competing for the surluce

Yronun has shown by antibody methods thal plisma interactions with solid sur-
fices result in @ hiersrehinl adsorption process ™ The high concentration proteins
dmmingte the surface at shorl lmes due o dhe higher collision rates. As time posses
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virious exchange processes occur and proteins wilh higher surface nlfinities dominale
(e surfiee. Finally ot very long times only the highest aflinity proteins are present
an the surlaee, cven il their bulk solution concentration is very fow

This effcen is well-known i synthetic polymer adsorption aod results in low molee-
ular weighl species ifast diffusion) adsorbed initinlly, but the high molecular weigli
fractions are preferentinlly adserbed sl very long times (higher adsorption frec energy)
rsee Fig. 223,

Adams, el al, " used a curved dise on o Nat sulhee 1o study the elfect of solubion
volume (L consiunt suiluee ared on compelitive plasma protein adsorption, Although
the cxperiment was qualitative, it clegantly demonstrated the importanis ol txchange,
puelk solutien concentration, and surfice-volume ratio on eompetitive adsorption "),

Recently Horbett " and Brash and ten Hove "™ have quantilatively demon-
airited the “Vreoman efifcet’ ina serdes ol experiments study ing compelitive adsor ption
of fibrinogen, albumin, 1pCG, nnd hemoglobin from diluted plasma.

The aesorption valugs at § minutes onto glass and polyethylene as a funciion of
plaasinit dilution wre given e Fig, 23 Fibninogen adsorption an ghiss 15 maximal al
abomt 15", plasmi. From 0 to L53% plasma, a "typreal " protein ddsorption isotherm
iy observed, On polvethylene, the resull for fibrinogen s similar: Albumin adsorbs
in high amounts on the hydrophobic polysthylens surface showing 8 “normul™
comeentration dependence. The kineties of Nbrinogen adsorption show claaly Wt
fibrinogen daes indeed adsorh at the high concentration, but is removed or exchanged
wilhin @ minule or so — exactly whinl Veoman observed many veiars apo.

Other workers have observed  conceniralion-dependent campetitive adsorplion,
including Girinnell and Feld ™ {fibronceting, and Breemhaar b al * {librinogen,
ol albuming.

Wi are Lhese high aflinity plasma components which compete so effectively [or
certain surfaces? Vromun sogeesls high molecular weight kininogen (HMWE ),
based onsuidies sith HMW K -delicient plasnia ™™, Breembar et al. "™ suggest it
could be o lipoprotein, Another explanation may lie in Brush's observation 779
thit plasminogen can be activated by contiel with ghss 4o plusmin, which can then
degrade adsosbed Mibrinogen. Clearly there are many possibilities.

Cleurly studics wee needed which monitor the adsorbed profem populition from
plasma vy s function of tme, Only two methods come to mand:

I, Elute all adsorbed material from a sample and lhen do an ulirasensitive eleciro-
phoretic separation;

2 Use g larpe sl of specifie lbeled antibodies to specifically und guantitatively
Bindd with the adsorbed profeins.

Botle approachics are Mranght with problems.

5 Adsorption Based Biocompatibility ypotheses and Correlations
5.1 Surface Charge

The surface clarge concept gocs back to the original ahservations thal blood elots
more rapichy in o glass (e Lo in hydrophohic glisstr plastic tobes, This diflerence
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was atribuled o lhe negative surlice charge of glass and is still quoted in hematology
textbooks as the mechanism For sulace-induced activation of coagultion With
the discovery of Hapeman Foetor and the intrinsic conlact activalion mechanism of
coungakilion, the nepative surluce charge thoory wag piven some crodibility, 10 was
shown that Hageman Factor could indeed bind 10 negatively-charged surfaces:
quarlz, plass, and various silicate minerals. The counter theory argued 1hat negatively-
charged surfaces were mare blood compatible becanse heparin, n comman anli-
vompulanl, was highly negatively charged. Indesd, carly studies by Lovelock and
Parterficld "™ an the sulfongtion of polystyrene to produce sullonic acid grougs
amatlopous o lose on heparin shiowed thak sugh surfiee inerensed static blood coupula-
tion limes.

Siwyer's ploneering studies to mensure the surfoe potenticl of the vascular surfice
by electrokinetic methods demonstrated that the vascular surfice was negalively
clharged ™™ The mechonismesupgested 15 that plasmy proteing are generally negalively
charged and therefore are repefled Trom a negatively-charged surface. This simplistie
approach was very salisfying and dominaled the blood compatibility lield for several
decades, despite the contrudiction (hal Huageman Factor was known 1o he activated
by negatively-charped sarfices,

It is now known that negatively-chiveed proteing are not repolled from negatively
chirped surlices For a vanely of reasons, One bs thal alllough a prolein may exhikil
A negalive charge it may have loenlized regions or domaing where negative chirpe is
not pregent, where positive chorge may be present, or where no charge is presenl.
We demonstrated earlicr in this chapter that proteing can adsorb to surfaces by a
varicly of inleraclion meehanisms. [ is important 1o note that under normsl physio-
logic conditions, Uhe nepalive charge is sereened by counterions beyond about [0 A
By the time a protein is within 10 A althe surface, specilic intermolecular interachions
are already dommant snd gross electrostatic repulsion is not a significant effeet,

Cleasly, proteins can adhere o surfaces by eleclrostatic mechanisms, parlicularly
al low ionic strenpth where the electrostatic Geld of the surfaee and the prolein is
much more extended. Tndeed, (his is the basis of ion exchange chromatogeaphy, o0
widely used for the separation, purification, and characterization of profeins. How-
ever, by the lime one renchies the .13 M sall concentrulion ol the physiologic enviran-
menl. peneral clectrostatic processes are no longer dominant. '

5.2 Interfacial Fnergetics

With the wide avuilability of syathetie plastics in the late 507 and carly 6Fs, there
was copsiderible interest in relating the surface propertics of plistics to their bloed
indeructions: The only method of measuring a surface properly was vin wettahility,
Lo, contaet unglc measarements, Zisman and coworkers Llewh:l]‘ltd the eritical surlice
tension eoncepl '™ which permitted researchers o oblain empirical measures of
the surface encrgy of polymeric materials, This approach was widely applied hy Buicr
and cventually led 1o the hypothesis that surfaces with a eritical surface tension in
the ranpe of 20025 dynefem have optimal blood compalibility ™. Such surfaces
do indeed adserb proteins, Baier argoes that the eritien] surface tension ol passive
adsorbed protein Rlns, and indeed of the vascular intima itsell, {5 in the range of
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2025 dynesfom. Moosulisfying mechanism hag been propoescil for (his eorrelution
e supges o s that the apolar component of the surface tension ol water s 22 dynes)
e, within the vinge postubined by Baer.

A imporiant bypotheses elaled o interface encrgetics 1s that of Myilas, who said
thit the free energy of adsorption basically drives confermationsl change 2% He
probed this approach hy mensuring the enthalpy of udsorption nsing micro calori-
metey e sitempled o orelte surfaces with [ow heals of protein adsorplion ikl
increascd blovd compalibility,

Shortly afier the development of the erincal surfoee tension cancepl Fowkes
aned Girfaleo and Good "M developed means o estimile the surface-free energy und
the surfuce-lree cnergy componants of solids by judictons application of probe liquids
for contuel angle studies and by intermolecylur nleraction approsxundions. Thess:
developments led Lymun and others (o atlempl 1o correlute the surfuce-frée enerpy
ol palymers with their Blood compatibility "' Lymon argied that as the surfice-Tree
enerpy incroases, i increases the probability Tor protein binding und activation, such
as by the Hhageman Fuctor mechimism, and thereby decrenses blood compiutibility

Lymian's weas were extended by Andrade who angued that the governing parameter
15 not the surface-free enceay of the palymer, but the interfaciul-free energy of the
polyme-water interface 'Y He arpued that as the selid side of the interfuce bepins
Lo bk more und more like wiler in coergenic lerms, there 15 o decreased driving
[oree fow protein adsarption and denalursbion. This approach provided a semi-Quin-
Htilive rationake far the rapidly developing interest o Bydrogels ns Bload eampatible
surlaces.

With the develepment of neutral hydrophilic methaervlates in Prague, originally
far eontaet lens applicitions o the early 60 ' congidernble interest was generaiod
in the application of these materialsin the cirdiovasular environment. The qualitutive
il wins that such sall, watersrich surfiiees mast be rebtively non=tranmatic
o protesns s cells, The development of neateal hydrophilic pelysacehande-buased
particles for pretein chromatography in the Tule 60°s provided evidence that such sur-
Taees do ideed show minmal binding ol proteins.

Wasically, the mierdocial-free energy hypothesis said that as the inlerfacnl-les
CHETRY s 160 £ero, 1 b ||rivi||g [orce (o prodein adsorption goes ta seri, and adsorp-
i cannol occor L N adsorption cannol ocenr, no mechanisn is preseot by which
Lo activate congolation, und therelore the surfiace is bleod computible, Unfortunately,
thie contuet anple methods and upproximitions for dedocing interficinl free eneepy
could not discriminale bolween malerials ranging from about 40% water, such as
polythydroxyeihyl methacrylaie), Lo over 955 wiler, such as the lightly cross-
linked agaroses "™ Thus the hypolhesis could not be nigarously |esied. Also, Lhe
highly hydrophilic surfuces required were not dlways stable or longlived in the cardio-
vasculir environment

1085

5.3 Prodein Passivalion

I the mid 1o late 50's, considenible inlerest in the pre-adsorption of proteins evalved,
Thie hasic ides wad thal iF ome coubd saturats the sorfnoe With o lbyer of profeins, then
e surface would nol be available Tar the binding and activation of Higeman Factor
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or of her contact activation proteins. Basically, albumin-treated surfaces were resistant
1o plateter adhesion, while other proteins — especiatly librinogen — promoled bdle-
sion. This work his been well reviewed recenily 113 1H 10

The result wins that albumin passivation come inla vogue Tor somgtime. In fact,
artificial kidneys and blood oxygenators were oflen trealed with albumin solulions
prior o elinical use """ There is considerable evidence thit such pre-treatiment did
indeed resull in deerensed plateler wdhesion and setivation for short periods, perhaps
up o sewiral hoors, but thal the effect was relatively shor-lived.

insuda el al, hive argued '*7 (hat practica] blood compatible surfaces, sich as
(g polyether urethanes, funclion by tghtly adsorbing a Liyer of protein, which is
highty denmured but well udhered Lo the suclace. A sceond protein laver dcp-os:_ls
on e fiest, also well adhered and partislly denutured. The proceds continues s m
Fig. 24 until an adsorbed praofen [alem, perhaps a micran thick, M'L'ﬂl'l'l.ti”)' 1[emln|1.lc.
Inner layers of the Glm are very tightly adbered and stable. The ouler reaches of the
film are busteally i reversible eguilibrium wilh circulaling profeins in the blood.
The problem oceurs when such a film de-liminates or de-wdheres rom the surkace
therehy exposing bure surface, which con then, depending on the compelitive adsorp-
ton und collular processes present, activate El'lilE,ll]Jl‘iﬂl'l and related ProCesses This
merdel is reminiscent of that developed by Moncanin and Kuelble in which they urgie
thart optinim blood compatibility is related Lo strong bio-adheston evenls 1131
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5.4 Protein Resisienl or Repulsive Surfaces

A carrent hypothesis, which s receiving considerable attention, is Lhal one con indecd
produce a surlace which actively repels proteins and ather macromolecnles 12317
B8 T he basic wdea is presented in Fige 25, wihich shows (iat @ neateal hydrophilic
polyiner, which cxhibils considerible mobility or dynamics in the agueous plhse,
citn uetively repel macromoelecules from the inlarfoce by slevie exclusion and inler-
Fage enlropy methods, This imethod has been well-known and applied in the Tiekl of
colloid stability for many vesrs ', The most elfective polyimer appears Lo be poly-
ethylene oxide, probably becavse of its very high chain mebility and only modest
hvdrogen bonding tendencies 121
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Fig. 52 aml b, A proicin wesistant surfitce bascd on the sioric repuliion argiameng caonnmsmly wseil in
e collaid stabilily Teld 0 The fieruction between o polyethylere oxide pealied surfuce and o
preein il ution isshown, o, suggests an cxcluded volume or sicric repulsion mechamizn b e surfice
dysamics or polymer chnin motion mechosim {from Rel )

Merrill and Salzman have developed IPEO soft sepment polyurethanes and indeod
haye dermongirated minimal adsorption of blocd proteins sid mininal plateiet adlhe-
sion on soeh surfnees P21 Mapnoka et al. have studied various methaciylale copoly-
imers with PED side-chains of varying lengths and showed a dirccl correlation between
minimization of platelet adhesion wilh incrensed PEO side-chain feopth and surface
mokhility 144124

Greponis el al, hive shown that PEQ bownd Lo guartz suelaces greatly niimimizes
(he adsorption of proteins fron plisna and from singly component protein selu-
tions Y Bell ond coworkers at Log Alamos have developed o theory of eell-cel]
aedhesion based on the steric repulsion characleristics of the hydrophilic rmueromole-
cules present on eell surlaces ",

5.5 lmmuneglobuling awd Complement
Within (he last ten years o so there has heen considerabls interest in the activalion

of the Complemnent system by surfaec-induced processes. lmmunoplobulin of the
12G or Ig cliss, adsorbed ala surfice wilh the sight orientation and spatial ordering
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el disteibution, in activite Complement %, Certain hemodialyzer membrines,
ptrticulurly of he cellulose type, are kuown to detivate Complement vin the allernate
pathiway, resulting fna transiond, white cell depletion in {he enrly stapes ol hemodiily-
sis 129 Soynutipnoy and Tseytling reeently reported the Complemenl netivation
propedies of a variety of biomedical polymers 1261 There iy (herefore considerable
interest on the adserption of Complement eomponents Cl and C3, ns well as g0,
ot surfces, nolonly on cardiovascular materials, bul ilso on intraocular lens inplants,
amel at other sites of demonstrated Complument activily.

5.6 Other

Halfman'™™ and Baier ¥ have reviewed most of the hypatheses and rechanisms
supgested [or blood computibility in general and for the vole of protein adsorpiion
in particulor, The safest stalement one can make is that protein adsorplicn is indeed
impattant in Lhe blood computibility progess, in the compalihility of soft contict
|enses, in Uhe stability and acceptance of intraneular Tenses, in e soft tissug Torzign
body reaction ' and in vietually all situalions where solid surfaces come info contact
with physiclogic enviromments,

IL is also safe to say (hat, because of the greal complexily of prateins, evenof (he
sirplest, most well-characterized profeins, such a5 insulin, Tysozyme, mnd myoglobin.
and hecause of the very wide rnge of proteins present in nost physielogic environ-
ments, very simplistic hypatheses und mechanisms are generally not very applicable.

6 New Methods
6.1 Backgrouml

Techniques and methods lor the study ol protein ddsor ption have been well reviewed *.
I 15 now generally recopnized thal (bis et necessarily the type snd wmpunt of prolein
present at the surface which ts most important, bul rither the orienlation @l con-
lormational stale of those protoing Al present it is virtually impussibile to predict
Lhe specilic conformation of an ad sorhed proteinr at a particular interfuee. The teelini-
ques used in the delermination of protein confornation in solution or in the solid
state do ot usually apply to adsorbed proteins. Henee, the diffierence hetwesn adsorb:
ed and bulk solution protein conformation has to be inferred indircctly.

Pralein adsorplion studies are performed: cither on high surfhce arca material
dispersed in a liquid phase containing chissolved protein, or on low s faoc arca maic-
rial, often flat, which is in contact with protein solulinn. Both approaches eoniples
mient each other and can provide viluble inlormation ahalbt adsarhed protein lavers

In the case of adsorbents with high surfuee nren, Ghanges in protein btk solulion
concentration before and alter adsorplion are usually large enough For independent
determination of the amount of prolein adsorbed, cither vin solution depletion e s-
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urements or dircetly at the surluee alfter the solid phase has been sepuruled from the
seduntion plisse, Sueh sl ndies are wsually pecformed wsing sarious colorimetric mebods
ol quaniitilive protein analysis of by measuring the radicactivity of proteins labelled
with "3, 2O or *HL In some cases, lnbelling per se cause chinges in protein adsorb-
sbility o o certain swface " prodocing different surface concentrations of libeled
and monbibeled protein and erronecus resulis, Similar probiems apply also w protein
libelod with NMuoraphores, soch-as Nuerescein, rhodamine-0, and other dyes.

(Fue 1o the bnportanes of the blood congulabion process, the adsorpiion of protein
is oflen studicd in bufler solutions ut conditions similar o “physiological™ (pH
=74, 013 M M€, 37 C) Anulysis ol the adsorption process stants with the protein
surfice conceninition presented as o function of eyuilibrinm protein solulion coneen-
tration, ic, the sdsorption isotherm. Maost protein adsorpiion isotherins display a
wic) l-d cfimed |FIiﬂUBU pn e dille conee il e lion rampe (U, =< | nig inl~ '} The adsorh-
cd aniount iy nsually up to the eguivilent of i close packed monosliyer, indicating un
absence of multiliyer adsorplion, The adsorplion isotherm is olten claimed 10 hea
“Langmuiriun type”, sbhough the premises of Langmuir adsorption are rircly
Tulifthed, whnost never investizated (with the exceplion of dilution effeersy, nor ¢x-
perimentally confismed in the protcin adsorption. The adsorbed amount aswally
changes only slighily with dilugion, imdicating apparen) icreversibility ', However,
it has boen shown that proteins on the sorface cun exchange hoth with the proteing
fram the solution '**, as well as laterally with the neighbering protein molceales via
surfice dilfusion 7 The shape of the adsorption isotherm depends on experimental
parameters; it can provide crude information about protein-adsorbenl inferaction.
The indil fsotherm slope reflcols the affinity. of protein woswards the surlace; the
(upparent) adsorption isotherme plateaw vilues cun be reked Lo the molecakir dimen-
sions of the adsorbed pratein moleeule, In some cases, the adsorption isotherms were
Fovund e display kinks which are thovght o reveal distinel steps ol interfueinl protein
reirtangement as the concentration of protein in the selution increases ™" =40
All of these effects were diseussed earlier (Sect. 4).

In post cases, he adserbing surlice is meitly assumed o be completely inerl and
nenrespansive 1o protein attachment. This assumption may be valdid Tor surfices of
crystalline malenit] bt m the case of “hary™ polymer surfaces, changes in the poly-
nier surface conformation due Lo the presence of adsorbed protein may be expecied

The major advamtage of protein udsorption studies en high surface area materiuls
ig that changes ol some extensive properties which accompany the process of adsorp-
tion are lirge cnough (o be dircetly measured : heat of adsorption [hrough microcalori-
metry =Y aplake or releise of small ions by o combination ol clectrok inetic methods
and titration ", thickness of adsorbed Liver or an increase of the volume [raction
of salil phase by a hydrodynamic method like viseomerry ", Chromatographic-
like amalysis can also be applicd o protein udsorption %

For muny wreas of interest the most vuluable informition deseribing the inlerie-
Lions between a protein and o surfvce 15 conformational change of the adsorbing
protein molecule as it passes rom solution to the interfuce, Low surface arey sumples
i combinabion with some Term ol spectroscopic method are generilly used i the
cvpluntion ol protein conformation, Recent sdvances in this area warranl a more
detailed description ol the experimental npproaches

e
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6.2 Spectroscopy by Evanescent Surfuce Waves 3174 129

As i rule these methods are hised on the concept of evanescen| surface waves caised
by Lotal internul reflection at a selid/liguid interface. Lo order to understand the so-
calld “evianeseont™ spectroscopy, a simplified theory of 1otul ivternil relleetion is
piven below: Miore complere treatments can be found in various specinlized mono-
graphs aml reviews Wiy

An eleetromagnetic wave rellection at an interfics Torms a stancing wave, due to
sl.pcrpmi[mn of the imeident and relected waves, This also ocowrs in the case ol 1olal
imeernal reflection, where the standing wave forms in the optically more dense mediom
gmeshiom 1) The noture of the standing wave is a linction of both the optically o
dense medium and e less optically dense medium (medinm 23, Tn the Gimiliar cise
of et e refTeciion, Che standing wave is aligned with its node ot the velecting metallic
surluce. In the case of the interface between two digleciric media, the cleciric lcld
anplitude vight at the inerface, butin the denser medium, bis o nenzere value, Since
the boundary conditions Tor eléctromagnelic wave reflection do not allow any dis-
continily in tangential feld across (he interface, the clectric field amplitnde ut the
interface in the less dense wedinn 2 will be equal 1o the electic field amplitudes ot the
intertice in denser medium 1. The solution of Maxwells wave equittion for talal
pnterni] relleetion shows the exisience ol asarfiee wave whicl propagates along the
incerlice M lis elecinic eld amplilede deeays exponentially inte the less optically
derise mediam 2, In gencral,

II b IEI'Utﬁlp(_ 'J'_} 1_-“]]

dy

where Bl s the transmitled eleeire Geld ampliode an distinee 2 normal to the inter-
Gice; B s the electrie feld wmplitode right at e inteclace i less dense medium 2;

and d s defined by;
E 1 0
('—'!J sin® 0, — | l {300
1k

I ( ln)

IIF &
where iy and ny aee refroetive indices ol the aptically more denseoand less dense mechu,
respectively; Ay s the wavelength ol the electromagnetic wave in mediom 25 and
00, is the angle of incidence of the eleciromagnetic wave mensured from the iierfcial
pownal, Cne can artntrarily delfme d | as the distanee from the inlerfuce where the
electric field amplilude decreases Lo ¢~ ' of s interfacial valuc {olten called the “depth
of penetrution of the evamescent wave™), ie exp(—zid ) = exp (1) An this case
(s be shown thats

d, = Af2alng sin? () — oj)'? (31

The magnitude of E“* can be coleulated from Tresnels low. T the electriz field
amplitude as a function of distance 2 is cxpressed per unit of incident electric field
amplitude, E4Y ol the perpendiculary polarized electromapnetic wive, then
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Bf = (EL"EE" expl—aid,) = (2eos O]l — (nafin, P12 cxp {—z/d )
' (2n

From an experimental poinl of view il is imporiant (o recogoize thal the prolile of
(E4)* a5 a function of z is proportional Lo the profile of the inlensity ol electromagnetic
ravdiation in the proximity ol the interfes in medivm 2. Such a profile will determine the
“surfuce sensilivity™ of the evanescent wave; the “*depth of penetration™ ls smaller if:
— there s gredter mismatch between the refractive indices of two medis,

the wavelenglh of eleclromagnetic radialion is shorter, and
— theincident angle of cleciromagnetic wave is closer to it eritical vilue:

Thus, choosing the esperimentsl parmeters one can desien o sensing peofile 1o a
parlicular need. It has to be mentioned thatl in this simplified derivation of evanescent
spectroscopy theoary two implicit assunmptions were nnde:

1. Boih media are nonabsorbing, only real refractive indices were being used,' and
2. Any species gdsorbing to the interfuee is nol distingoished as an optically sepurate
fiiwer.

What is cven more relevani to the present subject i5 that a thin diclectric iver of
polymer can be situated betwesn two media without grossly distorfing, the oplical
malure of the interface, ie. total internal rellection would occur 85 i no polymer kiyer
i5 present even ifits refractive index s unmalched to both media, Such o Lyer will,
hawever, alieet e intensity of te evanescent wave and particulacly its “depth of
penciration.”

Onecan distingoish belween methads in whick abserplion ol the evaneseent surface
wilve in different wavelength regions is measured (these are elten called “attcnuated
total reflection™ methods), and methoeds which use the evanescent wave (o excite
olher, spectroscopic phenomena, like Muorescence and Raman seattering or light
scaltering. As Lhe methods of conventiona| (lnarescence spectroscopy have been shiown
to be exceptioeally suecesslul in studies of proteins and other biopolymers, [heir
“evanescenl” surlice-sensitive counterpacts will be reviewed first.

6.3 Total Internal Relection Flnorescence (TIRIT

TIRF ai soliddiquid interfaces was introduced by Hirschicld ™, Althougl this sy

use of TIRT was the stody of hulk dissolved Booresceisin the vicinity ol'a fosed silica-

clectiolyte interfhce, o nwnber of advantages over the conventional transmission

lechnigue were demonsiratod:

I Theintensity-concentration velutionship was Linear up o concentrations o hundrad-
fold higher;

2. Mulliple total reflections increased the sensilivity of TIRE: and

1, Adserption of dye to the surface increased the local concentration, enhancing the
TIRF sensitivily.

Y In thin zenge, the name iotal internal refloetion™ = a misnomer since deperding on the exient of
thie absorption of medimn 2, there will be an clectromagnetic energy “leakage’ across the intiefie
making rigorous crilical sl definition net applicable. However, lar wenkly abs ovhing medium 2

1he copeepl of (oE] internal reflection @ useful, The reader is relerred to Refl 146 and 143 Tor the
devivilions vl evanescent wive equations Tor absorhing multilayered iierfoees.
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Furthet application involved collected of Miercseence from dunsyl-labeled bovine
sorumt albumin vis TIRF oplics ™, TIRE-immunoagsay lor gpecilic dye-libelel
anlibodies binding fram the solution to an untigen-contod surface ! and o *viro-
meler” — @ optical sensor for viruses treated with u Miorgscent probe bound Lo the
virus nuelete geid 205N

tn VIEF protein adsorption experiments, il is desirable to covrelate the intensity
ol exciled Mporescenee with excess protein concentralion at the interfoce. Sueh an
adsorbed layer is often in equilibrium with bulk-nonadsorbed protein moleeules
which are also situated inside the “evanescent volume™” and thug contribinfing to the
overall Muorescence. Various calibration schemes were proposed, using external
nonadsorbing standards ** P4 nlernal standard inoa farm of protéin solition lo-
gother with o ype of evanescent energy distibulion caloakidion 134 il independent
calibeation of protein surfaze exeess ') Once Lhe colleeted [Tuorescenee intensily i
correlated with the smounl of adsorbed protein, TIRE can be applicdtin the study of
various intersctions betwesn surfice and protein,

Two differcnl sonmrees ol Muoorescence are pq’JHSil}]C.‘

1. Profcins containing amine ackds ke iryplophon and Tyrosine whicl intrinsienlly
fluorcsee upon oxsitation in the ultraviolel range can beemployed, hence, e g
total internal rellection intrinsic fluoreseonee- THRTE or

 Protein cin be covalently kibeled with an exteinsic fluor like Muoresecin, rlwduwmine,
cle,

]

Both upprosches have distinel advantapes and disadvantages: the first ipproch
pravides the possibility of recording intrinsie protein Auorescence eonission and excila-
tion spectia, which in turn ean provids information ubont eonfermational chiunpes in
adsorbed proteins. 1 is also divectly comparable with tie methads of convention:!
Muerescence spectioscopy of proteing in soliion. An interesting combination of
TIRF and '¥-labeled protein pdetection was recently -devéloped [or deter-
mination of both {he amount of protein and its Nuorescenee quantum yield in the
addsorbed state 2% [t was shown recently thint with appropriate apparitus the intrinsie
Huarescence lifetimes of pdsorbred protein can be determined *78 Some protuing may
show very wenk [Tuorescence due to low quantum yield, lave only a sl inmber off
Leyplophany] adjor tyrosingl residues per mirlegule, and may be particulary photo-
sensitive and unstable upon exposure to ultvaviolet lisht *2

“The exlrinsic probe approach is more suituble 1o competitive protein selzorplion
studics and 1o kinetic studies, provided Lhat protein libeling by an exirinsi

sie Muor does
nol influence protein adsorbability. The wptake of Muorescein-labeled albumin, ¥-
glabulin and fibrinogen onto silicone rubber coated surfaces has been Tollowed as a
Tunction of time e Now rate ™= it was demonstraked that adsorplien was dilfusion
limited ™. A combinalion of total nternal reflection with either Mugrescence phato-
blesching recovery (TIRJFRIY) or fluorcscence eorielilion specliaseony wies desenh-
e 1TSS s variation of TIRE, itis possibile to determine surlace desorp-
lion rates and surface diffusion coelMicients withoat wneeessary pesturbation: of
chemical eguilibrium, like bulk peolein eoncentintinng changes or clanges i the
composition of the buller solution. Energy (ransfer belween eilli-laheked BRA
{donorjaceeptor paies: duonsyljeosin nod d-chiore-T-nitro-2,1 Jehenzoxidinzoledthiod-
amine) has found 1o decrease upon the adsorplion of BSA, as delected by TIRE




LoD Andrade and v, iy

ko
2%

abenture that can B interpreted os g con locmtomal ehinge of adsorbed B$A, Flyo-
rescent probes, used in probiog membregme prewein properies, hve recently Been
employed in the evalumation of conformationn changes upon adsorpion 4

Fliorescence Tron Labeled aidaorhed profein las also been excited with (he cviamess
cenl surlace wave erented by intcgrated optics. Both apieil ber " and [lal regt-
anguilar waveguides " lave been wsed. lnleresting use ol opical fiber g 9 remole
protein:sensor wis demanstited; the exeittion light wis sent down the Gber whose
Lip wirs immersed in protein solution, evanseeny excited Nuoreseones wis collected
by he s liber and delivered o seanming monachromitar 0

Changing the incident excitation beam ingle amlior the ingle of Nuorescence
abservation provides othey interesting informition: i Mioraphore concentration
profile from the interGice o disiances which e within an order of mignitade of (he
wivelength used "' In the ense of udsarbed proteim, varinhle angle 1otal iniernul
rellection (Tuorescence (VATIREF) wanld not only zivens o result an averipe thickness
of the protein layer butits spatinl distribotion,

In conclusion, TIRF promises 1o be cxceedingly useful in the swidy ol protein-
subsirate interaelions, [ Zives fir s, possibly remote, renl-time infrmatvon b
pralein adsorption-desarption parameters, conformational chenges upon adsorplicn
i hopellly, nanosecond timesresolved fuorescenee litetime information ahou|
adsorbed profeins 199

6.4 Absorbance Spectroscopy of Adsorbed Proteins

Both conventional transmission absorbance speclroscapy and il Bvitneseent countor-
pert folten called itenuated total reflection (ATR ) speclroscopy b are based on measn-
inp the lpht ehuructeristios after iUhas peopagted | hwaugh the sarmple. Such techmigues
ave elassilied decording 1o Lhe wivelength of ihe light used, Uliravieslet wavelongths
sere absorbed by all proteins. This festure has been used in the (ransmission ahsorbunce
made i the evaluntion of malar ubsorplivity of [F-lctoglobulin films on the surfaces
of quarte pliates " The absorption of visible |ighi by thodamine-NSA wdsarbed 1o
anumber ol stacked quartz plales was measured gs 8 aedn (o calibrane extrinsic Huor
TIRF experiments ', The use of attenuted total reficetion both in 1l ritvieder and
visible wavelenpil rnge for prosin plsorption. studies has e our knowledge nol
been reparted, although 5 UV-TIR ghsarbance indy of synthetic pelymer sdsorption
hats been veported ™,

ATR spectroscopy in the infrared has been vsed exlensively in protein adsorplion
studies, Transmission 1R spectra of protenn contain o wealth of conformations
infiarmation, ATR-IR speciroscopy hos been used (o stucly prawein adsorption from
whole, Nowing blosd ex piva "™ Fourier teanslorm (FTY inlrared spectra (ATR-
FTIR) can be collected coch S-10 seconds ') (hs making kinetic stady of protein
adsorplion hy IR possible '™ Interaction of profein with sofi contuel lens materils
has bean studied by ATR-FTIR '*”. The ATR-IR method suffers from problemy
similie o THEE: there i no direct yuntitition of the sumaun i of prodein welsor bed,
although a scheme simikir 1o the one vsed Tor in e sic TIRF hivs becn proposed "%
he"depth of peneteation is wsially much larger G inany other svineseent method.
e ap te 100 pm; water absorbs s rongly (0 the nliored and cin overwlialn the
protein signal, even with spectral sublraction upplied,
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6.5 Raman Spectroscopy of Adsorbed Proteins

[iman spectroscopy s another powerful methad veed For the study ol salulion protein

conformarion, s application at the solid liguid interfuce is conceivable ™, byl 1o
onl knowledge it hos not been applied (o protein adsorption on polymer surfaces,
One ol the prablems is thal most proteins have a-small Raman sculiering cross-seetion,
In order Lo enbonee the weak Bamon sealiering signal, use of an evancscent streak
propagiting through o 1hin polymer wavepuide kryer with adsorbed protein hns been
demonstrated "3, Total internal reflection optics were used 10 induge Rarmian seitier-
ing aF3 i thick dry BSA [ilms on a sapphire internal reflection element 79 Another
possibility Lo enhance the signol is 10 induce resanance Rumin scattering ol a protein
absorplion bund in the visible wavelength range this would upply mainly to proteins
containing heme in their siructiures. Twa other witys of enhancing the Raman scaiter-
ing stgnal from surluces were devised : vse of surface plasmon exgitation 4t the surfices
of thin sibver Whns '™ and surfice enhaneed Raman scatlering (SERS) by silver
islind films and fincly dispersed silver colloids '™ The Riman spectia of 75 A thin
phospholipid monelayers has been obtained by the first method '™ SERS hus been
used to induce resonunee Raman spectra [rom eylochrome-c and myoglobin ndsorbed
il i silver eleciade ™ The fll potemial of Ruman seatlering lechnigques apphed
Lo Lhe ddsorption of proteins hias yet to be exploited

6.6 Ellipsometry

Ellipsametry is another powerful ool in salid/hauid interface analysis, While evines-
cent speetroseopy bas the capibility of sensing (he adsorbed protein molseules by
pntersction with the evanescent surlfice wave, ellipsometry “sees™ a pralein kiyer on
the refleeting sur face i o distinet optical mediun, EHipsametry is based on (he calcula-
tin ol the opticul propertivs of the reflecting surflce, given [he change in the stale
of the polariziion of the reflected light. Onee the optical properlics of the bare
surliee are known, the ellipsomerric analysis can be applicd to uny dicleetric fihm
deposited on the suefice. The exuct relitions hetween wavelenpth, oplical eonstants,
thickness and incident nngle were ebtiined in exuet lorm in the [9th centiury, hul
they could nor he solved in e clossd Tarm Curly work on ellipsametry used only
pprexinule equalions, neglecting the higher order terms of the Taylor expinsions
ol the Drude équations. The introduction of computers mude routine analysis of the
equitions readily availible. The use of ellipsenietry in pratein-surface interaction
stidies wcvanced rapidly after Tramit ' '™ iyiraduced sn gutomated recording
ellipsometer and measured the ctivity of the proleolviic enzyme, chymatrypsin,
abasolil Mguid interlnee. Boving serum albumin was deposited on the solid phse and
depending on the condition wsed {ionic strenglh and pH) chymotrypsin was cither
temoved or mdsorbed (o the albumin layer,

Sindics of the role of protein-surface interactions in blood coagulation were done
by Vroman **. The plasmu proteins were adsorbed onto various hydrophilie or
liyehraphohic surfaces. Veomnn showed thal fibvinogen was an impartanl compaieni
ol the plasma protein Myveradsorbed o (he solid ligquid inteface,

Acomplete review af the carly work upplying ellipsomieiry to hiamedical problems
is availuble 77

The surfce of silicon has aptimum aplical properties aied the adsorpiion of proleins
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was Mollowed on both hydrophobic and hydrophilic silicon surfaces ™ ™0 A [ibron-
eetin adsorption study showed, for example, Uit the adsorption is partially reversible
on Ihe hydrephilic surfiee, but tmuch less so en the hydrophobic surface I lnter
action of antibodies with preadsorbed fibronectin Jayers suggest that ibvonectin
awlinrbs in dilferent orientation o eonfarmation on the 1we surfaees ™%

