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spon\cs, th.onrbosis, or tissue reactioo.
ln addition, they must be inexpensive,
casy to operate, and have a long life-

Itr thls article we discuss the de-
velopment ol biochemical-specific elec-
trode sysiems, present sone of the
Ioreseeable problcnrs lhat might be
asocialcd wiih their use, and review
the essenti.l literature

The basic funclional concepr of ihe
''enzyne elcctrode' is the continuors,
insianlaneous, electrochemical mori
torine of enzynie'catalyzed reactioN,
in which a substrate, coenzyne. or in-
hibitor is converted inlo a product by
means ol an euyme. The relative con
centratioD of thc rcactants can be
vaded so that analytical techniqud are
obtained in which lhe rcaction rates or
equillbrium concentratiols are propor-
tionll to the liniting codponents. Elec
troactive specics either produced or
consumcd by the reaclion may be de-
teclcd by conmcrcial sohte specinc
electrode!, the signal thus produced
being rclated 10 thc limiting reactant.
If a system car be designed such that
the enzymes arc immobilized or con-
l ra incd 10 the immediate v ic in i ly  of
lhe electrod+thcsc enzymes being ca
pable ol continuous catalyris in com
plex phvsblogical fluid!''a Dew bio

catalyzed by immobilizcd cnzymes.
These devices can thcorclicaliy be
made to detcrmine metaboiites, en-
zyfrcs, coelzymes! or enzyme inhibi
tom, in situ, without special prepa.ation
ol the sample. Widesprcad alplica-
tion can bc prcdicted for Ncb elec-
irodcs in both experimental and cliri
cal nredicire if thcy catr be made to
li'nction spe.ificallv and accurately,
and il thcy can be.used for nondcstruc,
t ive,  iDstantaneous.  and conLinuous de
terminalions in situ. EDzyme eleclrodes
nrust not promote undcsirrble physio,
logicat rcsponses, such as antigcDic re,

Enzyme Electrodes

flectrode. conlr ining immobil ized enz) mes could be
used to monito. specific metabolites.

David A. Cough and Joseph D. Andradc

There is currenuy corsidefable in
lercst in the develolment of biocbemi-
cal-specilic eleclrodes that could be
used to monitor and regulatc the con-
centrations of biochenicals h body
nuids. Some very selective biochemical
sensors have been made recently i!
which cotrventional solute specific clcc-
trodes are used to monitor reactions

Science rnd lnsiieeing or



chemical-specific electrode is feasible.
Obviously, the term -cuymc elcctrode '
is not rigorousiy accurale because lhese
devices may bc made sensitivc ao sub'
ltratc, product, eDzymic effedors, or
enzym€s themselves. We prefer to use
the lerm, however, to dcscribe bio-
cheni*l-specinc elechodes lhat are
dependelt on imrnobilized enzymes.
until more dccurlrc terms becomc

Electrode Chamcaerxtics

The most commonly known solutc-
spccific electrode is the glass pH elec
lrode. When rcferenced against a
standard rcitrcnce elcctrode. a poler-
tial difierence is produced which is
proponional to the pH of the sol tion,
according to the Ne.nst equation. Such
an clectrode nlay bc useful for follow
ine enzynre reactions in which hydro-
gen ions are a prodnct. Their use is
timited, however, because most enzyme
reactioDs .re not linear over a broad
pH range and for accurate rcsults the
reaction media must have a low bulTer-
ing capacity, thc oppositc of maDy
physiological iluids.

The composition of the eleclrode
glass nlay be varied expcrinlcntally so
that the rcsultant polential is propoF
lional to the potasiur!. sodium, am
monium- or orher cations iD sohtion.
In sone other types ol speclfic ior
clectrodcs, lngenious liquid or solid ion
exchange mcnbmres are empio)€d.
Descriptions of these electrodes and
thcir mcchanisnrs of operation have
been discussed in detail (1,2). of the
more than 20 specific ion eleclrodes
available conmercially, only lhose scn-
sitive to species participating in en-
zymic reactions will be useful in tbis
applicalion. Thc clccrrodcs tbat wiLl be
of most immediate use are those spe-
cinc for rH, anmonium, and olher
monolalent cations (.1), and cyanide
(l). A phosphalc-specific electrode has
bcen reportcd (5), but does not appear
to be adequately selective or reprodlci-

The electrodes now available are not
Senerally completely selectlve for the
desircd sfecies. For dxamtLe. if thc
cnzynrc reaction produces NHr which
is to be measured, the electrode may
rcspond not only to NHr r , but also &r
Na-,  K ' .  aDd other  cat ions in  solLr
tion, as well as,,H. Ihis effect nray bc
eliminated by referencine ae.inst an'
olher cation electrode, which cannot

respoDd to the NHl lormed from the
rcactioD because of dilisional or flow
efiects, bul rdponds to everything elsc.
By deternining electmnically the difier-
ence bctween the rwo, a signal that is
only proportional to t}e NHj- pro-
duced by tbe cnzyme rcaction will be

Truly continuoxs measurements can
bc hadc only when the signal-bearing
spccies is continuously removed or con-
verted by the elecrode, such as in
polarogralhic of ampe.omclric sys
tems. Mos! ioD-selective electrodes are
poteniiometdc, however.

