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Previously, Un et dl' (J. Innunol- Methoik 125,61, t9a9: I.
Chnmotog| 542,41. 1991 ) showed that acid pretreat€d antibodis
(Abs) exlibited a twofold higher antigen-binding capaciry than
native Abs who imobilized to solid surfaq that have strong
nonspecific protein adsorption p.opertiB (e.9., polystyrene and
silica). In the present article several experiments wer€ conducred
in order to elucidate ihe adsorption mechanism of acid preheat€d
aribodies. lt was found that acid pretr€tm€nt time could be us€d
to control the packing efrciency and orientation of Abs adsorb€d
to silica surfaces hydrophobicized with dicblorodimethylsilane
(DDS). Futher, our r€sults suggesi that acid pretMtment leads
to m increased exposure of hydrophobic regions in the coNtart
Aagment of the immunoglobulin. Sel€ciive adsorption of thes
regions p.odu6 a preferential orientation in which rhe antigen-
binding ftagments ee accessible to bulk slution. This results in
a higher antigen-binding capacity thd obsened when nativ€ Abs
(no acid pretreatneni) are introbilired on DDs-rrear€d silica suF
faces. s 1ei Ad".i h* hc

INTRODUCTION

Irnnobilized antibodies (Abs) have been used widely in
applications such ls clinical diagnostic assays Jnd separa-
iions (1, 2). In particular, immobilization of Abs to silica
sufaces hds become a subject of considerable interesr be
cause of recent progress in the areas of optical inrmunosen-
sors (3. 4) and high perfo.mance affinity ctuomatography
(5 ?). One of the most commonly used immobilization
methods is:physical adsorption of Abs onto silica surfaces.
Although this method is relativeiy simple and convenienr,
it suffers from low antigen binding capaciry (AgBC). In
1989 our group showed that a 2 fold improvemenr in AgBC
could be achieved by a brief exposure of Abs to a low
pH environment prior to inmobiljzation (6). Several other
conclusions were dmwn fiom this study including: (a) acid
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prerreated Abs exhibited a 2.5-fold higher packing efficiercy
or surfaces lhan untreated Abs;(b) the net increase in AgBC
wds due to a combination of factors including rhe activiry
of Ab before irnmobilization, the Ab suface concentration.
and the orientation of inrmobilized Abs: and (c) enhance-
ment of AgBC was dependent on acid pretearment time,
with opnmum activity being obscrved for prerreatment times
of 20 min. Sirnilar observations have been reporcd by tshi-
kawa er ./ (7) and Conradie er dl (8).

ln 1991 our group showed that both the enhanced AgBC
and the higher packing efliciency observed on silica sudaces
were surface-induced phenomena, especialy for rbose sur-
faces which exhibited strong nonspecific prorein adsorption
properties (9). In such cases the orientation of rhe Ab on
the surface was almost completely controlled by physical
adsorption, cven when site specific inmobilization chemis
try was lrsed. In 1992, a similar conclusion was reached
using monoclonal Abs and polysryrene beads as a subsrrare
(10). Sincc then, few if any studies have addressed rhese
issues fiom the perspective of protein adsorption. Thus, rhe
objective of the Fesent study is ro gain insighi inro acid
pr€treatrnert effects by analyzing rhem in terms of potein
adsorption theory.

In addition to higher packing efficiency and be(er orienra-
tion control, rwo additional factors may aftect the AgBC of
immobilized acid prerrealed Abs. Firsr, acid pretreatmenr
may cause aggregation of Abs in solution, which could lead
lo higher packing efliciency-especially if the oligomeric
form e ribits a higher affiniry for silica sudaces than the
monomeric fbnn does (ll). Second, acid prerreared Abs
may fbrm multilayers on the surface, which may resuh in a
high€r sudace concentration of Ab ( 12 ) . The relative impor-
lance of both of these issues will also be addressed in this
article. Firally. an erylanation will be offercd for rhe reduced
Ab surface concentration and lower AgBC rhar are typically
observed at long acid pretreatment times (6, 9).

I,IT\TERIALS AND METHODS
Antib.'dj Systc/,.s anll Concentration Meas rcmats

Polyclonal goat anti,human serum albumin (anri-HSA)
was used as a model antibody. Specilically, the inrmunoglob-
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ulin G (IgC) ftaction was puchased frcm Cappel Labora
tories and used without further purification. Antibody con-
centrations were determined by absorbance ai 280 nm using
a UV visible spectropholomeler (Beckrnan, Model 35).
Values of 1.35 m1 mg ' cm ' dnd 150,000 were used for
the extinction coefficient (€!s4,") and molecular weisht
(Mw) of anti-HSA, respectively.

Prepdtution of Acid Prctrcated Ahs

Approximately 8 mg of anti-HSA Ab was dissolved in
0.5 ml of0.l M citric acid/sodium phosphate buffer solulion
(pH 2.7) and incubated for various lengths of time (1, 20,
60, and 300 rnin) (see Fig. 1). Solutions were then neutrai
ized by passage firough a PD-10 column (Pharmacia) which
had been equilibrated in phosphate-buftirred saline, pH
7.4 (PBS).

Light S caxe I ing Meas ure ne nts

Light scattering measuemerts were used to characterize
the solution propeties of native Abs and acid prctreated Abs
( 13, 14). The experiments were pel{olmed usins a Brookha

FIC, 1, Schenatic represelhtion of acid pretreatment pnceduEs d expcinental outlinc.

ven Instrumenls speckometer system, equipped with a BI
2030 AT disital cofielator. A He-Ne laser (Meles Gdot)
operating at 633 Dm was used as a light source. Sample
solutions were filtered with a 0.22-pmpore size filrer (Milli-
pore) before measuremenrs were perfomed. Several differ-
ena concenhtions of protein solutioN (native and acid pre-
treated) were measured in these experiments.

Two kinds of light scatiering experiments were peformed.
The first was dynamic (quasielastic) light scattering mea-
surements- with rhis method, scattered light was detected
by a photo-multiplier tube in rhe spectrometer system and a
digital cofielator was used to measure the intensity autocor
relation function ( se€ below ) , from which the hydrodynamic
radius ( /) of Abs in dilTerent experimental conditions could
be obtained ( 14, 15).

The second t}?e ofexperiments involved stafic light scat
tering measurements. The intensity of the scattering light
was detected by the photomultiplier tube at different scatter-
ing dngles ( 30, 60, and 90"). The refractive index ncrement
Azlac (2, refiactive index; c, concentration) was medsured
by using a Model RF-600 dilTerential refractorneter (C. N.
Wood MFG. Co., Newtown. PA) (16).
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For a given conelatior function, a valne of ,. - I /(DoKl)
can be found in drc decay curvc and Do will be solved.
The relationship between hydrodynamic radirs xnd diffusion
coefficient is given by the Srokes-Einstein equarion:

Dt' KT
t 3 l6ti qra 3n\R,

Data Anab)sis lbr Lieht Scatterinq Measurement,\

For dynamic light scattering measurenents, the intensity
autocorelation tuncrion (G(r)) of a noninteracling system
of panicles is given as

c ( r ) : ( r ( t ) r ( t  + ' ) ) : ( 4 ' z ( r  + B e  r 4 ' ) ,  t l l

where /(t) is the scattering intensity at rime r, /(r + i) is
the htensity at time t + 7, B is an insrumcnt conslant. Do
is the diffusion coefficient of the Ab in solution, and tr is
the modulus of the scattenng vector (17). The modulus ,(
can be delined in tems of the wavelength of the incidenl
light (I), the scattering ansle (d), and the refractive indcx
of the solution (/l):

[  \  2,/ t 2 l

wjll be obtained instead of Mo . The rclationship between nr'.
Mr. and C can be w tten ds

M ) : M ; t ( 1  +  h C ) .  t l l

whcre & is the interaciion coeflicient. Erperiments with dif-
ferent Ab concentraiioff were pe bnned in order ro deter-
mine values for Mo and ,o from the y intercepts of plots of
,1.4 vs C and, vs C, respectively. In addition. values for
the interaction coefficients (lD and tr) were determined
ftom the slopes of the M r vs C ,md D vs C plois, rcspec
t ively (19).