Ellipsometry can follow the inferactions between two types of biological mucro-
imolecules, the first of these two bound physically to the surfacs, tieodher acting from
the solution. The binding of conconavalin A Lo adsorbed mannan "™ and of cholera
toxin do adsorbed panglioside "' are exumples, The adsorption of camplement
{uchors to an antibody-conted surface wus monitorad by ellipsometry and a modilica-
{ian ol the sume method was usal for quantifieation of migration inhibiton af luman
polymorphonuelenr leucocytes "L Interaclion of proleins and cells with affinity
ligands covalently coupled Lo silicon surfuces has been also studicd '™,

Recent development in the application of ellipsometry to prolein/substrate micr-
action studies i due to the introdietion of the “dyramic ellipsometer™, capable of
recordime both amalyser winl polaiser positions automatically with time. which signi-
fieantly improves the Ume resolution of the method T he Lorenbe- Lorenz equalion
s wsua 1y applied in ardar 1o calculnte the mass of adsorbed proteins ™ 1y particuiar,
mnleeubar weight, molar refractivily dnd partial specilic volume are needed (o calculale
adsorbed mass frem the experimentally determined thickeess and reffictive index
of deposited film, While in most of {he preyvious studies the assumption was miade thil
the reltactive index of the adsorbed layer was constand, the exporiments done by
Cuypers showed thal such un assumplion is nel justified ™. The refraetive indices
of protein layers vivied as a rale with the dme of adsorption "% Sp lar, o general
rules emeiged about the course of refmetive index changes, The refractive index of
fibrinogen adsorhed on hydiophilic chromium oxide surfice, far exanple, remained
almnst constant (i = 1.4) while the thick ness increased 1o 12 mn. Oy the contrary,
the retractive index of fibrinogen adserbing on hydrophabic chrommm was [ ERLTATS
to change signilicantly with time of gdsorption; on the onset (1 == 150 3) it was L8,
only to drop to |48 while the thickness of the layer conlinued Lo increase Lo 7w,
From this peint o the Tibrinogen lnyer became opticaily denser and thinner. Final
values for the fibrinogen layer deposited from 10 pefml selution (.01 M Tris-HCL
hutTer, pH = 7.0) onte hydrophobic chromivm surlace were: thickness. d = 3.5 ni,
refraclive index, n = 1.72. Such chunpes directly reficel some conlormational changes
and pueking or ordering o the adsorbing protein. 11 is, however, ditlicull 1o explain
such a high value of refractive index ol the protein fayer. 1L was reported Lhat the
refractive indices of prothroimbin layers adsorbed en two phiospholipids (di-CLa:0
phosphntidylserine and di-C18:0 phosphatidylserine) were 1,46 and 190, respeetives
ly "1 In order (o account for Uhis diserepuncy, the authors speoulated that relractive
index valies higher han the valies Tor the pure protein rellected an interiction be-
{sweeh Uie protein and te adsorbing surliee nnd el inorder o eompenside for higher
relractive indices of the protein liloy, o decrease of the relractive Index ol adsorbing
surlace hus o be introduezd. This assumption cannol be proved experimentally, but
it wass supparted by finding that the adsorplion of protein onto more swollen phasplie-
lipid Tayers, (i.e. onto o laoyer wilh a lower refractive index) tesubted in higher relractive
indices af protein film "™, Clearly, mere detailed madeling and contputer simulition
studics would he helpiul.
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7 Some “Rules of Thumb™ (Sce also Sect, 4.2)
7.1 Area Required For Inilial Adsorplion

AL an airfwaler interfice, the two-dimensionnl interfacial pressure (TEY can bo casily
munitored using an instromented Langmuir rongh, The inilinl adsorplion rle st
it clenn surbpee i simply Hie rate of diflusion

dn

T K.Cy {32}
where K is the ndsorption rate constant. Assume that the interlice is parally cocupivd
and the interfacial pressure s T1 ~In order for a molesule Lo adsorb, iU must compress
malecules dlready udsorbed against the interfacial pressure 11 to create an area of
interface, AA, cqual to that reguired for the molecule te move into (Ref, I p. 289

Af
The work required is | MdA or [TAA T iz approximately constant. Then

LE]
I = TIAA
o K. Cy exp ( IM—J " RS

where ks Boltzmans constant. T is absolute temperature, and no desorplion has
been assumed (valid Tor 11 < 15 mMN/m). Equation 33 can be expressed as:

[an NAA

= 0 (KU ) = —— {4)
In(‘dl) n(K,Cy) oT

A simple linear plat ol the data allows AA to e oblained, The results of o sel ol experi-
ments (Tible 51 are surprising. AA is independent of the size or mekeokr weight of
the protein. Although the cross-sections of Uhe preteins studied range [rom — 1000 10
10000 A%, AA i nearly constant al 100 1o 200 A7 Conelusion: ™. ey o sall
pertion af the protein moleede needs ro enter e terface i vrder for odserpifon in
ifion procece sportaneonsdy (Rel 2 po 29077 10 s as iF only o smull “foothald™ or
“handliold" is required o stabilize ihe moleculs against desorption. Mow flirmly
planted at the interface, the molecule can optimize its interfacial interaetions by timo-
dependent orientation and perhaps conformational changes. The size of the oo™
is obvionsly relevant 1o the exchange discussion in Secl. 4.5,

Table s, Values of AA Tor wirious proteins (rom Rer, U]

P rotein Concentralion Af Ralecntar
wmi" (AY Y Weighn
yosin 0403 §45 R
Haein p-globulin o.m 130 | f i
Haman albimdn i 1K) TOHE0
rvalburmmn L(FX] 178 4l ()
Lysoryme 0l 111 PSE00
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A alernutive imteepretation of the data is thal AA b5 proportional e the number
el winier molecules per protein purticipating in the adsorpuon and denatornion process
sl 1 related 1o witer setivivy an the interface,

7.2 Electrical Potential Barrier .

A similar experiment 1o thut nated ubove can be performed, bul now let the inlerfee
be populated by & molecular layer at constant Bl and known inlerfaee ¢lectrical poten-
il A molecule adsarbing at such anoalerlace muost do work apatst the eleetical
potential barrier, os well as aponimst the interfacial pressure, We goy

135

dn 1AA + q"l":l‘]
( k'l J

— = kO, uxp —
e

where o s b charge on the adsorbing molezule and W is the interface electrical
potcntial [ 3. Table 6 and Fig. 26 present data on lysoeyme adsorption into different
monolayers. Clenrly the electrostefe effecis are ver) stgnific o,

Tabde 6, Helibive initial eafes of adsoe i of ysosyme
werter eliflciend ||||n|(1|u:n,'|'s’

Monokiyer Raie CaPofential ()
Cephalin 1.5 = A
Polyghuwmic meid 137 —51.5

Pepusiin 54 — |67

v albmnin 4.5 ~ 141
Ouradecunol 50 Mo meiaired|
'rr!,lpsirl 0 +372
Lysneyme g 22
Polyleing 0a FIS

plb s, L. = 000k, cloarpe on lysmeyime = Y9 unity.
* rom el 3

L

a0

RATE
I
(=]

Fip. 26, Plog ol e dats ol T able b

sl e ol lysoz pme ndyorp-
10} e e wirwnter monolsyens of
dilleient 2cfa polentials, Rofer

"x___a_‘r Exg (35 ond text For details (from
i 1 i I i Bl ‘f’
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Becanse of the large size of the pratein and the AA required Tor initial adsorplion,
only a small region of the molecule necd participate in the initisl stage of the process.

His well-known that prosein adsoppifon ey g be an o ey foun o e feoclecirie
pdnt because the protein has zero wet charge: Under such conditions, electrostaic
burriers 1o wdsorplion ate minimized.

Proiein adsorplion is dependent on the notire and concentration of the electralyte.
morde and Lyklema have shown ™! that adserption generully increases wilh decreas-
ing churge on the protein und on the surface; although counterion cifects ean oflen
overritle Lhis generalizition

7.3 Hydrophobicity

The new elassie studies by MNorde and Lyklema and their detailed thermodynimic
analysis {Seet 2) have established that the feferaction detween a pradein and a surfice
fnercaxes il mereasigg hpdrophobicity. af the seface aid oreaeey widh imereoying
Frdrapiiobicity of e proten, " Desorption from hydrophebic surface usually docs
nol eeeur whereas proteins con often be removed from hyvdeophibie surfaces by expo-
sure Lo extreme pH, high ioni¢ strength, or by exlensive rinsing "'L"

T4 Dilfusion and Mass Transpord

Prodeing have a fow dilfusivity: Do— 2 165 1077 em? fa. Therelore, the initad siages

wf alserpiion are gencrally dfiffion Jmired snd the amoun adsorbed is proportional

o 2 I the adsorplion rate, dnjd is:

Lo~ 12, dilfusion is ete Hmiting;

2, = LR, then vinvection o ather mass transport effeel 15 present ;

3 <1707, ihe adsorgion is reaction limited; Le., there are caergy barricrs o he
adsorplion process,

7.5 Time

As contact or residence tinte moreaser, the prodein teidy wo orfenartionally and conforma-
il aclfust ta the intecfaee, leuding to stronper bonding, and greater irreversibility
ol adsorption.

1.6 Surface

Surfucc adsorption sile cnergy and density are viry important, Mast biomsareriol yr-
Favess heie ey high sive-donsivies, making i dilTicell to study the mechinisms govern-
ing adsorption, Low site density surlices are available, Heteropencons strlaees,
such a5 bluck eapolymers and polymer blends, may have very unique adsprplion
properties. 1T one of the phases or demains tends to dominate the surface, it mny et
a5 a homagenous sarfaes, 1P baoth phases ore present on the surface, then two or more
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very dilferent chasses of adsorplion sites will b present, Protein E.L:|!~‘|Dl'pi1l.t)!l on cach
of the two phases can be very difTereng 780

7.7 Proicin

The protein’s intrinsic propertics {size, molecular weight, 31 structure, surfice sile
density, confprnmtional stabiliy ) are all very important and must be fully characteriz-
ed and understood in erder Lo interprel adaorption data,

§ Summary/Conclusions

[ general principles of protein adsorption are beginning Lo be identified und under-
stood, Mew techniques and methods are now available which, together wilh well-
gstablished melhuls, allow one to thoreughly probe the adsorption process.

In the past, the selid swrfice amd the solkd/solulion interface were often poorly
characterized nnd poorly understood. A range of new concepls and Lools are now
available Tor the study of solid/solution interfices *. A new manogriph on profein
adsorption is now availabie *. An inlermationn] conlerence on profein und pobyelec-
trolvle adsorplion was recently held and pracecdings will soon be available #*

Prolein surface structure and conlonnational dynamics are now much betler woder-
stood, In the noar future, we can expect estensive application of computer molecular
graphics to betler visualize and understand protein-surface interactions.

Very qualitatively — protein ndsorplion is roughly wnderstood. The challenge now
is 1o toke what we know aboul proteins, surfaces, and adsorption and to begin to
quantitatively model the protein adsorption process

The lutore looks braght !
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CONTACT ANGLE ANALYSIS OF BIOMEDICAL POLYMERS: FROM AIR TO WATER TO
ELECTROLYTES

J.D. Andrade
College of Engineering, University of Utah

salt Lake City, Utah 84112

The Early Years Prior to 1960

The surface characterization of biomedical materials prior to the early
1960's consisted primarily of relatively qualitative observations as to
whether surfaces were hydrophobic or hydrophilic (1). Contact angle
techniques were well-known and were widely applied in industry, and general
_correlations had evolved between blood interactions in glass as opposed to
siliconized glass tubes. Vroman was just beginning his studies on protein
{nteractions with surfaces (2). There was considerable interest during this
time period on the interaction of cells in culture with solid substrates, and
there was some attempt to correlate and quantitate that interaction through
contact angle measurements (3).

I1. The 1960's

The situation improved considerably with the development of Zisman's
eritical surface tension (y.) concept in which the advancing contact angle of
a series of probe liquids wis measured, the data plotted as indicated in
Figure 1, extrapolated to cosine g=1, and the intercept identified as the
critical surface tension for wetting. This concept is very well-known and is
described in all basic textbooks and reviews on this subject (4,5), therefore
will not be discussed further.

Detailed studies with a variety of model compounds, primarily
Langmuir/8lodgett monolayers, allowed Zisman and coworkers to relate the
critical surface tension to the nature of the functional group or groups
present in the surface (5). It was clearly documented (using carefully
prepared control surfaces) that the advancing contact angle was highly
reproducible and that the surfaces showed minimum contact angle hysteresis.
This method was applied by Dr. Robert Bajer, who was a research fellow in
Zisman's laboratory, to the biomedical materials problem in the late 60's and
early 70's (6). The availability of a reproducible and reasonably precise
measure of surface properties provided by the critical surface tension
encouraged many investigators to attempt to develop correlations between that
variable and various biological responses, including blood coagulation, cell
adhesion, in vitro cell culture, platelet interactions, and protein
adsorption.
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FIGURE 1: A typical Zisman Te plot. The cosines of the contact
angle for a range of pure liquids on a given solid are
plotted against the Tiquid surface tensions. The
critical surface tension is given by the intercept at
€os 3 =1 and is defined as the surface tension of that
liquid which would Just totally spread on the solid
surface. This is an empirical measure related to the
surface free energy of the solid and is called the
critical surface tension for wetting of that particular

solid.
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At about the time Zisman was refining the y concept, Fowkes, Good,
and coworkers were developing means to estimate gurface and interfacial
energetics using approximations of the work of adhesion at interfaces based
in part, on intermolecular force considerations (7,8). The interactions at
interfaces were basically considered to be due to two sources: London
dispersion interactions and everything else generally called polar
{nteractions. Fowkes showed that the London dispersion interactions could
be deduced for various 1iquids and approximated for interfaces, using the
geometric mean hypothesis commonly used in intermolecular forces (7)

(Figure 2).

Simultaneously, Robert Good and coworkers were calculating interfacial
interactions from first principles, using the expressions available for
intermolecular forces (9). Given appropriate summation and/or integration
and assuming intermolecular force additivity among molecules, expressions
were developed which basically complimented the Fowkes treatment. Using
Good and coworkers methods, it was possible to deduce the surface-free
energy of polymer surfaces to compare or correlate that with the
experimentally derived critical surface tension and generally to begin to
develop a mechanistic understanding of the nature of interfacial processes
and biological systems. 2

Lyman applied the methods of Fowkes and Good to the problem of
coagulation and platelet adhesion on polymer surfaces and drew a
correlation between the surface free energy of a polymer and its propensity
to activate the coagulation of blood (10). Lyman's pioneering work
stimulated a great deal of interest in relating the surface properties of
polymers to their blood responses.

It is important to point out that all through this period, the contact
angle data used was derived by advancing contact angle measurements of a
series of highly purified model liquids (6,11).

A number of individuals extended the Fowkes geometric mean
approximation for dispersion interactions to nondispersive or polar
interactions (12), even though Fowkes clearly warned that such an
approximation for polar interactions was not warranted and probably
inaccurate. Nevertheless, many workers in the basic polymer surface
science community (12) and in the biomedical community (13,14) showed that
by such an approximation one could deduce not only the dispersion component
of the surface energy or the surface tension of the solid, but its polar
component as well. Given these components, one could approximate the
interfacial-free energy, including its polar and dispersion component for a
set of interfaces (10-14). There is considerable activity even today in
estimating dispersion and polar components at interfaces and attempting to
relate them to biological events., It is particularly pronounced in the
field of bacterial adhesion and in the area of dental materials.

111. The Hydrogel Years

With the invention and development of hydrogels for soft contact lens
application by Wichterle and Lim in Prague (15) and with the success and
growth of the soft contact lens industry, considerable attention was
focused on the role of water and hydrophilicity on biological




FIGURE 2:

Fowkes' model of an interface showing the overall
surface tensions (surface-free energies) Ty and Yo and
the geometric mean approximations to the work of
adhesion, YL Y (from Ref. 7).
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interactions. There were debates as to whether or not the surface of the
endothelium was indeed hydrophilic or hydrophobic (6,16,17). There was
considerable effort spent on the development of hydrophilic coatings and
grafts for polymers. Radiation grafting of hydrophilic monomers to various
substrates was a very active field.

Holly and Refojo observed that advancing water contact angles on these
highly hydrophilic surfaces showed that the surfaces were hydrophobic,
whereas receding water angles indeed showed that they were hydrophilic
(18). Clearly the materials were hydrophilic under water, but outside of
water some of the polymers appeared to be hydrophobic. This anomaly was
explained by Holly and Refojo in terms of the restructuring or
reorientation of polymer surfaces in response to their local environment,
such as to minimize their interfacial energy (18,19).

In the early 70's, Andrade argued that the critical surface variable
for biocompatibility is not the critical surface tension nor the surface-
free energy, but rather the interfacial free energy of the polymer against
water and showed that highly hydrophilic materials have very low
interfacial-free energies (14,20) (Figure 3).

Although this was difficult to demonstrate experimentally, at about
the same time W. C. Hamilton had developed a simple technique for measuring
the interfacial energetics of polymers by the use of an octane droplet
introduced at the polymer water interface (21). Because the surface
tension of octane was exactly the same as the dispersion component of the
surface tension of water (21.8 dynes/cm), it allowed a number of
cancellations in the equations to occur, greatly simplifying the treatment
and permitting one to deduce rather straight forwardly the interface
energetics (22). (Holly and Refojo were performing similar experiments at
about the same time.) Andrade and coworkers applied this method to attempt
to deduce the interfacial energetics at gel-water interfaces, showing that
indeed within the errors and uncertainties of the methods that the gel
water interface has as low an interfacial-free energy as could be measured
(20,22-23).

There is now considerable interest in measuring both advancing and
receding water contact angles (24). It is well-known that the advancing
angle tends to represent or sense the hydrophobic character of the surface,
while the receding angle tends to sense primarily its hydrophilic
Character, and thus both angles are highly useful in getting a fuller
understanding of the surface properties.

It has also become evident in the last ten years or so that polymer
surfaces can be highly dynamic and can indeed show very different surfaces
in air or vacuum as opposed to underwater, The question of the dynamics of
polymer surfaces has been recently reviewed (19) and is the subject of a
major symposium in June, 1986 (25).

I¥. Where do we stand?

There are a number of major, unresolved problems:

We have no good way of estimating the polar interactions present at
polymer surfaces. For the last ten years or s0, Fowkes has treated
these interactions as electron donor/acceptor or partial acid/base
interactions and showed quite conclusively that, at least in nonaqueous
systems, classical dipole/dipole interactions are relatively
unimportant if partial acid/base character is present. He has
demonstrated contact angle methods of probing these effects and has
shown that IR analysis of polymer surfaces is probably the most useful




and direct way to characterize hydrogen bonding and electron
donor/acceptor tendencies (26). No one has to my knowledge seriously
applied these concepts to the study of biomedical polymer interactions
with water and electrolyte solutions.

2. Although we have means to measure advancing and receding angles, the
dynamics of such angles, and their hysteresis, it is somewhat difficult
to interpret the results. This is because contact angle hysteresis is
due to a number of different sources (Table 1). Although water is the
solvent of choice due to its biological relevance, water is a difficult
liquid to use for contact angle measurements because of its very small
molecular volume; it readily penetrates into solid surfaces and is
therefore not an inert probe of the surface energetics (27). The role
of water penetration into the surface, subsequent water-induced
plasticization of the surface region, and finally the inherent surface
dynamics of the polymer chains and side chains all influence the
contact angle results. The use of larger probe liquids, such as
ethylene glycol, glycerol, and perhaps others may minimize the
penetration effect (27). The surface dynamics may be partially sorted
out by making measurements as a function of temperature. The dynamics
can be probed in the absence of hydrophilicity by, for example, the use
of model polymers with different alkyl side chain lengths (28,29).
Molecular surface dynamics can in principle be probed directly by NMR
methods (30).

Although considerable progress was made going from non-aqueous probe
liquids to water, water is not the physiologic environment. The
physiologic environment is a buffered ionic solution. Preliminary
measurements of ionic surfaces with sodium chloride solutions of different
ionic strengths suggest that we can no longer continue to ignore the role
of ions in the interface energetics of biomedical polymers (31,32). Indeed
it has been known for many years from electrokinetic measurements, using
streaming potential and related techniques, that neutral hydrophobic
polymers are highly negatively-charged based on electrokinetic measurements
(33). This was considered an anamoly for a time, but it is now generally
understood to result from ion adsorption at the polymer electrolyte
solution interface (34). The adsorEed layer of ions basically sets up an
interface potential, which is what the electrokinetic method measures. So
even for “neutral® polymers, contact angle measurements in jonic solutions
may be desirable. They are mandatory for polymers which we know are
charged, such as the varjous sulfate and sulfonic acid containing polymers
and surface films with synthetic heparin activity (32,35).

Y. What do we know?

We have some current correlations. We know that the dispersion and
polar contributions to the surface energy of a polymer and the consequent
interfacial-free energies against water do indeed correlate with protein
adsorption, cell adhesion, and coagulation time measurements, albeit not
always in the direction in which we initially expected (29,36-38). We know
that there are also correlations with Y. and bioadhesion and related
phenomena. Baier has postulated that oﬁtimum biocompatibility occurs in
the y_ range of about 25 + 5 dyres/cm (6) because this is the range of
minimim bioadhesion, which would be interpreted as minimum protein
adsorption or minimum cell adhesion. Although this hypothesis is highly
controversial, there is data in the literature to support it, and many
groups are following that line of reasoning.
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TABLE | (Ref. 24)
Sources of Conlact Angle Hysteresis

General assumption

Specific assumption

Eficct on hysteresis

Time dependent

Wetting liquid does nol penetrate
surface

60-70 cc/g-male

leads to increased hysteresis

Surface is smooth Surlace must be smooth at the 0.1 A0 increases with increasing No
10 0.5 pu level roughness (8, increases and
8,.. decreases with increasing
roughness)
Surface is heterogeneous Surface must be homogenecous at 8,,. dependent on low-cnergy No
the 0.1 u Jevel and above phase; 8,.. dependent on high-
encrgy phase
Surface is nondeformable Modulus of elasticity in surface Not known $ Yes—due o surface dz=forma
>~3 x 10° dyn/em? tion/relaxation efects
Liquid molecular  volume > Increased liquid  penetration Yes—due mainly to diffusion

Surface immobile, thercfore, sur-
face entropy is constanl

Configurational entiopy
independent of local environ-
ment

increasein hysteresis assurface
mobility increases

Surface does nol reorient Reorientation time >»time of Increased tendency to  orient Yes
measurement leads to increased hysteresis
Unknown—but probably Yes

g g
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¥1. What do we need to consider?

Consider a hypothetical protein adsorption experiment (Figure 4).
Figure 4a shows the polymer surface in air. We assume that this is a
highly mobile polymer surface with both polar and apolar constituents. In
air, it is an apolar material with its surface-free enerqy minimized. The
material is introduced into water or electrolyte solution. It quickly
restructures its surface and rearranges to show its polar constituent to
the aqueous phase, thereby minimizing the interfacial-free energy (19). A
protein diffuses by; the protein collides with the surface (Figure 4).
Clearly the analysis of that initial contact must be done, respecting the
fact that the surface is fully equilibrated in water just prior to and at
the moment of contact. The surface the protein "sees" can therefore only
be characterized or measured by underwater or receding water contact angle
methods (24) (Figure 4b).

In order for the protein to contact the surface, water must be
displaced from both the protein contact area as well as the surface contact
area. Clearly, it is unlikely for that water to be displaced if it is
tightly bound to either the protein or the surface. If that is the case,
the protein will simply diffuse away, and the collision would have resulted
in no net adsorption. If however, the protein now collides in a different
orientation, perhaps one exposing a hydrophobic patch and perhaps if it
hits the region of the surface which is partially hydrophobic and from
which the.surrounding waters can be removed, then there will be a transient
interaction or adnesion. If the interaction energy is large enough, the
protein will have a residence time at the surface. Given the various
principles of protein adsorption (39), a number of things may happen. In
light of the new local environment and of the statistics and dynamics of
the process, another region or part of the protein may contact the surface
leading to a second attachment point or "foot." If the polymer surface is
itself in motion, a portion of the polymer surface may statistically
approach and contact the protein., Once we have two or three contacts we
have a cooperative binding process, and the protein is essentially
adsorbed.

Now begins the process of long-term conformational change and
accommodation--both of the protein, which is now said to be undergoing
"denaturation,"” and the surface, which is restructuring or modifying in
light of its new microenvironment. If the surface is binding to the
protein through hydrophobic associations, then it may well be that
characterization of the polymer surface in air (through advancing contact
angle measurements) is important in estimating the hydrophobic “potential®
of the surface. Although those hydrophobic polymer surface residues would
not have been exposed during the initial phases of protein contact, they
may well be exposed and participating in the interaction later on in the
process as the protein and polymer surface maximally accommodate to one
another (Figure 4d).

So measurements of polymer surface properties in air are neither good
nor bad, just as measurements in water are neither good nor bad. Both are
important and both are necessary in order to optimally correlate and
understand the processes. In fact, ideally we would like to know the
surface relaxation or restructuring time to get an idea as to what is the
probability for a surface to accommodate to or “denature” in response to an
adsorbed protein,

VII. Conclusions

The surface properties of biomedical polymers are indeed important in
the adsorption of proteins and in subsequent biological interactions. It
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is important to characterize polymer surfaces with full dwareness that they
may be highly dynamic and somewhat amphoteric in character.

Measurements

should be made under conditions which carefully characterize both the
hydrophobic and hydrophilic nature of the surface, which at this stage is
best performed by advancing angle measurements to probe the hydrophobic
character and under water or receding water measurements which probe the
hydrophilic character. These measurements should, if possible, attempt to
deduce the time course of surface restructuring or reorientation in going
from the hydrophobic to hydrophilic environment and vice versa,

In addition, we must begin to develop standardized methods to probe

the partial acid/base or electron donor/acceptor properties of polymer
surfaces and their interfaces with dqueous electrolyte solutions. This can
in part be done by electrokinetic (zeta potential) methods, as well as
perhaps by infrared and Raman spectroscopy, preferably in the electrolyte
solution of interest. The dynamics of polymer surfaces can indeed be
directly probed by nuclear magnetic resonance and electron spin resonance
spectroscopy, as well as perhaps by fluorescence spectroscopy. It is
expected that these methods will continue to develop and will begin to be
applied by the biomaterials community in the very near future.
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Fiber optic immunodetectors: sensors or dosimeters?
J. D. Andrade, J-N Lin, J. Herron, M. Reichert, and J. Kopecekl

Department of Bioengineering, University of Utah,
Salt Lake City, Utah 84112

Abstract

Biosensors based on specific interaction of the analyte of interest (ligand) with a
biochemical agent (receptor) which specifically and tightly binds the analyte are being
developed by many groups, agencies, and institutions using a variety of detection
technologies. We are studying fluorescent methods using evanescent wave excitation on the
surface of planar and cylindrical (fiber optic) optical waveguides. A relatively low
ligand-receptor binding constant results in reversibility but low sensitivity. Most
biological receptors bind very strongly and specifically--almost irreversibly--which
provides an "irreversible" means of detection. Means to regulate ligand-receptor binding
constants are discussed in order to provide semi-reversible, sensitive, specific sensors,
rather than "one-shot" detectors or dosimeters.

Introduction

A homogeneous silica optical fiber with its coating and cladding removed will interact
with its surroundings via evanescent-wave modes at the interface. Antibody (Ab) or antigen
(Ag) molecules can be covalently linked to the silica fiber surface. The immobilized
biomolecules will bind complementary antigen or antibody from a surrounding solutionI If
the bound antigen or antibody is fluorescent, a fluoro-immunoassay can be performed. 2 The
sensitivity of such a sensor is enhanced in a competitive immunoassay mode, where a
fluorescently-labelled antigen or antibody competes for the binding sites on the immobilized
biomolecules, thereby providing a competitive binding fluoro-immunoassay. Such sensors have
the potential for remote, unattended, pseudo-continuous monitoring of biomolecules,
providing that the Ag-%b complex is reversible and responds rapidly to the bulk Ag (or Ab)
level in the solution. =3 In order to maximize sensitivity, it is desirable for the Ag-Ab
constant to be as high as possible, meaning the off-rate is very slow--hence slow response
times. Ideally the Ag-Ab binding constant should be maximal during the analysis and then be
very low between analyses. Thus the sensor would function as a dosimeter which can be
"zeroed" between measurements, thereby maximizing both sensitivity and "reversibility
Because of our interest in developing fiber optic or optical wave guide immunosensors-,
optical modulation of the binding constant is desired. Several approaches are suggested
based on photo-isomerization processes which change the microenvironment of the binding
site, which in turn affects the binding constant. The photo isomerization approach is
compatible with the goal of developing truly remote, semicontinuous, unattended
immunosensors based on optical fibers and wave guides.

Why regulate binding constants?

Specific chemical assay in complex mixtures generally depends on the use of specific,
high affinity binding agents, such as antibodies, membrane receptors, enzymes, lectins,
chelates, etc. Generally the greater the binding constant, the greater the ultimate
sensitivity of the assay. Such assays are "one-shot" measurements. 1In the case of
immunoassay, one takes a sample, mixes the reagents, makes a reading, then everything is
discarded.

There is considerable interest and activity in developing specific chemical sensors, i.e.
detectors which respond to changes in conce tgation of a specific chemical--either
continuously or at least semi-continuously."~ Clearly we desire a high binding constant
for maximal sensitivity, but we may also require a fast response time to permit continuous
or semicontinuous measurements. Some means of decreasing the binding constant between
measurements is therefore desirable. Ideally we would like to be able to "zero" the sensor
between each measurement and yet make the measuremernt often enough to have 7a near continuous
readout. Finally, we prefer a sensor with the maximum possible dynamic range. These
characteristics are generally mutually exclusive, unless we can regulate the binding
constant.

The very high binding constants, which provide these agents with their exquisitg
sensitivity, usually means that the dissociation rate of the complex is very slow.
Therefore, such systems are in reality dosimeters rather than true sensors or function as
sensors with very slow time response. In order to reuse such a device, there must be a
means to weaken the bond to permit the complex to dissociate in a reasonable time.
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In the case of membrane receptors for biochemicals, toxins, and drugs, the ligand-
receptor complex is often integna]ized or otherwise "turned over." New receptors are put in
place on the membrane surface, The standard means to dissociate Ag-Ab complexes is to
induce a significant conformational change in Ag, Ab, or both, by drastic changes in the
local solution environment, such as pH 2-3, pH 11, high concentration of ch?otropic salts,
high concentrations of agents which diminish hydrophobic interactions, etc. Unfortunately,
such treatments oft?n lead to irreversible conformational changes which destroy the specific
binding properties. In addition, it is difficult to delijver acid, base, etc., on command
to a remote sensor site.

There is a great need for a method which can remove specifically bound ligand without the
use of often damaging eluting agents.

The ability to regulate ligand-receptor binding constants would be of major significance
to the development of (a) truly effective specific binding sensors with optimum
sensitivity, response times, and dynamic range; (b) better WMoTecular separation
processes; (c) better understanding and control of a wide range of biological and medical
processes.

Our discussion will be directed at the antigen (Ag) - antibody (Ab) interaction and its
application in a remote, semi-continuous immunosensor. The concept and technology is
applicable to the general case of ligand-receptor interactions and to basically all
processes which depend on stereo-selective molecular interactions.

If L denotes the concentration of unbound hapten ligand or antigen; P, the concentration
of unoccupied antibody active sites; and PL, the concentration of hapten-active site
complex; then the equilibrium binding expression is given by :

Ka

>

e EETEE (1)

where: Ka = [PL]/([PI[L]). Ka is defined as the intrinsic association constant for the
interaction which is related to the individual association and dissociation constants.
Using similar notation, the association and dissociation rates are given by equations (2)
and (3) respectively:

1

L e

P+ |t PL, d[PL]1/dt

kK1*[P1*[L] (2)

8 b,  d[PLI/dt = -k2*[PL] (3)

Pt

where k1l is the second order, biomolecular association rate constant (afferent rate
constant), k2 is the first order, unimolecular dissociation rate constant (efferent rate
constant), and d[PL]/dt is the time derivative of the concentration of hapten-active site
complex. [If the interacting system contains only the above three species (P,L, and PL),
then both afferent and efferent rates are concurrent, and the entire rate law is given by
equation:

d [PL1/dt = k1*[PI*[L] - k2*[PL] (4)
Finally, at equilibrium no changes in complex concentration can eeclnd” aties dEPLlidE =0l
Therefore:

k1*[PI*[L] - k2*[PL] = 0 (5)

kl1/k2 = [PLI/([PI*[L]) (6)

The right sides of equations (1) and (6) are identical, establishing the desired relation
between the equilibrium and individual rate constants:

Ka = kl/k2 (7)

The first order dissociation constant (efferent rate constant) is thought to reflect
directly the binding strength between hapten and the antibody.

The antibody active sites are 50% saturated when [L] = 1/Ka. Furthermore, if we assume
that ligand binding can be accurately measured for active site saturation values between 10%
and 90%, then the sensitivity of the immunoassay is about two orders of magnitude in Tigand
concentration: 0.1/Ka < [L] < éD/ a. For example, an immunosensor utilizing a monoclonal
ant;body witg an affinity of 10°M™% could accurately measure ligand concentrations between

" and 1077 molar. This range could be extended by using several monoclonal antibodies
with affinities differing by two orders of magnitude. It can also be shown that the
affinity of the antibody must be decreased by two orders of magnitude to dissociate 90% of
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the ligand. This is well within the range observed with changes in solvent polarity (next
section).

Clearly the ability to regulate a binding constant would permit a sensor to function over
a much wider range of concentration.

Monoclonal antibodies to the hapten fluorescein ha§e been produced16 and their
associatign rates and dissociation 1ifetimes measured” by a fluorescence quenching
technique” (Table 1). The affinities of these antibodies vary over a 650-fold range. Most
of this variability arises from the dissociation rate (the dissociation 1ifetime ranges from
11 to over 5000 seconds), which is thought to reflect directly the binding strength between
hapten and the antibody.

Table 1. Kinetic Parameters of Selected Monoclonal Antifluorescyl Antibodies

Clone Association Dissociation Affinity
Rate Lifetime
l*‘!‘l 5‘1 5 m-1
4-4-20 6.28 X 10° 5376 3.38 x 1010
20-19-2 W08 10? 454 5.81 X 103
20-20-6 1.08 X 10 38 4.10 X 10
6-10-6 5.33 X 10° 14 7.46 X 10;
20-4-4 4.67 X 10° 11 5.14 X 10

Kinetic experiments were performed at 2° C. Association rates were determined using a
pseudo-first order assay in which unliganded antibodies were added in 10-100 fold excess to
1.0 nM fluorescein. Dissociation Tifetimes (reciprocal dissociation rates) were determined
using a competitive inhibition assay in which 5-aminofluorescein was added in 10-fold excess
to liganded antibodies. Affinity constants were computed from kinetic parameters.

Approaches to binding constant modification and regulation.

Thermodynamic studies of antifluorescyl antibodies® have suggested several approaches for
altering the affinity of these antibodies. The first approach is temperature
perturbation. A1l three antibodies exhibited negative enthalpies which produced strong
temperature dependencies in affinity (Ka) values., Affinities decreased by about 300-fold as
temperature was increased over a range of 2° to 70° C. The effect was fully reversible over
this temperature range. Nfgative enthalpy changes have been reported for several other
anti-hapten antibodies,lo‘ and may be a general feature of antibody reactions. Thus,
affinity modulation by temperature perturbation looks quite promising.