The response of spccilic ion elec
trodes has bccn discussed elsewhere
( /  ) .  ldeal ly ,  spcci f ic  ion e lect rode5
providc r linca. Nchnian rcsponsc of
0.059 volL at 25'C pcr dccihal changc
in actility of moDovalent cation ove.
a certain raD-qe of concentration, Rc-
sponse times arc on the order of sec,
onds or lcss ftrr nrost cleclrodcs, mak
iDg electrode kiDetics a minimal con-

Polarogralhic measufements are
made by measuring a change in cur-
reDt as a function of changing poier-
tial between two incrt nletal electrodes.
and are uselul for detecting several
species in solurion that iave a chrr-
acteristic plateau al a kno\rn poten-
tial. Although polarography iiself may
not bc vc.! uselul to tbe system of
iirlcrcst. consilnt polential poiarog
raph,v. of anrperometry (in which th.
curent is propo.tional to a certain
spccics rcduccd or oxidized at a nxed
potential), has application. This is the
basi! for thc operation of the well-
known Clark rO, elecbode (6). where
in oxygeD di$uses through a gas per
me.ble polymer membranc and is r.-
duced at a platinum eleclrode. whicl
is kept at a fixed potential witb re-
spect to a silveFsilver chlodde refer
encc clcctrode. Response time is on
tbe order of seconds when menbrancs
highly pcrn1cable 10 ox)gen are used.

lt is also posibie to xse metal elec-
lrodcs in thc lorm of a! anal]lical fuel
cell, the sho circuit currenl being
propoftional lo the biochemical sub
stnte. The eiTect of inlerfering species
may be minimized by selective mem-
braDcs. Rclatively high currents mry
be obtained by efiicient electrochcfr

The ,,COr cLcclrode is aho a well-
known clinical tool (7). Tbe basis
of tbis electrode is difiusion of car-
bon dioxidc through a gaspermcable
polymer membranc into m iDiernal

aqueous solution of 6xed bicarbonate
concentration. Tbe carbon dioxide is
hyd.ated to carbonic acid in a slower.
rate-determining step. then rapidly
ionized lo bicarbonate and hydroger
ion. This cause, a change in the pH
of the internal solution, as determined
by a potentiometric rH elechode. This
electrode bas some limilations for en-
zyme electrode applications. Ir rcsponds
only 1o carbon dioxide. while the
prodoci of mary enzyme reactions is
bica.bonatc. The response time mny
also be too long for many applications.
Membranes of hieher perneability, and
po$ibly membranes with enzymatic
activity, may significanlly rcduce ihe
response time of this electrode.

),lctal elect.odes have been used to
mcasurc cnzymatic oxidatior-reduction
rcaclions in which the oxidation state
of a coenzyme or intermediate com-
pound is dirccdy changcd at the elec-
trode (8). Such systems will be oper
able if precaxtions are taken 1o prevent
excessive adsorltion or interference
wheD the melal electrodes are placed
ir multicomponent systens.

Innobilized EDzymes

Numerous nrcthods of enzyme im
nlofilization hrvc been reported in
thc l i ientu.c (9 / . / ) .  Several  tech-
niqLres are usefll in the desisD of
elcctrodes. The enzyme can bc cn-
trapped wllhin a synthetic hydrophilic
Sel. cro\s-links can be formed bclween
the molecrles of the enzyme to make
membranes. lhe enzynre can be chem'
ically bound !o membrales or other
surlxccs, thc cnzynrc can be cofolymer
ized with othcr enzymes or proteins,
or the enzyme can be physically eD-
irapled betwccn hcnbranes. Other
techniqLrcs are available and may be
useful fbr certain design requirements.
Acidic or basic grouls may bc polyner,
ized in thc supportiry polymer matrix
in which the euyme is lmmobilized in
ruch a way tbat the pH in the inme-
diale viciDity of thc enzyme is opti-
mum, while rhlt of the bulk solution
is dilierent. Such technlqucs can opli-
mize kinctics ud possjbly make an
olhcrwise inoperable systcm workable.
The method ol itrmobilizaiion will
depend on thc la.ticular elzymc elec

Sone eMyme rcactions may require
the immobilization of subsirates or co,
enzymes. The t'igh cost of many co-
enzymes makes prohibitive lhe simple



addition of non rate limiting excesses
!o each sanple to be measured. Prob-
ably the most practical lechniques will
be the covalert bondiDg of the co-
erzyme 10 a sudace in such a way
that reaction is still possible. as rc-
ported recently (12), or the covalent
bonding of the coenzyme difectly to the
enzyne or  other  immobi l ized pa. t ic le
by tecbniqles which perruit calalylic
aclion. Containncnt by ! menbrane of
seleclive pore size or slow release
throueh a glass frit to which the en-
zymc is bound may be necesary in