Prcparution of DDS-Siliu Suttues

Silica samples werc silanized and characterized as de-
sc bed previously by Lin 

", 
al. (6). In brief, sample chips

were cut from 2.5 x 2.5 x 0.1 cm fused silica slides (CO
grade, ESCO) and dre edges wcre finely polished. Finished
chips were l-l x 0.95 x 0.1 cm in size. For silanization,
chips were fit inlo 13 x 75 lnm culture tubes (Fisher) in
which all experiments took place. Chips w€re first clearcd
in chromic acid at 80'C (6) and then allowed to react wi.h
loE (v/v) dichlorodimethytsilane (DDS, Peharch) in dry
toluene for 30 min at room temperaiure. Nexl, they werc
rinsed with absolute ethaDol and cwed in
(which had been fiushcd w;th nitrogen gas ttuee times) at
120-130'C for t h. The qualiry and uniformiry of rhc DDS
layer were characterized by contact angle measuremeDts us-
ing the Wilhclmy plate apparatus and ESCA analysis. Typi-
cally, DDS silica sudaces prepared in this manner exhibited
advancing xnd recedins contact angles of 89 and 65', rcspec-
t ively.

Radiotubelins .t Abs

Nalive and acid prclreated anli-HSA Abs were labeled
with carrier free Na''zsl (100 mci/ml, Amenharn) by the
chloramine T method as described by Chuang €, aa (20)
ani Ljl1 et d|. (6). The labeling procedure was xs follows:
500 pl ol Ab solutior (2 ms/nl) was gendy nixed with 3
pl of Na D5I and 50 pl of freshly made chloramine T solution
(Kodal, 4 mg/ml in PBS bufter) for I min. The reaction
was ierminaled by adding 50 pl of sodium metabisulfite
solution (Fishcr Scientific Co.. 4.8 mg/ml in PBS buffer)
fbr 2 3 min. UDreacted iodide was removed using a Sepha
dex G'2s (coarsc, Ph,tmacia) column.

The labeling cfficiency of each preparation was deter
mined by precipitating a snall portion of the labeled Ab
with 207. trichloroacetic acid (TCA, Sigma) in the presence
of bovine serum albumin (BSA) as canier Fotein. The ra-
dioactivity of the r'?sl-labeled Ab was detemined by sub-
tuacting the radioactivily of the supematant from that of
rhe original solulion (bcfore adding TCA). Radioactivity
measurements were made using a ganma counter (Beckman

Here, * is the Boltzmann constant, 7 is the remperarure, n
is the solvent shear viscosity, ,"0 is the radius of Ab in solu-
r ion, rnd Ro i .  rhe diamerer , ' f  Ab in .olrdon.

For an interacting system, Eqs. tll and t3l can still be
used to get a colleclive diffusion coefficieni, and an appar-
ent diameler R, which is concenrration dependent. The rela
tionship between them can be w.itlen as

R :  R o ( i  +  k R c )  I 4 l
, :  D o ( l  +  & o c ) .  t 5 l

where iR and tD are the interaciion coefficients and C is the
solution colrcentration of Ab. The values of d, T, ?, and 'l
used in this experiment were 90', 25'C, 0.904 cP, dnd L334,
rcspectively.

A similar approlch can be applied io static light scaftering
data. The average scaftered light intensity of a solution of
small noninteracting particles is

I  = ACMo, 16l

where A is a calibration constml relalcd to lhe refractive
index increnent ( arlac), C is the Ab concerFation in solu-
rlon, and Mo is lhe molecular weight of the Ab (13. l8).
For an interacting system, an apparent molecular weight M
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Model 170 M). Preparations with labeling efficiency values
Feater than 0.97 were used in subsequent experiments.
The specific activity of each such preparaiion was deter-
ninedby measuring both the radioactivlty and concentuanon
(using A,so measurements as described above) of the rzrl'

Adsorytion Isothetns of Abs on DDS Silir:a Sulaczs

Hydrophobic DDS silica surfaces were exposed to solu
tions of eirher native or acid-pretueated Abs for 3 h at room
temperature (20'C) without stirring or agitarion. A11er ad-
sorytion. thc chips were rjnsed Iive limes wilh PBS buflir.
The radioactivity of each chip was then detemincd. Adsorp
tionisothems were deternined by varying the Ab conceDtra
tion and neasuring the sul{itce conccnlration of adsorbed
Ab lo. each concenlralion. Isotherms wcrc determined fbr
native Abs ard for Abs preneated with acid for l. 20, 60,
dnd 300 min. Contol experiments werc rlso perlbrmed, iD
which 'r5l-labeled Abs were mixed with unlabeled antibodies
and adsorption isotherms determined for several different
molarralios of labeled to unlabeled antibodies. These studies
werc described elsewhere (21, 22) and did not reveal any
sisnifrcani dilTerences (with respeci to adsorytion behavior)
betwe€n the uniabeled dnd labeled Abs.

Anabsis ol Atlsorytun Data

The classical Langmuir theory of gas adsorption can be
applied to proieins in solution provided that (a) the solution
is sufficiently dilute, (b) only one type of adsoption site is
present, (c) there are no lateral intemctions between acl
sorbed Foteins, and (d) adsorption is reversible (23). In
such cases the surfhce concentration of adsorbed antibody
(f) is given by

t " g [ -  '  
- )  r : . l o s , K , )  d  l o g ' (  , .  l l 0 l

whcrc f,,,", is the surlace concenlration of Ab at fulI mono-
layer coverage, f is the affinity constant, and C is the licc
Ab concentration in bulk solution. The affinity constdnt tr
is defined as the reciprocal of the ftee Ab concentration
when f = 1",",/2. Although this relalion can be rsed lo
determine the alfinity direcdy from a binding isotherm. it is
more con]mon to use Scatchard and/or Hill plots (23). Boih
of these plots are linear and can be analyzed by ordinary
least sqlarcs to yield values for the affinity constant (24).
Although Scatchard and Hill plots arc more commonly used
for analyzing protein lisand bindhg equilibrium. one of us
(J.D.A.) showed previously that they are equally applicable
for reversible protein adsorption from dilute solutions ( 23 ) .
The Scatchard and Hill equations are given. respectively. by

where K, and Kh arc affinity const.rnts determined from the
Scatchard ind Hill methods. respeciively. The slope (d) of
the Hill plot is defined as the Hill coefficient. A vdlue of
1.0 is indicative of one class of adsorption sites with no
lateral interactions between adsorbed protein molecules, as
would be ihe case wilh Lruc I-angmrir adsorption (i.e., cases
ir which the second and third assunptions are satisfied).
V: lue,!r , rre,  \ ! r  ore Jre indjcJd\eof po.r ! i \ecoopera, i r-
ity (lateral interaction! wlrich improve adsorytion at high
surlace cover.rgcs ), whilc valucs lcss than one are indicative
o I negati ve coopcrativity ( latcral interactions which decrease
lhc probabilily of adsoetion) or more thdn ore type of ad-
so{tion site (heterogeneous adsorption). Finally, sone
menlion should be made of the above assumption of revers
ibility. Pievious studles have shown that immunoglobulins
adsorb initially io silica surfaces in a quasi-revenible lash
ion. but eventually undergo conformational changes that lead
to almost irreversible binding (25). Although the 3-h adsorp'
tion time used in these studies is thought to fall within the
quasi reversible regine. adsorytion constants cited in this
afticle should be viewed more as tools for evaluatinS empiri-
ca1 adsorption data than as rigorous neasures of surface
activiry.

A conmercial gel permeation chromatogaphy column
(Pharmacia, Hi-Load 300 HR 16/60 prepararive grade) was
used to characterize acid prclreatcd and nativc Abs and to
separate monomeric dnd polymeric Ab fractions. Ar acid
preteatrnent time of 60 min was used for this experiment.
The pH of rhe acid pretreated Ab solution $as increased
from 2.8 to 7.4 by passing rhe low pH solurion tluoush a
PD-10 column pre-equilibrated in PBS, and its concedration
(twically about 16 mg/ml) was measured ar pH 7.4. This
solution was thcn applied to the gel fillratioD colunrn (Fig.
1) and eluted with PBS at pH 7.4. Different fractioDs werc
.o e.red Jnd u.ed ior compe,i . i \e rd.orfr ion erperim<|l . .