Another approach is based on reducing the contribution of the hydrophobic effect to ligand
binding. This can be accomplished by decreasing the polarity of the bulk solvent. This
approach proved effective for antifluorescyl antibodies, which exhibited negative heat
capacities indicatige of hydrophobic binding. An experiment, using the 4-4-20 protein, is
shown in Figure 1. Liganded samples of clone 4-4-20 were titrated with 2-methyl-2,4-
pentanediol (used as a solvent for protein crystalization) over a concentration range of
0-50% {g/v). The affinity of the antibody decreased 1000-fold over this concentration
range.

The hydrophobic effect has been implicated in almost all protein-ligand interactions 14
studied to date and is thought to be a generally operative mechanism in these reactions.
Thus, controlled use of organic molecules is an effective way to modulate affinities.
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(pH 6.8). Preparations were allowed to equilibrate overnight before affinities
were determined by fluorescence methodology {from Ref. 13).
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Figure 1.

In summary, both elevated temperatures and organic molecules which disturb hydrophobic

association in water effectively lower the affinities of antifluorescyl antibodies. Both
effects appear to be fully reversible during the time course of the experiments (24 hrs.).

f the antibodies under these conditions will have to be

f results obtained for the 4-4-20 protein suggested that
changing solvent polarity was more effective than temperature perturbation. This was
especjally true at room temperature. Using the 4-4-20 protein as a "worst case" scenario,
changes in affinity of 100- to 1000-fold can be achieved by altering solvent polarity. The
dissociation rate is expected to respond in a similar manner to organic solvents. The
veTation of the rate constants to affinity (Ka) is given by the following relation, where Kkl
and k2 are the association and dissociation rate constants, respectively:

ke
k2
Increasing concentrations of organic solvents will increase the viscosity of the solvent,

which will decrease kl. This effect will only amount to about a two-fold change, so the
majority of the decrease in Ka will probably arise from a faster dissociation rate.

The long term stabilities o
investigated further. Comparison o

Ka (9)

antifluorescein as a model

Some consideration must be given to the usefulness of
In our discussion of affinity modulation by temperature
we have primarily been concerned with the magnitudes of
changes. Enthalpy ValHQEZOf about -10 kcal mole - have
different antibodies. "~ This value is certainly clo
antifluorescyl antibodies discussed here. Antifluoresc
heat capaci&y values. 1In a compendium of twelve differ
Sturtfvant found that heat capacity values, fell in.a
mole~%, with an average of about -300 cal K™ mole.”
antifluorescein system is a good representative of liga

system.
perturbation and solvent polarity,
enthalpy and heat capacity
been reported for a number of
se to the average enthalpy of the
yl antibodies also exhibit average
ent protein-ligand interactioTs,
range of -100 to -1000 cal K~
Thus, we believe that the
nd-binding proteins in general.

How can we do it?

1y basic data and conclu
11y regulate and control

How can we apply the relative
development of means to externa
considered several approaches. Our discussion of these
where the specific model binding agent (antibody, Ab) i
also assume for simplicity that the immobilize
isothermal solution.

1t is clear that the dissociation rate constant (k2)
the interfacial temperature could be ¢

sions just described to the
ligand-receptor binding? We have
approaches will focus on the case

s immobilized at a solid surface. We

d Ab surface is placed in a flowing,

can be increased by a factor of 10 if

hanged from 20° to 40° C, decreasing the response time
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from around 500 sec to nearly 50 sec. Although this approach has potential as there are

ways to perturb the interfacial temperature by remote means, we prefer the solution
microenvironment approach.

Since Ag-Ab binding is highly stereo specific, a change in the Ab binding site
conformation is Tikely to significantly change the binding constant. The conformation can,
of course, be altered by changes in the local solution polarity and hydrophobicity. The
conformation may also be regulated by a direct photoisomerization process or indirectly by a
photoisomerization process coupled to the aigive site via an allosteric effect. There are
many biological examples of such processes.

The most eigensive1y studied photoisomerization process is that of azobenzene and its
derivatives.

Figure 1 demonstrated the dramatic effect of pentanediol on the Ag-Ab association
constant., It is well known that local changes in pH, ionic strength, or concentration of
agents which alter water structure {chh as chaotropic salts, ethylene glycol, pentanediol
etc.) can disrupt Ag-Ab1$omp1exes.?' Indeed this is a key part of the affinity
[ chromatography process. As relatively high local solution concentration of these agents

are required, one immediately has a reagent delivery problem. As our interest is in the

development of simple remote sensors, how can one deliver such an agent, remotely, and
without plumbing?

Consider Figure 2. Antibody or receptor is covalently immobilized at the solid surface.
A synthetic polymer or polypeptide containing azobenzene groups in the side chain (or the
main chain) is co-immobilized. The Ab (Ig6) dimensions are ~150 & --the binding sites can
be oriented away from the surface as shown. The same approximate dimensions would hold for
a membrane receptor, such as the acetylcholine receptor.

Ab —» —————

Synthetic Photosensitive
Polymer

Figure 2. A synthetic photosensitive polymer co-immobilized with an antibody (Ab) at a
solid-Tiquid interface. Light of energy hv induces a conformational change in the synthetic
polymer which produces a coil expansion. The expanded polymer changes the solution
microenvironment in the vicinity of the Ab binding sites, thus regulating the Ab-Ag binding
process.

The trans-cis isomerization of azobenzene-containing polymers can result in significant
changes in the shape and size of the polymer molecule. In the case of free molecules in
so]utiea, this results in major changes in viscosity--and is called the photoviscosity
effect®™™. For a polymer molecule attached to a rigid solid surface, the expansion of the
coil results in the molecule extending further into the solution. As the polymer chain
expands towards the Fab region, the solution properties around the Fab binding site are
greatly altered. If the polymer is similar to pentanediol in general chemical nature, then
we would expect results similar to those in Figure 1.

Although the photoviscosity effeig EE well known in solution studiesl8 and has been
demonstrated in membranes and gels*®"°“, we are unaware of any work on the interfacial
application described above (Figure 2). The few available photoviscosity studies have
tended to use charged polymers, where photoregulation is achieved via ionization of groups
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(via an inducgd change in ionization constant or pH) which then repel each other and expand
the po'lymer'.2

There are a variety of ways to induce and regulate the effect, all involving the action of
photoisomerizable groups. For stability the photo-active group should be covalently
attached to the polymer or protein rather than physically bound or complexed. The
photoactive group may be a comonomer which is incorporated into the polymer during the
polymerization process. Another approach is to bind or graft the group as a side chain.

We are investigating such possibilities using a variety of synthetic, methacrylate-based
hydrophilic polymers. Results will be reported later.
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Probing Polymer Surface and Interface Dynamics*

J. D. Andradet and W.-Y. Chent

Departments of Bioengineering and Materials Science, University of Utah, Salt Lake City, UT 84112, USA

Polymeric materials generally exhibit various molecular motions and relaxations. Such relaxation processes, which
include the glass transition temperature, have significant effects on physical and mechanical behavior. Polymer
molecules and segments at surfaces and interfaces also exhibit motions and relaxations. In air or vacuum, such
motions ‘permit’ the surface to restructure to minimize the surface free energy. In aqueous solution, the polymer
surface restructures and reorients to optimally interact with the aqueous solvent, thereby minimizing the interfacial
free energy. XPS and related high vacuum techniques probe the vacuum-equilibrated surface. The best way to probe
the polymer—liquid interface is via dynamic contact angle or wetting methods. A number of issues and concerns are
discussed: (1) the size or hierarchy of structures; (2) the time course of surface dynamic processes; (3) theory,
modeling, and simulation of surface dynamics; and (4) experimental methods.

INTRODUCTION

The powerful instrumental surface analysis techniques
which have been developed over the last 20 years are
being increasingly applied for the study of polymer
surfaces and interfaces. Generally these methods (such
as XPS, Auger electron spectroscopy, SIMS, etc.)
require ultra-high vacuum environments. The assump-
tion is generally made (often implicitly rather than
explicitly) that the polymer surface is indeed stable and
that the results of the analysis are applicable to the
non-vacuo environments wherein the polymer surface
is usually applied. Such an assumption is often invalid,
particularly for polymers used as biomedical devices or
in other applications where the polymer surface is
exposed to water or other highly polar environments.

Polymer surfaces can be highly mobile. Such surface
dynamics permit the interface to restructure or reorient
in response to different environments. The effect is par-
ticularly pronounced in aqueous solutions, where the
polarity of the aqueous phase provides a high interfacial
free energy driving force for the migration or orientation
of polar phases, blocks, segments, or side chains towards
the aqueous phase, thereby minimizing the interfacial
free energy. In vacuum, air, or other nonpolar surfaces,
the polymer orients its apolar components towards the
interface, again minimizing the interfacial free energy.
These effects are now becoming well-known and a recent
review is available.' A conference on the subject was
held in June, 1986.%

There are a number of issues and concerns (Fig. 1):

The size or hierarchy of structures

These are responsible for polymer surface dynamics,
ranging from blocks or domains to small side chain
functional groups. The surface dominance of apolar
phases, blocks, or domains at the interface with air and

* Invited paper presented at ECASIA 85, European Conference on
Applications of Surface and Interface Analysis, Veldhoven, October
1985.

T To whom correspondence should be addressed.

+ Permanent address: Dept. of Chemistry, Beijing University, Beijing,
China.

0142-2421/86/060253-04 $05.00
© 1986 by John Wiley & Sons Ltd

vacuum is now well established. Polymers containing
very low energy blocks (fluoropolymers and silicones
are the best examples) generally exhibit the surface
characteristics of the low energy constituent.>*

The elegant and pioneering freeze-etch XPS study by
Ratner et al. of polyacrylamide or polyhydroxyethyl
methacrylate (both highly polar polymers) grafted onto
polyethylene or onto polydimethyl siloxane (both highly
nonpolar) clearly demonstrated the dominance of the
polar phase at the water or ice interface, followed by
reorientation and dominance of the nonpolar phase at
the vacuum interface.*?

The effect is well documented in blends. It is a com-
mon observation that polymers containing even small
amounts of silicone exhibit surface properties (in air or
vacuum) characteristic of pure silicone materials.*®

Homopolymers or simple copolymers with amphi-
philic (both polar and nonpolar character) tend to orient
the main chain and side chains in response to their
environment in order to minimize the interfacial free
energy.”"!

One component of surface dynamics which has been
virtually ignored, except in the chromatography
literature, is the role of intrinsic side chain mobility on
the surface properties. A case in point is the alkyl chain
dynamics on reversed phase chromatography
supports.'*'* Clearly there should be a surface configur-
ational entropy or excluded volume effect on the surface
properties.'* This is generally ignored in theoretical
treatments of interface thermodynamics as, again, the
surfaces are generally assumed to be rigid and immobile.
We have discussed the effect qualitatively'* and Jhon et
al. are treating it theoretically.'s

In water, long alkyl chains are expected to collapse
towards the solid surface due to hydrophobic interac-
tions. This has been discussed recently by van Damme
et al,'® as well as in the chromatography literature,'>!?
Finally neutral hydrophilic chains are expected to be
extended and highly mobile in water'” and collapsed or
even substrate ‘buried’ in air or vacuum.

The time course of such processes (Fig. 2)

How long does it take a surface to adjust or relax to a
change in its environment? Relaxation effects in bulk
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Figure 1.(a) Surface reorientation of hydrophobic and hydrophilic
components due to the presence of a low energy or high energy
interface. The bold line indicates the hydrophobic component. The
—O indicates a hydrophilic side chain, and the @ indicates a
hydrophilic phase or domain. Blend: A blend of two homopolymers
segregates or orients at the interfaces as shown; the hydrophobic
polymer dominates in air or oil, the hydrophilic in water. Block: The
hydrophilic block dominates at the water interface: the hydrophobic
phase dominates in air or oil. Graft or Co-Polymer: Again, the
hydrophilic component dominates in water. (b) An extended chain
or functional group will exhibit motions resulting in a significant
configurational entropy component to the interfacial thermody-
namics. These effects have not been considered in standard texts
on interfacial thermodynamics. (c) Alkyl or other hydrophobic
chains at an interface will tend to be extended in air or oil and
compacted in water. (d) The opposite to 1(c), where a neutral
hydrophilic chain, such as polyethylene oxide, is partially extended
in water and partially collapsed in air.

polymers are well-known and form a major subject of
inquiry and application in polymer science and
engineering.” Bulk relaxation transitions, such as the
glass transition, side chain rotation, etc. are well-known
and generally understood. Although clearly polymer
components adjacent to an interface will have different
motions and relaxation due to the influence and con-
straints imposed by the interface, we do expect some
relation or, at least, correlation between the bulk relaxa-
tion and the relaxations active at the interface.>® Clearly
the time course must depend on the intrinsic rigidity of
the polymer. In the case of a flexible elastomer or in
general at temperatures substantially above the Tg, we
can expect the surface accommodation to take place in
the seconds to hours range, while highly rigid polymers
may require hours, days, or even longer. Very little
experimental data are available.” Dynamic contact angle
methods provide one way of probing such phenomena.'*

Theory, modeling, and simulation

One can successfully model the energetics and motions
of polymer chains in vacuum or in ideal solvents. Such
modeling is difficult in polar solvents (water is the most
difficult of all) and for polar polymers. Some realistic
measure or estimate of polymer solvent interaction or
solubility parameters must be available. This is
especially difficult in water due to the unique partial
acid-base character of water and due to hydrophobic
interaction effects. Fowkes and co-workers have tackled
the job of estimating partial acid-base properties of
polymers using enthalpic heat of solution and IR band
shift data (see Ref. 18 for a review). The water problem
is being addressed successfully by the protein bio-
chemistry community and estimates of polar and hydro-
phobic interactions for protein functional groups in
water are becoming available.'” The question of interface
motions or dynamics is, of course, complicated by the
polar and hydrophobic interactions, the latter which is
due primarily to solvent (water) entropy effects.

Experimental methods

We have already argued that XPS, SIMS, and related
methods are not too helpful. We feel that three methods
are particularly useful:

(a) Contact Angle Dynamics'

(b) Interfacial Fluorescence?>2

(c) Interfacial NMR3%-33

Contact angle dynamics. The dynamic electrobalance
method for contact angle and surface tension measure-
ment is well suited for the study of contact angle kinetics
and hysteresis. We have previously reviewed and
described the method."* It has been applied by a number
of groups to study contact angle and surface
dynamics.'*'® The method is suitable for studying the
time dependence of the contact angle and thus the time
dependence of the interfacial equilibration, although
very few data are available in the literature (see Refs 1-2).

There are data on the immersion and emersion velocity
dependence on the dynamic contact angle, usually inter-
preted in terms of liquid viscosity and relaxation
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Figure 2. The Holly and Refojo Model'® of polymer surface reorientation or relaxation. The
O— indicates hydrophilic pendant groups, the /N\/\_indicates hydrophobic pendant
groups. The hydrophobic groups orient towards the outer surface in air, minimizing the
surface free energy; the hydrophilic groups orient towards the water phase in water,
minimizing the interfacial free energy. The measurement will be dependent on the velocity
if the surface relaxation or reorientation time is in the same range.

effects.”? Using a low viscosity liquid, such as water,
velocity effects should be dependent on polymer surface
relaxation times (Fig. 2). One must keep in mind,
however, other mechanisms for change in the angle with
time, such as water penetration (absorption) effects.
Water absorption can be studied by *H,O measure-
ments.?

An effect which we have observed in a preliminary
manner is the change in buoyancy slope observed in a
Wilhelmy plate hysteresis loop at constant velocity. In
a study of the surface properties of poly sulfo-n-alkyl
methacrylates, we observed significant differences in the
advancing and receding slopes, which correlated with
alkyl chain length and solution ionic strength.?' The
effect is maximized at low ionic strength (distilled water),

attributed to the charged polymer side chains and poly--

mer loops or tails being extended into the aqueous
solution, whereas the charged groups would be driven
towards the surface in air. The process is also dependent
on alkyl chain length and flexibility. Such surfaces are
far from simple and clearly are exhibiting strong poly-
electrolyte and ionic surfactant effects. They do serve to
demonstrate, however, that these effects are significant
and can, in principle, be studied by dynamic contact
angle methods.

Interfacial fluorescence. Various fluorescent probes are
sensitive to interface polarity, interface electrical poten-
tial, interfacial pH, and even interface motions.* Such
probes have been widely used for the study of biological
membranes and are beginning to be widely applied for
the study of chromatographic supports.”?° We have
applied a total internal reflection fluorescence (TIRF)
method to probe the adsorption of proteins at polymer-
water interfaces.”® Harris and coworkers are studying
alkyl-derivatized silica by the TIRF method, using
fluorescent probes.* If the probe is covalently immobil-
ized at the surface, then one can perform stop-flow
kinetic experiments and directly measure the surface
relaxation processes via the time course of fluorescence
emission.

Nuclear magnetic relaxation (NMR). NMR techniques are
the most direct means of obtaining information on inter-
face mobility and dynamics. High surface area particu-
late systems are used because of the inherently low
sensitivity of the technique. Pulsed Fourier transform'*C

methods with proton decoupling permit spin-lattice (T;)
and spin-spin ( T,) relaxation times to be deduced. Much
of the work has focused on alkyl-derivatized silicas
because of their great importance to the chromatography
field."”” Polymer adsorption at silica and polymer latex
surfaces has also been examined, particularly polyethyl-
ene oxide on silica. These studies permit conclusions as
to chain and segment mobility.!21730-33

CONCLUSIONS

Given sufficient mobility, polymer surfaces will reorient
or restructure in response to their local micro-environ-
ment to minimize their interfacial-free energy with the
surrounding phase.

The interfacial-free energy at a polymer-water inter-
face is a sufficient driving force to cause restructuring
of the polymer surface and orientation of the dipolar
and other groups, which can directly interact with water
towards the aqueous phase. These processes are time-
temperature dependent, and correspond to the relaxa-
tion characteristics of the polymer; thus, long equilibri-
ation times with water may be required before the effect
is maximally manifested.

Even relatively rigid polymers, such as poly(methyl
methacrylate), reorient at the polymer-water surface,
due to relaxation mechanisms in the surface region
which may occur at lower temperatures than in the bulk,
perhaps due to surface-induced water plasticization of
the interfacial region, and due to segmental side chain
motions which are activated at or near room tem-
perature,

In systems containing hydrophilic phases of sub-
microscopic dimensions, such as common diblock and
triblock copolymers, given sufficient mobility, the hydro-
philic phase will dominate the interface in water, the
hydrophobic phase will dominate in air.

It is suggested that the adsorption of biological and
other macromolecules at a polymer-water interface will
result in considerable restructuring of the polymer sur-
face in a response to the local microenvironment of the
adsorbed macromolecule, as well as the local water and
other solution components.

We propose that is is necessary to characterize the
surface properties directly at the solid-water interface,
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¢s well as the more commonly and classically performed
solid-air or vapor interface, when searching for correla-
tions between the surface properties of polymers and
their biological behavior. Further, the polymer-water
interfacial properties may need to be characterized as a
function of hydration time or after suitable water
equilibration.

The surface motions of polymers are probably
different from the bulk motions. Few data are available;
experimental methods with which to probe surface
motions are becoming available and have been dis-
cussed.

Polymer surface restructuring effects in response to a
surrounding liquid phase are probably most pronounced
in aqueous systems due to the unique hydrogen bonding
and acid-base characteristics of water.

Finally, these effects are not readily detectable by
classical advancing contact angle measurements, includ-
ing determinations of critical surface tension, nor by
x-ray photoelectron spectroscopy or other analysis tech-
niques which primarily probe the solid-vacuum or solid-
air interface.

Methods are available for the study of the time depen-
dence of polymer surface relaxations. The most directly
useful method is the time-dependent Wilhelmy plate
method for measuring contact angle dynamics and hys-
teresis. Other methods include fluorescence probes,
interface vibrational spectroscopy and nuclear magnetic
relaxation methods. The latter provides direct informa-
tion related to surface and interfacial motions, though
high surface area particulate samples are generally
required for adequate sensitivity.

As data on surface relaxation times and processes
become available, we can expect significant progress in
the modeling and simulation of such effects and eventual
theories and scaling laws>*"** with practical predictive
value.
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Introduction:

Proteins are biological macromolecules with unique architectures
and structures. They perform most of the vital functions in biology.
There are at least 5,000 different proteins, ranging in size from 104 -
107 Daltons. Each is a molecular machine with specific characteristics
and functions (1). Such functions may include catalytic activity
(enzymes), structures, motion, transport, light detection, light emission,
recognition, communication, and probably information storage. The
discovery, characterization, and modification of proteins is occuring at a
very rapid rate. Once rare or exotic proteins can now be produced in
quantity, inexpensively, using modern biotechnological processes.

There is no reason why nature's molecular machines can not be
used by engineers and materials scientists for non-biological functions.
At present some proteins are used for structural/mechanical
applications (silk sutures and fabrics) and for specific chemical
recognition (antibodies in biosensors).

Engineers and materials scientists generally have no background
in biology or biochemistry, thus there is little awareness of the potential
application of proteins in engineering. Biomedical engineers have
provided several application examples, however, including protein-
based wound dressings and artificial skin (2), sutures (3), membranes
for chemical separations (4), and even disposable contact lenses (5).
Chemical and biochemical engineers have immobilized and applied
enzymes in biochemical reactors for a variety of synthetic and
bioprocess applications (7). There has been some speculation as to the

* An expanded version of Ref, ]



possibility of arrays of proteins for computing and information storage
application (6). Such "Biochips" possibilities have generated
considerable public and even financial interest. There is now some
interest in using the self-assembly properties of two dimensional arrays
of proteins as an aid in producing nano structures using
photolithography and related processes (8).

In this paper I attempt to provide a brief overview of the
structure and generic biological applications of proteins. I then suggest
a set of examples to attempt to demonstrate the potential application of
proteins in non-biomedical areas.

Structure:

Proteins are complex copolymers of highly specific sequences
consisting of some 20 different amino acid "monomers",

H
HoN—C—COOH

R
where R can be polar, apolar, positively charged or negatively charged
(9). Protein molecular weights cover the range of roughly 104 - 106
Daltons. A particular protein generally has one or more specific
functions and is clearly molecularly engineered to carry out that
function in an efficient, specific and often unique manner.

The primary structure of a protein is its amino acid sequence
which constitutes the primary information and basically controls all
properties and functions of the molecule. A secondary level of structure
- includes local amino acid sequence associations which result in helix,
sheet or turn structures. Globular proteins generally have a complex
tertiary structure which can often be determined by X-ray diffraction of
the crystal (9). Finally, two or more polypeptide chains can associate
via their tertiary structures to form a quaternary structure. Nearly 200
proteins have been crystallized and their tertiary and/or quaternary
structures determined (10). The atomic coordinates of these proteins
are readily available and can be viewed using modern molecular
graphics on standard computers and via available software (see the
Journal of Molecular Graphics).



Certain proteins can dimerize, oligomerize or even self-assemble:

S tetramers
monomers<dimers / higher oligomers

\ hexamers

Insulin dimerizes and at higher concentrations will form hexamers.
Hemoglobin commonly exists as the tetramer (11). Albumin also
dimerizes and forms higher order oligomers. Fibrinogen, on the action
of the activating proteolytic enzyme thrombin, self-associates and
polymerizes to form the network that produces blood clotting (12).
Tubulin self-assembles to form the microtubules found within most
cells (13, 14). Actin and myosin self-associate to form the characteristic
filaments of muscle and a variety of other structures (13-16).

The tertiary and quaternary structures of proteins are stabilized
by hydrophobic, ionic and hydrogen bonding interactions. However, for
most globular proteins the "native" state is only marginally stable and
the protein can be easily "denatured”, i.e. lose part of its biological
activity (17):

native—>denatured
AGC = 5=- /4 kcal fucte

Proteins are now generally recognized to be dynamic, flexible structures
of marginal stability. Changes in pH, temperature, ionic strength, or
solute environment can often change the conformation (three-
‘dimensional structure) and biochemical activity of a protein.

Although there is much activity in trying to predict the tertiary
and quaternary structure of proteins from their primary amino acid
sequences, the predictions are not usually very good (10,18). This is
partly because many states are only marginally different in overall free
energy so that the "true" equilibrium or native state is difficult to find.
It is also because intermolecular force functions in ionic solutions are
not well understood, including the classical hydrophobic and
electrostatic interactions.

The interaction potential functions which are available, however,
can be incorporated into the computer graphics algorithms to yield



three-dimensional images of the constituent atoms and their interaction
fields, permitting "docking” or interaction studies between two proteins,
between, a protein and a surface, between an enzyme and its substrate
etc.

Although large proteins appear to be extremely complex and
difficult to understand, considerable progress has been made in
deducing a set of "building-block" principles for proteins. Most
proteins consist of structural domains, roughly 15-20K Daltons (9). An
even smaller structural unit, the module, whose molecular weight is
about 5K Daltons, is now being elucidated (19).

Many complex proteins are now known to consist of a variety of
repetitive structures, many of which are similar in many different
proteins (22).

Programs are now available to help distinguish and predict such
structures based on amino acid sequence boundaries (20,21).

Interfaces

The application of proteins as engineering machines and devices
often involve using the protein on or coupled to a suitable substrate or
matrix. For example, biosensors often use proteins with specific
recognition properties covalently attached to electrodes or to optical
fibers; enzymes used in biochemical engineering are often immobilized
onto particles or fibers.

Proteins at interfaces can be very different from the same
proteins in their solution state. The structure and function of proteins
can be significantly altered in the new microenvironments presented by
'solid-liquid or liquid-air interfaces (23). Other concerns include the
stability of the immobilized protein - does it change with time? Is it
stable in the application environment? Can it be replaced or
regenerated after loosing activity?

Most proteins will adsorb at solid-aqueous interfaces to form
reasonably compact, generally monomolecular and often irreversible
films. A number of recent reviews of this phenomenon are available
(23-28).  Although no rigorous or quantitative theories of protein
adsorption are available, there is a general qualitative understanding of
the process (23-28). Several groups are now working with model
proteins whose structures are well known and are attempting to



develop methods of simulating and predicting the adsorption process
(27, 29-30). Practical uses of adsorbed protein films include diagnostic
immunoassay, which uses preadsorbed specific immunoglobulins, and
the preadsorption of human plasma albumin to improve the blood
compatibility of cardiovascular devices (26).

The Langmuir monolayer trough has been widely used for the
study of proteins at air-water interfaces (31, 32, 28) and indeed many
of the "rules of thumb" on protein adsorption have been derived from
Langmuir trough studies. The transfer of proteins to solid supports by
Langmuir-Blodgett methods has been accomplished, although the
process is difficult and frequently unpredictable (28, 31). Recently,
Uzigiris (33) bound a hapten-specific IgG to a transferred hapten-
phospholipid layer and showed that the close-packed IgG layer assumed
a hexagonal structure. Utzigiris suggested that the technique may be
useful as a means to produce ordered two-dimensional immunoglobulin
films.

Giaever and Keese (34) have suggested that an adsorbed protein
film, when exposed to UV light in the presence of ozone, will be
modified in the exposed areas, resulting in loss of antigenicity and
decreased reaction with its specific antibody. This would allow one to
prepare protein films with selected, predefined regions of antibody
reactivity or lack of reactivity.

Specific proteins are routinely bound to chromatographic supports
and surfaces, in general via direct coupling (35, 36) or affinity methods.
If the protein has a specific interaction with a particular ligand, that
ligand can be immobilized to a solid support (35). Passage of a protein
. mixture over the immobilized ligand column results in specific binding
of the protein to the immobilized ligand surface. This is a popular and
commercially important separation, purification and characterization
process known as affinity chromatography (36). Often a specific
antibody is immobilized for the binding of its specific protein antigen.
The complex can be disrupted by an eluting solution of appropriate pH,
ionic strength etc. (36). Suitable ligands include antibodies (for
antigens), sugars (for certain lectins), heparin (for lipoproteins,
fibronectin, etc.), collagen (for fibronectin), etc.

Certain proteins may also self-aggregate and even self-assemble
into complex structures (37). The protein tubulin self-associates to



form microtubules (14, 38). Fibrinogen, after appropriate activation,
polymerizes to fibrin (12). Many other examples are known (37, 39). A
variety of very complex films are also known, such as cell membranes,
which include embedded transmembrane proteins and protein
complexes, e.g. ion channels and receptors. Several groups are
attempting to reconstitute purified receptors in organic thin films,
generally lipid bilayers. For example, the acetylcholine receptor is
being incorporated into bilayers on appropriate microelectronic devices
to produce specific biosensors for nerve agents (72). Proteins can also
be ordered in electric, hydrodynamic and gravitational fields, and it is
likely that such fields can be used to assist and even to control the
ordering in protein films in the near future.

The properties of protein monolayers, except for their chemical
interactions, are not well known. Certainly films of proteins containing
chromophores (such as hemoglobin [Fe2+heme]) have the expected
optical absorption and resonance Raman properties. The refractive
indices of protein monolayers are known via ellipsometry, a technique
widely used to study protein adsorption, (26, 27, 40). Crude packing
characteristics and surface viscosity data are available at the air-water
interface from Langmuir trough studies (28). There is very little
experience or data on protein conformation (26), mechanical
properties,(28) or optical or electronic properties of protein
monolayers. Only in the last few years have research groups begun to
apply modern surface analytical techniques to characterize protein
monolayers (23). The field, therefore, is wide open.

Applications:

Cooperative protein interactions result in functions and behavior
reminiscent of non-biological machines and devices. These functions
are, in large part, responsible for what we know as life in animal
systems. Enzymes can and have been treated as chemical machines
(41). In Welch's words (42, 43):

"Living systems...contain devices of molecular dimensions capable
of performing mechanical work... A molecular energy machine is a
single enzyme molecule that cyclically couples energy released by
one form of reaction, e.g. ATP, to an otherwise unfavorable reaction,
e.g. contraction, without (during the lifetime of its cycle) being
exposed to the macroscopic and thermalizing environment .....
Molecular energy machines require some degree of structural



presence of calcium ion, triggers a conformational changé which
permits a trapped, excited state in a bound chromophore to decay,
resulting in photon emission. The bioluminescent properties of these
proteins and others are beginning to be extensively used in clinical
and analytical chemistry as quantitative and end-point detection
methods.

A major application of protein layers or films is for separation and
purification, particularly in the chromatography field (36). _
Immobilized enzymes are widely used in certain biochemical-
biotechnology processes (7). Another major "application” is the
understanding of adsorption of proteins with respect to the blood and
biocompatibility of medical devices (26). There is considerable
interest in the development of protein-resistant surfaces, which
actively repel proteins, to minimize protein-surface interactions. Such
surfaces would have wide application in chromatography, membrane
separation processes and medical devices, including contact lenses.

Biosensors are a new area with considerable interest and activity
(46). Most biosensors depend on the specific binding characteristics of
proteins or other biological molecules for the specificity and
sensitivity of the sensor. Immunoglobulins are of particular interest
as they can be used to detect their specific antigen with great
selectivity and sensitivity (47).

There is some potential for the use of protein films in energy
(solar) collection and transfer, such as chlorophyll-containing and
electron transfer-redox enzyme protein systems. Light detection and
transduction are also of interest, at least as a model system, utilizing
proteins such as rhodopsin.

Although there has been considerable discussion of protein-based
information storage and even computation, no practical or even
defensible concepts or designs have yet involved (48). However,
information storage and processing in biology is well know and to
some extend, understood (49).



organization. The transduction process must be insulated from the
thermalizing bulk phase. Molecular machines must successfully
compete against the thermal environment."

In a casual and simplistic sense, one might consider an enzyme or
organized assemblages of enzymes to be molecularly engineered
"Maxwell's demons" permitting reactions and processes to occur which
cursory analysis would suggest to be contrary to the laws of
thermodynamics.

Particurlarly dramatic examples of protein machines, from an
engineering point of view, are the various motions and force
generation processes so common throughout all biology. The most
common and perhaps well-understood example is the interaction of
myosin and actin, together with regulation by the proteins
tropomyosin and troponin, in the function of muscle, Here we see
protein molecules designed with exquisite self-assembly character,
coupled with specific binding interactions, highly regulated by
accessory proteins and by calcium ions. The end result is a sliding-
filament, force-generation mechanism responsible for virtually all
muscle motion throughout biology (44, 45).

Enzymatic activity, e.g. (ATPase), is built right into one of the
heads of the myosin molecule, and it is indeed ATP hydrolysis via the
myosin ATPase activity which provides the fuel for the force
generation process.

The self-assembly of a— and B-tubulin to form the ubiquitous
intracellular microtubular structures is an interesting example of the
use of proteins for structural purposes. The coupling of tubulin
structures with the protein dynein, in the case of cilia and flagella, and
with the protein kinesin, in the case of intracellular tubules, makes
possible the characteristic wave-like motion of cilia and flagella and
the conveyor belt linear transport processes now recognized as so
important in the interior of living cells. Bacterial flagella, made up of
the membrane-anchored protein complex called flagellin, are
responsible for rotary motion, which at one time was thought to be
inpossible in biology (13-16).

Some proteins function essentially as light sources, e.g. the
luciferin-luciferase bioluminescence process.  Another interesting
example is the calcium-sensitive photoprotein aequorin which in the



Examples:
Two_dimensional arrays and patterns,

Many strains of bacteria contain ordered arrays of proteins as the
outermost part of their cell surface, These surface or S-layers have
been well studied (50). These materials were used by Douglas, et al.
(8) as patterning structures for nanometer molecular lithography. The
protein patterns, in the range of 5-30 nm periodicity, are attractive
tools for producing ion milled patterns on the nanometer level,

A very different application is in the production of fine
ultrafiltration membranes, The 2D structure of the S-proteins result in
channels of about 3.5 nm diameter (51). The self assembly of other
proteins can lead to different structures and presumably different
filtration properties. The protein is deposited on a microporous
Support, upon which it self assembles. The ordered protein film is
then stabilized by chemically cross-linking.  Such materials are being
studied for their ultrafiltration properties and applications (51).

It is likely that other self assembling proteins will find application
in the production of nano structures, particularly myosin and tubulin
(see earlier discussion).

In addition, carefully ordered 3-D structures can have unique
optical properties. For example, the ordered collagen in the cornea
(52) and crystallin in the lens (53) provide the transparency and
refraction properties so vital for biological vision processes.

Light Detection - Rhodopsin

Rhodopsin is a membrane - spanning protein which is the
fundamental detector and transducer of light in most organisms (54).
Various rhodopsins are responsible for initial light detection and
transduction in the Photoreceptor cells of the vision apparatus (55) IT
is a hydrophobic (typical of membrane proteins) protein of 41000 D in
size. It contains a chromophore, retinal, which undergoes a cis-trans
conformational change as part of the light detection/transduction
process. Bacteriorhodopsin has been extensively studied, although its




protein and chromophore are not exactly the same as mammalian
rhodopsin.

Rhodopsins, although normally water insoluble, can be extracted
from membranes by detergents, purified and reconstituted. The
protein can not only be incorporated into lipid bilayers by vesicle or
Langmuir-Blodgett methods (see ref. 56 for an introduction to these
methods), but has also been incorporated into polymerized, semi-rigid
bilayer membranes of lipid-like polydiacetylenes (57). The
membrane-bound rhodopsin retained chemical, photo chemical and
enzymatic properties. The authors concluded: "This functional protein
behavior demonstrates that sensitive vertebrate membrane proteins
can be usefully incorporated into membrane bilayers that have been
modified by polymerization reactions."

Lawrence & Birge have suggested (58) that bacteriorhodopsin
may be useful as a high capacity optical memory, possibly as stable
dried films on a silica or sapphire support - a so called "Biochip”
element.