An important problen is heat in-
activation of many enzymcs at physio-
logical lehperalurcs. Thc long-term
Dsefulncss ot biochcmical electrodes
will bc seriously linrited jf methods of
thermal stabilization canDoi be found.
Ore approach to this problem may be
the use of only partlally pfiined cn'
zyme exfuacisj or the enzyme nright be
mixed rrith stabilizing species which
will Dot inierfere with the reaction.
Somc inmobilization melhods are re
porled to stabilize certain enzymes for
periods longer than tbeir lifelimes io
v ivo (1I ,  1J) .  Howevcr ,  whiLe perhaps
not all erzymes of immediate inierest
arc now capable of being stabilized for
pcrformance under the desired condi
tions, many can be adequately stabi
lizcd and currcnl rcscarch inlo new
techniqucs holds much promise (14).

Some eDzymes ihai do not produce
elecroactive species may bc linkcd 10
olher eDzymcs in such a way that the
product of the fi|st enzymc reaction
becomes the substrate for the second
cnzyne which irvolves an electroactive
parlicipaDt, thus greaily expanding the
nurnber of species that can be moni
tored. Studies indicate that these sys-
tens may be most eflicient if thc cn-
zymes are mixed in the same phase to
avoid unnecesary dilTusionaL efiects
(/5). Such multistep syslems show
some similarity to processes in vivo.

Although elcctrods will operate un-
d$ equilibrium or steady state condi
tions, thel, must be characterized kinet
ically in order to determine the raDge
ud rate of reslonse. Erzyne kinetics
in the liquid pbase (whcrc dilTusional
effcch are absent during 'the initial
siages of the Ieactjon) havc bcen well
studied. Sone studies rclating difiu,
sional (10, 16), charge (17), and
boundary layer efiects (18) 1() heter-
ogenous phase enzync kinetis have
becn madej product inhibition (/8)
and two'enzyme systems (19) have

aho been studied. The daia indicate
thai immobilized enzymes can be char-
acterized kinetically by thc lumovcr
number, conccntration and Michaelis
con(ant (K ) of the enzyme, the nature
.nd dimeDsions of the catalytic layer,
thc diffusivilics of fanicilating spccies.
.nd lhe eslimated thickDe$ of the
boundaly layer. Diffusion of subsrate
througb lhe pbysiological media may
aho havc a liniting effect. Response
ol an imnobilized enzyme elect.ode

Many solute-spccific eleclrodes can-
not respond to very low conccntralioDs
of solute, such !s concentrations les
than 10 6M. This may limit the feasi-
bility of certain enzyme electrode!
since the citical concentrations of
sonre compounds in ph)siological nuids
are quite low. Anotbcr importan! con,
sidemtion i! tha! electrodes determine
activities, Dot concentrations, In nany
'nstuces, ihe clinical significance of
act iv i t ies measurcd in  s i tu  is  not  known.
However, this nray lead to sorne useful

Applications oi erzyme electrodes in
flowing systcms will require conlidcra
tion of boundary layer artifacts and
strcaming potentials. This has bcer
studled wilh glals clcclrodes in physl-
ological soluiioDs (?0).

The clectrode will also hale to be
dcligned to avoid any undesimble
lhysiologic rcspon5cs. such as proiein
deposition. thrombosis, otigenic reac-
tion, or thc form.tion of a di(Iusion
resistant tissue capsulc around the elec-
lrode (?l).   hydrophilic biocornpati
ble menbrane that excludcs compouDds
of given molecular weight corld bc
flaced between the ractive Iayer and
the physiological envjronmcnt. Such a
membranc should result in minimal
protein deposiiion and thrombosis and
should prevcnt species ol large. nolcc-
uhr weight from passjng while at the
same i imc prcv id ing.  h ighly  aqueous
nicdiunr ior ortimal $bstrale dinu'

An excellenl review of electrochemi,
cal mcthods of no.itoring conventional
eMymatrc roactions has been pub
lished (2?). lD the present article we
describc only self containcd biochemi-
cal electrode systems in which the
enzyme or subnrale has been physi-
cally immobilized in the vicinity of the
sensor or bonded ro ir.

Probably the firsi account of an en-
zyme elccrrode wls given by Clark and
Lyons (?J). They obtained potenli,
ometric delcrminalions of glucose and
lroposed that glucose could also be
determined amperohetrically by means
of glucose oxidase inmobilized be-
tween Cuprophane membranes, accord-

crucor + o. + Ho 3l:: 111:
.ellconic acid + H.ar.