Co petitiNe A.lsorption het\|een Acid Ptetreate.l and

Three different competitive adsorprion experimerts were
performed in which the lbllowjng mixrures were allowed to
adsorb to DDS silica surfaces: (a) equal arnounts ofnative
and moDomeric acid pretreated Abs. (b) equdl anounts ol
native and polyneric acid pretEated Abs. and (c) equdl
amounts of native and uniracdonated acid pretreated Abs

1 + K C t 8 l
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(including monomeric and polymeric Abs). An acid pre
treatment time of 60 min and an adsorption time of 3 h were
used in each case. The total concentration of Ab in each
mixture was 0.8 mg/d. Surface concentrations of Abs in
each mixture were determined separately by radiolabeling
one of the Abs at a time.

Allsorption Kinetics o! Nariw an l Ac l Pretreated Abs
Adsorption kinetics ofnative and acid pretreated Abs were

moniiored by Ning radiolabeled tracer Abs. Experiments
were perfbrmed at several different bulk Ab concentrations.
These included 0.46, 0.79, and 0.91 mg/nrl for native Ab,
and 0.14,0.41, dnd 0.88 mg/ml for acid pretreated Ab. An
acid prefte.atment time of 60 min was used in each case. At
each bulk concentration, chips were inmersed in the Ab
solution fbr various lengths of time ( l, 2, 5, 30, 50, and 180
min) and then rinsed five times in PBS bufTer. The amount
of adsorbed Ab was then determined using a gamma counter.

Adsorption kinetics data were analyzed using three differ-
ent methods. First, suface concentration was ploited versus
time "' in older to determine whether or not adsorption was
diffusionlimited. Selond. kinetic data were analyzed using
a method suggested by Sevas.ianov et at ( 26, 27 ) , in which
surface concentratior is plotted on a logarithmic time scale.
Such plots are useful for analyzing heterogeneous adsory-
tion, especjally in cases where a reorientation step occurs
immediately after the initial adsorption event. Third, data
were analyzed using the saturation kinetics model proposed
by Jennissen (28-30), in which adsorltion rate is pbtted
venus bulk Ab concentration. In this model, the adsorption
mte is expected to reach a plateau value at high Ab concen-
tration if a rate limiting reorientation (or nuclearion) event
is requisite for adsorption. as shown in

t11 l

where y* is the experimental initial adsorption rate, y-- is
the maimum on-rate, & is the apparent dissociation con-
sta , and Co is the initial corcertration of ftee Ab.

E llips o me try M eas urcnents

Elipsometry has been widely used in studying the thick-
ness of adsorbed protein films on surfaces (31, 32). ln this
study, a silicon (Si) wafer with an artificial oxidiz€d silicon
dioxide film (SiO,) was used instead of the fused siiica
surfaces used in the other protein adsorption expedments.
The surface chemistry of this Si SiO, wafer was the same
as that of the clean silica sufaces (33) and the thickness of
the SiO, film was 1350 A, which enabled sensitive protein
adsor?tion measurements (34). The SiO, layer was first de-

vatized with DDS and then exposed partially to a native
or acid Fetreated Ab solution for 3 h. An acid pretreatment
time of 60 min was used. Concentrations of 1 mg/ml were
used fbr both native and acid pretreated Abs. The section of
fte surface containing adsorbed Abs was rinsed with PBS
bulTer and then with deionized water. The sample was an
dried and ihe thickness of the Ab layer was measured by
ellipsoneiy in air. The area without adsorbed Abs was used
as a refbrence. Measuremerts were taken with a Model AR
2000 ellipsoneler (RudorResearch Co., U.S.A.). The rhick
ness and index of refractior of the adso*ed protein layer
were detemined from ellipsometer data using a computer
prograrn lvritten by Mccrackin (35) based on the pseudorc
ftactive index model (36, 37).
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FIG. 3. Reciptuca,l of the appuent nolecdar weighr of Abs plotted d
a function of Ab concentration ai 25'c. (a) Nativc Ab, (b) 20 min acid
peteared Ab, (c) 6llnh acid pFireated Ab, and (d) 300-mi. acid pre
lrea1ed Ab. Expennentzl poin6 ald erc. bs rcpresenr the mem and
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TABLE 1
Smary of Apparent Molecular weight (Mo), Co[ective Ditru-

sion coefrcient (Do), ard Interaction Coefrcient (k,, kD) Value!
of Nativ€ and Acid Pretreated Abs fron Light Scattering Experi-

(dve) (xlo r cm%)

where PL is the monomer. P, is the dimer. P3 is the trimer,
and so on. Assuming ihat the associaiion consrant is indepen-
dent of Ab concentration, the relationship between assocra-
tion constant and apparent molecular weight can be ex

(KDa) (dve) f  ^ t  t ^ t  i 1
'  tP, l '  . { l  c  I t1 l  l

20
60

300

139
171
193
195

0 . l l
-0.95
-  l . 2 l
- r .11

2.64
1.87
1.85
1.8.1

+0.016
-0.52

0.65
-0.61

RESTJLTS

Light Scatteing
Static light scattering experiments showed that the cor-

rected scatterjng intensity of both native and acid pretrealed
Abs was independent of scattering angle. This suggested that
a small. hard sphere model was appropriate for both types
of Abs (13 l7). Figure 2 shows the collective diffusion
coefficient (D) as a function of bulk Ab concentration, for
several different acid pretreatment times. These dala were
fitted using Eq. [5] to detemine the diffusion coefficient
(Do) and interaction coefficient (,tD). Data were also ana-
lyzed by plotting apparent molecular weight (M) as a func
tion of Ab concentration, as shown in Fig. 3. Values for Mo
and kr were dlen determined using Eq. [ 7 ] . Calculated values
for Do, tD, ,aao, and tj are listed in Tables 1 and 2.

These analyses showed that acid preteated Abs exhibiied
a higher rnolecular weight tlan native Abs. Acid pretreated
Abs also exhibited smaller diftusion coefficients, which indi-
cated that the hydrodynamic mdii of such Abs were probably
$eater than those of native Abs. Taken together, these find-
ing. .ugt.', ,1',u, acid prelrearmen, prornores dggregaLion-
a hypothesis which is consistent with ihe negative values
observed for the interaction coeflicients (ftD and h) oi acid
Fetreated Abs. Such negative values are usually indicative
of strong attraclive interactions between solule molecules
(18, l9)i In contsast. ifteraction coefficients values for na-
r i \e Ab. \ ,vere much \mal ler and di f tered in srgn-negf l ; \e
for tr, and positive for lD. This suggested that inreracrons
between native Ab molecules were almost nonexistent (18,
19). Finally, the magnitudes of kD and ,t, were very similar
at different acid Fetreatment times, which hdicated that the
interactions be.ween Ab molecules at different acid treat-
ment times were also simila..

From the above results, it is possible to calculate the asso
cia.ion constant (r) betwe€n Ab molecules in solution for
both the native and acid Fetreated Feparations. The associa-
tion process is given as

where f, is the association constani for ihe dimer in buffer
solution, M is the apparent molecular weigbl oblained holn
light scattedng data, Mr is the molecular weight of mono-
meric native Ab (150 KDa), and C is the Ab concentration
(38). By ploning ((MrlM) - 1)/C vs C and extrapolating
b C = 0, r(, can be derermined. The rcsults are presented
in Table 2 and show that acid pretreated Abs exhibited sig-
nificantiy higher I'r values thannativeAbs. However, similar
l', values were obtained at all three pretreatment times (20,
60. and 300 min). This suggesis ihat events leading to aggre-
gation probably occul in the first 20 min of acid Fetreatment
and that longer exposwe does not induce any additional
agFegation mechanisms. although the number of aggegates
fbmed probabty does increase with exposure time.