Other light-sensitive proteins have also been reconstituted. Heckl
et al. (59) have shown that the light-harvesting chlorophyll protein
complex can be reconstituted into phospholipid monolayers on a solid
support. They even regulated the protein concentration and
distribution in the monolayer.

It is clear that considerable progress is being made in the
development of functional light detection/transduction devices based
on proteins and that this may be a useful and important area for
continued research and development.

Needs and Opportunities

In order to understand, predict and apply protein films, we must
understand the forces and interactions responsible for protein
structure and function, as well as their interactions among themselves
and other proteins and with solid supports. Although the electrostatic,
hydrophobic and hydrogen bonding interactions are qualitatively
understood (60-62), better potential functions are needed to model
and effectively predict protein structure, folding (63), denaturation
(64), and adsorption (26). Direct measurements of such forces and
interactions at the protein film-aqueous solution interface are needed,



such as via the methods of Israelchvilli (62) and Klein (65). The
simulation and modeling of proteins via computer molecular graphics
and intermolecular interaction potentials is in its infancy (66). With
better potential functions and with information on the structure of
protein films, attempts should be made to develop theories and
models for protein interactions and for the film-forming process. Such
models will permit the design of structures and means for
selfassembly of films with unique, designed properties. The modeling
and simulation of film formation and film properties should include
the effects of impressed fields.

Methods to characterize protein films, in situ, i.e. underwater, are
needed. In spite of the progress made in applying reflection
fluorescence (67) and IR (68) methods, more definitive methods are
required to probe and characterize Packing, orientation and structure
of protein films. Perhaps the most promising approach is direct
imaging in water using scanning tunneling microscopy and atomic
force microscopy (71).  Synchotron scattering and diffraction should
also be considered. Other means of imaging and characterizing protein
films should be encouraged. Fourier transform Raman spectroscopy in
the near-IR has great potential for characterizing the conformation
and orientation of protein thin films. Methods to characterize and
evaluate the properties of protein thin films should be developed,
including electronic, magnetic, optical and mechanical properties.

There should be attempts to apply the unique properties of
certain proteins in mixed films; for example, embedding receptors in
lipid or polymer films for sensor and gating applications (72, 73) and
the co-immobilization of antibody and synthetic photoactivable
polymers to regulate antigen-antibody binding constants.
Optimization of €nzyme properties for reactions in adverse
environments and modified or synthetic enzymes for new chemical
reactions also should be encouraged (74).

Summary

Proteins are a series of polymers with unique and varied
structures and properties. They are beautiful examples of
macromolecular engineering for specific and unique purposes. The
modeling, preparation, characterization and application of protein



films should lead to a variety of very useful and unique applications.
Perhaps most importantly, experience and study of proteins will
greatly aid and stimulate materials scientists and engineers to
engineer better new generations of macromolecules for new and now
unknown applications.

As we consider new generations of engineering machines and
devices, it would be useful for some attention to be paid to the 5000
proteins available in biology which have been molecularly engineered
over 2 x 10% years of evolution to provide a wide range of machine-
and device-like activities. Undoubtedly, the harnessing of proteins for
practical machine- and device-like activities will require far more
knowledge and experience with the following: (1) the handling of
these molecules: (2) their incorporation and reconstitution into lipid
or polymer-like matrices; (3) their modification, possibly by genetic
engineering and site-directed mutagenesis technologies, for the
enhancement of self-assembly properties; (4) enhancing their stability
in non-biologic environments. Most importantly however, we need to
begin teaching new generations of engineers about biochemistry and
particularly proteins in order to apply proteins in novel and practical
ways.
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INTRODUCTION

FIGURE 1 presents a protein adsorption complexity spectrum and in schematic form
suggests that proteins vary greatly in complexity. The simplest include the insulin
dimer, lysozyme, and myoglobin, whose X-ray crystallographic, three-dimensional
structures are well-known and whose function is generally well understood. The
structures of such proteins can be imaged and manipulated using modern computer
graphics algorithms and equipment. Through careful consideration of the surface
chemistry of such proteins and by appreciation that the surface chemistry is far from
uniform on a protein particle (there are different “faces,” each with different
interaction potentials with specific surfaces or interfaces), one can develop estimates or
hypotheses as to optimum interaction orientations for such model proteins at model
interfaces. This approach has been very fruitful in the study of the adsorption of
chicken and human lysozyme at model surfaces,"? as well as in studies of the
adsorption of myoglobin on model surfaces and the interaction of the adsorbed protein
with specific monoclonal antibodies.?

Most of the plasma proteins, however, are considerably more complex. Their
detailed three-dimensional structures are not known. For example, the plasma
immunoglobulins vary greatly, particularly their Fab portions and variable regions,
because of their wide and varied specific antigen binding characteristics. Although the
structure of fibrinogen is fairly well-known,* the detailed three-dimensional structure
of even the major domains is not yet available.

The problem increases in complexity if one considers multicomponent solutions,
particularly multicomponent solutions of complex proteins, such as serum or plasma
and tears, because one now has a variety of proteins all interacting with the surface ina
competitive fashion, and interacting with each other, both on the surface and in the
bulk solution.

FIGURE 1 also includes a complexity axis for the surface or interface. One can
consider that the simplest interface available is probably the air-water interface. Much
of what we know of protein adsorption and protein behavior at interfaces is taken from
Langmuir Blodgett monolayer studies.>® Studies at liquid-liquid, particularly oil-
water, interfaces have also provided much information and such interfaces are

9This work has been partially supported by the National Institutes of Health, the National
Science Foundation, the Office of Naval Research, the University of Utah Center for Biopoly-
mers at Interfaces, and the R. Boskovic Institute.
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extremely useful model systems.™ One can directly monitor the kinetics of adsorption,
the spreading characteristics of the adsorbed proteins, conformational changes, and
two-dimensional ordering-structuring by Langmuir Blodgett and interfacial tenston
methods.™®

The surface of an amorphous, homogenous homopolymer, such as poly(methyl
methacrylate) (PMMA) or poly(dimethyl siloxane) (PDMSQO), could also be consid-
ered relatively simple. One must remember, however, that such surfaces may not be
truly rigid, particularly the surfaces of clastomers, such as PDMSO, because of the

"SIMPLE" | SURFACE OR INTERFACE COMPLEXITY AXIS

AirfH2O  PDMSO F'MW\ PHEMA Block Copolymers
Si0, Polyetherurethanes
Insulin : Small proteins whose 3-D
Myoglobin structure and function are
Lysozyme well-known.
oG Large complex proteins whose
IgM structures are approximately
Fibrinogen known.

Lipoproteins

| i Large complex proteins with
Fibronectin

dynamic structures--not well-known.

Mulii—cpmponeni Many proteins present
Solutions at high concentration;

PROTEIN COMPLEXITY AXIS

Competitive "Vroman" effects are

Adsorption likely.
Plasma Actual biological fluids containing
Tears many competing proteins and other

Aqueous Humor components.

"COMPLEX"

v

FIGURE l._ A protein a‘dsorptinn complexity matrix. The upper left represents “simple™ systems;
the lower right shows highly complex systems. A solid surface complexity axis runs from ieft to

‘rjight;l the protein complexity axis runs from top to bottom. See text for abbreviations and
etails.

mob_ility of polymer chains and segments at room and body temperature. In addition,
the intrinsic mobility and dynamics of proteins themselves suggest that very complex
interactions and even interpenetrations may occur. Even for a rigid surface, such as
PMMA, the amphiphilic nature of the polymer’s hydrophilic ester group and the
h_ydrOphobic backbone can result in slight water uptake, and even side-chain orienta-
tion or reorientation at the polymer-water interface.’ Virtually all polymer surfaces are
dynamic. Methods are available for at least qualitatively characterizing the nature of
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the surface in air and underwater and even the dynamics of surface restructuring in
going (rom one environment to another.’

As one continues along the material surface complexity axis (FIGURE 1), one
eventually gets to such complex surfaces as block copolyetherurethanes, the most
widely used materials for cardiac assist devices." Such materials may have two or
more phases and interphases present in the bulk structure and at the surface. Bulk and
surface morphology are dependent on processing history, as well as on specific polymer
chemistry. In addition, there is some evidence that the more hydrophobic phase tends
to dominate the surface in air or vacuum, while the more hydrophilic phase tends to
dominate it in an aqueous environment.' There is also concern that because of the
dynamics of such elastomers, particularly due to the mobility of the soft segment
phase, the water-equilibrated surface may restructure in order to optimally equilibrate
with an adsorbed protein film—that is, the surface in water may change during the
protein adsorption process as a result of the protein microenvironment with which it is
now trying to equilibrate.

Although the situation in FIGURE 1, particularly at the bottom right, would appear
ta be quite complex, the situation at the top left is indeed relatively simple and is
beginning to become qualitatively, even quantitatively, understood.

Most of what we know about protein adsorption is summarized in FIGURE 2, a
general kinetic model for the process, ing a on¢ comp t protein solution for
simplicity. A protein of bulk concentration, C,, diffuses to and collides with the
interface. At time zero initial contact occurs. If the interaction forces are sufficient, the
protein stays on the surface for a certain residence time, probably in the range of
milliseconds 1o seconds. Air-water interface studies have shown that a minimum
contact area is required, which probably relates to the magnitude of the hydrophobic

BULK SOLUTION

Ka kg e d s {kd]t=m
k k
N — e
T T R
t=0 t=t =100
time —»

FIGURE 2. A kinetic protein adsorption model based in part on the ideas of Lundstrom, Walton,
and Jennissen.'3" €, is the bulk protein concentration; I'is the surface concentration, which is a
function of time f: k, is the on-rate constant and k,(t) are the off-rate constants, which are a
function of contact time {residence time).
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FIGURE 3. The competitive surface spreading hypothesis (from Bagnall.") Top: Two proteins, 4
and B, have the same bulk concentration and diffusion cocflicients and therefore have the same
surface concentration (I') at ¢ = 0 (initial contact). If the spreading pressure () of one is greater
than the other, then eventually the protein with the larger = will dominate the interface. Here we
show that A displaces B, since x, > 7.

interaction required for initial stabilization of the protein-surface complex.*"" The
protein can desorb al this stage; an appropriate desorption rate constant is indicated in
FIGURE 2.
| While on the surface, the protein may begin a surface denaturation process, which
is probably related to its intrinsic conformational lability. This is also related to the fact
that globular proteins are only marginally stable,” and an energy of 5-15 kcal/mole is
sufficient to denature them in normal buffer solutions.'"™ Therefore, the interactions
with the surface, particularly interactions of a hydrophobic nature, significantly affect
the solution equilibrium of the protein.’

There may be a strong configurational entropy driving force in going from the
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globule to a more extended stale, particularly if the extended state ¢an be accommo-
dated by maintaining a degree of hydrophobic interaction comparable to that provided
by the globular state. Hydrophobic interaction can, of course, be provided, in part, by
interactions with a partially hydrophobic surface. Dill has modeled and considered the
configurational entropy aspects of globular protein structure,'® as well as of hydro-
phohicl surfaces containing alkyl chains—such as those commeonly used in chromatog-
raphy.'"

pay distorted or extended protein is generally less soluble in solution; thus, one
expects the desorption tendency to decrease, allowing for increased binding and for
surface denaturation. Desorption of the protein is therefore a function of its residence
time on the surface. With increasing contact times the probability for desorption
decreases, as indicated in FIGURE 2. Assuming that the adsorption process does not
result in any covalent bond changes in the protein molecule, the model then also
assumes that if a denatured or partially denatured protein does desorb, it rapidly
renatures to the equilibrium globular state, This portion of the model is controversial,
as there is evidence in the literature that some desorbed proteins are permanently
changed'*!® due to covalent bond changes during the process.

Competitive adsorption in two compenent systems has been modeled by Cuypers ef
al."” His results suggest that the “Vroman effect”®" is predicted by a competitive
adsorption model which allows an exponential decrease in the affinity constant with
increasing occupancy of the surface, similar 1o the classical Langmuir treatments of
adsorgtion which incorporate a lateral interaction and variable surface site energy
term.

The effect of a surface-induced conformational change has been treated in a
preliminary way by the models developed by Lundstrom ef 2!, 2% in which two states
are considered: the initial state at time = 0, and the “equilibrium” state at long contact
times, { = . Lundstrom’s models, which to date have been published only for single
component solutions, nicely predict and explain adsorption behavior of labile globular
proteins in single component systems.

FIGURE 3 begins to ask the question of what happens during a competitive
adsorption process and is based on the ideas of Bagnall® and Jennissen,®* who showed
that the surface denaturation or accommodation process is dependent on the b
and type of neighbors. If two different proteins have adsorbed next to each other, one is
generally more labile or conformationally adaptable to the interface than the other.
We can say that one “spreads™ at the interface more effectively than the other. We can
consider a spreading constant for such a protein, analogous to the solid-vapor and
solid-liquid spreading constants so commonly used in classical surface chemistry.®
One would expect that the spreading characteristics would be related to the solution
denaturability'’ of the protein, and particularly to its behavior at water-air and
water-oil interfaces.”* Clearly, the more “surface active” protein would spread more
cffectively and may displace the other protein from the interface. This is another
mechanism by which the Vroman effect can be explained. Clearly, the next step is to
develop a model which incorporates the ideas of Cuypers,”” Lundstrom * and
Bagnall,® but generalized for complex multicomponent systems,

THE BIG TWELVE

Blood plasma, however, consists of far more than one or two proteins. High-
resolution, two-dimensional electrophoresis shows over 150 bands from plasma. It has
been estimated that a typical cell has over 5000 different proteins! We have chosen to
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consider only those proteins in plasma that are expected to compete effectively for the
interface in the initial collision or contact process, i.e., those which are present at
sufficient plasma concentration to be considered major constituents, We have chosen
Lo consider only those proteins generally present in plasma at about | mg/ml or higher
concentration. The twelve such proleins are shown in FIGURE 4 and described in TABLE
1. FIGURE 4 somewhat schematically separates the proleins by electrophoretic mobility
and sedimentation coefficient, i.e., by net charge and size, respectively. Albumin is
clearly the major constituent, followed by IgG. The high- and low-density lipoproteins
are also major components. The properties of these twelve proteins are summarized
briefly and qualitatively in TABLE 1. TABLE 2, based on a simple diffusion limited mass
transport view, asks the question, ““When does the next protein arrive?" or “Who gets
there first?"

Clearly, protein collisions with the surface are dominated by albumin. Seven times
as many albumin molecules as IgG molecules strike the surface, and a thousand times
more albumin molecules than IgM molecules strike the surface, So it is certainly
reasonable and predictable that the surface would be largely populated at or near time
zero by albumin, assuming that there is sufficient interaction between albumin and the
surface to lead to a reasonable residence time.*® About one in seven of the collisions
with the surface involves IgG. If IgG has a greater affinity or greater spreading
pressure at the surface than does albumin, then the spreading IgG molecule may tend
to displace some of the preadsorbed albumin from the surface. Thus, although the
surface is rich in albumin initially, one may find that the concentration shifts to IgG
with increasing time. One could also argue that, although fibrinogen may occupy 1 in
150 or so of the sites at time zero, the sites it does occupy are particularly stable and
perhaps it is “irreversibly” adsorbed. Assuming that the affinity constant for albumin
is not high, occasionally an albumin molecule will desorb. Although the now vacant
surface site is seeing a collision frequency continually dominated by albumin, if a
molecule of fibrinogen collides with that site, the adsorptive interaction, with its much
higher affinity constant, will be longer lived and more stable than il albumin had
collided with the vacant site.

Thus, there are two approaches to the Vroman effect. One can assume no
conformational change, but essentially a surface occupancy lateral interaction model,
such as that developed by Cuypers,"” or one can assume a surface denaturation model,
such as that being developed by Lundstrom -2 Clearly, both are important, and both
are occurring, not only for the Big Twelve discussed in TABLES | and 2, but for the
other 150 or more protein constituents in plasma.

Nevertheless, we now know enough to begin to develop models, at least for two and
three component systems. When those match the excellent, competitive adsorption
data now becoming available," we can, using more sophisticated mathematical and
computer techniques, extend them to many components and parameters. A key
problem is obtaining parameters which reflect or at least relate to the interaction
energy at time 0, the surface denaturability, and perhaps the interaction energy at very
long times.

We must know the nature of the solid interface. Paolyurethanes are probably too
complex at this stage for truly fundamental understanding. The best models are the
column chromatography supports used for protein separation. Here the highly
hydrophilic, nonionic nature of agarose and related matrices provide only very low
encrgy interactions with proteins. Basically, such interactions prove to be weak and
highly reversible, and therefore protein mixtures pass through such columns with little
or no retention. By derivatizing agarose supports with low-density ionic, hydrophobic,
or charge-transfer groups, one now imparts an interaction mechanism. The protein,
depending on its structure and repertoire of surface functional groups, interacts with
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TABLE 2. Plasma Concentrations (C) and Diffusion Coefficients (£) for the Big
12 in Plasma (Data from TABLE 1)*

C D

Protein (umol/1) (1077 em?/s) cVD
Albumin ~600 6.1 1500
1gG ~100 4,0 200
a-Antitrypsin ~40 52 9
Transferrin ~30 50 67
Haptoglobin 1-1 =20 4.7 43
HDL ~18 ~4.6 19
lgA ~15 4.0 30
Complement 3 ~9 4.5 19
Fibrinogen ~7.5 20 11
«-Macroglobulin ~33 24 5
LDL ~2 ~2.0 3
1gM =1 ~2.6 1.6

“Rate of arrival of protein molecules at the interface dn/dt = C(D/x1)',

the immobilized ligand on the agarose particle and is “retained.” The adsorption is
reversible if the interaction energy is not too high and if the number of interaction
points per protein molecule is not greater than one. After the appropriate residence
time the protein molecule is desorbed and goes on down the column, where it interacts
with another ligand and another particle, stays for a moment, is released, and goes on.
This process continues, and for a column of particular length, packing or support, and
protein concentration and mixture, leads to a residence time or retention time in the
column. This retention time is an empirical measure of the interaction energy or the
affinity constant and the residence time of each adsorption event.

It is relatively straightforward to rank proteins on the basis of their interaction with
hydrophobically derivatized agarose, so-called hydrophobic chromatography supports.
This was done a decade ago by Hofstee.”® One can do the same with cationic and
anionic derivatized columns to get a measure of electrostatic interaction. As the
hydrophobic and electrostatic interactions are probably the two dominant ones,
because most of the hydrogen bonding possibilities are swamped by the 55-M
concentration of water in aqueous solutions and even in blood plasma, one can
characterize the intermolecular interaction potential for a protein interacting with
chromatographic supports.

One must also apply what is known about the structure of the protein. If its
three-dimensional structure is known, as discussed earlier for lysozyme, insulin, and
myoglobin, then one should do graphics modeling and attempt to predict the optimum
orientation of the protein for interaction with certain model surfaces. Structural
information is available, even for the big plasma proteins, particularly fibrinogen,*
where the charge distribution and the different domains and fragments are well-
known, the four carbohydrate residues are precisely located, and where one can begin
to guess as to what might be the orientation of the molecule on certain types of
surfaces.

One possibly important feature of plasma proteins, which has been largely ignored
in consideration of their interfacial properties, is the fact that virtually all of them are
glycoproteins and contain carbohydrate chains, generally terminated with negatively
charged sialic acid residues. Although Kim and coworkers® studied the adsorption of
desialylated immunoglobulins and fibrinogen many years ago, there has been little
consideration of the role of carbohydrates. This is probably because the major

*
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carbohydrate-containing proteins in plasma, which make up half or so of the Big
Twelve (TABLE 1), have been largely ignored by the bloed compatibility and surface
chemistry community. . 7

TABLE 3 briefly summarizes the glycoprotein and sialic acid composition of plasm_a
proteins. The haptoglobins, for which very little adsorption dala is available,” contain
20% carbohydrate. Unfortunately, the structure of the haptoglobins is not well-known
and indeed they constitute a family of proteins rather than being a distinct,
homogenous molecule, such as albumin. Two importan! protease inactivalmfs. -
antitrypsin and e-macroglobulin, also have high glycoprotein contents. Transl‘ern_n. an
iron-binding protein, is also fairly rich in carbohydrate. The adsorption characljcnsucs
of e-macroglobulin and transferrin have been studied b;r Young and Cooper.’ There
has been virtually no work on haptoglobin adsorption % or on antitrypsin, Ig_M. or
complement C3. The cxtensive study by Young did show that the adsorption of
macroglobulin and transferrin is apparently not of very high affinity. Althoug_h there
could be many reasons for this, it does lead one 1o suggest that perhaps proteins with
high carbohydrate contents, particularly if that carbohydrate is more or less uniformly
distributed on the surface of the molecule, might enhance the solubility of the m(?lecgle
and mask hydrophobic amino acid residues on its surface, thereby decrcas!ng its
adsorption at hydrophobic interfaces. Kim’s study showed that desialylated fibrinogen
did not influence fibrinogen adsorption,” probably because the carbohydrate in
fibrinogen is located in the coiled-coiled region near the disulfide knot and on the
f-chain in the terminal domains. There is apparently no carbehydrate on the y-chain
or the more extended, and probably more surface-active, e-chain. Also, the total
carbohydrate in fibrinogen is relatively low.*

The role of carbohydrate in adsorption, which we call the “glycoprotein hypothe-
sis,” is probably only important for haptoglobin and antitrypsin. The carbohydrate in
1gM is localized and not uniformly distributed around the molecule. Macroglobulin
has such a unique dimeric structure that its adsorption will probably prove to be
dependent on its unique structure and for shape in solution. ! :

FIGURE 5 illustrates the structure and composition of the plasma lipoproteins. We
have included HDL, particularly HDL 3, and LDL 1 and 2 in the Big Twelve
previously discussed (TABLE 1). There is evidence from at I_cast 1:\«1 groups that the
lipoproteins have unique and important adsorption properties.’*”" Breemhaar et qi.
have shown preferential adsorption of high-density lipoprotein onto hydrophobic
supports, including a demonstration of the Vroman effect with LDL, HDL, and
fibrinogen mixtures,”® We have shown that LDL adsorption from single component
solutions increases significantly when going from 20° to 37°C on elastomers, but not on

TABLE 3. Carbohydrate and Sialic Acid Composition of Major Plasma Proteins
(from Refs. 30, 31)

Protein Percent CHO Percent Sialic Acid
Haptoglobin ~20 5.3
a-Antitrypsin ~14 36
IgM ~12 1.3
a-Macroglobulin ~8.4 1.8
Transferrin ~59 1.4
18G ~29 0.3
3 ~2.7 0.01
Fibrinogen ~2.5 0.6
Albumin ~0 0

=7
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rigi‘d supports'."’ This leads to the hypothesis that the lipid phase transition in LDL
which occurs in the vicinity of 37°C, may be important in controlling the adsorptiorI
properties and perhaps the surface denaturability of such proteins. We have also shown
that the adsorption of LDL and HDL from single component solutions onto rigid
hydrophobic and hydrophilic supports suggests a reaction-limited process for both
classes of lipoproteins adsorbed on hydrophobic supports, but adsorption on hydro-
philic surfaces is diffusion limited."” One could draw the hypothesis that the lipopro-
teins may therefore be undergoing significant conformational alteration on the
hydrophobic supports. Although there is not very much data on lipoproteins, their
dynamic structire and their very high lipid content suggests a major role in the plasma
adsorption process.

’,7 SIZE veEnsITY| §, | PLASMA APPROXIMATE COMPO-
CLASS 4 CONC. SITION (% WEIGHT)
A gm/ml |(1.063){mg/100mI| 10 30 50 70 90
— ! L
CHYLO-
MICRONS Oto 50
ol 700| 0.96 | 400
LDL
@ 400| 1019 12| 225
LOL,
@® 200]1.063 0| 350
HOL2 ® 120]1.125 100
HDL 5 e 75/1.21 200
WHOL [ 2N R o e
VHDL , ? >1.25 ?

FIGURE 5. Schematic distribution of the major classes of plasma lipoproteins according to their
fiotation in the analytical uwltracentrifuge. TG - triglycerides; PL = phospholipids; CE =
cholesterol esters; C = cholesterol; P = apoprotein (from ref, 34).

SURFACE DENATURABILITY

In addition to the on- and off-rate constants, which can be derived as described
above, one should have a measure of the ability of the protein molecule to denature al
the interface as a function of time. Such information is very difficult to get at
solid-liquid interfaces, although, in principle, some of the surface-sensitive spectros-
copic techniques can provide some such information. For example, ATR-FTIR studies
of the adsorption of a single component protein from dilute solutions can provide
evidence of conformational change as a function of time at the interface.’g Total
internal reflection fluorescence also provides evidence for changes with time at the
!nu:rl'ac::,?9 but such techniques are specialized, difficult to quantitate, and difficult Lo
interpret in terms of actual structural changes. Also, they are substrate limited and
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even substrate specific due to the optical properties required for the total internal
reflection condition. Seme such information is also available via ellipsometry in terms
of changes in the refractive index and thickness of the adsorbed layer as a function of
contact time (see refs. 17 and 21).

We feel that a more fruitful approach may be to study the behavior of proteins at
water-air, water-oil, water-fluorocarbon liquid, and water-siloxane liquid interfaces,
using the standard, proven, and inexpensive surface and interfacial tension tech-
niques.**%° With such techniques, onc can measure the spreading pressure through the
decrease in surface or interfacial tension of various individual proteins. One can also
measure the temperature dependence of interfacial processes. Although this does not
relate directly to the interface between a biomedical material and plasma, it helps
characterize the interfacial activity of the various protein species of interest. One can
develop an empirical parameter and use it as a coefficient or exponent in the
appropriate terms in the equations, The problem is to get such data (chromatographic
and interfacial activity data) for the proteins of interest. Although some such data is
available in the literature, it is generally very protein specific, and there is no
compilation of information on the interfacial activity of plasma proteins. If such data
were available, the modeling and simulation of the Vroman effect and other complex
interfacial processes could actually be straightforward.

CONCLUSIONS

We offer the following conclusions:

1. FIGURE 6 suggests that the early stages of adsorption (very short contact limes)
are functions of the particular chemistry of the surface, the particular three-
dimensional structure and orientation of the protein, and the number of species
and their concentration. In addition, adsorption at short contact times is also a
function of occupancy and lateral interactions, as modeled so nicely by
Cuypers."” We suggest that the time-dependent conformational adaptation to
the surface, as modeled by Lundstrom,*® is related to the bulk solution
denaturation tendencies of the protein, including thermal denaturation, denatu-
ration in urea or guanidinium chloride solutions, and denaturation in solutions
of different pH. We further suggest that surface and interfacial tension
measurements of proteins at water-air, water-oil, and other water-liquid inter-
faces will be useful measures of protein surface activity at the solid-water
interface.

2. We suggest that lipoproteins are very important in the adsorption process and in
the Vroman effect, due in part to their structural and compasitional dynamics,
particularly on hydrophobic elastomeric surfaces, where one might expect some
interpenetration of protein and lipid components with the polymer chains.’®

3. It is known that the presence of carbohydrates in proteins both masks and
protects the proteins from proteolytic attack and helps improve their solubility,
as well as providing stabilization of conformation ***' It is therefore reasonable
to suggest that proteins with high carbohydrate contents, particularly if the
carbohydrate is more or less uniformly distributed over the protein, may show
little adsorption or interaction with hydrophobic or with negatively charged
supports.

4. At equilibrium adsorption will be dominated by proteins with the following
characteristics: large molecular weight and large size, which suggests a large
number of potential contact points with the surface; readily denaturable or
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conformationally labile, permitting the protein to readily accommodate to the
microenvironment of the interface; and low carbohydrate content, or at least
significant regions of the molecule which are free of carbohydrate, because of
the possible masking effect of carbohydrate at hydrophobic and/or negatively
charged surfaces.

Although it is clear that fibrinogen is not necessarily the equilibrium species in
plasma, it has the attributes described above. It is low in carbohydrate and what
carbohydrate it does have is localized. It is conformationally quite labile and indeed
has very high interfacial activity and spreading pressure. It is large and asymmetric
and can have very large contact areas. [t has a fairly asymmetric charge distribution,

@
® ' kaLdel f‘kdii

7 R R e
Initial Contact = Adsorption after

solid surface properties; initial Contack: »

protein 3-D structure; thermal |ability;
orientation of protein; denaturability in urea
hydrophobicity; or GdNCl, oras a
charge and function of pH; and
charge distribution; surface and interfacial
carbohydrate and tension as a function
sialic acid; f i
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temperature.

diffusion coefficient;
and occupancy
{neighbors).

FIGURE 6. The key parameters involved in the initial contact phase of adsorption (left side) and
in the time-dependent surface and protein “denaturation” processes (right side).

as well as significant hydrophobicity, so it can interact successfully with a wide variety
of interfaces.

CAUTION

| We have assumed throughout the discussion that there are no covalent changes
imposed on the molecules prior to, during, or after the adsorption process. Clearly, the
work of Brash and others demonstrates that covalent bond changes can indeed occur.
Certainly plasma has a variety of aclive proteases and protease inhibitors, which
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change in concentration depending on local needs and processes. Clearly the conforma-
tional adaptation o the surface which we have described may make a molecule more or
less susceptible to proteolysis or to other chemical processes. Indeed, the very act of
interacting with certain types of surfaces could, in part, direct covalent chemistries,
such as possibly the interaction of C3 with nucleophilic surfaces."” The surface
activation models, which are being developed by Sefton," Mann,” and coworkers,
coupled with the medeling and simulation suggested here, will be an important next
step in attempting to treat truly practical blood-material interfaces.

SUMMARY

We have discussed the general principles of protein adsorption at solid-liquid
interfaces from single component and multicomponent solutions, based on qualitative
kinetic models that include mass transport considerations, initial interaction energies,
surface-dependent conformational changes, and possible desorption processes. We
have surveyed plasma protein components greater than one milligram per milliliter in
concentration, which we call “The Big Twelve.” We considered their size, concentra-
tion, diffusion coefficient, structure and lunction, and methods of estimating their
“surface denaturability” by using bulk solution measures of denaturation and confor-
mational change. We have supgested that the role of the carbohydrate moieties in
plasma proteins may have some bearing on their adsorption properties. We further
suggest that lipoproteins, because of their lipid phase transition and conformational
lability at body temperature, may tend to dominate the adsorption process, particularly
on mobile elastomeric polymer surfaces. We suggest that detailed consideration of the
structure and characteristics of each of the proteins involved is necessary in order to
begin to understand plasma adsorption processes. Detailed characterization and
understanding of the solid surface in the aqueous and protein environments are also
required.
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Surfaces and Blood Compatibility

Current Hypotheses

J. D. ANDRADE, S. NAGAOKA, S. CooPer, T. OKANO, AND S. W. Kim

J. D. Andrade: Introduction

Virtually every physical and chemical characteristic of ma-
terials has been suggested as being important in blood coag-
ulation and thrombosis. The surface properties that have
been suggested as influencing blood interactions have been
reviewed by Baier' and Hoffman.? Andrade and Hlady re-
cently reviewed those hypotheses as they specifically re-
lated to protein adsorption.® Some of the more well-
known and widely investigated hypotheses are given in

Table 1.%-"7
We now know that proteins do not interact with surfaces

solely on the basis of the net electrostatic charge. Indeed, a
protein can adsorb to different surfaces by different mecha-
nisms due to the wide variety of functional groups present
on the exterior of all proteins.* Because cell interactions
with surfaces are generally mediated through adsorbed pro-
tein layers, it is doubtful that the old negative surface charge
hypotheses are of any general validity.

In principle, the surface and interfacial free energy hy-
potheses consider all of the various interactions that may be
present at interfaces: electrostatic, dipole interactions; hy-
drogen bonding; and hydrophobic interactions, among
others. In practice, the means available to estimate interfa-
cial energetics are very crude and either underrepresent or
ignore many of the possible interactions. Fowkes® has con-
sidered this problem in detail and is developing methods to
properly account for the partial acid-base or electron
donor-acceptor interactions at interfaces. Although there
are some reasonable correlations between interfacial pa-
rameters and cell adhesion or platelet deposition,*” we can
expect considerable improvment of correlations in the fu-

From the University of Utah, College of Engineering, Salt Lake
City, Utah; Toray Industries, Inc,, Basic Research Labs, Kamakura,
Japan; Department of Chemical Engineering, University of Wiscon-
sin, Madison, Wisconsin; and the University of Utah, Department of
Pharmaceuctics, Salt Lake City, Utah.

Presented in part at the Annual meeting of the Amer. Soc. Art. Int.
Organs, 1985.
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Table 1. Surfaces and Blood Compatibility:
Classical Hypotheses

Property Biological Response Investigator Ref.
Negative Plasma protein and Sawyer 8,9
Surface cell repulsion
Charge
Negative Hageman factor many see 9, 10
Surface contact activation
Charge
Surface Decreased surface Lyman see 3, 9,10
Energy energy provides
optimum blood
compatibility.
Interfacial Decrease in IFE Andrade 11
Free decreases protein
Energy adsorption.
(IFE)
Albumin Albumin adsorption many 9,12
Surfaces or immobilization
results in
decreased
thrombaosis.
Glycoproteins ~ Surface adsorbed Kim 13
glycoproteins, esp.
fibrinogen, results
in platelet
adhesion.
Heparin Local heparin Leninger, 9
Surfaces release decreases Falb, Gott,
coagulation. et al.
High Provides heat of Nyilas 14
Interfacial adsorption,
Energy which drives
conformational
change and
contact activation.
Surface Increased motion Nyilas 15
Motion leads to
decreased
adsorption and
denaturation.
Increased motion Merrill 16
leads to Nagaoka 17

decreased
adsorption.
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ture, after we have properly accounted for polar interactions
at surfaces.

The albumin hypothesis has led to a great deal of work on
protein adsorption, pre-adsorption, and immobilization.
The effect of albumin adsorption is relatively short-lived,
probably due to competitive adsorption processes and the
replacement of albumin with other plasma proteins.

In this article we will discuss several current hypotheses in
some detail:

1. Dynamic surface hypotheses—S. Nagaoka et al. of Toray
Industries and Dept. of Surgery, Okayama University.

2. Protein adsorption and preadsorption—S. L. Cooper,
University of Wisconsin.

3. Surface morphology and microstructure—T. Okano,
University of Utah.

4. Pharmaceutically active surfaces—S. W. Kim, University
of Utah.

Hydrated Dynamic Surfaces

S. NAGAOKA, Y. MoRI, H. TANZAWA, Y. KIKUCHI, F. INAGAKI, Y. YOKOTA, AND Y. NOISHIKI

Polymers with poly(ethylene oxide) (PEOQ) chains were syn-
thesized by the random copolymerization of methoxy
poly(ethylene glycol) monomethacrylates (MnG; n, chain
length of PEQ) with methyl methacrylate (MMA), and by the
photoinduced graft copolymerization of MnG to poly(vinyl
chloride) (PVC) with photo-sensitive dithiocarbamate
groups'”:

CH;

|
MnG: CH, =C

|
CO—(OCH,CH2)—4OCH;
n=4,9,15,23,50,100

The adsorption of blood components onto polymer sur-
faces with similar chemical states and water contents, but
different PEO chain lengths, has been studied by using rab-
bit blood. Figure 1 shows the effect of PEO chain length (n)
on the adhesion of blood components to the surface of the
random copolymers, P(MMA-co-MnG). These copolymers
are favorable for study of the interaction between the PEQ
chain itself and blood components because PEO sidechains
randomly distribute along the backbone in these polymers
and do not have particular ultra-structures such as microdo-
mains.

It was found that plasma protein adsorption and platelet
adhesion onto these polymers significantly decreased with
increased PEO chain length, and very few platelets were
observed when PEO chain length approached 100.