Determidations were made from a solu-
lion of low bufiering sbcngth. Updike
a.d Hicks (2.1) introduced the ierm
''enzyme electrode' and nade a dual
cathode Clark type oxygen elcctrode
with glucose oxidase innobilized in
polyacrylamide gcl. The eleclrode was
used to detcrmile glucose from wholc
bkD'i !nd Iilasma. and lhlrs demon-
slrated the feasibility of measurements
being obtaincd from complex soltrlions.
Thc rcsponse time was approxinately
30 seconds. Clalk (2J) suggested
changing the potentiai across the etec-
rodes so that they would respond to
hydrogen peroxide production instead
of oxygen uptakc, lhus rcducing the
problem of inlcrference f.om oxygeD
rn solulion. Erroneous rcadings caused
by smlll amounts ol catalase or per
o\idase fotrnd in nost enzyme prep-
aralions or in physiological solutes can
be minimizcd by suitablc hcmbrane,
elecftode design (?5) or by inhibitors.
Williams ./ .1. (-26) replaced oxygen
as lhe hydrogcn rcceptor  wi th quinonc,
to monitor glucose according to the

Cln.ose I quinonc + H.o qruc6e orda'

elu.onic acid + hydroquinone
Hydroquinone rj quinone + 2H + 2e

where thc reaction potential is 0.4
volt with reference to a standard calo-
nlel electrode. Clucose oxidale was
held between layers of dialysis pape!.
Tbe enzyme hom Aspe4:illus nieet
was uscd because it can ulilize quinone
as a hydroeen acccptor and does not
requ're other coenzymesj as does the
cnzyme fronr other sources. Deter,
minations required the addition of btrf,
fer salts and quinone to maintain ade-
quate pH and prevcnt the diffusion of
quinoDe out of the enzyme layer. An
electrode to determire lacrate was also
reported in the same commxnication
(?6), based on the oxidation of laciare
by ferricyanide. The reaction is cata-
lyzed by lactate dehydrosenasc (c}lo,



cbronc b j .  E.C.  1.1.2.3) .  which does
not rcquirc nicotinlmide adenine di
nucleotide as hydrogen acceplof, ac
cording io  rhe fo l lowing cquat ions

CI l ,  CHOH COO +21:e(CN) 'Dn

o
cHi C COO- + 2Fe(cN)rr+ 2H
2f , .e(cN).  : l2Fe(CN)n'  + 2e

whcrc lhe rcaction polential is 0.4
volt with referelce Io a standr crlo-
mel electrode. Thc enzymc was held
beMeetr dillysis membranes. Bec.use
of the low rn of thh enzyme (K,.=
1.2 mM).  i !  was rccesr l r ]  to  d i lu tc  the
sample with buffered K3Fe(CN)..
Steady stete measuremcDts were made
in 3 io 10 mi!!tes. The authors
claincd !hal thit sysleni demonslrated
iDcreased seDsi t iv i ty  o!cr  spcctr r i  lcch '
n iques (26) .

wingard .r al. (22) havc lroposed
constant current voltametry as a
method for evahr.lion of elccrodes
containing immobilized oxldative en
zyncs as catalysts. This design was
originally sugge(ed as a fuel ceu. Be$
man and Schultz (lJ) have uled the
lucl cell conccpt to monitor glucose.

Several enzyme electrodes b.sed on
potentiomelric cation- and anmonium
jon sfecinc eleclrodes nave been rc-
ported. Guilbault and lvlontalvo (23)
made a urea transducer by imnobiliz-
ing urease ln a thin layer of acrylamide
gel held over the surface of a calior
elcctrode by cellophane fi]m. The re'

o
NI]. c-NH. + 2H.O l1i:

N H " + N H ,  + H C O ,

Thc elcctrode was used for perjods of
up to 3 weeks al 25oC with no loss of
activ;ly and it responded to xrea con
centrar ions f rom 5x 10 5 to l .6x
10 IM in r r is(hydro{yneth,v l )amino
melhane buffer, with an optimal rc-
sponsc lime of approximately 25 sec-
onds. trlany taramctcB alTccling the
function of the electrodc were charac-
tertcd (?9). Thc response was nor i'!
dependent of Na: rnq K+ ions whcn
the Na r ion concentration was Sreater
thatr one-hall ot thc urca conccntration
and the K+ ion concellralion was
greatcr than one fifth of the ure. con
centntion, placing limitations on the
brfer that could be used. The enzyme
gcl lxycr had io bc washed aftcr each
dcrcrnr inat ian.  nrak ing l ru ly  cont inuols

or rapjd meastrcftenls imlossible.
Similar electrodcs were evaluated for
the detcrmiDation of xrea in blood atrd
urine (-t). Thc sample was diluted and
ion cxchange resin added directly 1o
eliminate cation inlfffcrence. The elec-
trodc showcd precisiotr and .ccuracy
compa.able wi th spectra l ,nethods.

Electrodes specinc for amino .cjds
have been descibed (Jr). L-Amino
icid oxidaxc (r--AAo) was immobjl-
ized by seleral methods at the tip of
a conmercially ivailable cation clcc-
t .ode.  The re.ct ion is

O R
o c atH NH,,+ Hol o: ,:\:9

O R
o  c - c = o + N l l ,  + H . o .