Adsotption Isotherms oJ Abs on DDS-Silica Surlaces

Figue 4 shows adsorption isotlrerms for naiive ard acid
pretreaied Abs on DDs-silica surfaces. lnitially, these data
were analyzed using the l-angmuir, Scatchard, and Hill equa-
tions (Eqs. t8l, t9l, and 1101, rcspectively). However, bi-
phasic Scatchard plots were observed for both native and
acid pretreated Abs. Such plots are usually indicative of two
classes of adsorption sites with different affinities. which
invalidates the use of the Ldngmuir and Scatchad equanons
in this instance. This is because both equations are based on
the assumplion of one class of noninteracting binding sit€s
r in colrrasr.  .he H; l l  equarion i .  appropridre be.ause ir  a '
sumes more than one class of sites). This problem was re
solved by modifying Eq- [8] to contain terms for bolh high
and low affinity adsor?tion sites,

TABLE 2
The Dimer Asiation CoDstani r? of Native ad Acid Prefreted

Abs in Solution, Calculated lrom Light S€tte.ing Data

Diner dsociaiioi consbnt

20

300

n P t = q P | + m P 1 + . , . , l  12 l  'Na.ve Ab.
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(c)

0 .00

0.0

1 .0  2 .0  3 .0  4 .0  5 .0  6 .0
0 .94  1 .88  2 .02  3 .76  4 .70  5_64

Bdk ConentEtion (nor M)
1 .0  2 .0  3 .0  4 .0  5 .0  6 ,0  7 .0

0 .75  1 .50  2 .25  3 .00  3 .75  4 .50  5 .25
Bulk Cd.dh'.rion (x10' M)

where rt and I.r are the affiniry constant and maximum
surtace concentration, respectively, ofthe high affinily class
oi adsorption sites, and f, and f, are the afhnity constant
and maximum suface concentration, respectively. of the low
affinity class of adsorption sites. In addition, the Hill affinity
constant (ri,, Eq. [] 0l) can be viewed as a weighted average
of r, and rr. Values for ddsorption parameters determined
rrcm Eqs. t8l, t101, dnd tl4l are presented in Table 3.
Although values detem;ned for the Langmuif constant (r.
Eq. L8l) are not very accurate because two classes of adsorp
tion sites arc present, values for the maximum su#acc con
centration (f--) dre much norc reliable because they are
derived from the plateau region of the adsorption isorherm.

Hi[ analysis ( Eq. [ ] 0I ) showed ihat values for the average
affinity constant (Kh) did not differ significantly fbr the na
tive and acid pretreated Abs, in contrast to the maximuln
surface concentration (f-,,), which was signilicantly higher

(d)

0 0 @
0.0  1 .0  2 .0  3 .0  4 .0  5 .0  6 .0  7 .0

o .00  0 .72  r  44  2 .16  2 .34  3 .60  4  32  5  04
Bdk Con €nrlatid klor M)

lor acid pretreated Abs. This suggesred that changes in ad-
sorption affidty were not the primary reason for the higher
surface concentrations observed for acid prereated Abs. Fur-
ther. Hiil coefficients were less than one in all cases. lt is
difficult for us to distinguish whether this phenomenon is
due to negative cooperativity (39, 28) or heterogeneity (28)
ofpolyclonal Ab on DDS-silica surfaces, although negadve
cooperativity of IgG adsorption on silica surfaces has been
reported by Sevastianov and Asanov (40).It is interesring
to note that the Hill coeflicient approaches one wirh increa.s
ing acid pretreatment time. This suggests that acid pretreated
Abs are more homogeneously adsorbed on DDS silica sur
tuce than nalive Abs.

As mennoned above, adsorption data for both native and
acid pretreated Abs were fit ro a two-component adso4tion
nodel. The high affinity component exlibited .Ii1 values in
the range of 107 to 103 M '. lnreresringly, rhe maximum
tr, value was observed for native Ab, while the minimum
v.tlue was observed ior 20 min acid pretreated Ab. ln con-
orn. $e 'naximum .ur1-ace ,  on(ent irdon ol  rhi .  componenl

(b)

r'=0.9

FIG.4. Surf&e concend.don of adsorbcd Ab plott€d as ! lunction of ftee bulk Ab concentnrion ar 25'C. (a) Nativc Ab, (b) 2(hin acid pretreated
Ab, (c) 60 min acid !retieated Ab, and (d) 300 min acid preffeared Ab. Exp€.nnenral !.inrs and enor bs EpFse rhc mean and sladddd eror of
eithd rhree tr foDr in.lepende neasurenerts (, = 3 for native Ab, lnd, = 4 for acid Edreaied Ab). Solid tines re rnc resnlrs oi a nultiydate
amlysis shich was Ned to mo.rel adsorption daia (see Discussion). The g@dness of 6t ( r:) of the cxpennenlar data to this nodet is indi.ared on e&h
nglre. The uppd r-axis scalc is the coicenfilLior of totat (nonotner + olieomer) Ab in buli solLrtioD, shire the rowd J axis scate is ihe conce.tration
of tuonoreric Ab (calculatcd from ligbi scaueriry datr).

0 . 0  1 . 0  2 . 0  3 . 0  4 . 0  5 . 0  6 . 0  7 . 0
o.0o 0.75 1.50 2.25 3.OO 3.75 4.s0 5_25

Bulk Cd.dhation (x10" M)
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TABLE 3
The Effect of Acid Pret@tment Time on Adsorption Affnity to DDS-Silica Surfac$ by Thr€€ Differ€nt Analysis Methods

t 1

One 'umFooeot Ld8mun T!o-componenr tsgnuir IIill

f",", f
(x10 r:moycn':) (x10r':noYcn:)

(, f.
(x10r 11 ) (xro ': movcml (x106M )  (x1 f  M )

0'
X
60

300
2.5 a 0_3

0.7
0.8
0.9

2.0 a 0..1
2.O t 0.3

(f,) was greatest for 20-min acid Fetreated Ab, but de-
creased at longer pretreatment .imes. The low affinity com-
ponent exhibited f, values between 1 X 106,41 i and 3 x
106 M ' and its maximum surface concentration (1, = 2.5
x 10 1'mol/cm') was relatively constant with acid pretreal-
ment time. These data were somewhat perplexing consider
ing rhat no clear trends emerged b€tw€en the model parame-
ters and suface concentration- This suggested that additional
factors were involved, as will be examined in greater detail
under Discussion.

Both native and acid pretreated Abs were subjected to gel
filtration chromatography in order to examine the relative
fraotions of monomeric alrd oligomeric Abs. These res ts
are shown in Fig. 5. The native Ab solution exhibited only
a small fraction (<57o) of dimer at an Ab conceniration of
I mg/rd, while the acid Fetreated Ab contained about a
21o/o ftacrton of dimer. At an Ab concentration of 10 mg/
ml, the dimer fraction inqeased to about 337., and a 207,
fraction of olisomeric Abs was also observed (see Fig. 5c).
These results were consistent with the Ab dimerization con-
stant determined from light scattering e{periments jn solu
tior The light scattering experiments suggested that the frac
tions of dimer were 6 and 25Eo fot I mg/ml solutions of
native and acid pretreated Ab (60 min), respectively. Data
obtained for 10 mg/ml acid pEtreated Ab cannot be fit to
this model due to the large ftaction of polymeric Ab. Mono-
mer and dimer ftactions were collected for competitive ad
sorptlon expenments.

Conpetitite Adsorynon of Mononeric or Olisoneric Ab
.[,on Acid Pretreated and Na^,e Abs

Competitive adsorption experiments were performed with
the lbllowing equimolar antibody mixtures: (a) native Ab
and monomeric acid pretreated Ab, (b) native Ab and poly-
meric acid pretreated Ab, and (c ) native Ab and unfiaction-
ated acid pretreated Ab (including both mononeric and
polymeric fractions). Results are presented in Table 4 and

show that in all tbree cases the surface concentration of acid
Fetreated Ab is significantly higher than that of the native
Ab. This suggests that acid preteated Ab molecules are
significantly ( >3.5-fold) more surface active than their na
tive counter?arts. Fufther, the monomeric species appears to
be considerably more surface active than the polymeric spe-
cies as evidenced by fte l.8-fold higher suface concentra-

0.01

0,02

0.10

g o.oo
e

o02

, o 5 0 ( o m
elutlon w1@ (r )

FIC. 5, Cel nltmtion ctuonatogmphy of nativc dd eid prerroted Ab
at 25'C. (a) Narive Ab, 1 mgtun, (b) 60-nin acid prerreared Ab. I ng/
d, a.d (c) 60 nin acid pretr€rted Ab, 10 ns/nrl. Smples seE elnted in

o)
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TABLE 4
Competitive Adsorptiotr of Native and Acid Pretr@ted Abs on

DDS,Silica Surfaces

concenn?non surface con enlBrim
of naii\€ Ab oI acid pretrcaied Ab

(/,9"-,) tug.m.)