According to NMR spectroscopy of these polymers in the
hydrated state, one of the most essential differences be-
tween surfaces with long and short PEO chains was their
mobilities. Figure 2 shows the 3C NMR spectra of the hy-
drated random copolymers. The line widths of the PEQ
chains indicate that the chain mobility increases with in-
creasing chain length, and the correlation time (r.) of the
longest (n = 100) PEO chains was 107'° s, which was close to

the value for PEO in free motion, while 7. of the short PEO
chain was 1078 to 107 5, and indicated restricted motion.

Furthermore, the nature of water in the hydrated poly-
mers has been studied by 'H NMR spectroscopy. Figure 3
shows the temperature dependence of 'H NMR signal in-
tensity of water in the hydrated random copolymers. The
water that did not freeze at —60°C is referred to as the
“intermediate water,” combined and moving with the PEO
chains.

Why does the rapid movement of the hydrated long PEO
chains existing on the surface reduce the adhesion of blood
components onto the surface? Figure 4 schematically indi-
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Figure 1. Effect of PEO chain length (n) on the adhesion of plate-
lets and adsorption of plasma proteins onto P(MMA-co-MnG) with
similar chemical states and water contents after being exposed to
rabbit platelet rich or platelet poor plasma for 3 hours. Mean values
and standard deviations (N = 4) are shown. The amount of adherent ./
blood components significantly decreased with an increase in the”
PEQ chain length. 3
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Figure 2. 25 MHz '®C MNR spectra and line widths of P(MMA-co-
MnG) measured in water at 27°C: A,n=100;B,n=23,C,n=9;D,n
= 4. the longest PEO chain shows the highest mobility.
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Figure 3. Temperature dependence (increasing curve) of H NMR
signal intensity of water in hydrated P(MMA-co-MnG). The water
which does not freeze at —60°C is referred to as the “intermediate’’
water which is combined with the PEO chains.
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Figure 4. Schematic representation of the interaction between
blood components and hydrated PEO chains on the surface. The
rapid movement of the long PEO chains influences the micro-hemo-
dynamics at the blood material interface more effectively than do the
short PEO chains.

cates our hypothesis. We suppose that the rapid movement
of long hydrated PEO chains influences the micro-hemody-
namics at the blood-material interface. That is to say, the
microstream of water combined with flexible long PEO
chains will prevent stagnation and consequent adhesion and
denaturation of plasma proteins, which causes platelet ad-
hesion more effectively than does short PEO chains.

As this PEO chain movement on the surface of the mate-
rial resembles that of the cilia of some micro-organisms, we
call these long flexible PEO chains on the surface “molecu-
lar cilia.”” PEQ chains were found to be more flexible in the
graft copolymers than in the random copolymers, owing to
the micro-domain structure of the graft copolymers.

We have carried out in vive and ex vivo evaluations of
PEO polymers by using the graft copolymer with the longest
(n = 100) PEO chains, PVA-g-M100G; Figure 5 shows its
structure and properties. Following implantation of PVC-g-
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o 2-3 Branches { PYC chain
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PEQ thain Line width of PEDQ 31 Hz
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Poly MnG : +CHy-C *y
1

O’C‘O%CHZ CHz03:CH3

Figure 5. Schematic model and properties of the graft copolymer,
PVC-g-M100G.
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Table 2. Results of 3 Hour Ex Vivo Tests

PVC-g-M100G
PVC (control) (with PEQ)
Surface
blood companent severe negligible
adhesion
Circulating blood
platelet count remarkably slightly
decreased decreased
(—50%) (—15%)
platelet remarkably no change
adhesiveness stimulated
(+700%)
clot retraction decreased (—20%) no change
recalcification time shortened (—30%) no change
platelet aggregability no change no change
partial no change no change
thromboplastin
time

M100G into the femoral vein of mongrel dogs, neither plate-
let adhesion nor fibrin deposition was observed on its sur-
face for up to 72 days. As is well recognized, absence of
thrombus formation on the surface is a necessary, but not
sufficient, condition for blood compatibility in a wider
sense.

Tubes (1.D. 5 mm, length 90 cm) made from PVC-g-
M100G were implanted between the jugular vein and ca-
rotid artery of rabbits for 3 hours; untreated PVC tubes were
used as controls. Table 2 summarizes the results of the ex
vivo tests. On the surface of the control PVC tube, severe
platelet and leucocyte adhesion was observed, while de-
creases in the circulating blood components, especially
platelets, was seen,

In the case of the graft copolymer with long PEO chains,
the amount of adherent blood components was negligible,
and almost no deterioration was observed in the circulating
blood.

Comment by J. D. Andrade

Clearly, the hydrated dynamic surface approach appears
to be very promising. A recent study has considered steric
exclusion to be a natural mechanism for minimizing cell
adhesion. Recent measurements of the forces between
two plates coated with polyethylene oxide (PEQ) confirm
the active repulsion effect where the adsorbed PEQ layers
begin to overlap,’ an effect which is well-known to occur,
and is widely applied in the stabilization of colloidal parti-
cles.®

The effect seems general, feasible, widely applicable, and
is deserving of further study and application.

Protein Adsorption and Preadsorption

S. L. CoopPEr

The effect of preadsorbed proteins on fibrinogen and
platelet interactions has been studied by Young et al., using
the Wisconsin canine in vivo shunt model. In addition to
studies on the preadsorption of albumin and fibrinogen,
preadsorbed thrombospondin, ven Willebrand factor (vWf),
fibronectin (FN), transferrin, and other proteins have been
evaluated. The work is readily available in a number of pub-
lished papers.?'-**

The in vivo canine shunt model allows one to measure
deposition of iodine-labelled fibrinogen as well as the depo-
sition of chromium 51-labelled platelets as a function of
blood contact time. A summary of much of the available

data is presented in Figures 6 and 7. Figure 6A presents
fibrinogen data on PVC surfaces precoated with fibrinogen,
von Willebrand factor, and fibronectin, or purified fibrino-
gen with fibronectin and von Willebrand factor removed.
Note the transient peak in the adsorption onto uncoated
PVC and the strong enhancing effect of vWf and FN on
fibrinogen deposition,

The platelet data (Figures 6B and 7B) is similar, with the
preadsorbed proteins again appearing to enhance platelet
deposition, as is the data in Figure 7A for the preadsorption
of transferrin; note the significant scale difference between
Figures 6 and 7. Fibrinogen and platelet deposition on the

b

el

Figure 6A. Transient fibrinogen deposition on PVC precoated with purified canine proteins. Fibrinogen deposition (+SEM) on uncoated PVS,
(N = 9) and PVC precoated with von Willebrand factor (vWf), O (N = 4), fibronectin (FN), O (N = 5), and partially purified fibrinogen (fibrinogen
containing vWf and FN) (FGN+), A (N = 4), or purified fibrinogen (partially purified fibrinogen further purified to remove FN and vWI) (FGN=), 4.

(N = 2).

Figure 6B. Transient platelet deposition on PVC precoated with purified canine proteins. Platelet deposition (£SEM) on uncoated PVC, X (N =
9) and PVC precoated with von Willebrand factor (vWf), O (N = 4), fibronectin (FN), O (N = 5), and partially purified fibrinogen (fibrinogen
containing vWf and FN) (FGN+), A (N = 4), or purified fibrinogen (partially purified fibrinogen further purified to remove FN and vWf) (FGN—), 4.

(N = 2).

Figure 7A. Same as Figure 6A, but surface contains preadsorbed transferrin.

Figure 7B. Same as Figure 6B, but surface contains preadsorbed transferrin.
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Figure B. Platelet deposition versus time: uncoated PVC A, throm-
bospondin (TSP)-coated PVC @, and albumin (ALB)-coated PVC =,

Table 3. The Magnitude and time of Ex Vivo Peak Platelet
Deposition on Poly(Vinyl Choride) Precoated
with Various Proteins

Time of Peak

Peak Platelet Platelet
Deposition Deposition

Preadsorbed Protein (#/1000 pm?) {min)
Thrombospondin 3390 15
Fibrinogen 2070 30
von Willebrand factor 2100 15-45
IgG 1480 30-60
az-Macroglobulin 1220 30
Transferrin 130 10
180kd FN 170 10-20
Fibronectin 2040* 30
Albumin 50 5

* Binds fibrinogen or fibrin,

transferrin surface is remarkably low and similar to that ob-
served for preadsorbed albumin in similar experiments (Fig-
ure 8). Some of these data are summarized in Table 3, to-
gether with that of other proteins.

It is clear that preadsorbed albumin surfaces appear to be
particularly passive, while preadsorbed transferrin and the
108kd FN fragment also exhibit a moderate passivity with
respect to platelet deposition. These data suggest that both
the albumin hypothesis and the general hypothesis of the
effect of preadsorbed proteins on subsequent blood inter-
actions merit considerable additional study.

Surface Morphology and Microstructures

T. OkaNO

Block copolymers having a hydrophilic-hydrophobic mi-
crodomain structure are found to exhibit excellent an-
tithrombogenic activity, both in vivo and in vitro, due to a
remarkable suppression of activation of adherent plate-
lets.**?* We have proposed that hydrophilic-hydrophobic
microdomain surfaces are an important parameter in the
design of antithrombogenic polymers.2*?® From this point of
view, the effect of morphology, size,?” and chemical struc-
~ ture*”*® on the interaction of polymer surfaces with blood
elements such as proteins and platelet have been studied.

Experimental Methods
Materials

ABA type block copolymers constructed by 2-hydroxy-
ethyl methacrylate (HEMA) (A) and styrene (St) (B) or di-

methylsiloxane (DMS) (B) were synthesized by a coupling
reaction as previously described.?®2°

Platelet Retention

The number and morphology of adherent platelets were
investigated by a column method, 26

Evaluation of Antithrombogenicity In Vivo

The internal surface of the tube graft of polyester-polyure-
thane (1.5 mm I.D.and 20 cm in length) was coated with the
copolymer by constructing an arterio-venous (AV) shunt,
i.e., connecting the carotid artery to the jugular vein through
the tube. In vivo antithrombogenicity of copolymers was
evaluated by monitoring periods of thrombotic occlusion.
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Analysis of Adsorbed Protein on Polymer Surfaces

Adsorbed human serum albumin and human v-globulin
were stained with ferritin labelled 1gG fractions of rabbit
anti-human albumin and rabbit anti-human y-globulin, re-
spectively, as described in a previous paper,*®

Results and Discusssion

In Vivo Antithrombogenic Activity of the Block Copolymers

In the case of copolymer coated tubes used as an A-V
shunt between the carotid artery and jugular vein, blood
flow was constant in the range of 25 to 27 ml/sec. When
thrombus formed in the tube, blood flow rate decreased in
inverse proportion to the growth of the thrombus. In vivo
antithrombogenicity of copolymers could thus be evaluated
by comparing periods of occlusion by thrombosis. Occlu-
sion time was defined as the time at which flow rate de-
creased to zero. The mean occlusion times of the polymers
are shown in Figure 9, and were 3 days for PHEMA, 2 days
for PSt, and 3 days for PDMS. The block copolymers showed
excellent antithrombogenic properties, with the time to oc-
clusion 20 days for HEMA-St block copolymer containing a
0.61 mole fraction of HEMA, and 12 days for HEMA-DMS
block copolymer containing a 0.67 mole fraction of HEMA.

The HEMA-St block copolymer containing a 0.61 mole
fraction of HEMA exhibited a hydrophilic-hydrophobic mi-
crodomain structure in which the morphology was highly
ordered alternate lamellae, as previously shown.?*® On in
vitro examination, the surface of the HEMA-St block copoly-
mer was found to have an ability to suppress platelet adhe-
sion and activation®**® i.e., shape change and release,’ as
shown in Figure 10. This effect does not appear on homo-
polymer surfaces. The HEMA-DMS block copolymer con-
taining a 0.67 mole fraction of HEMA also formed the hy-
drophilic-hydrophobic microdomain structure of modified
lamellae shown in earlier publications.?® In the case of

Time (days)

HEMA-DMS block copolymer, while platelet adhesion was
not decreased, the activation of adherent platelets was re-
markably suppressed.?”28

Organized Protein Layer Formation on Microdomain
Structured Surfaces

The rapid adsorption of plasma proteins is the initial event
in a complex series of reactions that occurs when polymeric
materials contact blood. This adsorbed protein layer is con-
sidered either to accelerate or retard thrombus formation.
Therefore, characteristics of the adsorbed protein layer
formed on hydrophilic-hydrophabic microdomain surfaces
may be important clues to a clear understanding of the role
of the microdomain’s structure in suppressing the activation
of adherent platelets.

In the mono-protein solution system, distribution of ad-
sorbed protein onto hydrophilic-hydrophobic microdomain
surfaces of HEMA-St were elucidated by electron micros-
copy, using the osmium tetroxide fixation technique,*?
which showed that specific adsorption of proteins onto the
microdomains had occurred. Albumin selectively adsorbed
onto the hydrophilic microdomain, while y-globulin and fi-
brinogen were selectively adsorbed onto the hydrophobic
microdomain.

In a binary protein solution system, distribution of ad-
sorbed albumin and y-globulin was investigated by electron
microscopy, using ferritin labelled 1gG fixation techniques,
Adsorbed albumin and y-globulin formed organized struc-
tures corresponding to the microdomain structures of the
block copolymer, e.g., albumin selectively adsorbed onto
the hydrophobic microdomain.

The organized protein layer formed on the structured mi-
crodomain surface is believed to influence the activation of
adhering platelets, perhaps by regulation of the distribution
of binding sites between platelets and the block copolymer
surface.
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Figure 10. Morphology of Platelets Adherent onto a HEMA-St Block Copolymer Surface (left) and Polystyrene (right).

Pharmaceutically Active Surfaces

S. W. Kim

The development and evaluation of pharmaceutically ac-
tive surfaces is an area of considerable current interest.?*-*¢
Among the various antithrombotic agents under investiga-
tion are heparin, albumin, prostaglandin (PG), urokinase,
and selected conjugates (Table 4). These have been evalu-
ated in vitro by a number of tests and assays, and some

limited in vivo testing has also been performed. The active
agent can be immobilized on the surface by covalent or
other irreversible means, such as physical adsorption mech-
anisms, or it may be continually released by an appropriate
drug delivery strategy. Immobilization of these active agents
is dependent upon the exact method of binding to the pol-
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ymer support, with particular regard to the role of the spacer
type and length on subsequent pharmaceutical activity.

Although many of these approaches are very promising
and merit considerable study and probable application, a
number of unanswered questions (summarized in Table 5)
are now being studied.* 3

J. D. Andrade: Conclusions

1. The surface dynamics hypothesis has evolved consid-
erably over the past years, and can now be modeled.'®
There is direct experimental evidence'® for the repulsive
force produced by steric exclusion. Some quantitative mea-
sure of the actual motion or relaxation times is now available
through the work of Nagoaka et al. (reported herein), and
very preliminary in vitro and in vivo blood studies suggest
that at least PEO surfaces merit considerable additional
study.

These surfaces are not inconsistent with the minimum
interfacial free engery hypothesis, but there is probably
something even more important, which is that such surfaces
may indeed show an active repulsion through the entropic
steric exclusion mechanism. In order to begin to understand
the nature of the process and its biological relevance, we
need additional data dealing with protein interaction, stabil-
ity of such a surface, its adhesion and interaction with plate-
lets and other blood components, and finally more long
term in vivo blood studies, including turnover rates and em-
boli generation.

2. The preadsorbed protein hypothesis is clearly very im-
portant and, particularly through the efforts of Cooper and
his group, is being continually developed and understood.
Clearly, the preadsorption of albumin, transferrin, and per-
haps other proteins result in a significantly decreased ten-
dency for the adhesion of fibrinogen and platelets. The
major question is how do these short-term blood contact
responses relate to more long-term behavior.

Table 4. Summary of Pharmaceutically Active
Antithrombotic Materials

Systemn In Vitro In Vivo Comments
Heparin (J) (R) APTT Dog implants, fibrin 1
T Rabbit A-V platelet | __ G
Factor Xa shunts adhesion )
PG () (R) platelet Rabbit A-V platelet release !
aggregation shunts
and release
Heparin-Albumin APTT fibrin 1
(A) platelet platelet 1
aggregation adhesion (" O L
Heparin-PG (R) APTT Rabbit A-V fibrin L
platelet shunts platelet adhesion |
adhesion
Urokinase (1) fibrinolysis fibrin L

| = immobilized; R =released; A= absorbed; 1 =increase; | = decrease;
— =no change.

Table 5. Unanswered Questions in the Development of
Pharmaceutically Active Antithrombotic Surfaces

1-Integrity of Substrate Surface n
2-Stability of Immobilizing Agent 0
3-Verification of Spacer Effect ()
4-Role of Adsorbed Proteins (1)
5-Duration of Release (R)
6-Flow Condition (R)
7-Dose Effect (Il and R)
8-In Vitro and In Vivo Correlation (land R)

I = Immobilized; R = Released.

3. The work on micromorphologies reported here by
Okano has led to a most interesting hypothesis. The main
limitation is the use of non-characterized surfaces, particu-
larly in environments and under situations related to cell
deposition and adhesion measurements. Considerable sur-
face characterization is required before one can conclude
that the effects observed are indeed due to the unique bulk
morphologies present in these systems.

4. Pharmaceutically active surfaces have been clearly
shown to be effective, and are widely used in certain seg-
ments of the clinical-medical device industry today. Exten-
sive work is underway, but much more work into blood-
surface interaction is required, particularly of a chronic and
long-term nature, before the clinical efficacy of such sys-
tems can be determined.

A number of years ago a workshop on this topic was
presented®® which was entitled “Blood-Material Interac-
tions: Twenty Years of Frustration?” Blood-material interac-
tion studies have been ongoing for a very long time, and
progress is continually being made. The novel hypotheses
presented in this series should greatly augment our under-
standing of processes, and aid in our development of truly
clinically useful blood compatible materials in the near fu-
ture.
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We suggest means to model and simulate the adsorption of
simple proteins at model interfaces. We suggest that molecular
computer graphics is a very powerful method with which to study
initial contact and interactions of proteins with model surfaces.
We present and review kinetic models for protein adsorption and
briefly discuss the role of surface-induced conformational change
on such models. We suggest that data on the solution denaturation
of proteins may be important in estimating protein lability and
stability and, together with information on fhe surface tension
and interfacial tension behavior of proteins, will help develop
hypotheses and correlations with the actual solidfliquid interface
behavior.

INTRODUCTION

The modelling and simulation of protein adsorption’*, including mole-
cular computer graphics studies of the adsorption of hen and human liso-
zyme®® have developed rapidly since the Conference presentation.

The simulation of protein adsorption by molecular graphics relies on
the X-ray crystallographic coordinates of the protein, readily available in
computer-readable format from the Protein Data Bank’. These coordinates
can be displayed and imaged via a suitable compuler and graphics system.
Algorithms and software are readily available with which to display the
molecule in either stick figure or space filling modes. In both modes, the
various amino acids or amino acid sidechains can be color-coded to denote
characteristics of interest. We have recently employed a color scheme based
on Eisenberg’s atomic solvation parameters® which was wvery helpful in
visualizing how hen and human lysozyme might interact with a series of
model surfaces®. This is a very powerful approach and is being extended to
the study of other model proteins.

The major limitation of this approach, however, is that, for the time
being, the protein has to be treated as a relatively rigid object, interacting
with a rigid model surface. The question of conformational adaptation or

* Based on an invited lecture presented at the 7th »Ruder Bodfkoviée Institute’s
International Summer Conference on the Chemistry of Solid/Liquid Interfaces, Red
Island — Rovinj, Croatia, Yugoslavia, June 25—July 3, 1986,

** To whom correspondence should be addressed.
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denaturation at the interface has not yet been addressed by such computer
modelling methods.

The main advantage and application of the computer structural simu-
lation approach is to deduce the nature of the initial c0nt§ct and_ ilnteracti.on
between the protein and the surface. In the case of a relatively rigid protein,
such as hen lysozyme, conformational changes upon adsorption may be
minimal, and this is probably why the computer predictions and the ad-
sorption data obtained at model interfaces are in reasonable agreement®.

Most of what we know about protein adsorption is summarized in Fi-
gure 1., a general kinetic model for the process, assuming a one com;‘mnent
protein solution for simplicity. A protein of bulk concentration, C,, diffuses
to and collides with the interface. At time zero initial contact occurs. If the
interaction forces are sufficient, the protein stays on the surface for a
certain residence time, probably in the range of milliseconds to second_s.
Air/water interface studies have shown that a minimum contact area is
required, which probably relates to the magnitude _of the hydrophobl‘::mmter-
action required for initial stabilization of the protemx’surf:ace complex® !9, Th'E!
protein can desorb at this stage; an appropriate desorption rate constant is
indicated in Figure 1.

While on the surface, the protein may begin a surface denaturation
process, which is probably related to its intrinsic conformational lability.
This is also related to the fact that globular proteins are only marginally
stable!!, and an energy of 5—15 kecal/mol is sufficient to denature them in
normal buffer solutions'*!?. Therefore, interactions with the surface, parti-
cularly interactions of a hydrophobic nature, can significantly affect the

BULK SOLUTION

ka {k d} - d) - Vo
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Figure 1. A kinetic protein adsorption model based in part on the ideas _of Lu1nd_~

strom, Walton, and Jennissen'!*1#2  (, is the bulk protein concentration; I is

the s:jlrface concentration, which is a funection of time,‘ t. k., is the on_—rate co_nstant

and ks (t) are the off-rate constants, which are a function of contact time (residence
time) (from Ref. 4).
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solution equilibrium of the protein'. As the interfacial interactions may be
very different from the interaction in solution, the solution lability may not
be important in many adsorption situations.

There may be a strong configurational entropy driving force in going
from the globule to a more extended state, particularly if the extended state
can ‘be accommodated by maintaining a degree of hydrophobic interaction
comparable to that provided by the globular state. Hydrophobic interaction
can be provided, in part, by interactions with a partially hydrophobic surface.
Dill has modelled and considered the configurational entropy aspects of
globular protein structure!!, as well as of hydrophobic surfaces containing
alkyl chains, such as commonly used in chromatography'®.

With increasing contact times, the probability for desorption decreases,
as indicated in Figure 1. Assuming that the adsorption process does not
result in any covalent bond changes in the protein molecule!, then the model
assumes that if a denatured or partially denatured protein does desorb, it
rapidly renatures to the equilibrium globular state.

Competitive adsorption in two component systems has been modelled by
Cuypers®. His results suggest that the »Vroman effect«!%17 is predicted by a
competitive adsorption model which allows an exponential decrease in the
affinity constant with increasing occupancy of the surface, similar to the

classical Langmuir treatments of adsorption which incorporate a lateral
interaction and variable surface site energy term?s.

The effect of a surface-induced conformational change has been treated
in a preliminary way by the models developed by Lundstom et al.L in
which two states are considered — the initial state at time = 0, and the
»equilibrium« state at long contact times, t = co. Lundstrom’s models, which
to date have been published only for single component solutions, nicely

model the adsorption behavior of labile globular proteins in single component
systems.

Figure 2. begins to ask the question of what happens during a compe-
titive adsorption process and is based on the ideas of Bagnall®® and J ennissen®!,
who showed that the surface denaturation or accommodation process is
dependent on the number and type of neighbors. If two different proteins
have adsorbed next to each other, one is generally more labile or confor-
mationally adaptable to the interface than the other. We can say that one
sspreads« at the interface more effectively than the other. We can consider
a spreading constant for such a protein, analogous to the solid/vapor and
solid/liquid spreading constants so’ commonly used in classical surface che-
mistry’®. One would expect that the spreading characteristics would be
related to the solution denaturability!® of the protein, and particularly to its
behavior at water/air and water/oil interfaces®2*222% Clearly, the more »sur-
face active« protein would spread more effectively and may displace the
other protein from the interface. This is another mechanism by which the
Vroman effect' can be explained. Clearly, the next step is to develop a
model which incorporates the ideas of Cuypers?, Lundstrom'?, and Bagnall®,
but generalized for complex multi-component systems.
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the protein with the large a will dominate the interface. Here we show, since
= ma > mp that A displaccs B (from Ref. 4).

SURFACE DENATURABILITY

In addition to the on- and off-rate constants c_Iesnribed in Figure 1., om:
should have a measure of the ability of the meem_moleculg tp denatu;{: a
the interface as a function of time. Such inlfmjmatxon is very d_lfflcu]ft to o ali.".l'
at solid/liquid interfaces, although, in principle, some of tl.1e s;r ace sen&]*»e
tive spectroscopic techniques can provide some _such information. For e_xar;lp(i) n;
ATR-FTIR studies of the adsorption of a smgle_ component protelfn i‘on
dilute solutions can provide evidence of conform_atlonal change as aR;‘nc 11 -
of time at the interface®. Total internal reflectl_on fluorff:fnce (TI h)tah_
;provides evidence for changes with time _at the mteri:acgw ; but_ suc scin
niques are specialized, difficult to quantitate, and dlfflcult_tg 1gterpc|1re s
terms of actual structural changes. Also, thgy are syhstrate-hm;tet 1elr_x temal
substrate-specific due to the optical propertl{es reqmred_ for thg to]?‘ in eetr
reflection condition. Some such information is also available via ellipsometry
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in terms of changes in the refractive index and thickness of the adsorbed
layer as a funection of contact time (see References 2, 19).

Another approach is the use of monoclonal antibodies to probe the con-
formation of adsorbed proteins. Such studies do indeed suggest that epitopes,
which are normally masked in solution, can be made accessable upon ad-
sorption at certain interfaces®. A recent review of conformational changes
upon adsorption is available® A number of recent papers in the chromato-
graphy literature have appeared which clearly document surface induced
conformational changes or denaturation upon adsorption to chromatographic
supports~,

As suggested earlier, the intrinsic solution stability of a protein is pro-
bably very important in understanding its adsorption behavior. There is a
wealth of information in the solution biochemistry literature on the dena-
turation of proteins. The intensive activity on protein folding and on protein
unfolding and refolding has provided an enormous data base which may
be helpful to the protein adsorption community*%® Proteins can be dena-
tured as a result of major changes in a number of solution parameters, in-
cluding temperature, pH, urea concentration, quanidinium chloride concen-
tration, and low molecular weight surfactants. In the case of thermal dena-
turation, detailed thermodynamic analysis and modelling of the data is
available??,

Through modern specialized instrumentation, it is now possible to follow
the denaturation process in real time by monitoring a number of conforma-
tionally sensitive parameters simultaneously®. It is clear from a brief perusal
of this literature that some proteins are very robust and require major
changes in solution conditions before they denature. Other proteins are quite
labile and denature readily. Although the process of solution denaturation
and denaturation at a solid/liquid interface is very different, one would expect
some correlation between the surface denaturability of a protein and its
intrinsic stability in aqueous solutions, as suggested in Figure 3.

We feel that another useful approach is to study the behavior of pro-
teins at water/air, water/oil, water/fluorocarbon liquid, and water/siloxane
liquid interfaces, using standard, Proven, and inexpensive surface and inter-
facial tension techniques!®®:22.23  With guch techniques, one can measure the
spreading pressure through the decrease in surface or interfacial tension
of various individual proteins. One can also measure the temperature de-
pendence of interfacial processes, Although this doesn’t relate directly to the
interface between biomedical material and plasma, it helps characterize the
interfacial activity of the various protein species of interest. One can develop
an empirical parameter and use it as a coefficient or exponent in the appro-
priate terms in the equations. The problem is to get such data (chromato-

some such data is available in the literature, it is limited, and there is no
compilation of information on the interfacial activity of plasma proteins. If
such data were available, the modelling and simulation of protein interfacial
processes might actually be straightforward. i

Our previous argument that interfacial denaturation should be related to
solution denaturation is suggested from results available in the protein sur-
face tension and protein monolayer literature, Lysozyme has been particu-
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4 (right side) (from Ref. 4).

larly well-studied. Early work has indicated that lysozyme is difFicult_ !;n
spread and unfolds very slowly at interfaces, perhaps due to its rigid
structure*™*. The air/water interface techniques allow one to measure total
adsorption and surface tension independently. The amount adscul-bed can
reach a steady state value while the surface tension‘ or the spreading pres-
sure is continuing to change significantly, demonstrathg the slow r_-ate dete}'l—
mining nature of the conformational changes occurring at the interface''.
One can measure surface and interfacial tension as a function of temperatur_e
and in different solution environments, such as various pH, urea, and guani-
dinium chloride conditions. In this way one can begin_to c_orrelate i_;he labi-
lity or denaturability of a molecule in solution with its air/water mlterface
or waterfoil interface behavior?®"#, The correlation is no!: necessai:llg ob-
vious or straightforward, however, as Arnebrant et al,:’“ in a prehmmax:y
study found a correlation between the adsorption of casein on a hyc!rophobu:
chrome surface and its surface tension reduction at the air/water interface,
but the maxima in each case were not directly correlated.

Deyme et al®% have used the method to study collagen adsorption in
competition with albumin and fibrinogen, measuring both adsn_rptwn and
surface and interfacial tension changes separately and dynamlca}l!y, The
methodology, therefore, has great potential for studying competitive ad-
sorption processes.
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We cannot expect surface tension studies to mimic solid/liquid interface
studies. Generally the solids of interest are rigid and immobile, whereas the
air/water and water/oil interfaces are highly mobile and dynamic. Never-
theless, surface and interfacial tension studies are straightforward, easy to
perform, relatively easy to interpret, and should be helpful in helping us
understand and predict the general interfacial behavior of proteins.

MODEL SYSTEMS

We are now expanding our efforts with hen and human lysozyme as
model proteins®® to a larger group of proteins whose crystallographic struc-
tures are known and which therefore can be studied by molecular computer
graphics techniques. In addition, this set of proteins will be studied for their
solution denaturation characteristics, as well as for their surface tension
behavior at various air/solution interfaces. Eventually the same set will be
studied for their solid/liquid adsorption properties, using a series of model
solid supports based primarily on commercially available hydrophobie, ion
exchange, and change-transfer chromatographic matrices. Given such data
and the models and concepts presented in Figures 1—3., together with the
theoretical models and treatments previously cited, we are confident that the
-general predictive understanding of the adsorption of small, simple, globular,
single-domain proteins' will be within reach. Indeed, Keshavarz and Nakai
have already shown a good correlation between interfacial tension at the
oil/protein solution interface and hydrophobicity as measured by retention
on hydrophobic chromatography supportsic,

CONCLUSIONS

Figure 3. suggests that the early stages of adsorption (very short contact
times) are functions of the particular chemistry of the surface, the particular
three-dimensional structure and orientation of the protein, and the number
of species and their concentration. In addition, adsorption at short contact
times is also a function of occupancy and lateral interactions. We suggest
that the time dependent conformational adaptation to the surface is related
to the bulk solution denaturation tendencies of the protein, including ther-
mal denaturation, denaturation in urea and guanidinium chloride solutions,
and denaturation in solutions of different pH. We further suggest that sur-
face and interfacial tension measurements of proteins at water/air, water/oil,
and other water/liquid interfaces will be useful measures of protein surface
activity at the solid/water interface.

CAUTION

We have assumed throughout the discussion that there are no covalent
changes imposed on the molecules prior to, during, or after the adsorption
process. Clearly, the work of Brash and others demonstrates that covalent
bond changes can indeed occur!’, Certainly plasma has a variety of active
proteases and protease inhibitors, which change in concentration depending
on local needs and processes. Clearly, the conformational adaptation to the
surface which we have described may make a molecule more or less sus-
ceptible to proteolysis or to other chemical processes. Indeed, the very act
of interacting with certain types of surfaces could control direct covalent
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chemistries, such as possibly the interaction of Complement-C3 with nucleo-
philic surfaces®, The surface activation models, which are being developed by
Sefton', Mann®, and coworkers, coupled with the modelling and simulation
suggested here, will be an important next step in attempting to treat truly
practical protein-material interfaces.
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SAZETAK
Simulacija adsorpeije proteina. Korelacija s denaturacijom
J. D. Andrade, J. Herron. V. Hlady i D. Horsley

l?rcdloien je natin meodeliranja i simuliranja precesa adsorpeije je i
protema'na moclclnim_ povriinama. Vrlo je korisno pritom ipstrjaiiiaci?ogt?g;:g;
k'ontakt i medu‘sobno dje}ovanjc proteina i modelne povriine s pomoéu molekulske
ratunalske grafike. Dan je pregled kinetitkih modela adsorpeije proteina i ukratko
je ra;motrqu uloga konformacijskih promjena proteina uzrokovanih prisutnoddéu
povr&me.'lghce_se t_ﬂa Dbodaci o denaturaciji proteina u otopinama mogu biti izu-
zetno vaznl pri ocjenjivanju stabilnosti i labilnosti proteina na povriinama. Ti
paran'_u:tn, kombinirani s povriinskom napetosti i utjecajem proteina na médu—
F_cvr;mslgu napetost, pomaiu pri razvijanju hipoteza o adsorpciji proteina i kore-
iu;::;{{:,éetxf];zglpoteza sa stvarnim pona3anjem proteina na medupovriinama krute
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THIN ORGANIC FILMS OF PROTEINS*

1. D, ANDRADE
College of Engineering, University of Utah, Salt Lake City, UT 84112 (U/.5.4.)

Biological applications of protein films, machines and devices are briefly
reviewed. A brief discussion of protein structure and properties is given. Needs and
opportunities in the field include the following: (a) better potential functions to
model and predict protein structure, denaturation and adsorption and the assembly
of protein films and devices; (b) better methods to characterize protein films,
particularly two-dimensional structures and ordering; (c) better means to assemble
and stabilize protein machines, such as in lipid or polymer films; (d) means to modify
protein stability, binding and enzymatic properties. About 5000 different proteins
exist, each “designed” for a specific function: they can serve to stimulate and aid
scientists and engineers in the design and development of new generations of
molecular machines and devices.

1. INTRODUCTION

Nature uses biomacromolecules for a wide range of functions. The composition
and structure of these systems have been optimized over 2 x 10° years of evolution.
Such molecules can be used for non-biological applications and can serve as models
to help stimulate and guide current and future activities in polymer science and
molecular engineering.

The major classes of biomacromolecules are proteins, polysaccharides and
polynucleic acids'. Lipid aggregates, such as membranes and vesicles, could also be
considered. Various combinations include lipoproteins (lipid—protein aggregates),
glycoproteins (proteins containing oligosaccharide or even polysaccharide compo-
nents) and others. Polysaccharides perform important mechanical, physical,
biochemical and related functions. Polynucleic acids (deoxyribonucleic acid and
ribonucleic acid) are key information storage and transfer molecules?, However,
because of space and time constraints, we will discuss only proteins.

* Paper presented at & Workshop on the Molecular Engineering of Ultrathin Polymeric Films, Davis,
CA, US.A., February 18-20, 1987,
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Proteins are complex copolymers of highly specific sequences consisting of
some 20 different amino acid “monomers”:

H
|

H,N—C—COOH ()
|
R

where R can be polar, apolar, positively charged or negatively charged®. Protein
molecular weights cover the range of roughly 10*-10° Daltons. A particular protein
generally has one or more specific functions and is clearly molecularly engineered to
carry out that function in an efficient, specific and often unique manner. There are
approximately 5000 different proteins in animal cells, about 2000 of which are
enzymes. Table I lists some of the functions of proteins and gives representative
examples. Most of these functions and applications are discussed briefly in any basic
biochemistry textbook®.