Thc Iurlher nonenzynatic releasc of
CO, by the fo l lowins cquat ion

R
Io=c  o  +co r+ l l o

is p.cvcntcd by rdding a shall atuoDnl
of catalase to the enzyme layer. which
cataly4s lnc rcacllon

H,o. .t'l[: L/o H,o

tr givc the toLll reacliorl

H NH. _F Yro.  J
O R

o  c  c = o + N E I ,

in bufiered flavire adenine dinucleotide
solution, r we.kly bound difiusible co
cnzync. Thc resfonse was trot in-
creased by higb concentralions of oxy-
gen but was dcpendcnt on 1,H. A rery
similar electrode for asparagine was
also rcported (J/), aspamginase being
uscd as the catalyst. The addition of a
coenzyme was nor necesary.

A potenliometric €lectrode for glu,
hminc has bccn reportcd and charac-
terized (-r.l). The eleclrode response
was reprodtrcible for up !o 8 hours.
The caLalytic reaction was dependent
on r,H and inhibjtcd by calions; mea
surcmetrls were made in dilute aqueous

An intcrcstitrg approach to ihe deter
mitration ol enzyme activity wjrh !o'
tentiometric cation electrodes ha! bcen
repofted (- ) in which innobjlized
subnrrtcs were used. A liquid layer of
urea was pased belwcen the electrode
tip and a dialysis nrembrane in a con-
linuous or internlted flow proce$.
Urea dillused throrgh the nenbrane
and w.s catatyzed by ucasc in diluie
aqueous solution\. Thc ammonirm
ion produccd wls detected by ibe
cation electrode. Although lhis ap-
proach probably reqrires nuch nore
study beforc it can be of significanl
practicll use, jt suggest! some inierest-

An clecttudc spccinc for amlgdalin
bascd on ! solid slate polentionret.ic
cyanide electrode har bccn rcported
and cha.actffizcd (4). p-Ctlucosidase,
immobilized in acrylamidc sel. hy
drolyzcs anlygdaliD by the followjng

O R

o  c c

O R
o  c c

O R

The addition of calalase seems to im
prove lhe electrode, probably because
oxygcn is generaled, which is necessary
Ior the oidase reaction- These clec-
trodes wcre rcporled to ienrain stible
Ior about 2 weeks. and showcd I to
2-ninutc response times 10 amino acids
nr dilde bufie. so]utions (.10)

Electrodes specific lor D-amino acids
rv|ich a.c catalyzcd by D amiro acid
oxid^sc {D AAO) have been reported
(J l ) .  The react ion is

2 C.H,.O" + C"H"CHO + HCN
Thc I i le t inc of  th is  c lc . l rodc is  l im-
iled by the dissolutioD of the cyanide
sensing cryslal nenbrane, which is
c la imed to h lvc a work ing l i fe l jmc of
200 hours ( .1) .

From the discussion of electrodes
and enzymes herein, and from the ac
coxnts of enzyme clcctrodcs that have
appeared jn thc literature, clinical de,
lcrminations of ce ain metabolites and
soluble enzymes by ncans of cnzyne
clcctrodcs seem quite feasible. Strcl
devices may be madc hishly spccific
by lhe use oi appropriate erzymes and

O  C  C I I - N H .  + O "  -

c H.cHcN +
oc,,H.o,

o
o  c  R+NH,  +C-o ,

where the cation is monitored by a
poientiomctric cation clcclrodc, It was
fould tbat stability of ihe acrrllmidc
enzyme gel or liquid laycr could bc
maifiaired for 21 days if it were stored



a high degree of accuracy cd be ob-
tained. Instantaneous and conlinuous
deteminations can be nade from
physiological fluids, and undesirabl€
physiologic responses can theoretically
bc minimized, thus making long-term
clirical moniloring a possibility. En-
zyme ctectrodes may also haye a useful
tjfetine atrd meet other practical re-
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^  S U R F A C E S  W I T H  M I N I M A L  O RSELE.C.TIVE PROTEIN AOSONPi iONINTERACTIONS AS MODE'BIOMEDICAL POLYMERJ

INTRODUCTION
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EXPERI}IENTAI

I'late!1a1s ?!eparatlon

The €gercse  used ln  th ls  s rudy  1s  obra ined f ton  pharhac la  l1 le
: : : : l : .  

r  . .  u n (  r c s . r i n k e d  s e p h - r o s e  4 B _ 2 o o  
" . , d _ .  A r ; ; ; ; ; ;  * , . - ; :ff :i::: iJ; *.''"',,' i.";:i : I :l: l'1".,.:',::;" rl.::;;i:: ;ii;.;i

a1t  these nerhods  requ i re  the  use  or  o r  p roduce c loss t inked se1s .s ince  tus t  o r  the  convent ionar  in  v i t ro  and t "  
" ; - ; i ; i ; . : ; i ; ;p rocedures  ! r i l i se  fab ! icared  snoo l