N,,. An acid preleame rime of 60 njn *as used.
'The acid Plelletcd Ab was sepdated by g€l nlfiarion tecnniques.

tion of the forrner. Finally, the surface concentration of un-
lnctionated acid pretreated Ab was not statistically diflerent
fiom that of the monomeric sp€cies, which implies thar rhe
monomeric species probably dominates the adsorprion pro-

A.lsorption Kinetics of Native and Acid Pretrcated Abs
Adsorption kinetics of native and acid prerreared Abs

are shown in Fig. 6. Plots of surface conce ranon versus
time'/' (Fig. 6a) indicared rhat neither adsorprion of the
nanve Ab nor thar of rhe 60-min acid prereated Ab was
diftusion-limited at times $eater rhan I min (23). We werc
unable to measure adsorption times of less than I min due
io the low specific activity of the r'z5l Igc and the derecrion
limit of the gamma counter. Sevastianov analysis (26)
showed that the adsorption kinetics of native and 60 min
acid pretreated Abs were linear when ploned using a loga-
rithmic time scale (Fig. 6b). This suggests that both narive
and acid pretreated Abs may undergo conforrnational reod
entation during the adsorption Focess. Tfus postulate was
examined further using saturation kinetics experiments (28
30). lt was found that kinetic data obrained for rhe 60 min
acid pretreated Ab fit dle model (Eq. [r1]) significantty
better thantdata obrained for the native Ab. The results ob-
tained for the acid pretreated Ab me shown in Fig. 7. The
V-- value was (5.6 = 0.9) x 10 ''z mol cm 'z min I and the
& value was (3.4 a 0.8) x 10 6 M. The physical meanins of
these analyses will be discussed later.

E ipsometry Measurenents

The results of ellipsomety studies are Fesented in Table
5. The thick-ness of the adsorbed layer of acid prereated Ab
was only 1.6-fold greater than that of an adsorbed layer of
narive Ab. This differcnce is small when one considers rhaa
the surfirce concentration of adsorbed acid pretreated Ab is
2.5-fold higher dnn that of the adsorbed native Ab on a

DDs-silica surface (6)- Further. both ihicknesses are well
within the mnge expected tor an Ab monotayer (33), and
the refractive indices arc similar, which is reasonable for
adsorbed protein layers (32).

DISCUSSION

Previous studies in our iaborarory showed thar optimal
surtace concentration and AgBC were obtained when anti-
HSA Abs were pretreated with acid for 20 min before immo-
bilization to DDS silica sudaces (6,9). In this article we
investigated four possible explanations for this phenomenon.
These included: (a) acid pretreated Abs aggregare in solu
tion, and the aggegates exhibit higher surface affiniry than
monomeric Abs; (b) multilayers of Ab folm on snrfacesi
(c) there is a higher packing efficiency of Ab on surfaces;
and (d) the orientation is more efficiently controled. The
validity of each explanation is discussed below.

Conformational changes in Abs at low pH have been dem-
onstrated by a number of techniques including infrared spec-

(a)

09

Native Ab + untiacrionated

Native Ab + mononeric acid

Native Ab + potymenc dd
0.12 a 0.01

0.r2 l 0.02

0.81 10.02
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FIG.6. Adsorption linetics of nadve add acid pletrmied Abs on DDS -
silica sudaces at 25oC. The surface concenFarion of Ab is given N a
functior of(a) limer'? dd (b) los&(ime). Erpdirenrat points aid eror
bars Fpresent rhe mean dd stmddd errcr of fow independenl measwe
nenis. APr d€mies 6Gnin acid pretHted Ab and N denotes native Ab.
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gate and thus are unavailable for suface interachons. An
other reason may be that aggregated Abs occupy more sur-
face area than an equivalent amount of monomeric Ab and
hence would exhibit lower surface concenhation.

Multilayer adsorption of Abs has been reported in many
anicles (12. 42). In most such cases, adsorption was not
saturable at low bulk Ab concentrations (-2 rng/rnl)- In
our experiments, however, adsorplion isoihems reached sat-
uration at bulk concentrations of I 2 mg/ml; also curves
were smooth and devoid of inflection pojnts (Fig.4). These
observations suggest that a multilayer adsorption mechanism
is not operable in our case. Ellipsometuy neaswements also
support this conclusion (Table 5)- The adsorbed layer of
acid petreated Ab is only 507a thicker than that of native
Ab (68 A vs 45 A). Further, both of these values are well
within the range expected for a monolayer of IgG.

2000 4000 6000 8000
Trne (so .)

- 
o 0.2 o.4 0,6 0.3 1

FEe Ab Cm.entntion (D8/nl)

FIG t. Injrial adsorltior rate of 60-min acid perealed Ab o. DDS
silica sDrfr* as a functior of bllt Ab concenEadon. (!) Adsolpdon
kinetics ar diff€Fnt initial nee Ab corc€rtrations and (b) inidal adsorplio.
mte as a furcrion of inidal bull Ab concenranon. Experime.tal points
and eror bars relesent the meln and standard eror of four independent

Analysis of adsorption isotherms suggested that at least
two different adsorption components were present. There are
two possible explanations for this obse ation. First, cerain
subpopulations of this polyclonal Ab system (anti-HSA)
may be less confomationally stabie and hence more easily
afTected by the low pH environment. ff rhe fraction affected
increases wifi increasing acid pretreatment time, then a grad-
ual increase in suface affinity with pretreatment time is
expe.ted. ff this hypothesis is correct, then the surface con
centation dnd AgBC should increase with increasing acid
preireatment time and gradually reach a plateau value. Be
cause such behavior was not observed in our experiments,
however.  rhr.  hlporhe.r\ , .  unl i le l)  ro be,he main source
of the observed adsorytion heterogeneity.

f t re.econd explanJron i .  oased on rhe dr l terenr ,uscepl i -
bilities of the antigen'binding fragment (Fab) and constant
fragment (Fc) regjons of the immunoglobulin molecule to
acid induced conformational changes. Previous studies of
Abs in solution and at air/water or water/solid interfaces
have shown that the Fc exhibits lower confomutional stabil
ily than the Fab (43 45). We postulate that brief exposure
to a low pH environment produces conlbrmational changes
principally in th€ Fc region. Previoudy, we showed that
such conformational changes probably involved increased

TABLE 5
Ellipsometry Measurements of Native ed Acid Pretreated Abs

on DDS-SiOI Surfa6

troscopy (41). circular dichroism (42), and fluorescence
spectroscopy studies (6). Futher, a hydrophobic probe
srudy \ugge\,ed rhal acrd rrearmeol caused iDcrcrsing erpo
sure of hydrophobic rcgions at the surface of the Ab with
;ncreasing acid trea.ment time (9), which led to destabiliza
l ion and rggrgaron of dre Ab. lhishlpolhesiswa.prc\en
by light scattering expenrnents (Tables I and 2). When Abs
were acid preteated for 60 min, 287, of Abs in a I mg/rnl
solution was in the folm of aggregates (dimer). This cannot
be ignored when studying the adsorption properties of acid
pretreated Abs. However, competitive adsorption studies of
nalive Ab with monomeric or polymeric acid pretreated Abs
(shown in Table 4) indicated that the polymeiic acid pre
reabd Abs did not exhibit higher surface affnity than mono
meric acid pretreated Abs. These results suggest that the
hydrophobicaly induced aggregation of the polymeric acid
Fetreated Abs cannot Iead to a higher aftinity on DDS
silica surfaces. One possible explanation is tbat when Abs
aggregate by hydrophobic interactions, the hydrophobic re
gions on the acid Fetreated Ab are buded inside the aggre

N,rc. A pseldoefnclive index nodel wa ured to analtze ellipsonetry
dd., wlee d and , e lhe thickness and iefm.rive indcx, resp{tively, of
an Ab layer adsorbed 10 a DDS SiOz snrfde. An acid pEtEaiment tine
ot 60 min was !sed. values re!resent the ncm and standfld eror of si *n
ind€pendcnt dcteminations.