The primary structure of a protein is its amino acid sequence which constitutes
the primary information and basically controls all properties and functions of the

TABLE 1

SOME OF THE FUNCTIONS OF PROTEINS ™

Functior Examples Tissue Specific
references
Structural Collagen Bone 1,4
Silk Spider web, silk worm
Fibrinogen Blood clot
Motion Myosin—actin Muscle 5.6
Tubulin—dynein Cilia, flagella 7
Tubulin-kinesin Intracellular tubules B9
Flagellin Bacterial flagella 4
Optical properties
Transparency Collagen—crystallin Cornea, lens 4
Bioluminescence Aequorin-luciferase Worms, fish, etc.
Recognition Immunoglobulins Many 10,11,12
Lectins Plants 10,11,12
Catalysis Enzymes All 1,13,14
Transport Hemoglobin (O;) Red cells 1
Transferrin (Fe) Many
Lipoproteins (lipids) Many
Toxicity Toxin peplides Certain snakes, 1,3
snails etc.
Regulation Insulin Pancreas 1
Blood
Transduction Rhodopsin (light) Retina 12,1516
Receptors Membranes

molecule. A secondary level of structure includes local amino acid sequence
associations which result in helix, sheet or turn structures. Globular proteins
generally have a complex tertiary structure which can often be determined by X-ray
diffraction of proteins in the crystalline state’. Finally, two or more polypeptide
chains can associate via their tertiary structures to form a quaternary structure.
Nearly 200 proteins have been crystallized and their tertiary and/or quaternary
structures determined®!”. The atomic coordinates of these proteins are readily
available and can be viewed using modern molecular graphics on standard
computers and via available software (see the Journal of Molecular Graphics).
Certain proteins can dimerize, oligomerize or even self-assemble:

tetramers

monomerse>xdimers higher oligomers (2)

N

hexamers

Insulin dimerizes and at higher concentrations will form hexamers. Hemoglobin
commonly exists as the tetramer'. Albumin also dimerizes and forms higher order
oligomers. Fibrinogen, on the action of the activating proteolytic enzyme thrombin,
self-associates and polymerizes to form the network that produces blood clotting'®.
Tubulin self-assembles to form the microtubules found within most cells®!®. Actin
and myosin self-associate to form the characteristic filaments of muscle and a variety
of other structures” %1%,

The tertiary and quaternary structures of proteins are stabilized by hydro-
phobic, ionic and hydrogen bonding interactions. However, for most globular
proteins the “native” state is only marginally stable and the protein can be easily
“denatured”, i.e. lose part of its biological activity?®:

native«——denatured

AG = 5-14 kcal mol ! @)

Proteins are now generally recognized to be dynamic, flexible structures of marginal
stability. Changes in pH, temperature, ionic strength, or solute environment can
often change the conformation (three-dimensional structure) and biochemical
activity of a protein.

Although there is much activity in trying to predict the tertiary and quaternary
structure of proteins from their primary amino acid sequences, the predictions are
not usually very good® 2!, This is partly because many states are only marginally
different in overall free energy so that the “true” equilibrium or native state is
difficult to find, Tt is also because intermolecular force functions in ionic solutions
are not well understood, including the classical hydrophobic and electrostatic
interactions. .

The interaction potential functions which are available, however, can be
incorporated into the computer graphics algorithms to yield three-dimensional
images of the constituent atoms and their interaction fields, permitting “docking” or
interaction studies between two proteins, between a protein and a surface, between
an enzyme and its substrate etc.
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2. THIN PROTEIN FILMS

Most proteins will adsorb at solid—aqueous interfaces to form reasonably
compact, generally monomolecular and often irreversible films. A number of recent
reviews of this phenomenon are available?*23. Although no rigorous or quantita-
tive theories of protein adsorption are available, there is a general qualitative
understanding of the process**?3. Several groups are now working with model
proteins whose structures are well known and are attempting to develop methods of
simulating and predicting the adsorption process?®~28, Practical uses of adsorbed
protein films include diagnostic immunoassay, which uses preadsorbed specific
immunoglobulins, and the preadsorption of human plasma albumin to improve the
blood compatibility of cardiovascular devices®?.

The Langmuir monolayer trough has been widely used for the study of proteins
at air-water interfaces®**% % and indeed many of the “rules of thumb” on protein
adsorption have been derived from Langmuir trough studies??'2*, The transfer of
many proteins to solid supports by Langmuir-Blodgett methods has been
accomplished, although the process is difficult and frequently unpredictable?®:3°,
Recently, Uzigiris*' bound a hapten-specific 1gG to a transferred hapten—
phospholipid layer and showed that the close-packed IgG layer assumed a
hexagonal structure. Uzigiris suggested that the technique may be useful as a means
to produce ordered two-dimensional immunoglobulin films.

Giaever and Keese®? have suggested that an adsorbed protein film, when
exposed to UV light in the presence of ozone, will be modified in the exposed areas,
resulting in loss of antigenicity and decreased reaction with its specific antibody.
This would allow one to prepare protein films with selected, predefined regions of
antibody reactivity or lack of reactivity.

Specific proteins are routinely bound to chromatographic supports and
surfaces, in general via direct coupling®*-** or affinity methods. If the protein has a
specific interaction with a particular ligand, that ligand can be immobilized to a
solid support*?, Passage of a protein mixture over the immobilized ligand column
results in specific binding of the protein to the immobilized ligand surface. This is a
popular and commercially important separation, purification and characterization
process known as affinity chromatography**. Often a specific antibody is immobi-
lized for the binding of its specific protein antigen. The complex can be disrupted by
an eluting solution of appropriate pH, ionic strength etc.** Suitable ligands include
antibodies (for antigens), sugars (for certain lectins), heparin (for lipoproteins,
fibronectin etc.), collagen (for fibronectin) etc.

Certain proteins may also self-aggregate and even self-assemble into complex
structures®?. The protein tubulin self-associates to form microtubules!® ¢, Fibrino-
gen, after appropriate activation, polymerizes to fibrin'®, Many other examples are
known?*-*7. A variety of very complex films are also known, such as cell membranes,
which include embedded transmembrane proteins and protein complexes, e.g. lon
channels and receptors. Several groups are attempting to reconstitute purified
receptors in organic thin films, generally lipid bilayers. For example, the acetylcho-
line receptor is being incorporated into bilayers on appropriate microelectronic
devices to produce specific biosensors for nerve agents'®. Proteins can also be
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ordered in electric, hydrodynamic and gravitational fields®®, and it is likely that such
fields can be used to assist and even to control the ordering in protein films in the
near future.

3. PROPERTIES

The properties of protein monolayers, except for their chemical interactions,
are not well known. Certainly films of proteins containing chromophores (such as
hemoglobin [Fe?*heme]) have the expected optical absorption and resonance
Raman properties. The refractive indices of protein monolayers are known via
ellipsometry, a technique widely used to study protein adsorption2+253°, Crude
packing characteristics and surface viscosity data are available at the air-water
interface from Langmuir trough studies?>. There is very little experience or data on
protein conformation®*, mechanical properties®?, or optical or electronic properties
of protein monolayers. Only in the last few years have research groups begun to
apply modern surface analytical techniques to characterize protein monolayers (see
ref. 24). The field, therefore, is wide open.

4. APPLICATIONS

The major application of protein layers or films is for separation and
purification, particularly in the chromatography field**. Immobilized enzymes are
widely used in certain biochemical-biotechnology processes*’. Another major
“application” is the understanding of adsorption of proteins with respect to the
blood and biocompatibility of medical devices**, There is considerable interest in
the development of protein-resistant surfaces, which actively repel proteins, to
minimize protein—surface interactions®*. Such surfaces would have wide applic-
ation in chromatography, membrane separation processes and medical devices,
including contact lenses.

Biosensors are a new area with considerable interest and activity!!. Most
biosensors depend on the specific binding characteristics of proteins or other
biological molecules for the specificity and sensitivity of the sensor. Immuno-
globulins are of particular interest as they can be used to detect their specific antigen
with great selectivity and sensitivity'".

There is some potential for the use of protein films in energy (solar) collection
and transfer, such as chlorophyll-containing and electron transfer—redox enzyme
protein systems. Light detection and transduction are also of interest, at least as a
model system, utilizing proteins such as rhodopsin. Light emission (biolumines-
cence) via the luciferase—luciferin or aequorin systems is of great interest, especially
for immunoassay applications!!.

Although there has been considerable discussion of protein-based information
storage and even computation, no practical or even defensible concepts or designs
have yet evolved*!. However, information storage and processing in biology is well
known and to some extent understood?.
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5. PROTEIN MACHINES AND DEVICES

Cooperative protein interactions result in functions and behavior reminiscent
of non-biological machines and devices. The functions listed in TableI, together
with combinations and enhancements of those functions, are in large part
responsible for what we know as life in animal systems. Enzymes can and have been
treated as chemical machines*?, In Welch’s words! 14

“Living systems ... contain devices of molecular dimensions capable of performing
mechanical work .... A molecular energy machine is a single enzyme molecule that
cyclically couples energy released by one form of reaction, e.g. ATP, to an otherwise
unfavorable reaction, e.g. contraction, without (during the lifetime of its cycle) being
exposed to the macroscopic and thermalizing environment .... Molecular energy
machines require some degree of structural organization. The transduction process
must be 'insulated from the thermalizing bulk phase. Molecular machines must
successfully compete against the thermal environment.”

In a casual and simplistic sense, one might consider an enzyme or organized
assemblages of enzymes to be molecularly engineered “Maxwell’s demons”,
permitting reactions and processes to occur which cursory analysis would suggest to
be contrary to the laws of thermodynamics.

Particularly dramatic examples of protein machines, from an engineering point
of view, are the various motions and force generation processes so common
throughout all biology. The most common and perhaps well-understood example is
the interaction of myosin and actin, together with regulation by the proteins
tropomyosin and troponin, in the function of muscle. Here we see protein molecules
designed with exquisite self-assembly character, coupled with specific binding
interactions, highly regulated by accessory proteins and by calcium ions. The end
result is a sliding-filament, force-generation mechanism responsible for virtually all
muscle and other linear motion throughout biology®-6.

Enzymatic activity, e.g. adenosine triphosphatase (ATPase), is built right into
one of the heads of the myosin molecule, and it is indeed ATP hydrolysis via the
myosin ATPase activity which provides the fuel for the force generation process.

The self-assembly of a- and B-tubulin to form the ubiquitous intracellular
microtubular structures is an interesting example of the use of proteins for structural
purposes. The coupling of tubulin structures with the protein dynein, in the case of
cilia and flagella, and with the protein kinesin, in the case of intracellular tubules,
makes possible the characteristic wave-like motion of cilia and flagella and the
conveyor belt linear transport processes now recognized as so important in the
interior of living cells. Bacterial flagella, made up of the membrane-anchored protein

complex called flagellin, are responsible for rotary motion, which at one time was
thought to be impossible in biology* 57—,

Some proteins function essentially as primitive light sources, e.g. the luciferin-
luciferase bioluminescence process. Another interesting example is the calcium-
sensitive photoprotein aequorin which, in the presence of calcium ion, triggers a
conformational change which permits a trapped, excited state in a bound
chromophore to decay, resulting in photon emission. The bioluminescent properties
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of these proteins and others are beginning to be extensively used in clinical and
analytical chemistry as quantitative and end-point detection methods. 7

Rhodopsin, the basis of the light transduction mechanism responsible for vision
in most of the animal kingdom, is another membrane-bound protein-chromophore
complex'?1%1% A wide range and variety of membrane receptors, consisting of
either individual proteins or protein complexes, are known. These receptors are
responsible for a variety of recognition as well as membrane gating and transport
processes'?.

It is clear that, as we consider the invention, study and application of synthetic
organic and polymeric thin films, it would be useful for some attention to be paid to
some 5000 proteins available in biology which have been molecularly engineered
over 2 x 10” years of evolution to provide a wide range of machine- and device-like
activities. Undoubtedly, the harnessing of proteins for practical machine- and
device-like activities will require far more knowledge and experience with the
following: (1) the handling of these molecules; (2) their incorporation and
reconstitution into lipid or polymer-like matrices; (3) their modification, possibly by
genetic engineering and site-directed mutagenesis technologies, for the enhancement
of self-assembly properties; (4) enhancing their stability in non-biological
environments. '

6. NEEDS AND OPPORTUNITIES

In order to understand, predict and apply protein films, we must understand
the forces and interactions responsible for protein structure and function, as well as
their interactions among themselves and other proteins and with solid supports.
Although the electrostatic, hydrophobic and hydrogen bonding interactions are
qualitatively understood®*~*3, better potential functions are needed to model and
predict effectively protein structure, folding?!, denaturation?®, and adsorption®*.
Direct measurements of such forces and interactions at the protein film-aqueous
solution interface are needed, such as via the methods of Israelchvilli*® and Klein*®,
The simulation and modeling of proteins via computer molecular graphics and
intermolecular interaction potentials is in its infancy*’. With better potential
functions and with information on the structure of protein films, attempts should be
made to develop theories and models for protein interactions and the film-forming
process. Such models will permit the design of structures and means for self-
assembly of films with unique, designed properties. The modeling and simulation of
film formation and film properties should include the effects of impressed fields.

Methods to characterize protein films in situ, i.e. underwater, are needed. In
spite of the progress made in applying reflection fluorescence®® and IR*® methods,
more definitive methods are required to probe and characterize packing, orientation
and structure of protein films. Perhaps the most promising approach is direct
imaging in water using scanning tunneling microscopy*®*°. Synchotron scattering
and diffraction should also be considered. Other means of imaging and characteriz-
ing protein films should be encouraged. Fourier transform Raman spectroscopy in
the near-1R has great potential for characterizing the conformation and orientation
of protein thin films. Methods to characterize and evaluate the properties of protein
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thin films should be developed, including electronic, magnetic, optical and
mechanical properties.

There should be attempts to apply the unique properties of certain proteins in
mixed films; for example, embedding receptors in lipid or polymer films for sensor
and gating applications'®!2 and the co-immobilization of antibody and synthetic
photoactivable polymers to regulate antigen-antibody binding constants!?3!.
Optimization of enzyme properties for reactions in adverse environments and
modified or synthetic enzymes for new chemical reactions also should be
encouraged®?,

7. SUMMARY

Proteins are a series of polymers with unique and varied structures and
properties. They are beautiful examples of macromolecular engineering for specific
and unique purposes. The modeling, preparation, characterization and application
of protein films should lead to a variety of very useful and unique applications,
Perhaps most importantly, experience and study of proteins will greatly aid and
stimulate materials scientists and engineers to engineer better new generations of
macromolecules for new and now unknown applications,
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Proteins are nature's molecular machines. There Is considerable interest
and activity in applying and adapting proteins for the development and application of
biomolecular devices and machines [1]. Such applications require the handling and
processing of proteins, Including their concentration, ordering, and assembly at
interfaces. The current principles and understanding of proteins at interfaces are
presented and reviewed, including current theories and hypotheses. Progress in the
design and application of defined surfaces and materials for the study and precise
assembly of protein films is also discussed, panicularly gradient and pattemed
surfaces. We also present a multi-variale approach to the parameterization of
surface properties.

Proteins are biological macromolecules [2,3] consisting of some 20 or more
monomer types (amino acids) condensed into one or more chains (polypeptide or
primary sequences) via amide (-NH-CO) bonds. Many proteins also contain covalent
cross links, generally of the -5-S-type, as well as short carbohydrate chains
(glycoproteins). Proteins range in size from several thousand (10°) to tens of millions
(107) Daltons. A particular protein normally exhibits one or more of the following
functions: catalysis (enzymes), mechanical properties (fibrous, structural proteins),
chemical recognition (antibodies), chemico-mechanical transduction (muscle and
motion proteins), chemical regulation (many), transport (ion channels), optical
properties (luciferases, rhodopsins), electron and charge transfer, etc. The structure
of globular proteins is generally only marginally stable, partially unfoiding to a
"denatured” state with a free energy input or change of only 5-15 k calimole. Large
proteins generally consist of several structural and functional domains. Complex
proteins are now believed to consist of domain "building blocks."

Practically all proteins are polymeric surfactants in aqueous solution. Their
constituent amino acids have hydrophobic and hydrophilic (neutral, positive, or
negative) characters. Hydrophobic interactions are very important in their globular
stability and in their interfacial activity. It Is now generally accepted that the
placement of proteins at interfaces, usually via adsorption from solution, results in a
conformation and orlentation different from that under *normal’ physiologic
conditions. Such interface microenvironment -- induced altered states can result in
"abnormal® or unexpected biochemical and blophysical properties. Several well
known examples are the interface-induced activation of blood coagulation, activation
of the complement defense system, activation of inflammatory processes, and
enzyme inactivation.

PROTEIN ADS ORPTION

A number of recent conference proceedings and an edited menograph are
now available [4-6], as well as several comprehensive reviews [7-9]. The general
principles and hypotheses now accepted and being tested are shown in Figure 1.

Each protein has its own distinctive and individual "surface® chemistry,
produced by the outer shell of amino acids and carbohydrate which interface with the
liquid medium [7,11] (Figure 12a).

Diffusion and convective transport results in a collision rate between
proteins in solution and the interfaces present [7,10] (Figure 1b).

Although protein molecules collide with the Interface in many different
possile orientations, one specific orientation will probably result in the most stable
adsorption, with hydrophobk surface patches oriented towards hydrophobic
surfaces, anionic protein pateches oriented toward cationic surfaces, etc. (Figure
1c). Domain and mosaic surfaces can be expected to have rich and complex
interactions with the domains and mosakcs on the surface of the protein.

If the collision rate is very high and the interface Is populated with protein
very quickly, the proteins may not show extensive time-dependent denaturation
processes (Figure 1d), although there may be some adjustments in packing, ordering,
and fateral interactions [4-7].

If the surface Is not highly populated, the adsorbed protein may denature
and/or spread at the Interface, altering its conformation and orientation to optimally
adjust to its new microenvironment (Figure 1d). Such events may result in the
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expulsion of less optimally oriented or bound proteins from the interface, as the more
optimally oriented or bound protein spreads at the interface (Figure 1e). The
tendency for the protein to denature at the Interface Is related to fts intrinsic stability,
including the number of disulfide bonds [12].

The presence of two or more different proteins in the solution will result in
competitive adsorption processes; with that protein which can most optimally bind
and accommodate at the interface tending to displace Its less optimally bound
neighbors (Figure 1e,f). Thus, a complex hierarchy of adsorbed protein types and
amounts can develop with time, related to solution concentration, size, collision
rates, interface affinity, and denaturation tendencies. This behavior Is now called the

‘Vroman Effect” [12,13].

It Is possible to control and regulate protein adsorption, in pan, by modifying
the surface or Interface or by modifying the protein, such as with steric exclusion

modifiers [14,15] (Figure 1g).

Materials and Interfaces with a micro-heterogeniety of the same size as the
structural domains or building blocks in proteins probably have a particularty rich and
complex sel of adsorption properties (Figure 1h).

These principles permit biomaterials and surface scientists to consider
which surface preparation, modification, and characterization information Is required
for useful products utilizing proteins or involving protein interactions.
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the research and development stage and is now in engineering for
product configuration for the doctor’s office. I’'ve tried to get them
to share their fiber coating techniques which they’ve developed but I
don’t think they’ve ever shared that information. On special cases
they've said if you send us the reagents, we’ll coat them for you but
we won't tell you what we do. Their reporting CV’s for commercial and
diagnostic range from less than the five percent range.

Glass: Certainly less than ten percent.

Patton: Nonspecific absorption on any type of glass surface is a
problem, particularly a wave guide in which you are interested in
what’'s happening optically on the surface. I do believe that the
nonspecific absorption problem can be solved.

Q: Does anything in this technology preclude the emplovment of the
flow cell incorporating the capillary you described in the flow cell?

Glass: No. That’s how we do it. We do it also strictly with
capillary filling. All of the work that T showed was done with the
flow cell.

Patton: I’d like to introduce Professor Joe Andrade who’s dean of the

college of engineering at the University of Utah., = —

Andrade: I would like to continue the same line of discussion and
address the question of how one might take the sensor that was just
described and try to make a continuous and possibly even a remote
device out of it. You might want to subtitle the talk "Some Unsolved
Problems and Concerns in the Development of Receptor-Based Optical
Biosensors." Our group’s goal is remote semicontinuous optical
biosensors based on fluoroimmunoassays, not disposable one-shot
devices. There is considerable interest in the biotechnology and
biochemical engineering business for an on-line process control of
biochemical processes. There’s some interest in waste and water
treatment water monitoring, and considerable interest in medicine and
diagnostics. It’s possible that this can be done in an in vivo
implanted sensor mode and biomedical research as well. There is some
interest in the defense establishment in continuous on-line monitoring.
Our group’s basic science goals are protein biochemistry and how that
couples with surface and interface chemistry, with optics and
spectroscopy to probe that. - Polymer chemistry in surfactants are used
to modify it. Our engineering goals are to employ proteins as
engineering machines and devices.

The area that’s been the most developed in the general
engineering community is sensors, biosensors in particular. How does
one detect and monitor one of the proteins at an interface, in a
reproducible quantitative manner? Almost any labelling process can
change the physical chemical characteristics. About five years ago we
were starting to look at probes of proteins at interfaces, and decided
to would look at the intrinsic fluorescence which is present in most
proteins, primarily via the tryptophan amino acid moiety. That absorbs
in the UV and fluoresces a little closer into the visible, with a
respectable quantum yield of about ten percent. Most proteins of
interest are intrinsically labelled with a UV fluor. There’s
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considerable information available from fluorescence in addition to the
intensity and spectral information. From fluorescent and
depolarization information, fluorescent lifetimes can be deduced and
one can measure energy transfer and use specific probes to change some
of these other parameters. There’s a wide number of information
channels to fluorescence. We use a dove tail prism in the research
apparatus and a fiber optic device in the analytical and engineering
apparatus. Our device is equipped with a flow cell because we want to
control the hydrodynamics and be able to follow the mass transport
diffusion limitations and related considerations. On the other side of
the flow channel, a gamma detector is mounted so we can use labelled
proteins and use the radiolabelled signal as a calibration. The total
internal reflections fluorescent signal is similar to the buffer
background. As one injects protein solution into the cell, one sees a
component of the bulk solution. The evanescent wave and the visible
wave penetrate on the order of 2000 angstroms, and in the UV about 1000
angstroms. The protein’s dimensions are of the order of about 100
angstroms. You see what might be called a boundary layer or evanescent
volume component.

Protein absorption at an interface is kinetically a
relatively slow process and takes on the order of minutes to hours to
reach saturation. This is a non-specific binding process. At the end
of that process you remove the protein solution, the bulk signal
disappears, and you can see if the absorbed layer is stable. Is it
reversible or irreversible? Normally, you find some component of
various populations, some of which will be removed or desorbed into the
buffer. The interface optics are very well known, particularly if you
have a system where the evanescent modes are well defined. In the
total internal reflection prism geometry, there’s a single well defined
mode. The electric field is decaying exponentially into the low
refractor index phase. The fluorescence being emitted is the integral
under that and involves a quantum yield, the absorption coefficient of
the fluor, concentration of the fluor, the proportion of the
fluorescence emission which is collected, the square of the electric
field strength, and so forth. One can rigorously quantitate that, if
vou assume a concentration profile of the interface. We assume a step
concentration profile which Myron Block indicated was due to normal
absorption or specific binding processes. The protein is concentrated
at the interface by a factor of as much as a thousand or more over its
concentration in the bulk, and then we assume a uniform bulk
concentration profile. You can ratio those two profiles, make a major
assumption that the quantum yields of the protein in the layer at the
interface and in the bulk are the same. That's a bad assumption in
many cases, particularly for the intrinsic fluor. There’s another
problem in the ultraviolet, which is scattering due to the imperfection
of the optics. The optics are never 100 percent perfect, not even an
optical fiber, or the fiber solution interface, and so there is a
component which does get scattered into the far field. That component
propagates into the cell and generates fluorescence from the bulk
solution, so the optical trick of evanescence allows you to separate
the bound from the bulk through the fact that the evanescent wave is
constrained or contained at the interface. There can be some
excitation of the bulk through this scattering phenomenon. In the
ultraviolet, that is a particular problem because scattering occurs as
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considerable information available from fluorescence in addition to the
intensity and spectral information. From fluorescent and
depolarization information, fluorescent lifetimes can be deduced and
one can measure energy transfer and use specific probes to change some
of these other parameters. There's a wide number of information
channels to fluorescence. We use a dove tail prism in the research
apparatus and a fiber optic device in the analytical and engineering
apparatus. Our device is equipped with a flow cell because we want to
control the hydrodynamics and be able to follow the mass transport
diffusion limitations and related considerations. On the other side of
the flow channel, a gamma detector is mounted so we can use labelled
proteins and use the radiolabelled signal as a calibration. The total
internal reflections fluorescent signal is similar to the buffer
background. As one injects protein solution into the cell, one sees a
component of the bulk solution. The evanescent wave and the visible
wave penetrate on the order of 2000 angstroms, and in the UV about 1000
angstroms. The protein’s dimensions are of the order of about 100
angstroms. You see what might be called a boundary layer or evanescent
volume component.

Protein absorption at an interface is kinetically a
relatively slow process and takes on the order of minutes to hours to
reach saturation. This is a non-specific binding process. At the end
of that process you remove the protein solution, the bulk signal
disappears, and you can see if the absorbed layer is stable. Is it
reversible or irreversible? Normally, you find some component. of
various populations, some of which will be removed or desorbed into the
buffer. The interface optics are very well known, particularly if you
have a system where the evanescent modes are well defined. 1In the
total internal reflection prism geometry, there's a single well defined
mode. The electric field is decaying exponentially into the low
refractor index phase. The fluorescence being emitted is the integral
under that and involves a quantum yield, the absorption coefficient of
the fluor, concentration of the fluor, the proportion of the
fluorescence emission which is collected, the square of the electric
field strength, and so forth. One can rigorously quantitate that, if
you assume a concentration profile of the interface. We assume a step
concentration profile which Myron Block indicated was due to normal
absorption or specific binding processes. The protein is concentrated
at the interface by a factor of as much as a thousand or more over its
concentration in the bulk, and then we assume a uniform bulk
concentration profile. You can ratio those two profiles, make a major
assumption that the quantum yields of the protein in the layer at the
interface and in the bulk are the same. That's a bad assumption in
many cases, particularly for the intrinsic fluor. There'’s another
problem in the ultraviolet, which is scattering due to the imperfection
of the optics. The opticse are never 100 percent perfect, not even an
optical fiber, or the fiber solution interface, and so there is a
component which does get scattered into the far field. That component
propagates into the cell and generates fluorescence from the bulk
solution, so the optical trick of evanescence allows you to separate
the bound from the bulk through the fact that the evanescent wave is
constrained or contained at the interface. There can be some
excitation of the bulk through this scattering phenomenon. In the
ultraviolet, that is a particular problem because scattering occurs as
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the inverse of the wave length, so when we use ultraviolet detection
for fundamental studies, we have a scattering problem which is an order
of magnitude greater than when we're in the visible. If you plot the
fluorescence as a function of concentration of something with a very
high absorption coefficient, you find that the scatter signal rapidly
plateaus due to inner filter effect. You never see an inner filter
effect because it’s essentially linear all the way to saturation or
precipitation of the solution. By playing that standardization game,
one can sort out the scatter component from the evanescent component,
which allows very rigorous quantitation even in the ultraviolet. The
advantage of working in the ultraviolet has to do with the intertacial
biochemistry to understand what is happening with antibody labelling
and antibody immobilization with the kinetics of antigen binding.

It was clear to us about four or five years ago that, if we
could detect one protein interacting with and interfacing with another,
we could also detect two. That led to our interest in applying total
internal reflection fluorescence which was patented by Hirchfeld in the
60’s as an analytical tool in immuno assays. One can do fluoroimmuno
assay in the ultraviolet; it’s not particularly recommended, but
certainly antibodies are UV fluorescent and most of the protein
antigens of interest are also UV fluorescent. The count rates are low,
UV light sources and UV detectors are still a problem, but the biggest
problem is that you fry the immobilized component after significant
excitation time in any sort of oxygen containing solution. That's not
amenable to our long range goal of a continuous or semicontinuous
remote sensor. The modes of operation of such a sensor have already
been described. There are a whole variety of ways to do it, whether a
saturation type assay or competitive binding assay, one can monitor
antigen, antibody, and so forth. I’'m going to focus on immobilized
antibody for antigen or hapten detection. One of the big concerns is
how to immobilize the antibody. In conventional, one-shot diagnostic
immunoassay, that’s often done by physical absorption onto a
polystyrene or other support. That can work very well. We’ve looked
at IGG physical absorption on dimethyl dichloro silanized quartz, on
unmodified or hydrophilic quartz and on amino propyl silanized quartz.
Our experience is that amino silane is a very bad support on which to
immobilize and leads to fairly significant changes. The DDS is not too
bad, as it is a sort of a model hydrophobic surface which one can
covalently immobilize. We do it through a preabsorption of albumin
followed by a glutaraldehyde cross-linking of the albumin and a
glutaraldehyde coupling and cross-linking of the antibody. We’ve also
tried glutaraldehyde coupled directly to an APS and cross-linked the
antibody that way, and we’ve also played with protein A in order to try
to orient the antibody. The model systems that we’ve used are an anti-
digoxin system, a monoclonal to digoxin, and a commercial goat IGG to
human IGG antigen. The binding constants in solution have not changed
dramatically on binding or immobilization to a glutaraldehyde support
or on physical absorption to a DDS support. In some cases there can be
a significant change in the binding constant, but not in these model
systems with which we’ve chosen to work.

We are interested in the fiber optic sensor approach and we use
a large fiber with a silica core, where the cladding has been stripped
in the sensing region. There are really three fundamental problems in
making such a technology suitable for remote continuous use. It’'s
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clear that fluorescent reagent is required. There are ways to get
around that, but they all have some problems. How do you deliver a
fluorescent reagent for a continuous remote sensor? One could have a
plumbing system or perhaps a liposomal kind of system, to deliver
reagent remotely. We’ve chosen to approach it from a photochemical
point of view by using nitroaromatic linkages which are intrinsically
photolabile. They break when they absorb protons of 350 to 360
nanometers, 8o we’'re coupling those linkages into a polymer. This
polymer is actually a hydropropylmethylacrylamide derivative which has
been used extensively as a drug carrier for cancer treatment in
experimental animals. One is a side chain to the basic polymer
structure, another side chain contains a nitroaromatic group with a
reactive amine, which can then combine the fluorescein labelled antigen
or antibody. That seems to work reascnably well in bulk solution. The
project now is focusing on trying to make a gel which can be intertaced
with the optical fiber in such a way that a pulse of 316 nanometer
light down the fiber will then release a pulse of fluorescently
labelled reagent. The more serious problem is: are we running a sensor
or a dosimeter? Most of what's been discussed during the meeting
really involves dosimeters. If we pull out the stops on sensitivity
and use systems with high binding constants, then for all practical
purposes that binding is irreversible. It clearly can be displaced and
so made "reversible", but it takes rigorous conditions or much patience
in terms of response time to do that. It’s both an advantage and a
disadvantage of antigen-antibody systems. The on-rate constant,
forming the antigen-antibody complex, and the off-rate constant are
such that you get a high binding constant. You want a very high
binding constant because that gives you a high sensitivity, but it also
means that the off-rate is very slow which means that the response time
is very slow. We would like to cut that down and have a short response
time, but that is at the expense of the binding constant which means
the sensitivity drops.

~ The ideal system is one with a high binding constant during
the measurement and a very low binding constant between the
measurement. We'’d like to be able to use it as a dosimeter during the
measurement, and then rezero it between measurements. Some of you have
genetically engineered systems which may be able to do that. Can we
change the local environment around the antibody to change its binding
thermodynamics? We've chosen to look at three approaches to that, but
one is going to be very hard, one will be relatively easy, and the
other, the most interesting one, will take a few years. One approach
is to run the appropriate solution through an antigen-antibody column,
and if the solutions are appropriate, you can displace the bond. You
do that by changing the conformation of the antigen, the antibody or
both, or changing the nature of the media so the antigen antibody
interaction is significantly modified. That’s a solute approach; you
can do it through change in pH, through change in the hydrophobic
nature of the hydrophobic structure breaking agents or others. We
would like to have a reversible solute in order to avoid plumbing. You
can do it by plumbing; simply plumb the system and wash it out with the
appropriate elute, but we’d like to avoid that in a truly remote :
sensor. Our approach is to make a macromolecular switch which, under
light, will induce a photoconformational change. We try to get a coil
expansion, which basically takes a molecule and pops it out so it’s co-
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immobilized with the antibody, but under light it expands and now is
essentially ruining the surrounding solution. It’s a concentrated
solute, but when it’s finished we can pull it out of the way by simply
pulling off the light or exposing to light of a different wave length
to change the conformation. Our idea is to have a solute which we can
direct into or out of the binding region. The model system we'’ve
chosen to work with for this is a series of monoclonal antibodies to
fluorine. It's probably the most widely used dye in
fluoroimmmoassays. The other good aspect of using this as the hapten
is that the fluorescence of fluorescein quenches when it binds to its
specific antibody.

It’s very easy to do an on- and off-rate assay and to measure
the antigen-antibody thermodynamics with this system. The binding
constant of different monoclonals changes at different rates with
temperature, so we can chose the right binding constant for that
particular experiment. Since you have the temperature-dependent data,
you can extract the thermodynamics from that. The entropy-enthalpy
compensation process leads to the free energy being relatively constant
until you get to temperatures at which the molecule begins to
irreversibly denature. You can expand that free energy curve and show
that there are some significant changes in free energy with
temperature. One good aspect of this system is that you can not only
measure the overall constant but also the off-rate constant or the
dissociation lifetime. If we were operating at about 10° C, it would
take about 5000 seconds for this thing to dissociate or reach a level
of equilibrium with a change in antigen concentration or fluorescein
concentration. At body temperature, that’'s down to the order of sixty
or seventy seconds. It’s clear that we can change a dissociation
lifetime by changing temperature, at least in many antibody classes.
How do you change temperature at the interface without frying the
solution? We haven’t done this yet with an evanescent wave. Coming in
with a near IR beam, water has a fairly strong absorption at about 1.4
to 1.5 microns, and a much stronger absorption at 2. There are good,
portable light sources available in that region. The solute approach
is an interesting one if we look at the log of the binding constant as
a function of the concentration of a particular solute. In this case
it’s methylpentanediol which is commonly used as a crystallization
solvent by x-ray crystallographers. With methylpentanediol the
change in the solute concentration drops the binding constant in a
substantial manner by up to three orders of magnitude. If we could
have a solute similar to that incorporated into a polymer which could
be photo changeable, then we might have something. The
hydroxypropylmethylacrylamide monomer worked slightly better, it went
up to about eight percent, where the other went up to about 50 percent
solute. In this particular case, by adding about eight percent weight
by volume of the monomer, we dropped the binding constant by an order
of magnitude. It does appear feasible from an antigen- antibody
thermodynamic point of view to do what we’ve suggested here. We can
try to design a polymer which can be immobilized or co-immobilized at
the interface together with the antibody, and have a region which can
expand under optical illumination, and as that expands, it drives a
concentrated solute into the binding region. The solute is reusable.

The photoconformational system we've chosen, azobenzene is
found in literature going back to about the early 1940's. Azobenzene
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is essentially nonpolar with no dipole moment in its normal ground or
trans state, but when excited with 350 to 360 nanometers it pops into
the cis form which has a fairly substantial dipole moment.