:1.::y:1": lrocedures'", .'0,' u"'.?*iii:::::' " i' "_:1'.:".":i::i:: ::i3.";:"":.,"#"#,JJ..i.,"j: .* beads can be redissorved for use

I t  l ras  p rev lous ly  been shom th
15"iu 9. .i"n."e.J'i'';;.;;":.;;::.'::;:::.:'"""1,:1.'""i::-:::
their  phrsical .  character ist lcs (c. l rn. ,  

" t  "1. ,  r ; ; ; j . -  ; ; - : i l :
" lyoy, ctr"  Sepharose 4B-200 beads Fere exchaased , i rh 

" . . . . " . ; ;: " 1 " 1 " : I  g ' * , : ,  r e x  b i r i , v  : r  d e , _ v " , _ . . , . o ,  p r o c p d , r F !  u , ( h  r e6 0 l \ e n r ,  I h e  a g a - o s - _ a c e t o n e  s r " p e n s i o l  r r s  r , " n

::i:i'!::1,.':i:' .!::".J?::""""",:.-l' "i$;#.':.1,.;_".: "n:r:;i;
group is  t r i t ium label ted to a ld in  quanr i f icar ion of  aer ivat i ,s-at ioo,  The d€l ivar ised agalose is  then sequenr larry  exchan8ed a i rh

-  Unerossl lnked agarose exhib i rs  rhe ct raracter isr ic  of  d ls-s o l L r r o n  _ n  1 o L  u d  e r  d n d  g - l - r ' . o n  n  ! " , e r  D e l o J  r O  . -
l!,;l: l'""'.' "x.",1"-1:. 1: f :.'ii:.,.,J,;: " ;j * l, J :,j;;"::, ;:i{ " : : j:::i l : .": i"":"".".. t t ,  

in dimerrryr surphoaide. si, .r"""" 
"." ". . , ' r .".

,  P t C  h a r e r i a t .  - r e  r e " o i l )  a v€i  " b t e  i r  ae c u r d r  u e : g h r  f r d c r i o n .  \ B a i  L e y  - n d  r o t e - k - ,
€cu1e 1s  dep ic ted  as :

w lde  va r i e l y  o f  do  L -
r 9 7 9 ) .  T h e  p E c  n o ] ,

H0 (c r12cH2_0)xH

Rela t ive l t  €asy  mod i f i car ion  o f  rh1."'1'" r'. "r,";i*r _.i""ti.. ;; ;.j ";:.::l::.xl*T'*:.fj;":::l*.;:#",Ti;"'"'. *i::"..:*"Ji1.'J.'""ss phossene * p"a-" iii ri"-
mt;'.:".*::::'".,"xt:lt*1?ji:::1,*'"{.::h[:,ff ,i'ir!
: ' ' , . ; . .  - .  ors q." , i ,  i .  ; ; ; ; ' , ; " ." . ' "T"," ' : "1":  =: : , : : ;  . ' : " ; i :: r . a n  i n e r r  , - p r o ! : . ,  s o  , . " ,  . , " f  , .  , - , t y . . , ";:";::":;...:i'""i,'" ii';:;..' "". "T:,i:,"'. ::::,1...""..t.;i:;::;:i
looo cen?era ture  in  vacu ln .



2 1 6 Gregonis e i  a l

{a te r l a l s  Cha rac Ie r l sa r i on

: h e  . - . - l L - r r  ! n a , c  . e r i s p d  D y  c o . d r . i n g _ - e c e d : n q , a E e .
c o r _ d . L  a  8 l - .  -  g  l h e  "  l h e  i \  t . J ( e  p r o , - o , r - ,  . _  o )  p . o L o
e r e r L  o n  . p - c L r o . . o o  I  5  u .  i n 8  d  e .  < r  r  p a . . . . o  , q . 0 b  i ; - E ! L _t r . n t  -  '  o p  : - d l  t n e  o A L - c -  d , g l e  I , L ! ,  - . . r c . . -  o n
? : : : : " . .  

* "  de r i va t i sed  asa rose  have  p i ev i ous l ,  been  repo r red(L: regonis er  ar . ,  1982).  L.s  ,err inS ansles are obseNeJ wirhlnCer ivar ised a€arose e ich Din imat  .oncact  angle hrsrere6is ind l_
t : , 1 , !  f n "  . h e  , 1 . f "  .  - . e  . _ s .  ,  u s L r  ,  , e .  I  F  L .  . . e .  o r  . . L r r  L' n - D r L  l r l d  d o d e . )  \  - e - - o - e  a e r r . o , : > e o  

"  
,  "  .  .  .  ,  -  .  