1 . 5 2 1 0 , 0 5 1.55 r! 0.02

ft)
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,nenl dne. Detcrmined Jo,n nultivaiatc analysn oi dala shown in ties.

exposure of hydrophobic regions to solvenr (9). Because
these regions cxhibitligher aflinity for hydrophobic surlaces
than the native Ab, ihe acid treared antibody will adsorb
with a prefercrlial orientation; i.e.. the Fc region adsorbs.
leaving the Fab free to bind to antigen in bulk solulnrn.
However, upon longer acid pretrc.ttnrent time, hydrophobic
rcgions also lrisc in the Fab. Since they adsorb with equal
dffinity to the hydrophobic region! in rhe Fc, preferenlial
orienlation and AgBC decreasc with longer acid prclrear

To investigare this hypothesis, we added an additional
parametcr (d) to rhe two component Langmuir equanon
(Eq. [14]) that accounts for the orienration of rhe Ab on rhe

0  1 0 0

- df'na'C &f'K2C'  t  +r .c-  r  +  K"c

Iold difference in adsorbed sudaces arca betwc{ ure mosr
densely packed case dnd random adsorption.

The computer program S.prrir, (MicroMath Scienrific
Sofiware, SalL Lake City) was rsed for mulrivarjarc analysis.
The model (Eq. u5l) was fiL ro rhe iso6erm data shown in
Fig. 4. At first. the valucs of trr or l(: were allowed to vary
and camc to a similar value for each acid prctfeatmenr rime,
a resull that was consistent with our prior assumption. The
valxes oi Kr and & were then fixed for turther dara dnalysis.
A slmil,f approach was uscd for dererminalion of values tbr
f, and 1,. The final resulrs dre shown in Fig. 4. Fig. u, and
Table 6: an excellen! conelarion was obrained (r'z > 0.98).
The o- ienra inl) l  pJmme.er o . l  in(rersed ro r  nu\ in u'n
value of0.93 at 20 min pretreahent time and rhen decreased
with ind€asing acid pretrealment time (Fig. 8). This resulr
is consistenl with borh the srrface concentralion (f) and
AgBC of adsobed Ab as a fi,nction of increasing acid pre-
treahent linre. Interesiingly. the model predicls thar ihe in-
cred ed .u ld.e colcelrrat or '  :L 20 -n n prercamen, tme
is duc to a combination of orienrarional cffects (o) and the
tutrnber of high aflinily binding sires in rhe Ab populalion
(r,). In Table 6, the fr value obscrved for 20-min acid
pretrcaled Ab was twofold higher than thar of native Ab, but
did not increase turther wirh additional pretrearmert rme.
ln a prcvious study (9), we showed thrl the exposure of
hydrophobic regions incrcased widl acid prctreatnent rime.
The re,Non for this disparity may be due ro steric effecrs
thc ,trca of the hydrophobic probe is nuch snallef than rhe
adsorptron sites on DDS surfaces so l.r may be stedcally
limited by the number of lgc rnolccules thar can lir inro a
monolayer on rhc DDS suface. This ldne limirarlon woutd
uor apply io a hydrophobic probe in solution.

Although thc above model explains a numberofour obser-
vations about the surface concenlration and AgBC ofimmo-
bilized Abs. it does not provide a physical inrerpretation of
the odentaiional faclor a. In paJticular, we do noi kno\t
whether the oricnLalion of an adsorbed Ab molecule is rhe
result of a competitive adsoryrion p.ocess, analogous ro the
"Vroman eilecL" (46). or if it is due to a conformarional

TABLE 6
Moltivanant Analysis of Native and Acid Pretreated Abs on

DDS Silica Surfaccs

0.0

In this model, the dffinities (r,. rr) of the rwo rypes of
adsorplion sites are irdependent ol .tcid prerrearmeni dmc.
while the aximum concenrrations of such siies (f,, f:)
and the orientation (a) of the adsorbed Ab rnolecules are
allowed lo:vary wirh prclrearmeni time. The odertational
pdrameter a is related to the density of each adsorbed Ab
molecule. A value close to I represcnts the highest possiblc
packing density. Presumably, strch a value is obtained when
rhe Fc region of Ab adsorbs on surfaces. leaving the Fab
ftee to bind to antiger in bulk solutior. Lower values of a
reflect lower packing densities, presunably caused by nore
random orient,rtions of adsorbcd Abs thar occupy grearer
suface area per Ab molccule. It was impossiblc to predicr
a minimum value 1br a, a priori. A value of 0 represenrs an
infinite adsorbed surface area per Ab nolecute, clearly a
physical irnpossibiliiy. In practice, a minimum value of ca.
0.3 was oblained (see FiS. 8), which suggests about a three,

Acid gcl€arnenr tine (mnt

2A t00

0.3s 0.93
0.98 0.99 0.99 0.99
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Sufac€ Concenhation (r) or
Ag BC on Dm sufacB

FIG.9. ProFsed mechanisn for ncid rrerrertnenr efects on the odeDration and antiecn biidi.g.apa.ily of adsorbed imtibodies. (1) Nativc Ab.
(tr) Abs pretrealed for a snoi pcriod (ca.20 'nnr) Linited erlosue ro &idic condilions results in an incrcascd rrmber of hydropnobic res]oN (ddk
patcbes) occudns mainly in the Fc rcgion. llll) Abs prctrcatcd for longer li.res (>20 nin). Longer exposuE ro acidic condilions rcsulrs in appedmce
or hydmphobic regions droughout the ende Ab molecule The nritial tusorption siep is den.led hy !- ' lnd the Forientation ste! h dcnoied by ! "

2 1

shift (or rearrangement) beiween the Lwo classes ol adsory
tion sites (,(r and &) wilhin the ndsorbed Ab molecule.
Fortunately, our adsorption kinetic expeiments provided
some insighl inlo these issues. Sevastianov €r dl (26) pro-
posed a model for heterogeneous adsorprion of lgc to quartz
surfaces. in which IgG nolecules were allowed to signifi-
cantly change their ''effective adsorytion area'' by undergo
ing a reorieniation event on the suface. Further, this modcl
predicts that adsorption kinetic curvcs lvill cxhibit a strcng
logarithmic dependency with respect to time. Such a loga-
rithmic dependency was observed for both native and 60-
min acid pretreated Abs in oul experiments (see Fig. 6b),
which suggests that the adsorption mechanisn ofboth types
ofAbs involves a reorienlation step (27). ln addition, when
surface concentrations were extrapolated to early adsorption
nme\ I  I  r l  u. ing scvr\r i rno\ 'c muJel.  5ur{u(e ron(errrJr ion
values of i.4 x 10 ': and 1.8 : l0 r: mol/cm'were pre
dicted for native and acid Fetreated Abs, respectively. Bolh
of these values are similar to those lbund in Scvastianov':i
experiments. which gives us confidence thal his model is
applicable to our system. Finally, saturation kinetjcs experi-
ments (Fig. 7) indicated that the initial adsorption rate of
60-min acid pretreated Abs was sxturable wilh iicrcasing
bulk Ab concentration. This suggests lhat the adsoptior
of such Abs involves a nucleation or growthlimited step
( 2 8  3 0 ) .

In summary. a model which combines two adsorption sitcs
in one Ab molecule with reorientarion of the Ab on the
sudace is used to explain the behavior of acid prelrealed Ab

on surfaces. Figure 9 shows a schematic reprcsentdtion of
this model. There are thrcc axcs in this figule the Ab ad-
sorption lime scale. the acid pretreatment time, and the
AgBC of Abs oD surfaces (or Ab sudace concentration).
The "Y" shaped figurcs represent the Abs. The black spots
represent thc exposed hydrophobic areas in Ab atter acid
prctrcxtment. There are Ltuee stages (1, ll, and III) with
different areas ofhydrophobic exposure. The inilial adsoe
don srep is labeled "a," and the reorienlation step is labeled
"b." Our experimental results suggest thar, in drc case of
shorter acid prctreatment times, drc aiea of hydrophobic ex-
posurc most likely occuffed in rhe Fc region (due to the
redrccd tcmperature stability of the CH2-CH2 domain di
nrer). Upon exposure of this region, the hydrophobic interac
iion increased between the Fc and the hydrophobicized silica
surface. This resulted in thc rcoricntation of acid pretreated
Ab on ihe surfice and a smaller overall "footpdnr" for
adsorbed Ab noiecules. This smaller footprint led to a higher
packing efficiency (higha value) and preferenrial adsorption
of tbe Fc region. An increase in bofi adsorbed Ab (f) and
AgBC resultcd fiom this mechanism. ln ihe case of longer
acid prclrcatnert times, exposed hydrophobic areas ap-
peared in both Fab and Fc regions of Abs, and preferenlial
adsorption of the Fc region decreased. Thl. l'ootprint of Ab
on the s rface thus incrersed. This caused both a lower
packing efficienoy (lower a value) and less exposure ofthe
Frb. and led to a reduction in both amounr of adsorbed Ab
rnd Ag BC. From the above, it is easy to conclude that the Fc
region of the Ab plays an important role in this hwothesis.
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Without the Fc region, this phenomenon would not exist, as
was shown by van Erp c I dl. in 1992 (10) .