Polypeptides with azobenzene side chains can undergo significant
changes in the alpha helix content as a result of this change in
polarity of the side chains under optical stimulation. It’s a
copolymer approach, and again we used hydropropylmethylacrylamide to
give us the water solubility and the general compatibility, and an
azobenzene derived hydroxymethylacrylamide monomer to give us this
photo conformational property. A small amount of monomer with a
reactive side chain allows us to couple to the surface or to antibody
or antibody fragments. We started out with methacrylic acid because
the change in the polarity of this group due to the trans-cis _
isomerization changes the pK of this group, which changes the degree of
the ionization, which changes the coil size through a polyelectrolyte
coil expansion argument. We do see changes in the pK and in the degree
- of ionization as a result of the photoisomerization, but that’s mot
sufficient to this point in the design of the copolymer to get a
significant coil expansion because the methacrylate backbone is
extremely hydrophobic. Its hydrophobicity is sufficient to overcome
that. We're now moving to an acrylic acid system tor the charge
component. and other components to try to minimize that hydrophobic
backbone. We'’re fairly confident that it will work eventually. It’s
also obvious that a random copolymer is not likely to work in practice.
We're going to have to go to an asymmetric polymer. It’s essentially a
block system, where we have an immobilization block, the coil expansion
photoconformation block and the solute delivery component.

A couple of other projects at which we’re looking are of some
interest. Light sources which minimize the fluorescence background of
serum have a strong use in continuous remote sensors for use in blood
and in medical application. 1It’s clear that if you excite much below
500 nanometers you pick up a significant fluorescence from serum. What
we’'ve done is, rather than go to the phycobilic proteins in red LED’s,
we’'re playing with the new generation of helium neon lasers. A green
helium neon which puts out about 543, and relatively inexpensively one
could pick up a milliwatt or so at 543, and the rhodamine dyes which
have many similarities to the fluorescein in some respects, absorb and
emit very nicely as a result of that excitation. That’s a direction in
which we’re going on the sensor side. Another unresolved problem
that’s been alluded to is this whole question of nonspecific binding.
There are many possibilities for nonspecific binding. First of all,
there are always parts of the interface that are unmodified with
protein, in the case of the classical silane reaction, there are pieces
of the interface which may be unsilanized, and one can get physical and
nonspecific binding to the support. The antibody or antigen or hapten
that you'’re immobilizing is being immobilized through some chemistry.
Dr. Patton referred to a urethane-like linkage in his talk. All of
those will become involved in nonspecific binding to various extents,
depending on what A, B, C, and D, are in the media. There’s
nonspecific binding to the antibody itself, because the immobilization
results in a slight change in conformation because it's present in a
different microenvironment than it was out in the bulk solution. There
can be nonspecific binding to the antibody or cross-reactivity with
other material.
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Our group has been interested in biocompatibility in the
blood environment for about twenty years, and we've been very
interested in the whole question of protein resistance surfaces; that
is, how do you keep proteins off an interface? The only approach that
we've come across that seems to be general, nonspecific, and works, is
to immobilize polyethylene oxide to the surface and other neutral
hydrophilic polymers. Polyethylene oxide appears to be unique. The
argument is an excluded volume steric exclusion argument. PEO is used
extensively in a colloid field to sterically stabilize colloidal
dispersions, and that’'s one of the reasons that it works. A protein,
in order to absorb at such a surface, has to compress or minimize this
excluded volume. You might think of compromising the configuration
entropy of the PEO chain. That is an undesirable process unless there
is a strong interaction between the protein and that particular
surface. That’s a good nonspecific repulsive technique. We’re now
immobilizing our antibodies through PEQ tethers, so that at least the
PEO tether will be reasonably resistant to nonspecific binding. Then
we're trying to quench or cover the rest of the surface in and around
the antibody with low molecular weight PEO chains, to minimize any
other nonspecific binding.

Some of the surface chemistry and biocompatibility concerns
we’'re addressing, then, are fluorescent reagent delivery, remotely
under optical control, modulation of antigen-antibody binding constants
both thermally and through photoconformational changing, or
photoexpansion of an appropriately designed polymer to be co-
immobilized with an antibody. The question of optimizing antibody
orientation is immobilization, and our approach to that is through
polyethylene oxide to get the antibody away from the interface using a
fully hydrophilic tether. In essence, to keep it in a microenvironment
as similar to that as bulk solution as possible. We’re working on
minimizing nonspecific binding through steric exclusion arguments,
largely using polyethylene oxide approaches, and the model systems that
we’re working with at the IGG, anti-IGG polyclonal. A digoxin, anti-
digoxin monoclonal system was provided by the University of Utah and
more recently fluorescein, anti-fluorescein system from Illinois and
Utah. We’re moving into sensors for coagulation proteins, again
sponsored by NIH, and the systems we’ve chosen to work with initially
are thrombin and anti-thrombin 3 and their appropriate monoclonals.

/ -_3 ( 2 80/ H“. -Ve
Block: Your work with the -Greetey source looks very interesting. Just
for comparison, all we’re dumping on our system is a couple microwatts.
You get up to a milliwatt. I think you’ll win the prize for the lowest
detection level before we get there, because you'd have factor of a
thousand immediately, so you’d be able to get to hundreds of molecules
easily.

Andrade: We haven’t attempted to do any optical optimization as
you have, and so our numerical apertures and these things are all
suboptimal.

Q: You mentioned the polyethylene oxide tethers. How do you attach
the polyethylene oxide chains to the solid surface?
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Andrade: There are a variety of ways one can do that. Most of what
we’ve been doing involves the aminopropylsilanization of silica and in
using that amino group for other coupling reactions, so the PEO can be
derivatized. You can even buy diamino PEO. We are producing PEO with
two different functional groups, one with different groups on each end
S0 we can be sure to minimize looping effect.

Q: Are you using a silane?
Andrade: As far as the activation of the silica surface, yes.

Eldefrawi: 1 would like to make a follow up comment on the sources and
ways to get the light. Another approach may be active fibers, which
are getting very popular. They’re beginning to emerge as commercial
products. Your technology has an active fiber that you can pan in one
wave length and you can get another wave length.

Andrade: You mean these fibers containing a built in fluor?
Eldefrawi: Terbium, yes.

Q: You mentioned that you’re going to cover the rationale leading to
the photoexpandable fibers. Could you elaborate on that?

Andrade: There's an old effect in the polymer field called the photo
viscogity effect. If you take methacrylic acid or acrylic acid
systems, basically polyelectrolytes, and heavily derivatize them with
azobenzene derivatives, you can show the viscosity changes dramatically
in the presence of light. You can also, in the presence or absence of
light, titrate and get the pK of the systems. There'’s no question that
in the appropriately designed polymer that happens in solution.

Q: I could explain a change in viscosity as a change in electronic
configuration leading to a change in hydrogen bonding, for instance.

Andrade: Yes, but they’re getting viscosity changes of various
gignificant amounts.

Q: You spoke about data where a binding constant enthalpy was a
function of temperature. Maybe it’'s something peculiar to the
biochemistry, but chemistry enthalpies don’t change with

temperature typically. Free energies do by the change in the entropy,
component but not the enthalpy. :

Andrade: Most of it is based on an analysis that has gone through a
whole variety of ligand receptor binding systems.

Q: What that implies is that the bond strength changes with
temperature. I don’t know too many examples of that.

Andrade: A number of classical bond types in biochemistry do change
with temperature.
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Patton: Thank you very much for your paper. From where this
conference was two years ago, we've come a long way. As I look back on
the day, it sounds like wonderful things and exciting things are
happening in specific areas: Transducer technology, optical waveguide
technology, new solid-state chemfets, and inductive devices. In the
big advances in the individual components of what one needs to make a
biosensor transducer, technology is moving along. In areas where we
know what the receptors are and how they work, many exciting things are
happening. We are back to the basic question--how much do we know
about membrane receptors themselves? Do we know enough to be able to
bring them in, make them up with transducers, and expect the same kind
of success that we've had with other receptors like antibodies and
enzymes? That’s where the question is. From what I've seen in the
rast two or three years, there has been real progress in both areas.
The papers I heard yesterday were encouraging and as a chemist even I
could understand part of it. More of the mechanisms of how the
receptors are operating seem to be understood. I think this technology
definitely has a bright future.

Valdes: I agree that, in the past couple of years this field has come
a long way. The first biosensor conference was very small and was
limited to contractors. When we first designed the program it had very
limited backing at CRDEC, but the program is ranked as one of the top
Army research priorities.
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ABSTRACT

A brief review of polymer surface motions is presented. Methods of
probing polymer transitions and relaxations are discussed, with particular
emphasis placed on techniques useful for studying surface motions. Surface
motions and relaxations have been demonstrated by inverse gas
chromatography and contact angle data. The basie conclusion is that
polymer surface motions do occur, resulting in relaxation and re-
equilibration of polymer surfaces in response to different environments.
Polymer surfaces are highly sensitive to processing and fabrication
conditions and relax or re-equilibrate in the use environment. This effect
is particularly dramatic in the case of an agueous environment in which the
interaction of the polymer with water provides a strong driving force for
reducing interfacial tension by reorientation of polar surface groups to
optimally interact with the aqueous phase. In attempting to draw
correlations between biological interactions and polymer surface
properties, it is important to be aware of the fact that the surface
underwater may be, and generally is, very different from the surface in air
or in other characterization environments.

INTRODUCTION+2

Classical surface chemistry assumes that solid surfaces are rigid,

immobile, and at equilibrium. These assumptions allow one to probe

adsorption and wetting or contact angle processes purely from the point of
view of the liquid phase because one assumes that the solid phase does not
in any way respond, reorient, or otherwise change in the different liquid
environments. Although such assumptions may be partially correct for truly
rigid solids, they are generally inappropriate for polymers.

Polymer structure§ ﬁnd properties are, in general, time and
temperature dependent.”' Because of the relatively large size and high
molecular weights of synthetic polymer molecules, most polymeric solids
rarely achieve true equilibrium. Solid polymers are, therefore, inherently
nonequilibrium structures and as such exhibit a range of relaxation times
and properties under normal conditions and in response to changing
environments. This situation is well-known in the area of bulk polymer
properties, but has been largely neglected or ignored in polymer surface
chemistry and physics. There is now considerable evidence that the surface




properties of polymers are also time, btemperature, and environment
dependent.

Transition and relaxation phenomena in 30lid polymers are treated in
practically all polymer science and polymer materials.;extbook3_3'

The powerful instrumental surface analysis techniques which have been
developed over the last 20 years are being increasingly applied for the
study of polymer surfaces and interfaces. Generally these methods (such as
X-ray photoelectron spectroscopy or XPS, Auger electron spectroscopy,
secondary ilon mass spectrometry or SIMS, etc.) require ultra-high vacuum
environments. The assumption is generally made (often implieitly rather
than explicitly) that the polymer surface is indeed stable and that the
rasults of the analysis are applicable to the non-vacuo environments
wherein the polymer surface is usually applied. Such an assumption is
often invalid, particularly for polymers used as biomedical devices or in
other applications where the polymer surface is exposed to water or other
highly polar environments,

Surface dynamics permit the interface to restructure or reorient in
response to different environments. The effeet is particularly pronounced
in aqueous solutions, where the polarity of the aqueous phase provides a
high interfacial-free energy driving force for the migration or orientation
of polar phases, blocks, segments, or side chains towards the aguecus
phase, thereby minimizing the interfacial-free energy. In vacuum, air, or
other nonpolar surfaces, the polymer orients its apolar components towards
the interface, again minimizing the interfacial-free energy.

A number of hypotheses and suggestions relating polymer surface
motions to blood and biocompatibility have been reviewed.

Polymer relaxation has been defined by North? as "a time dependent
return to equilibrium of the system which has recently experienced a change
in the constraints acting upon it." If one in any way changes or perturbs
the polymer system, the polymer will respond, i.e. relax, to achieve a new
state which is closer to equilibrium with the new environment or
situation. Relaxation refers to a time-dependent change. One gan also
speak of a transition, which is a temperature-dependent change.

We can consider that molecular motions have a characteristic
frequeney. A natural frequency is determined by the temperature as well as
the moments of inertia of the participating segments. Micro-Brownian
motion of large segments of the polymer chain become possible above the
glass transition temperature. Parts of the chain, perhaps of the order of
10 monomer units, ecan move in a sort of cooperative fashion. The time and
temperature characteristics of these motions are, of course, directly
interrelated. At a high temperature, a polymer segment may be able to move
or respond to a stimulus which is applied for only a very short period of
time. At lower temperatures, the polymer does not have the capaclty to
respond to the stimulus unless it is held for a longer period of time.
Thus, if we wait long enough, motions and responses to environments ecan
occur, in principle, at any temperature.3_

In addition to the relatively large cooperative motions of the main
chain, there are a variety of other motions present in synthetic
polymers. For example, the rotation of a side chain about a carbon-carbon
bond, sometimes called the beta relaxation or beta transition, is
particularly easy to see in acrylate and methaerylate systems, which have
ester-linked side chains. In the case of the methacrylates, these motions
are activated in the vieinity of room temperature, whereas the main chain®

glass transition temperature for poly(methyl methacrylate) is in the
viecinity of 130°C.

Elastomeric materials have glass transitions considerably below room
temperature. For example, the glass transition of poly(dimethylsiloxane)
is around -130°C. Thus at room temperature and at 37°C, this polymer is
nearly TTOUC above its glass transition temperature. The polymer segments
are in motion; it is a highly flexible, open structure which, of course,
strongly influences its elastiecity characteristics.

The polyurethane materials commonly used for cardiaec assist devices
and total artificial hearts are two-phase block copolymer systems with one
of the blocks, the so—called soft segment, having a glass transition
considerably below room temperature, thus providing the elasticity for the
material. The other block, the so—called hard segment, normally has a
transition temperture considerably above room temperature, which provides
rigid pinning points and is largely responsible for the strength of these
elastomers.

The size or hierarchy of structures ranging from blocks or domains to
small side chain functional groups is responsible for polymer surface
dynamics. The surface dominance of apolar phases, bloecks, or domains at
the interface with air and vacuum is now wWwell established. Polymers
containing very low energy blocks (fluoropolymers and silicones are the
best examples) genqul%x exhibit the surface characteristlics of the low
energy constituent. ™

The elegant and pioneering freeze—etch XPS study by Ratner et al. of
polyacrylamide or polyhydroxyethyl methaerylate (both highly polar
polymers) grafted onto polyethylene or onto polydimethyl siloxane (both
highly nonpolar)} clearly demonstrated the dominance of the polar phase at
the water or ice interface, followed by reorientation and dominance of the
nonpolar phase at the vacuum interface.’'*

The effect is well documented in blends. It is a common observation
that polymers containing even small amounts of silicone exhibit surface
properties %in air or vacuum) characteristic of pure silicone
materials,  '*

Homopolymers or simple copolymers with amphiphilie (both polar and
nonpolar character) tend to orient the main chain and side chains in
response t? their environment in order to minimize the interfacial-free
energy.1u_ 6

PROBING SURFACE MOTIONS

One would intuitively expect that polymer molecules in the vieinity of
the surface or interface would exhibit motions and relaxations different
from the motions observed in the bulk, due to the different interfacial
environment and due to scaling and boundary constraints. Many techniques
are available with which to probe such motions. One is inverse gas
chromatography.

A second approach is to use classical measures of polymer transitions
and relaxations in highly filled polymers, where a significant propertion
of the total polymer molecules are adjacent or close to a solid
interface. A third method is to directly measure the wetting properties
and surface energetics of polymers as a function of time and temperature.
These will be briefly discussed in order.




A number of important techniques are applied in this volume,
Lavielle, Harris et al., Owen et al., Tingey et al., Lee et al., and Park
and Andrade apply contact angle methods to the problem. Chaney and Barth,
Ratner and Yong, and Tingey et al. utilize X-ray photoelectron Spectroscopy
(XPS). Harris et al. also show how electroosmosis can be used to probe
interfacial dynamics. =

Inverse GC

Kessaissia et al.l” have shown that transitions can be observed with
short alkyl chains chemically attached to silica supports. They used
argon, nitrogen, and methane to probe alkyl-derivatized silica. Alkyl
chains grafted to the polymer at a density of two alkyl chains per
100 /showed several transitions, demonstrating the sensitivity of this
technique to what must be relatively local, short-range motions and
relaxations.

Schreiber and coworkers have shown that inverse GC measurements of
polymer films prepared from different solvents show different retention
times. The retention times for PMMA at room temperature were a function of
the nature of the solvent from which the film was prepared, whereas noc such
effect was noted for polystyrene. They suggest that the different casting
solvents provide chain conformations in solutions which result in different
surface conformations in the solid state. They further note

"...that for any polymer only a single equilibrium surface structure
can obtain; when a nonequilibrium surface condition is produced, slow
but significant time-dependent variations in film properties aig to be
expected as the equilibrium condition is sought and attained."”

Relatively subtle changes in the surface properties result in different
retention times as detected by inverse GC. More recent studies from the
same group further document

"...the ability of polar-group-containing polymers to adopt various
chain conformations at and near interfaces, these conformations
reflecting interactions_between polymer and solvents and between
polymer and substrate."20

They further show that

"...the surface conformation of polymer chains is such as to diminish
or enrich the surface concentration of polar moleties, depending T&
whether the polymer is in contact with polar or non-polar media.”

Filled Systems

The study of highly filled polymer systems allows one to measure the
relaxations and transitions by classical methods, that is by mechanical and
dielectric spectroscopies and by thermal methods. Although the literature
is still somewhat controversial, it is expected that the fact that the
polymer is at a rigid interface, such as a silica filler, must, in
principle, constrain its motions and decrease its allowable degrees of
freedom, influencing the glass transition and other transition
temperatures. Lipatov emphasized the non-specific, rigid SBEEace effect;21
a direct interaction effect is treated by Howard and Shanks“* and by Yim et
al. A correlation was osgerved between the shift in Tg and the polymer-—
filler interaction energy.

Measurements of transitions in highly filled polymers are highly

24

sensitive to the preparation and thermal history of the polymers. In

fact, it is important to note that since most solid polymers are
nonequilibrium structures, subtle changes in thermal histery and
preparation conditions may dramatically affect the internal structure and,
therefore, the transitions observed. This is already noted iESthe case of
the casting solvent effect studies by Schreiber and Croucher.

Nuclear Magnetic Relaxation (NMR)

NMR techniques are the most direct means of obtaining information on
interface mobility and dynamics. High surface area particulate systems are
used because of t?g inherently low sensitivity of the technique. Pulsed
Fourier transform ~C methods with proton decoupling permit spin-lattice
(Ty) and spin-spin '(T,) relaxation times to be deduced. Much of the work
has focused on alkyl—gerivatiged silicas because of their great importance
to the chromatography field. Polymer adsorption at silica and polymer
latex surfaces has also been examined, particularly polyethylene oxide on
silica. Eggag studies permit conclusions as to chain and segment
mobility. NMR methods have been used for the study of alkyl-modified
chromatographic supperts, leading to important conclusions regarding the
dynamics of alkyl chain surfaces. #31,32

The use of contact angle dynamics and ?ygteresis to probe polymer
surface dynamics has already been reviewed ~'“ and is discussed in other
chapters in this book.

The Time Course of Such Processes?

How long does it take a surface to adjust or relax to a change in its
environment? Relaxation effects in bulk polymers are well-known and form a
major subject of inquiry and application in polymer science and
engineering. Bulk relaxation transitions, such as the glass transition, |
side chain rotation, etc. are well-known and generally understood.
Although clearly polymer components adjacent to an interface will have
different motions and relaxation due to the influence and constraints
imposed by the interface, we do expect some relation or, at least,
correlatiog between the bulk relaxation and the relaxations active at the
interface.33 Clearly the time course must depend on the intrinsic rigidity
of the polymer. 1In the case of a flexible elastomer or in general at
temperatures substantially above the T_, we can expect the surface
accommodation to take place in the secdnds to hours range, while highly
rigid polymers may require hours, days, or even longer. Very little
experimental data are available.

CONCLUSIONS

Given sufficient mobility, polymer surfaces will reorient or
restructure in response to their local micro-environment to minimize their
interfacial-free energy with the surrounding phase. The interfacial-free
energy at a polymer-water interface is a sufficient driving force to cause
restructuring of the polymer surface and orientation of the dipolar and
other groups, which can directly interact with water, towards the aqueous
phase. These processes are time-temperature dependent, and correspond to
the relaxation characteristics of the polymer; thus, long equilibration
times with water may be required before the effect is maximally manifested.

Even relatively rigid polymers, such as poly(methyl methacrylate),
reorient at the polymer-water surface, due to relaxation mechanisms in the
surface region which may occur at lower temperatures than in the bulk,
perhaps due to surface-induced water plasticization of the interfacial



region, and due to segmental side chain motions which are activated at or
near room temperature.

In systems containing hydrophilic phases of submicroscopic dimensions,
such as common dibleck and triblock copolymers, given-sufficient mobility,
the hydrophilic phase will dominate the interface in water, the hydrophobic
phase will dominate in air.

It is suggested that the adsorption of biclogical and other
macromolecules at a polymer-water interface will result in considerable
restructuring of the polymer surface in a response to the local
microenvironment of the adsorbed macromolecule, as well as the local water
and other soclution components.

We propose that it is necessary to characterize the surface properties
directly at the solid-water interface, as well as the more commonly and
classically performed solid-air or vapor interface, when searching for
correlations between the surface properties of polymers and their
biological behavior. Further, the polymer-water interfacial properties may
need to be characterized as a function of hydration time or after suitable
water equilibration.

Methods are available for the study of the time dependence of polymer
surface relaxations. The most directly useful method is the time-dependent
Wilhelmy plate method for measuring contact angle dynamics and
hysteresis. Other methods include fluorescence probes, interface
vibrational spectroscopy and nuclear magnetic relaxation methods. The
latter provides direct information related to surface and interfacial
motions, though high surface area particulate samples are generally
required for adequate sensitivity.

As data on surface relaxation times and processes become available, we
can expect significant progress in the modeling and simulation of such
effects and eventual theories and scaling laws with practical predictive
value.

Polymer surface restructuring effects in response to a surrounding
liquid phase are probably most pronounced in agueous systems due to the
unique hydrogen bonding and acid-base characteristics of water.

Finally, these effects are not readily detectable by classical
advancing contact angle measurements, including determinations of critical
surface tension, nor by X-ray photoelectron spectroscopy or other analysis
techniques which primarily probe the solid-vacuum or solid-air interface.
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Blood plasma consists of at least 60 and perhaps several hundred
different proteins, of which only about 40 have been studied and
characterized in some detail (1). Modern quantitative two-dimensional gel
electrophoresis (isoelectric focusing and SDS-polyacrylamide gel) of
plasma results in at least 600 spots, representing proteins and protein
components (2). Proteins are complex- macromolecules which are highly
surface active. They readily adsorb and concentrate at interfaces by a
variety of mechanisms (3-5). There has ‘been much interest and activity in
the study of plasma protein adsorption on biomedical polymers in the hope
of establishing a correlation between adsorption and the long term blood
compatibility of cardiovascular devices (4, 5). Recently, due to an
increasinging awareness of the work of Vroman, et al. (6), there has been -
considerable interest in the competitive adsorption of plasma proteins (4).
Brash & Horbett (4) have recently coined the term, the "Vroman Effect", to
refer to the competitive adsorption behavior of proteins. There has been
some limited success in modeling the' Vroman Effect (7, 8). The actual
sequence and heirarchy of plasma protein interactions with a surface
appear to be dependent on:

1. The particular chemical nature of the polymer surface;

2. The dynamics of the polymer surface (9); ;

3. The unique structure and surface properties of each of the proteins

~ involved (5);

4. The stability and denaturation properties of each of the proteins

involved (10);

5. The liquid medium (pH, ionic strength, temperature, ions, etc.

Our group is addressing these topics. :



The nature of the solid surface is characterized by contact angle
measurements, Xx-ray photoelectron spectroscopy (XPS), and inverse gas
chromatography (IGC) (see ref. 11). IGC is helpful in obtaining a measure
of the partial acid and/or base character of the surface.

Surface dynamics is harder to quantitatively characterize (9). The
surface reorientation and restructuring which occurs in going from the air
to the aqueous solution environment can be probed via freeze-etch XPS
(12), contact angle hysteresis (9, 11), inverse liquid chromatography, and
ATR-FT-IR (13). The question that is very difficult to address is how does
the polymer surface respond to the adsorbing protein? We have no good
way to examine this question, although total internal reflection IR and
fluorescence methods offer some hope.

The structure of many proteins is well known and understood (14),
especially those proteins whose complete three dimensional structures
are known via x-ray crystallography. Using modern computers and
molecular graphics programs (15), one can "image" the protein and
consider how it may adsorb on a particular surface (3-5, 16). Most plasma
proteins are large, globular proteins whose 3-D structures are not known.
OQur approacti to this problem is to use the - domain concept of protein
structure (14) and to consider the adsorption f plasma proteins in terms
of the surface and interfacial properties of their constituent structural
domains (7). This approach requires a major commitment {0 the study and
understanding of the structure of each of the plasma proteins of interest.

The stability and denaturation properties of proteins can be assessed
by a variety of methods (10). We are examining a set of small, globular
proteins of known 3.D structure with the goal of correlating their
adsorption properties with structure and denaturation characteristics
a7y A multi domain protein often exhibits unique denaturation behavior
for each of its component domains. Unfortunately it is not possible even
for small, "simple” proteins, to model or simulate denaturation (unfolding)
using computer graphics, although progress is being made in the
understanding, prediction, and simulation of folding and unfolding of
proteins (18). !

Even if one knows the structure and dynamics of surfaces and of the
proteins, how can one study the competitive adsorption of plasma
proteins? This is normally done by radio labelling one protein and then
studying its adsorption from plasma (19). This approach is expensive,
time consuming, and only practical for examining a small number of
interacting proteins. Another approach is to use specific antibodies to
probe the concentration and nature of the adsorbed proteins (6, 20). There
are many assumptions and problems involved with this method, and it is
also impractical if one wishes to look at many different proteins at the
same time. '



We are beginning to evaluate 2-p gel electrophoresis as a method to
Mmeasure the concentration of all proteins in plasma as a function of
exposure time to polymer surfaces of high surface area. Protein
adsorption results in a depletion or decrease of the protein concentration
in the solution . The protein solution is sampled as a function of time, and
each sample is analyzed by 2-D gel electrophoresis. The different gels are
examined using computer methods to determine the solution concentration
as a function of time for each of the proteins detected. We have high
hopes and expectations for this method.

One aspect of plasma protein adsorption that is often ignored is that
the surface-induced enzyme activation which is involved in the activation
of coagulation and complement may also result in proteolysis of other
proteins. Thus, one éxpects to see "new" bands appearing and increasing
with increasing surface contact. The 2-D gel electrophoresis method
permits such processes to be detected and examined,

The study and understanding of plasma protein adsorption is complex
and fascinating. Each protein is a unique molecular machine, designed and
manufactured for a particular function (21). We must know and understand
each of those many different machines if we ever expect to understand. . .
and thus to modify and control. . -Plasma protein adsorption.

Our work is supported in part by grants from the U.S. National Science
Foundation, Army Research Office, National Heart, Lung, and Blood
‘Institute, and by the Center for Biopolymers at Interfaces at the
University of Utah.
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On-line sensors for coagulation
proteins: concept and progress report
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The assessment of blood damage and of the activation of the coagulation, complement and/or inflammatory
systems by cardiovascular and extracorporeal devices is difficult at hest. Immunoassay methods are now
available for the measurement of many of the proteins, enzymes and peptides involved in coagulation,
thrombosis, complement and inflammation. We present a long-range project and plan to develop an array of
remote, on-line, semicontinuous immunosensors for selected coagulation proteins, based on fluoro-
immunoassay principles. The free/bound separation step is performed optically. Excitation of fluorescence
is performed via an evanescent wave produced by total internal reflection and waveguide optics.
Fluorescence emission is collected only in the near field. Means to deliver fluorescently-labelled reagent
and to modify the antigen-antibody binding constant are presented and discussed. The results of non-
specific binding, plasma-blood fluorescence, and blood compatibility are also discussed.

Keywords: Biosensors, biocompatibility, coagulation, proteins, immunoassay, fibre optics, controlled delivery

Itis now generally accepted that there are no simple, direct,
single-parameter measures of the blood ‘compatibility’ of
materials or devices'?. It is generally accepted that plasma
protein adsorption and blood cell adhesion play important,
albeit complex and highly dynamic, roles®*. Although some
materials have developed a reputation for being more blood
tolerable — or less blood incompatible — than others, most,
if not all, materials and devices require active pharmaco-
logical manipulation of the patient or his blood in order to
insure the avoidance of thromboembolism.

It is desirable to be able to directly, remotely and
continuously measure those blood parameters indicative of
activation of the coagulation, complement and inflammatory
systems. Such direct, on-line, multiparameter measure-
ments would permit the physician to closely monitor the
state of her patients, to more optimally adjust anticoagulant
therapy and regimens, drug dose, etc. Such monitoring
would also permit the direct evaluation of the blood
compatibility of materials and devices in both experimental
and clinical settings and should, therefore, permit more rapid
progress in the development and improvement of bio-
materials and medical devices.

Fortunately, a variety of immunoassay and chromogenic-
fluorogenic enzyme-substrate technologies have become

Correspondence to Dr J.D. Andrade.

available in recent years to supplant and assist more classical
methods for monitoring of the haemostatic condition® .
Monoclonal antibodies are now available for most of the
coagulation proteins and their various activation and proteo-
lytic fragments’. Test kits are now commercially available for
the immunoassay of activation and split products®.

The concentration range of interest for coagulation
proteins is from about 1 mg/ml plasma on the high side to
the order of 1 ng/ml plasma on the low side®, A rough rule of
thumb for immunoassay is 0.1/K, < [Ag] < 10/K,, where
K, is the antigen {Ag)-antibody (Ab) association constant
(discussed later) and [Ag] is the Ag solution concentration?’.
Thus antibodies are required with K, values in the range of
10%t0 10" w7, depending on the antigen of interest. This
is the typical range for monoclonal antibodies, and suitable
monoclonal antibodies and immunoassays are already
available for all of the coagulation proteins®.

We and others have previously shown how proteins
can be detected at transparent solid-liquid (S-L) interfaces
using total internal reflection fluorescence (TIRF) spectro-
scopy® %12, The detection of Ag-Ab reactions at the S-L
interface via TIRF has also been demonstrated >, including
the use of optical fibre and waveguide geometries'®'9,
Single use, disposable fluoroimmunoassay tests, using
internal reflection detection geometrigs, are under commercial
development' 7%, As the costs of reagents, light sources,
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detectors, readout electronics and optical components are
reasonable and competitive, commercial products. can be
expected in the near future.

CONCEPT AND PROGRESS

There are four key problems in the development of truly
remote, on-line, continuous (or at least semicontinuous)
blood compatibility sensors based on the TIRF fluoro-
immunoassay approach'®?":

1. Stability and long-term efficacy of the immobilized Ag or
Ab;

2. Remote delivery of fluorescent ligand;

3. Modulation and regulation of the Ag-Ab binding
constant, Kj;

4. Long-term blood compatibility.

Ab IMMOBILIZATION

Although there are many possible operating modes for a
fluoroimmunosensor' &, we are focusing on the case where
Ab is covalently immobilized on the waveguide surface and
used to detect circulating Ag or hapten in solution. The
problem is to immobilize Ab such that it is efficient and
effective, preferably oriented with Ag binding sites sterically
accessible to Ag. The Ab, the chemistry by which it is
immobilized and the surface to which it is immobilized, must
be stable for the design life-time of the sensor. Methods for
effective Ab immobilization have been extensively dis-
cussed?*?%, We are using a polyethylene oxide (PEQ) tether
to a silanized silica surface®®, with the carbohydrate on the
Ab as the reacting moiety?’. The reasons for a PEQ tether are
discussed later.

If the immobilized Ab is coated or covered with a layer
of non-specifically bound protein, fibrin or thrombus, then, of
course, the sensor ceases to function — this incompatibility
problem will be discussed again later.

If the immobilized Ab is susceptible to protease attack,
then, of course, the Ab will be degraded and the sensor will
cease to function. Many surfaces are known to generate
protease activity as a result of activation of the extrinsic
coagulation®® or complement®' systems — this, too, is part
of the general ‘biocompatibility” problem.

FLUORESCENT ‘REAGENT' DELIVERY

We have previously suggested that one could develop a
label-less fluoroimmunosensor by using the intrinsic UV
(tryptophan) fluorescence of Ag and Ab'®. We have success-
fully used intrinsic UV fluorescence to monitor the adsorption
of proteins at S-L interfaces' %%, UV excitation often leads to
photochemical changes in the tryptophan side chain, with
consequent changes in the fluorescence and chemical
properties?®2® of the Ab. In addition, UV sources are still
bulky, UV detection is somewhat difficult, and — most
importantly — the UV-excited background fluorescence
from blood and related media is quite intense. For these
reasons, a useful fluoroimmunosensor will probably have to
operate in the green-red-near IR regions of the spectrum,
and therefore fluorescently-labelled ligands will be required.

The Ag of interest are not intrinsically fluorescent in
the visible. Thus a fluorescent label must be employed and
the labelled Ag must be ‘delivered’ to the remote sensor'®,
Remote delivery can be accomplished using a plumbing
system or via continuous, controlled delivery from a remote

reservoir. Lonstant reservoir delivery i1s used tor the KRGl
reference junction in combination pH electrodes, for example.
One can also use other means of insuring controlled,
continuous delivery using drug delivery technoiogiessz.
There are at least several disadvantages to the continuous
release of fluorescent-Ag or hapten:

1. A larger reservoir and larger amounts of labelled Ag or
hapten are required than would be required in a pulsed or
‘on demand’ delivery system;

2. Continuous release of a labelled Ag may lead to the
generation of an immune response and to circulating Ab,
which would greatly diminish the effectiveness of the
sensor;

3. The reservoir requirements for continuous delivery
would make it difficult to produce truly miniature multi-
channel sensors.

Rarely does one need truly continuous, reversible measure-
ments. More commonly, one may wish to make a measure-
ment every minute, every ten minutes, every hour, even every
day. In principle, on-demand delivery can be provided using
electrical, magnetic, thermal or even mechanical methods.
As our approach to remote sensing is optical, we have
chosen to develop an on-demand, optically based, reagent
delivery technology. Basically the fluorescent-labelled Ag is
coupled viaa photolabile bond to a polymer matrix. A pulse of
light of the proper intensity and wavelength results in bond
breakage, providing a pulse of released fluorescent Ag, which
then competes with circulating Ag for the Ab binding sites
on the sensor surface. The chemical details and progress to
date are available’” and are not discussed further here.

REGULATION OF THE ANTIGEN-ANTIBODY
ASSOCIATION CONSTANT

A true sensor is reversible and responds to changes in
concentration in a predictable and timely manner — a good
example is a pH or specific ion electrode. The beauty of
immunoassay is its selectivity and high sensitivity. The high
sensitivity is due to high values of K,—in excess of
102 m™" in many cases: K, is the ratio of the on-rate
constant to the off-rate constant. High K, values generally
require a small off-rate constant, which means that the
response to changes in circulating Ag concentration is very
slow?'. Ideally, we desire K, to have a value consistent with
the concentration requirements of the measurement?' and
have a value consistent with the response time desired. This
is only possible if we can regulate or modulate the K.