"  8  .  -  
"  

.  ;  .subs t l tuE ion  become nore  nrdro lhobtc  , i rh  iL lc reas ing  am;unts  o fa rk ) i r  g roup !o  a  leve i  o f  a60 lnoL a lky l  g ioup p . ,  rL  o r  pac t .a

" - c : : ^ :  
.  l .  L - '  ^  : . .  .  . " 1 - . ' , . : ,  

" " . . " "  " ,5 u  u U -  
" . . . ' . : . . e  '  0 ' - , .  , . c e o . g  

" n g . .  . t c  o . C  , o r p L e l

u  r e , - d I B t  | ,  t : E r  F  . h d  t "  o  . . e  d , E t c  u . , h  n o . c L t "  , e i E : L

ESCA ana lys ls  s t ro rs  t t re  der i lac ised  agarose sur faces  ro  conra in
onry  carbon ard  ox tgen!  rhus  to  be  f ree  o i  o rher  e iemenra t  concamin_
at lo r  (ESCA does ro r  l ie rec t  n rdrogeq)  , i rh  inc teas tng  aoounrs  o :c L  - r y p e  . - r b o n  : r . p  " 1 . 0 1  L o  o .  g e :  c r  i ,  . - - s j . g  o ; . i \ _ . r . " r i o r

, e  _ . b o :  D . : .  ! e  D , o t e n  d o i  . . , _ o  
" " . ) t . . ! l . e r  - , ocarbonate  carbon or id !c ion  s ra t€s  and sho,  c lose  co fe :a ! io .  { i r t lbu ik  d€r i var isa ! ion  anaLrs ls .  rhe  rnc  era i ied  
" " ,1 . * "  ; ; " ; ; . ;e rea ter  anornrs  o i  e rher  .a rbon aE rne  sL t face  r l tn  inc ;eas iDEnorecutar  (e jgb !  o i  rEG,  as  e \pecred .  Opc ica i  * i . ros . .py  

"h . .s  
; ; :

b .  ionogereous  ard  pa ! r i cuLate  f ree .

IROIEIN ADSOI.!TION S1UDI]iS

!rocein adso.pr ion ro f lar  sur iaces is  nor i tored wirh the rora lucehal  ref lecrarce in t r ins ic  f luorescence (1rRrr)  rechnlque {va;l iasenen et  at . ,  1982).  The inrr i rs jc  f luorescedce or  t .ypropt  
" i_conta in ins prore ins,  exc i red ar  280 nn,  is  neasured r t  t r r "  in t . . tu""beac coluans neas! ! ins rar ios of  unbound prore ia f lact ions (ehtedqirh pH 7.1 pnosphare buf f€red sal ine)  an;  b"""d p." r . i "  f . " ; ; ; ; ; ;(e lu ied r i rh a nydroptrobic  buf fex of  50:50 p1."pr , . . .  u"r i - i " isa l ine:gLyceroi  conta in ing l i :  n-b! ranoI) .

Prore in adsorpr ion to t 'Lat  sur faces 1s nor i ro!ed , i rh  r t re tora linre lnaL ref rectarc€ inr r i4s ic  t1!o iescen* r r rn i r l  .J . iq""  
- i i l i

tasenen ec a l . ,  1982).  rhe in t r lns ic  f tuorescerce . f  c .y ; r " !h" ; -concaanlng ! roceins,  exc iced a!  280 rn,  is  oeasured at  rhe inrer faceusing !ora1 i r ternat  re i lec!ance of  the excl rar ion 1 ishr .  i ; ;rh ich decafs across rhe inrer face exci tes lhe t r rD_L o p l  " . s .  . , e  . :  e .  .  r o . e  - . ! e  . , 0 - 1 r ,  n n .  c o t  " , r e a  " . " "
e  in lens i t ,  a r  j20_350 nd  a f te r  eaposure  o f  lhe

Sai lev,  I

I , I '

1 6 ,  l

J .  D .

(  I 9 7 ;
J .  Ch l

H a l l e r ,  I .
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;; : : : " ; , ,?."#::11"Proteins 
o! serum and then r lushins wirh phos-

AC(!.'oWLEDGL\iENTS

ln:  ^ .1" : . .  acknor leds€ r i lanc iaL suppoir  f !on che Nar ional  rnsr i_c u t e s . o f  l i e a l r h  s r a n r  H L 2 6 4 6 e  . " a  t . " t " i " " i  
" " " i " ; ; . ; - ; ; ;  

j ; : : ; ;

IN VITRO BLOOD INTERACTIONS

11"-"" . f " " " "  'ere evaruared by norhal

;;;;ixf:;" ;1q,I$:i"fi . 11#n":+?T*l:,r;r:i j#ft':::.
:i:::,'*" ",,iilff':1"."i ".','-i.i',,1iji':l; " tt" "r'ii'r'e ".-i.* r"i"
!;,111;:::';*x":.""x".".Tt'"i*i;r?:.ti*t:i: j: ji:':i!i
p r o c e d u r e  ( u o h a M a d  e r  a t . ,  1 9 7 4 ) .