The native Ab did not possess any exposed hydrophobic
areas caused by acid treatment, and the adsor?tion process
was random. Thus, preferential adso$tion of the Fc region
was rot observed with native Ab. The native Ab would li]{e
to have a maximum interaction with the hydrophobicized
silica surface by increasing its contact area (footprint) with
the suface. This is the reason why most native Abs attempt
to "lie down" on sufaces (from ellipsometry measure-
ments). This model can also be used ro explain rhe results
of competitive adsorption experiments. Because the dimer
was fomed ttuough hydrophobjc intemctions alrd dre pre-
viously exposed hydrophobic area Day be buried in the core
of the dimer, the adsorbed dimer does not exhibit the prefer-
ential reorientation process or highe. packing efficiency ob-
serv€d for the monomer. Also, this model is consisteni with
the two-binding-site model presented in the Scatchard iso-
therm calculation- It is easy for us to consider that the higher
affinity binding constant is due to exposed hydmphobic re
gions in the acid prefeated Ab and rhat the lower affinity
binding constant is due to random adsorytion sites that occur
to some degree in almost all proteins.

CONCLUSION

These studies showed that an increased exposure of high
affniry adso+tion sites is the most important factor affect
ing the sudace concenhation and AgBC of acid Fetreated
Ab adsorbed to DDS silica surfaces. Furthemore, these
changes probably result from an incfease in the hydrophobic
interaction between Ab and hydrophobic DDS silica sur-
f r c e \ .  w i t h . h o n  a c i d  p r e n e a r m e n r  r i m ( , F i g  7 , .  r h e . e
changes mosdy occur in the Fc region of rhe Ab. This leads
to Fefbrential adsoetion of the Fc, higher packing efficiency
on the surface, and a higher AgBC. For longer treahlent
times, hydrophobic regions are exposed throughout the
whole IgG molecule, which leads to lower packing efficiency
and AgBC. It is hoped that increasing oui undentanding of
the adsorption Foperties of Abs will lead to more effective
immobilization stmt€gies.
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Photoaffinity Labeling of Antibodies for
Applications in Homogeneous
Fluoroimmunoassays
l.t{an Chang,t Jinn-Nen Lin't Joseph D. Andrade,l't and Jafies N. H€rron*'r't

Depattnents of MaEtiat Science and Engineeting, Bioengineeing, and Phamaceutix, Universiy of Ukh'
Salt Lake CiN. Utah 84112

A homogeneous noncompetitive immunoassay based on
photoafini$ labeling techniqu€s is described. Using this
method, a fluorophore (reporter) can be specificaly
attached to an antibody in the vicinity of its antigen'
combining sit€s. Upon antigen binding' chang$ itr t}le
fluor€scence spectrum ofth€ reporter molecule are often
observed. Two fluorophores, pFere and dansyl, were
evalMted for this purpose. Also, this technolog/ is ideal
for fluolescence energ/-hansfer immuroassals lhat re_
quirc labeling of the antibody with either a donor ol
acceptor fluorophore, In sucb cases, a fluorescent dy€
can be specificatv attached near the antigen-combinine
site, eiter€ it can participate in high-€frciency energ.
hansfer with its complementary fluorophor€ attached to
tle antig€n,

The fluoroiimunoassay has become a comnon clinical chem-
istry procedure ior the anab'sis of a wide ranse of anall't-'s, such
as drogs, honnones. md proieins (see rsiews by Dito' and by
Painterz ). Such immunoassays are divided inlo two categories-
heteroseneous assays, which involve physic-al sepeation of the
a'.ay rl\ture betorF ddedion. and homogen"ous assal..'t
which no separatjon stels are required. The najoriF of exisnng
fluoroinrmunoassays are heterogeneous. Furthermore, theyde
often conpetitive assays, in which a fluorescently labeled ,ntieen
(or antibody) competes for bindins with an unlabeled antisen (or
antibody).r 1 In such assa)'s, the fluorescendy lnbeled species is
referred to as the "tracer" and the nnlabeled species as the
"analt'te". DElendits on the assay leins perfonned, the anabte
car be eithei an antise! (As) or an antibody (Ab). After remoml
of unbolrnd anab'te and tracer. the sisnal intensitr from the bound
tracer is found to be inversely prolortional to the anabte
concentation in the odsinat solution. The selaration step alwavs
complicates ihe desisn of these inmuroassals and can desrade
theif overal perf onnance.s

B! e imi-ating Ine.ppdaDnn .r.p. homogen"ous inmunoa-
says cln lessen or eliminate most of the above disadvantases.s A

homoseneous immunoassay based on spectral chrnges of a
fluorescently lab€led anlibody upon bindinc of unlab€led Ag ms
first reported by Liburdy in 1979.6 In this study, an anti-human
immunoglobulin G (IcG) Ab was radonrly labeled with N13'
plrene)maleimide (PIO, a fluorophore that is highly sensitive to
to{alpolaritychanges.? The PM-lnbeled Ab exhibited d enhanc€d
fluorescence intensity in the presence of the As. Furthemore,
results of control e$efinents indicated that the jncrease 'n
fluor$cenc€ btensity las Ae specific. However, a high desree
of labelins of (de$ee of labeling 17 plrene molecules/1 Ab
molecule) was reported, which caused a hieh level of fluorcsc€nce
background and precipitation of labeled Ab upon siorase. In
sohins these problens, the degree labeling must be decreased,
and if possible, the fluorophores should be conjucaied oniy to
positions in the proximiry of the antisen'combining siies

In 1989, Po[ack et al. used a so caled "afiniq labeling"
ieclnique to achieve the :bove soals.3 In thefu study, anti
dinitroph€nol (DNP) antisen-binding fasments (Fab) were modi-
6ed with cleavable alfrnjty labels. Th€s€ labels consisted of DNP
groups (antisen) liniled to electrophilic or d-bromo ketone sroups
throush cleavable disulnde or thiophenyl linkages. The affnity
labels w€re covalently attached to Fab frasments, folowed by th€
cleavage of ihe hbel with dithiotifeitol (DTI). These thiol-
derivatized Fab liasmenK can specificaly react with fluorophores
tlrough n thiol chemistry. The resulis indicated that the labeled
fluorophores were atiached in the vicinif of the antiseHombinirc
siies and that the deerce laleling of was '1. Fluorescence
bindins enp€riments showed thai the addition of the antigen
ONP-slycine) to the fluoresceinlabeled, tlioLderivatized Fab
tasment resulted in a decrease in fluorescence intensity, lrovid-
ing a direct assay of lisand bindins.

On the basis of dre efiectiveness of this afinity labetins
teclnique, we investisated ihe use of a phoioatrnit labelins
technique to slecifically attach highly sensitive fluorophores i!
the vicinity ol etisen-conbining sites. In our studies, a photo-
active azide group was used insiead 0f the themal reaciive $oup,
which was used by Polack.s Specincaly, nitrophetryl uide was
cnosen as the photoactive ercup. Its oltinal photolysis occurs
at a longer wavelenslh (320-350 nm) than observed tor ,lal ^zide
groups (265 275 nm).! This limits damase to the prot€in causedI Der*rhent ol Matend scidce and hcinccnng.

t DeD.itneni of Bioencneerlns.
J DeDarhcni ot Pbmcedcs.