Ag-Ab K values can be changed by several orders of
magnitude by changes in the solution environment, such as
temperature, pH or low molecular weight solutes?3%34 Wwe
have demonstrated that the hydroxypropyl methacrylamide
(HPMA) monomer in aqueous solution is effective in
decreasing the K, of fluorescein-antifluorescyl monoclonal
antibodies by two orders of magnitude®* 3%, Poly(HPMA) is a
highly versatile, water soluble, synthetic polymer which has
been extensively studied as a polymeric drug carrier®®. We
are preparing copolymers of HPMA, HPMA derivatives
containing azobenzene side chains and methacrylic or acrylic
acid. The objective is to develop a copolymer whose
dimensions change dramatically with light. The increased
chain length ‘delivers’ a ‘solute’ to the Ab binding region,
thus changing the local ‘solution’ environment and affecting
the binding constant®',

Although there are other ways to decrease the K, this
immobilized ‘solute’, photoconformation approach is con-
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sistent with the optical needs and requirements of the other
technologies involved in sensor development. We could, of
course, employ a remote reservior or a plumbing system and
simply ‘wash’ off the bound Ag prior to a new measurement.
The arguments for and against such an approach are the
same as described above in the section on fluorescent
reagent delivery. -

There are, of course, many concerns in the study and
development of a photoconformationally-based macro-
molecular switch. These are challenging questions, however,
and therefore worthy of serious study. We feel that the ability
to regulate, under external control, Ab binding constants is
important in its own right.

CHRONIC BLOOD COMPATIBILITY

These sensors require that the optical surface containing the
immobilized Ab interface directly with the blood. As our
major interest is in the sensing of protein antigens, it is not
possible to place a membrane or other barriers between the
sensing surface and the blood. The deposition of other
plasma proteins, of blood cells or of fibrin will compromise
and in all likelihood destroy the proper functioning of the
sensor. Although one could consider the use of various
anticoagulant delivery systems to help improve blood
compatibility, what is really required is a general means of
preventing or at least minimizing such non-specific inter-
actions without compromising the specific Ab-Ag binding
vital to the sensor’s function.

An approach which shows some promise is based on
the steric exclusion arguments of colloid stability®*™*° and
the unique water solution properties of polyethylene oxide®®
(PEO). We have previously demonstrated the low protein
adsorption properties of PEO surfaces®®. Mori, Nagaoka and
Tanzana have shown that PEO-grafted surfaces have
unusually low protein and platelet adhesion properties‘m —we
have suggested they be called protein-resistant surfaces®.
Merrill and Salzman recently reviewed much of the experience
with PEO as a biomaterial*'. Davis, et al. have shown that
PEO-coated microparticles resist recognition by the reticulo-
endothelial system (RES) and circulate in the blood for
extended periods®Z.

Enzymes covered with grafted PEQ chains resist
recognition and can be used for treatment of enzyme-
deficiency diseases with greatly decreased risk of immuno-
logic recognition®®. PEQ’s steric exclusion, entropic repulsion
properties are probably due to its unique stereochemistry
and fit to the ice-like structure of water’®, a minimal
perturbation of water structure which decreases potential
hydrophabic interactions, and minimal effect on the motion
and relaxation times of water itself*’.

Although PEQ surfaces are expected to exhibit sub-
stantial blood compatibility and increasing interaction with
proteins and cells, little experience is available. Also, the
‘compatibility’ of PEO has been treated primarily as an
empirical observation, and there has been little effort at
trying to optimize and maximize the PEQ effect.

Our approach to the blood compatibility problem at
present is to design and produce PEO-containing surfaces
which are optimized with respect to blood compatibility.
Basically, all sensor surfaces will be so treated and the
antibody is immobilized via a PEO tether. However, the Ab
binding sites and the photoconformationally sensitive
macromolecules for K, regulation must be partially shielded
or isolated from the PEQ in order to function. Clearly, these
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are challenging molecular engineering problems which will
not be quickly nor easily solved.

ENGINEERING

Assuming all of the interface chemistry and biocompatibility
problems are solved, such sensors must be cheap, robust,
reliable, and quantitative. Many factors influence the intensity
of fluorescence**, and it is unlikely that intensity alone will be
sufficient for a reliable sensor. A number of reference
channels will certainly be required. In all probability, a non-
trivial quantitation algorithm will be necessary.

CONCLUSIONS

The development of truly remote, continuous high sensitivity
and specific immunosensors, capable of functioning reliably
in blood or in other biological environments, is still in its early
stages. There are a number of important technologies which
must be developed. As the work progresses, one can
envision the development and eventual production of
multichannel biosensors based on microintegrated devices
incorporating biochemical, optical and® even electronic
functions.

This paper has briefly reviewed the general concept
and at least one approach to each of the major prablems.
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PROTEINS AT INTERFACES: PRINCIPLES RELEVANT TO PROTEIN-BASED DEVICES
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Salt Lake City, Utah, 84112, U.5.A.

ABSTRACT

Proteins are nature's molecular machines. There is considerable
interest and activity in applying and adapting proteins for the development
and application of biomolecular devices and machines (1). Such applicat-
ions require the handling and processing of proteins, including their

concentration, ordering, and assembly at interfaces. The current
principles a rstanding of proteins at interfaces are presented and

rinciples apd understan

reviewed, including current theories and hypotheses. Progress in the
esign and‘ErFTTE5fT3;_3f“3ETTE??‘?E?T?EEEIEFE-EEFErials for the study and

precise assembly of protein films is also discussed, particularly gradient

and patterned surfaces.

INTRODUCTION TO PROTEINS (2,3)

Proteins are biological macromolecules consisting of some 20 or more
monomer types (amino acids) condensed into one or more chains (polypeptide
or primary sequences) via amide (-NH-CO) bonds. Many proteins also
contain covalent cross links, generally of the ~5-5-type,as well as short
carbohydrate_chains (glycoproteins). Proteins range in size from several
thousand (103) to tens of millions 107) Daltons. A particular protein
normally exhibits one or more of the following functions: catalysis
(enzymes), mechanical properties (fibrous, structural proteins), chemical
recognition (antibodies), chemico-mechanical transduction (muscle and
motion proteins), chemical regulation (many), transport (ion channels),
optical properties (luciferases,rhodopsins), electron and charge transfer,
etc. The structure of globular proteins is generally only marginally
stable, partially unfolding to a "denatured" state with a free energy
input or change of only 5-15 k cal/mole. Large proteins generally consist
of several structural and functional domains. Complex proteins are now
believed to consist of domain "building blocks".

Practically all proteins are polymeric surfactants in aqueous solution.

; Their constituent amino acids have hydrophobic and hydrophilic (neutral,
positive, or negative) character, and hydrophobic interactions are very
important in their globular stability and in their interfacial activicy.

It is now generally accepted that the placement of proteins at interfaces,
usually via adsorption from solution, results in a conformation and
orientation different from that under "normal" physiologic conditions.

Such interface microenvironment -- induced altered states can result in
"abnormal" or unexpected biochemical and biophysical properties. Several
well known examples are the interface-induced activation of blood coagu=-
lation, activation of the ¢omplement defense system, activation of
inflammatory processes, and enzyme Inactivation.

PROTEIN ADSORPTION

A number of recent conference proceedings and an edited monograph are
now available (4-6), as well as several comprehensive reviews (7-9). The
following general principles and hypotheses are now accepted and being
tested (Figure).

1. Each protein has its own distinctive and individual "surface"
chemistry produced by the outer shell of amino acids and carbohydrate
which interface with the liquid medium (7,11). (Figure a)
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2. Diffusion or convective transport results in a collision rate
between proteins in solution and the interfaces present (7,10)
(Figure b)

(;> Although protein molecules collide with the interface in many
fferent possible orientations, one specific orientation will
probably result in the most stable adsorption, with hydrophobic surface
patches oriented towards hydrophobic interfaces, anionic patches
oriented towards cationic surfaces, etc. (Figure ¢) Domain and
mosaic surfaces can be expected to have rich and complex interactions
with the domains and mosaics on the surface of the protein.

A Py
4, 1f the collision rate is very high and the interface is populated
with protein very quickly, the proteins may not show extensive
time-dependent denaturation processes (Figure d), although there may
be some adjustments Iin packing, ordering, and lateral interactions
(6'7)0 .

5. 1If the surface is not highly populated, the adsorbed protein may
denature and/or spread at the interface, altering its conformation

and orientation to optimally adjust to its new microenvironment.
(Figure d) Such events may result in the expulsion of less optimally
oriented or bound proteins from the interface, as the more optimally
oriented or bound protein spreads at the interface. (Figure e) The
tendancy for the protein to denature at the interface is related to its
intrinsic stability, including the number of disulfide bonds (12).

6. The presence of two or more different proteins in the solution
"will result in competitive adsorption processes; with that protein
which can most optimally bind and accomodate at the interface tending
to displace its less optimally bound neighbors (Figure e,f) Thus, a
complex hierarchy of adsorbed protein types and amounts can develop
with time, related to solution concentration, size, collision rates,
interface affinity, and denaturation tendencies. This behavior is now
called the "Vroman Effect"™ (12,13). :

7. 1t is possible to control and regulate protein adsorption, in part,
by modifying the surface or interface or by modifying the protein,
such as with steric exclusion modifiers (14,15). (Figure g)

8. Materials and interfaces with a micro-heterogeniety of the same
size as the structural domains or building blocks in proteins probably
have a particularly rich and complex set of adsorption properties.
 (Figure h)

CONCLUSIONS ARD PRUBPEETS..

These general concepts and hypotheses provide some appreciation and
qualitative understanding of protein interfacial processes. There is
considerable progress on the modeling and simulation of selected interfacial
properties by several groups (7,8,16-17). Due to the complexity of the
general adsorption process, however, a quantitative, truly predictive
model for complex multi-component systems will not be available in the near
future.

Even these very qualitative concepts are sufficient to suggest that it
should be possible to orient and order proteins at interfaces in order to
optimize specific activities or functioms, such as for biosensor appli-
cations (18). This can be done by modifying and/or controlling the
structure of the protein in solution or by appropriate modifications and
control of the interface itself. For example, one can now readily produce
" surfaces with a controlled gradient in properties (19,20). Patterned,
micro-heterogeneous surfaces can also be prepared (21). Protein inter-
actions and assembly on such surfaces is likely in the near future and
offers exciting possibilities for the design and fabrication of protein-



2nd International Symposium on Bioelectronic and Molecular Electronic Devices
R&D Association for Future Electron Devices, Dec,12-14,1988,Fujiyoshida,Japan, PP g

based devices (27).
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PROTEINS AT INTERFACES; ISSUES RELEVANT TO HYBRID MEDICAL DEVICES
AND ORGANS

J. D. ANDRADE

DEPARTMENT OF BIOENGINEERING
UNIVERSITY OF UTAH
SALT LAKE CITY, UTAH 84112 USA

ABSTRACT

The adhesion and growth of cells on solid supports is dependant on cell - solid surface
interactions which are in turn controlled by protein - solid surface and protein - cell
interactions. The proteins, receptors, and surface chemistries required for cell culture
and growth are now known - at least qualitatively. The structure and interfacial
properties of vitronectin, fibronectin, laminin, and mussel peptide have been briefly
considered. It is suggested that we are now in a position of being able to design - and
produce - surfaces which can influence and even control cell adhesion, growth, and
viability via surface modification, protein adsorption, and patterning processes; thus,
providing a beginning for the design and development of hybrid devices.

INTRODUCTION

Hybrid medical devices often involve one or more cell types on or in suitable materials or
supports. In a sense the culture of cells on a dish in the laboratory is the simplest
example of a hybrid "device". The dish surface provides mechanical, physical and even
chemical requirements for the adhesion, growth and viability of the cells. Different cell
lines or types have different requirements for adhesion, spreading, growth, multiplication
and general viability. If different cell types have different requirements then it is
feasonable to expect that the solid support can be designed to maintain different cell
'ypes at ditferent locations on the surface - that is, one could induce a selective ordering
O patterning of the cells, a first step in the development of a "synthetic" or hybrid "tissue".

That cells can indeed be patterned by selective modification and control of substrate
] Properties has already been well demonstrated (1-4). There is also work on the
j development of multi-layer cell-selective structures, particularly in the vascular graft field
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(5) - a step toward the design and development of three dimensional hybrid tissues.
In this brief paper we consider the role of plasma and serum protein adsorption in cell -
solid surface interactions, with emphasis on vitronectin, fibronectin, and laminin.

PROTEIN ADSORPTION:

Historically, the culture of mammalian cells on solid supports has required materials with
specific surface chemical treatments and/or a cell cutture medium containing fetal bovine
serum or other supplements containing a number of proteins and other "factors”.

When one pours cell-free cell culture media into a culture dish or support, many
interfacial processes and reactions occur (6), including the competitive, time and
concentration - dependent adsorption of plasma protein (7). Practically all proteins -
including the highly soluble, globular plasma proteins - adsorb at solid/liquid and
liquid/air interfaces. The adsorption is dependent on the surface properties of the solid,
the surface properties of the protein, the nature of the liquid medium (pH, ionic strength,
etc.), the three dimensional structure and general composition of the proteins, the
stability or denaturability of the protein and its constituent domains, and the number,
size, and concentration of proteins - all of which are "competing" for sites on the surface.
These various parameters are now beginning to be systematically addressed by many
research groups (7). Although there has been progress in understanding the adsorption
of simple proteins (8), the mechanisms and hypotheses for the adsorption of large
complex, multi-domain proteins are just beginning to be formulated (7-9). Of particular
interest and relevance are the adhesion-promoting substances. Here we consider
briefly the glycoproteins vitronectin, fibronectin and laminin and mussel-derived
adhesive polyphenolic protein.

Gorbunov and others have proposed that protein-solid interactions in chromatography
can be treated in terms of different areas or "patches” on the surface of different
interaction potential (8-10). This has been demonstrated quantitatively in the empirical
experience that Fab and Fc parts of IgG molecules adsorb differently on different
surfaces (11). Most complex proteins are known to consist of a variety of structural and
compact domains. Let us briefly treat the surface interactions of the important cell
adhesion proteins from this point of view.

VITRONECTIN (VN):

VN (also called serum spreading factor) is the main adhesive protein in routine cell
culture media (12). It is an acidic glycoprotein containing 10% carbohydrate, 459 amino
acids and exhibiting 2 molecular weights in plasma: 65,000 and 75,000. Ilts physical
properties are known (13-14); it contains at least one free - SH group and has a
tendency to multimerize. The study of amino acid sequence, coupled with analysis of
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proteolytic fragments, has resulted in proposed models which suggest a nur?ber of
different structural and functional domains (15-17). Starting from the N-terminal, we
. (‘ls?r‘natomedin B domain - first 44 residues -- probably an "independently folding
cysteine-rich domain" (16); )
RGD (Arg - Gly - Asp) - next 3 residues - the cell binding ragtoni ) _
Long cligosaccharide - containing domain (residues 48-3.4?7}. rich in prollru.a;
Highly cationic domain - next 32 residues contain 14 positive and no neg.am\fe
residues -- commonly considered to be the heparin and/or glass binding
site; .
Final (C-terminal) 10K dalton domain - partially cleavgd in plasma, accounting
for the presence of 65K and 75K dalton forms. 3
A hydropathic analysis (17) clearly demonstrates the heparin-bi.nding. very h?rc_lrophlhc,
highly basic domain (residues 342-375)(17). There is substantial hydro‘phobic‘:ﬁy on'
gither side of the heparin domain as well as in the central part of the amino acid chain.

It is not surprising, therefore, that VN binds strongly to glass (18). Fibronectin and

laminin also bind to glass (18), although VN is far more effective in inducing substrate
adhesion in cell culture (12). It may also not be too surprising that VN Pinds strongly to
polymers, and adsorbed more on the more hydrophobic polymers studied (14)‘, taven
more avidly than fibronectin. VN adsorption kinectics onto polystyrene and oxidized
polystyrene are similar -- there is some evidence for a conformational change tm
adsorption (19). Denatured VN appears to bind heparin more effectively, possibly due to
more complete exposure of the heparin binding domain in denatured VN (20,21).

It is perhaps reasonable to suggest that VN is readily denatured upon expo.sum to solid-
liquid interfaces, and that such denaturation is in large part responsible for its ability to
adsorb effectively at hydrophobic, hydrophilic, and negatively-charged surfaces. One
could say that VN is an extremely surface-active protein. More complete solution
denaturation studies, as well as surface and interfacial tension analysis, would help
elucidate the mechanisms for its interfacial activﬂ)f (9).

FIBRONECTIN (FN);

FN, (also called cold insoluble globulin) is a large, 440 K Dalton plasma .glyc.:oprotein
(30-40mg/100ml, 5% carbohydrate) with a wide variety of functions and blndll:lg
properties. It is approximately a disulfide bonded dimer (2 x 220K daltons) with an open,
flexible structure but consisting of a variety of tightly disulfide cross-linked structural and
functional domains, connected by flexible segments. Although FN is much larger and ‘
more complex than VN, it is a much better characterized protein and more infcrwation is
available (22-24). There is insufficient space here to discuss the various domains or
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their binding properties. Although most of the domains are fairly well characterized in

terms of amino acid sequence and disulfide bonding (22-24), there is little information on

the surface activity or non-specific binding attributes of the domains. Although the
complete amino acid sequencs is available (25), complete hydropathy analysis has
apparently not yet been reported. Binding ligands include DNA, cell membrane

receptors, heparin, collagen, fibrin, hyaluronic acid, staph aureus, and actin (24,25). The

major binding domains are separable by proteolysis and chromatography (26). A very
recent study has shown that the 43K dalton collagen-binding domain, which contains 10
biantennary carbohydrate chains, is the most hydrophobic, a surprise in light of the fact
that this domain contains 60% of the hydrophilic carbohydrate chains (27).

There have been many studies of the adsorption of FN at solid-liquid interfaces
(reviewed briefly in Ref. 28). Basically FN appears to adsorb more on hydrophobic than
on hydrophilic surfaces and appears to undergo a greater conformational change on
hydrophobic surfaces. The earlier studies by Grinnell and Feld, using anti-FN
antibodies (29), also demonstrated these effects. Given the domain structure of FN, one
would expect different domains to dominate the adsorption process on different
surfaces, however there has been little analysis of existing adsorption data from a
structural or function domain perspective.

A thorough analysis of the amino acid sequence hydropathy of the various FN domains,
and a comparison with such an analysis for VN, would appear to be in order.

LAMININ:

Laminin (30,31) is the most abundant basement membrane glycoprotein (13%
carbohydrate). Itis a large (~850K dalton), cross-shaped molecule with three short and
one long arms. The molecule consists of three amino acid chains with distinct
sequential domains. Laminin binds to a variety of basement membrane components, to
glass (14), to cell membrane receptors, and to heparin. The binding activities have
been roughly localized to various domains, although the domain characterization of the

molecule is in its early stages. Laminin can self-assemble into aggregates with a
defined structure (30).

Although Laminin is being used to promote adhesion on cell culture, adsorption data is
sparse.

As sequence, structural, and adsorption data develop, it will be interesting to compare
Laminin to VN and FN.
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MUSSEL POLYPHENOLIC ADHESIVE PROTEIN

Mussel Polyphenalic Adhesive Protein is now being used to treat substrates for
enhanced cell attachment and adhesion (32). The commercial name is Cell-Tak
(Biopolymers, Inc., Farmington, CT, USA). The protein consists of repeating sequences
of hexa- and deca-peptides containing alkyl, amino-alkyl, and phenolic groups. The
protein may adsorb primarily via hydrophobic and perhaps hydrogen bonding means,
and then adhere to cells via its many lysine residues. A highly random, open solution
conformation may facilitate adsorption to a wide variety of surfaces. The material is
apparently more effective than laminin or FN with respect to attachment kinetics for
several cell types. (product literature).

GRADIENT SURFACES:

It should now be clear, that at least in principle, it is possible to produce surfaces with
some selectivity for different proteins. Not only may we be able to prepare surfaces
which bind certain proteins, but we should be able to control, at least roughly, the
orientation of the adsorbed protein. For example, if our goal is cell adhesion, the VN or
FN must be bound such that the cell binding site is accessible and active. At this stage
in our understanding of protein-surface interaction, it is not possible to rigorously design
a surface with given protein-specific or cell-specific properties. Rather than produce
tens or hundreds of individual surfaces of different surface properties for study, it is now
possible to prepare surfaces with a continuous gradient in properties (33). Such
surfaces have already been very effectively used in the study of protein adsorption and
antibody binding by several groups. Using modern multichannel optical detection
equipment, it is possible to monitor protein-surface interaction over the entire gradient
surface in real time. The study of cell adhesion and culture on gradient surfaces is also
underway (4). Such approaches will permit the screening and selection of the surface
treatments and/or protein adsorption conditions required for the adhesion and growth of
desired cell types. :

PATTERNING:

Many years ago, cell adhesion researchers demonstrated that cells in culture would
respond to a patterned surface. It is now possible to generate surfaces of defined
surface chemistry and geometry by using a variety of processing techniques, including
photo-and electron-beam lithography, so widely used in integrated circuit manufacture
(34). There has been considerable interest in the growth of nerve cells on geometrically
defined surfaces (1). Klebe recently showed that fibronectin could be deposited on a
surface in a computer-controlled pattern, resulting in cell adhesion on the fibronectin-
patterned surface (2). The combination of patterning, gradient surfaces, and modern
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surface modification methods should enable one to design hybrid devices incorporating
different cell types and cell layer geometries.

One can envision and predict the development of multi-cellulor structures which could
be the precursors of true hybrid organs and devices.
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PROTEINS AT INTERFACES: PRINCIPLES AND APPLICATIONS

J.D. ANDRADE, V. HLADY, J. HERRON, J-N LIN, A.P. WEI, AND L. FENG
Department of Bioengineering, University of Utah,
Salt Lake City, Utah, 84112, U.S.A.

ABSTRACT

Proteins are nature's molecular machines. There is considerable
interest and activity in applying and adapting proteins for the
development and application of biomolecular devices and machines (1) .
Such applications require the handling and processing of proteins,
including their concentration, ordering, and assembly at interfaces.
Protein interfacial properties are also important in the
biccompatibility of medical devices and in protein processing for
biotechnology purposes. The current principles and understanding of
proteins at interfaces are presented and reviewed, including current
theories and hypotheses.

INTRODUCTION TO PROTEINS (2,3)

Proteins range in size from several thousand (103) to tens of
millions (107) Daltons. The structure of globular proteins is
generally only marginally stable, partially unfolding to a "denatured”
state with a free energy input or change of only 5-15 k cal/mole.
Large proteins generally consist of several structural and functional
domains. Complex proteins are now believed to consist of domain
"building blocks™.

Practically all proteins are polymeric surfactants in aqueous
solution. Their constituent amino acids have hydrophobic and
hydrophilic (neutral, positive, or negative) character, and
hydrophobic interactions are very important in their globular
stability and in their interfacial activity. It is now generally
accepted that the placement of proteins at interfaces, usually via
adsorption from solution, results. in a conformation and orientation
different from that under "normal" physiologic conditions. Such
interface microenvironment —- induced altered states can result in
"abnormal™ or unexpected biochemical and biophysical properties.
Several well known examples are the interface-induced activation of
blood coagulation, activation of the complement defense system,
activation of inflammatory processes, and enzyme inactivation.

PROTEIN ADSORPTION

A number of recent conference proceedings and an edited monograph
are now available (4-6), as well as several comprehensive reviews (7=
9). The following general principles and hypotheses are now accepted
and being tested (Figure).

1. Each protein has its own distinctive and individual "surface”



chemistry produced by the outer shell of amino acids and
carbohydrate which interface with the liquid medium (7,11).
(Figure a)

2. Diffusion or convective transport results in a collision rate
between proteins in solution and the interfaces present (7,10).
(Figure b) A

3. Although protein molecules collide with the interface in many
different possible orientations, one specific orientation will
probably result in the most stable adsorption, with hydrophobic
surface patches oriented towards hydrophobic interfaces, anionic
patches oriented towards cationic surfaces, etec. (Figure ¢)
Domain and mosaic surfaces can be expected to have rich and
complex interactions with the domains and mosaics on the surface
of the protein.

4. If the collision rate is very high and the interface is
populated with protein very quickly, the proteins may not show
extensive time-dependent denaturation processes (figure d),
although there may be some adjustments in packing, ordering, and
lateral interactions (4-7) .

5. 1If the surface is not highly populated, the adsorbed protein
may denature and/or spread at the interface, altering its
conformation and orientation to optimally adjust to its new
microenvironment. (Figure d) Such events may result in the
expulsion of less optimally oriented or bound proteins from the
interface, as the more optimally oriented or bound protein spreads
at the interface. (Figure e) The tendency for the protein to
denature at the interface is related to its intrinsic stability,
including the number of disulfide bonds (12).

6. The presence of two or more different proteins in the solution
will result in competitive adsorption processes; with that protein
which can most optimally bind and accommodate at the interface
tending to displace its less optimally bound neighbors (figure
e,f). Thus, a complex hierarchy of adsorbed protein types and
amounts can develop with time, related to solution concentration,
size, collision rates, interface affinity, and denaturation
tendencies. This behavior is now called the "Vroman Effect™
(12,13).

7. It is possible to control and regulate protein adsorption, in
part, by modifying the surface or interface or by modifying the
protein, such as with steric exclusion modifiers (14,15) . (figure
g)

8. Materials and interfaces with a micro-heterogeniety of the
same size as the structural domains or building blocks in proteins
probably have a particularly rich and complex set of adsorption
properties. (figure h)

CONCLUSIONS AND PROSPECTS

These general concepts and hypotheses provide some appreciation
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and gqualitative understanding of protein interfacial processes. There
js considerable progress on the modeling and simulation of selected
interfacial properties by several groups (7,8,16-17) Due to the
complexity of the general adsorption process, however, a quantitative,
truly predictive model for complex multi-component systems will not be
available in the near future.

Even these very qualitative concepts are sufficient to suggest
that it should be possible to orient and order proteins at interfaces
in order to optimize specific activities or functions, such as for
biosensor applications (18). This can be done by modifying and/or
controlling the structure of the protein in solution or by appropriate
modifications and control of the interface itself. For example, one
can now readily produce surfaces with a controlled gradient in
properties (19,20). Patterned, micro-heterogeneous surfaces can also
be prepared (21). Protein interactions and assembly on such surfaces
is5 likely in the near future and offers exciting possibilities for the
design and fabrication of protein based devices (27).

It is now becoming possible to directly observe proteins on
surfaces by scanning tunneling microscopy (STM) (23) and by atomic
force microscopy (AFM) (24).

The thrombin-induced polymerization of fibrinogen on a mica
surface has now been directly observed by AFM (24).
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PROTEINS AT INSERFACES: FRINCIPLES AND APPLICATIONS

J.D. ANDRADE, V. HLADY, J. HERRON, J-N LIN, A.P. WEI, AND L. FENG
Department of Eioenginenrinq, University of Utah,
Salt Lake City, Utah, 84112, U.S.A.

ABSTRACT

Proteins are nature's molecular machines. There is considerable
interest and activity in applying and adapting proteins for the
development and application of biomolecular devices and machines (1).
Such applications require the handling and processing of proteins,
including their concentration, ordering, and assembly at interfaces.
Protein interfacial properties are alse important in the
biocompatibility of medical devices and in protein processing for
biotechnology purposes. The current principles and understanding of
proteins at interfaces are presented and reviewed, inecluding eurrent
theories and hypotheses.

INTRODUCTION TO PROTEINS (2,3)

Froteins range in size frem several thousand (103) to tens of
millions (107) Daltons. The structure of globular proteins is
generally only marginally stable, partially unfolding to a "denaturad"
state with a free energy input or change of only 5-15 k cal/mole.
La:qg proteins generally consist of several structural and functional
demains. Complex proteins are now believed to consist of domain
"building blocks™.

Ffactically all proteins are polymerie surfactants in agquecus
solution. Their constituent amino acids have hydrophobic and
hydrophilic (neutral, positive, or negative) charnc%er, and
hydrophebie interactions are very important in their glebular
stability and in their interfacial activity. It is now generally
accepted that the placement of proteina at interfaces, usually via
adsorption from solution, results in a conformation and orientation
different from that under "normal® Physiologic conditions. Such
interface microenvironment -- induced altered states can result in
"abnormal" or unexpected biochemical and biophysical properties.
Several well known examples are the interface-induced activation of
blo?d coagulation, activation of the complement defensa system,
activation of inflammatory processes, and enzyme inactivation.

PROTEIN ADSORPTION

& number of recent conference proceedings and an edited monograph
are now available (4-6), as well as several comprehensive reviews (7-
9). The following general principles and hypotheses are now accepted
and being tested (Figure). ¥

1. Each protein has its own distinctive and individual "surface"

%

i
!
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{
]

chemiatry produced by the outer shell of amino acids and
carbohydrate which interface with the liquid medium (7,11).
(Figure a)

2. Diffusion or eonvective transport results in a collision rate
between proteins in solution and the interfaces present (7,10).
(Figure b)

3. Although protein molecules collide with the interface in many
different possible orientationsa, one specific orientation will
probably result in the most stable adsorption, with hydrophobic
surface patchea oriented towards hydrophobic interfaces, anionic
patches oriented towards cationic surfaces, ete. (Figure c)
Domain and mosaic surfaces can be expected to have rich and
complex interactions with the domains and mosaics on the surface
of the protein.

4. If the collision rate is wery high and the interface is
populated with protein very quickly, the proteins may not show
extensive time—dependent denaturation processes (figure d),
although there may be some adjustments in packing, ordering, and
lateral interactions (4-7).

5. If the surface is not highly populated, the adserbed protein
may denature and/or spread at the interface, altering itas
conformation and orientation to optimally adjust to its new
microenvironment. (Figure d) Such events may result in the
expulsion of less optimally oriented or bound proteins from the
interface, as the more optimally oriented or bound protein spreads
at the interfaca. (Figure e) The tendency for the protein to
denature at the interface is related to its intrinsic stability,
including the number of disulfide bonds (12).

6. The presence of two or more different proteins in the asclutien
will result in competitive adsorption processes; with that protein
which can most optimally bind and accommodate at the interface
tending to displace its less optimally bound neighbors (figure
e,f). Thus, a complex hierarchy of adsorbed protein types and
amounts can develop with time, related to solution concentration,
size, collision rates, interface affinity, and denaturation
tendencies. This behavior is now called the "Vroman Effect™
(12,13).

7. It is possible to control and regulate protein adsorption, in
part, by modifying the surface or interface or by modifying the
protein, such as with ateric exclusion modifiers (14,15). (figure

g)

8. Materials and interfaces with a micro-heterogeniety of the
same size as the structural domains or building blecks in proteins
probably have a particularly rich and complex set of adsorption
properties. (figure h)

CONCLUSIONS AND PROSPECTS

These general concepts and hypotheses provide some appreciation




and qualitative understanding of protein interfacial processes. There

is considerable progress on the modeling and simulation of selected
. interfacial properties by several groups (7,8,16-17) Due to the

complexity of the general adsorption process, however, a guantitative,
. truly predictive model for complex multi-component systema will not be

avallable in the near future.

Even these very gualitative concepts are sufficient to suggest
that it should be possible to orient and order proteina at interfaces
in oxder to optimize specific activities or functions, such as for
bicsensor applications (18). This can be done by modifying and/or
contreolling the structure of the protein in selution or by appropriate
modifications and control of the interface itself. For example, one
can now readily produce surfaces with a controlled gradient in
properties (19,20). Patterned, micro-hetercgeneous aurfaces can also
be prepared (21). Protein interactions and assembly on such surfaces
is likely in the near future and offers exciting posaibilities for the
design and fabrication of protein based devices (27).

It is now becoming possible to directly observe proteins on
surfaces by scanning tunneling microscopy (STM) (23) and by atemiec
force microscopy (AFM) (24).

The thrombin-induced polymerization of fibrinogen on a mica
surface has now been directly cbserved by AFM (24).
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i Pinels). This preliminary experiment has readily demcnstrated the potential
for multichannel remote immunoassay. (7)

oy

Bl

The blood response to materials and devices is d icult to moniter. It ia
dasirable To monitor the hemostatic condition in animals and patients fitted
with vivo or ex-vivo devices. Although sensors are available for bloed
jases, pressure, tesmperature, and flow - comtinuous, remote sensors of

3 are not available.

We have demonstraced the gquantitation of Ag binding by means of appropriate
stancard selutions referancing methods using tha methods and algorithms
developed for our fundamental pretein adserption studies using interfacial
fluorescence.

hemostasis or for specific prot

P

unRosansors; based on a
including prothrombin and

We have been researching the develcpment
fluoroimmuncassay technique for specific preot
antithrembin III, (3)

Thesa results and experience have led to the definition of three important
tasks, which are the specific aims of the continued work:

f

1, W& propose to immobilize antibody (Ab) and Ab fragments to sensor

surfaces by novel means which permit the Ab-antigen (Ag) binding reaction
t9 be reversible, to permit the sensor to reapond to changes in
circulating protein (A} concentration.(l,8) We must also minimize tha
proteolytic degradaticn of immobilized Ah by plasma proteases.

In addition to working with monoclonal Ab to prothrembin {gift of R.G. Mann
and W. Church, University of Vermont) and antithrembin IIT (gift of A. Baquey
and J. Caix, University of Bordeaux), we have worked with polyclonals te IgG,
monoclenals to digoxin, and monoclonals to fluoroscein, The latter has served
as an excellent model system, because the binding constants and thermodynamica
of Ab-hapten binding, including on and off rates, are known (in the bulk
solution environment). | 2. Flucrescently-labelled Ag must be deliversd to che sansing volume to

compete with cixculating Ag for the Ab binding sites on the senscr
surface. As controlled remote delivery of protein Ag can bae a problem,
¥a propese Lo use synthetic small palypeptide epitopes of the Ag of
interest. Such small (hexa= tea deca~) peptides are readily labelled with
fluors and delivered. The delivery mechanism will utilize the
temperature-sensitiva gel dalivery technology of Hoffman and coworkers.

Evanescent optical uncsensors have been demonstrated in ocur laboratory la
two different optical geometries: 1) single-refleetic RAF using a
sollimating lens to collect transmitted fluorescenrce; and 2) oeptical fibers
using evanescence for both exeitatiem ard collection of flucrescence
emission. (2,3,6,7,) Raw data obtalned in single reflection TIRF is expressed
. by surface concentration of bound antigen and has the unit of mole/em?. With

the anti-human IgG Ab system, binding constant approximately 108 .’-E'L. wa are
able to detect surface concentrations of flucrescein-labelled antigen bound to
the immobilized antibody on the order of 10714 mola/es?. This corresponds to a
solution concantration of about 10710 M. The sensitivity can be increased
using antibodies with higher binding constants., With the same Ab-Ag system, we
can detect 1079 § of Ag in sclution using the optical fiber geomeLTy.

. 3. A rellable, accurate sensor requires reference and calibration channels.

We propose to study and davelop multichannel sensors and signal
proecessing methods and algorithms to produce continuous, guantitative
monitoring of changing analyte levels. We further propose to produce
multi-analyte sensors using a small array of single analyte sensors
sharing certain reference and calibration channels.(7)

Beferenges
We and others now recognize that Ag-Ab binding at an interface is genarally
orders of magnitude "stronger” than expected, due to a variety of phanomena
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This is, of course, a serious problem. We desira that t sensor respeond
reversibly to changes in analyte concentratian. Ab-Ag int ctions in solution
are indeed raversible and controlled by the overall associaticn constant. We
have identified and discussed the key factors responsible for Ag-Ab interface
“irreversihility" and have proposed means to address and e nate each of
thesa key factors.(5,8)

We have demonstrated that the fluorescence background commonly seen in 2

fluocrcimmunoassays in blood can be almost completely eliminated by using green
Helium-Neon laser excitation (532.8 pm) and tetramethyl rhodamine (TMR)
dyes. (2)

We have demonstrated multichannel senser capabilities using a multicharpel
polyclonal anti-human albumin sensing plate expesed to fluoroscein-labelled
human albumin. The flucrescence was imaged on a twe dimensional photometric
datector (a charge coupled device-CCD- camera with a resclution of 384 x 576

e = Complexes on Solid Surfaces,™ Bipsepsors, (1983), in press.
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