.," ";:;.::""i l : i?:::""i::.:::.. i1":i:*nsed 
cl0Ltins,imes over a1L

",;,.:;" ;";;;""';i:;"i::':::",;:::i"ii.::lii.:.':l:, "H!,.1::,'::

' l . ' l t '  ' : !  i

Lkyl

REIIRNNC!S

u " t t " f l , l : l : :  r r .  a n d  K o r e s k e ,  r . v .  ( r e 7 e ) .  ? o l y ( e t h y L e n e  o x l d e ) ,^caden ic  Press ,  t ies  york .
B q L r F I l .  , r . .  r ) " r . ,  , r . .  t . - , o  - ,  - . r , ,  " . o , < " , . .  .  I  q : q

o t  "  . i v " . i o .  
" ; . , " . . . i . . " . " " . "  " " - " ' " , , n -  

-

.  l ,  - - " - b o r r - o  b r q -  o . e .  J . s i o . . L F c o . ,  . 5 .  , . ,  / - .c o . i e r " . ,  D . . . .  r - s o  , c , 0 . . . .  - 1 a . " r o . " d - .  . 0 .  , . " _ 7 .  g , i . " _
Earer ia ls  inreraccions:  rhe mir imum inrer fac iat  I ree enersJ-  and
ii: :i i lH.'""./*o1ar rario hvrorhesi". j.; '"i l:*"i;;:i";: ':

'  -  ,  "  i  
t  
i  .  |  .  

"  :  .  .  .  ,  .  1 . . . p . " . e " t  D . - . .  s t r i . r .  . . ] .  - . d  .  . d r " d . ,
, ; : ; " : : ' i  i  : : , ' " : , l l i v . l  ; : ; '  " ' " " "  " . t , : :  ' : ' : . . . : : : .
Scahl  (eds,) ,  Uaclonotecuta!  Sof" t ro." ,  Sofu. . r  r . "p. ray 

__.

.  F e l - t r o n . h i p "  j n  p o  r o e r r .  p e . e r r o . .  \ e L  . 6 1 , .  p p , l - ,  I  . ,c r t b n a r .  r  , .  . .  r a 1  L e . r e r .  . . . .  : .  . , , * .  . .  " . " , ; " . " . . . . . . ,! 1 ? ] 7 ) .  u r " . o . " o p i "  o r s e r " a r i . " s  o n  a s a r o s e  b e a d s .J.Chronaroglaphy,  L32,  519_524.
I la l1er ,  I .  ( r978) .  covatent  arcached o lgaaic monolarers on seEi_
" .  _ . : : * : . ' r : 1 . : l  r " c e . .  J . A & . " h e b . s o c . ,  ? o .  8 o  o _ 8 0 ; 5 ., , . , ' : ' , .  . .  e " . e r r r  . s D e c L ,  o .  h y a . o p , o b i .  i I e r a  ! i o ncnrooatography,  J .Chrotuarography,  AZ,  : tZ:_: : i ,



2 1 6

5 . " r r -  .  S ,  /  0 .  . .  : . g . .  p - .  o r  0 - , , .  i : a L : d  L o , . L . E ' d o n  o . .0 .  r :  . .  o .  o e . . o  e .  . .  t .  p e , e . "  , e d .  .  p , . , i " ! "  i i ' . r . "  s r . _
" . - - _  

l o 8 : . " 1  - ^ 1 . : i  .  
" . .  

o .  o - r s , r o . .  \ - r  o . k .  p D . 9 .
r r ^ . .  "  . d  P .  , _ o  . p . r .  : "  Ir e L h . d  f o r  c l a d o s e o  b r o n i d c  a c r i l a L i o n  o f  a s a r o s e  f o ;  a f f i n l r v. .  - r  C  . p  A r - . y r . B  o ! h p D . ,  b 0 ,  , - . _  ,' 1 .  r . :  . .  , . . " . 1 - . , 1 . .  , , . .  L r ,  . . .  r l d n h - d ,  l \ . ,  ( u . . , n e - ,  L . ,

] : i l : :1 ,  - i : l - :  .aq i  cume, J_ (1e62) .  ? lareLer-compar ib ie ; ) ; ro_pnr11c sesnetr red polyurerhancs f ron pot ler l r lea;  gtycols  and
; i ; j i ; : , *  

d i : i s a c y a n a t c .  r r d n s . A o . s o c . a r t i r . h t e i n . o r g a n . ,  : e ,
r 1 o r " r ' d '  "  f :  ' ^  8 . D  .  B o  " ' ,' .  - ,  I  -  

A . j  e .  , o -  .  . t r -  r . o o J  p  " c e - " E .to  g lass  and po iyoer  sur faces .  t ,  Srud ies  k i th  p la te ie rs  i !pLasma.  Haedostas ls ,  3 ,  25 l  -2 jA .
f l o r i , _ 1 .  ,  \ a g a o k a ,  S .  ,  i a k l u c h i ,  H ,  ,  ( i k u c h i ,  T . ,  N o g u c i i ,  N .  ,Ia rzaqa,  H.  and r -o is r , i k i ,  y .  ( r992) .  A  

" . .  
. . . r i r . . , r "g " i r "
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a r . 1 r .  a n L e r n . u r s j . s ,  2 4 ,  4 5 ,  c b t -
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