0) Dib, v. R cnr cr,, 1941, (oct),10 13.
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label is a disultrde bond wtich can be reduced to a thiol srouD
usins DrT. After the photoalfrnity tabelins process, a rr;ih; iYl" t ,io,
cloup is inboduced in thevicinir,,iofthe antis€nrombining qit€s. I:" * a"E - ? ,>a
and a fluoropho.e can be specificalry anach; using L\i.-reacrive *i- y 

:-(cnc'!-s 
"-t"q"-r"\

chemisn].. The maleinide-thiol and thiol thiol exchdse reac l*,"***
tions werc used in this report-ro

Different fluorophores were used to test this iechnique. 
*t.*Iy" *'*'$l.ll3{il1;;;3696'""

Byene and dnnsl were chosen for inmutroassa].s tased on
spectrat changes, and thetetramethylrhodamine fluorescein pair I lljg.ffit",._q. cnosF- lor an cnersl -D-ansfFr im m u nor.say fte,edio- fnr ;..choosins ptaene and dansyi "?s that these fluorophores are lil::#j,T,':H
eslecialy sensiiive to environmental chanses and have comnonly i or hru@ nho)
been used as fluore$erce protesin sselal appiications. Dalsyl J .r,*..-*.a oym,warnsp-mey
0uore.cec un\ wed ) in rar"r. wirh an emi.5.on n dim Lrr al

580 nm and a quantun yiFtd ot tpss rhar 0 r Howaer. in " { I ts"
.oh,-r o, .os d i"lp.ri. con.ur L rhp pnjqqio- Taj{irn u n :hift\ l-_-
.otrard hF btuF and rhp quantu'n yiFd incrpasF\ marLrdt) {up 

" i"" 
" 

. "f,
to 0.7).I Dansyl also has a verj' larse Stoke shifi, resulrin€ in a irxcr.di,rr- i- Gn ,- s- s- (cr.!- t - i (l
low bachemund of s.attered tisht which is ideat for xoxx,seneous ; \
assay apllications. lEene exhibits sinilar properties and has
been used as a homogeneous assay repoder for years.h The I'iotin-ANt
tetramethylrhodamine fluoresceh pair was chosen becausc of entalion oi lhe preparallon ol pholoai
the larse overlap ofthe emission spectrun of the donor (fluores,
.Ftr) wi.h $p ab:omE0! so..nurn uf tle a., Fp or (t"BamFrhvl
rhodamine).1, txhilited a characteristic N: stretch at 2150 cm t.! Tte char

acteristic ester stretch at 1700 cm r was not obseFed in biotin
ExpER*rENrALsEc'oir fl"",*T:J".:il"H'ffi1y#:fi'ff':i'3rH:

Ab Ag Ststem and Concent ation Measurements. Poly- comparison ofthe LlV visible s!€ctraofliotin-AND in DhosDhateclonal soat anti-biotin Ab (mti-B) IsG tractioD (Sigma Chemical bufer saline (tBS pH 7.4) before and afer l]v irradiati;n showed
Co) was used as a model Ab. Antitody concentrations were that, after irradiation, biotin-AND exhibited ihe characteristic
detemined by atso$ance at 280 i,n usins a Lry visibte spec atsorytion spect"a ofthe lhotoi)'sislroducts ofnitrolhenyl azide
trophotometer (Beckman, Model 3t. Values of 1.35 and 150 000 (data not sho\ar) .R Taken toseth€r iheses results suseested that
were lsed for the alsoFtion extinction coeficient r4d)_) and the photoatrnrty label (biotin.AND) had been successtuly pre
moleculd {pshr o arri-B Ah. rFroe.rjvpt! Biorin (p.ercF co, pared.
concentration was detennined direcdy by dry w€ishl Artibody Modfication. Mni\ hbelins. Experllrleltal

Preparation ofPhotoatrriv l-abel. The photoaffinity label pro.edures for photoa$niq' labelhs are outlined in Flsrre 2.
consisted of a terminal photoactive srou! and a disubde ;ridse Anti B Abs were photoatrniq. laleted in 0-15 M PBS (pH ?.4) at
and was prepared by foltowins procerlure (Fie1]re 1) The antieen a proteo concentration of 6 ms/ml (0.04 mM) witl a 4fold molar
x (2-anino€thyl)biotinanide (bioth ethylenediarninel Mrh a exc€ss nr Drotn Al\D reag€nt (0.16 mM. The concentaiion of
primary amine $ou! was purchased fmn the Moiecular Pt ubes DrotD_AN u $ as determined bv llv absorption at 320 nm, using
co (Eucene, oD. Ten nilicrams of this comDuund was an exbnction coeffcient of I 103M rcm r'r This rerction
dissolved in 2 mL of NJv-dimethyfomanide solvent aDMF: oL\turc was inQb3ted for t h at room temPerature in th€ dark
Aldrich) (predried by nol€cuhr sieves ald Cact)). fte sotution Io arow ihe phoban'rutu.label to bind to the antibodv The
was then mi{ed with 20 lns of a heterobitunctional reasenl
suffosuccinimidyl 2-(rr-uido-anitrobenzamido)-1,3, dirtiooiooi- 

ralp rscnoene/ lnstrument (o ) .tlrorlgh a 320 nm tand-pass uter
orate (sANDj pierce coJ and 4tL of triethylani . .- runer(o/ rne redcton vessel was placed 20 cn from the lisht
.rhis mkture was alowed to."".rr". r, n ", ro ".':- f-l:ll source unreaoed biotin-AND was removed by cel lermeation
to owed by separation on a 

"'r." ""r 
it* ;; -;J Tr::,1; 

thr.matoeraphv with a PD'10 corumn (Phnmacia) equilibrated

;i:ffi$i"t'*;.1tfi1il::,,Tflffi;:li;Xl1,l#;; *:kr^y;,:"x:;;,fiffi#:i"ft"",J,H:?;(rL) usins silica sel plates with flumescent indi.nior (Merck) i" il;.tu,til;;;;' i,"*ron,,.l*"., oH n., tcsu),and a m€thanol-acetone (50:50) solvent systen. The lroduct 
"rn r" **""o",r"" ** 

"a;uJ.i,o, **U*by oaa,oon oro.,ftiorin AND) mierated as a shgre spor on rrc, with an 4ftiue M;;;;J;;"ffi;ioi o.ur. *",.l o- *^ uuo"o,oor 0.81. The IR specirum or biotin-AND (dissolved in cHclt ."d,"",h";Jr;"-b;J;,Tr,. urn,,,,uo.r. specificary, 0.2
ffi 

ml,of a 500 rr1\4 solution of DTTino.l M sodium phosphate
(11) Chen. R. r,4r.t' Rkchen. Binbh$, tg67. j2l.6Ag-62r 

@(12) McadoE, D.i Schulrz, J. S. idL,td lgaa, 3j, 145 1Sl]. 16. brj5o 5654.
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Dhoto-affinih - .
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Figure 2. Sch€matic r€prcsentation ol photoafiinity tabeting pro-
cedures and an oullife oi the control expe.imenls.

b!trer (pH 8.0) and 0.2 nr ol a 20 mx4 soluiion of DDTA (in rhe
sane buffer) were added to 2 ml of the above Ab solution. This
nixture was allowed to r€act for 16 h at 37 .C. Folowins the
reaction, a sGfold molar excess of biotin (conpfied to the Ab
concentrationi was added io the Al solution to disllace the
deared afinity lalel (biotin StD trom the &tiseNomlining sites.
Unbound biotin dd biotin-SH were removed by gel penneation
chronatosraply using a PD-10 coturnn equilibrared in PBS. Anti-
biotin Abs wilh a fiee thiol sroup (dti B AbSD near the antigen-
comlinins site were successtuly prela,-ed in rhis manner.

Elicienc! of Photoafrnit! Iarrt Since biotin does not absorb
lisht in the visible or near try ranees of the spectrum, we used a
biotin fluorescein conjusate (biotin-nr Moiedid Probes) to
indirectly detemine the effrciency of the lhotoaffnitu labelns
process. An e\cess amounl of biotin-n was added ta saturate
the antisen-comlining sites of anti-B Abs, and then unbound
biotin'fl was selarated wilh a PD 10 colunn. Since fluorescein
exhibirs strons absorbance ar 495 nln (ijl:J = ?5000 M 1
cn r ra), the concenration of tound biotin-Fl was determined
by neasuring the absorbmce at 495 nm. The Ab concentration
ms detennined by measurins the absorlance at 280 nm.
However, since fluorescein also absorbed ai 280 nm. a correcmn
factor was applied CA,si(total) :,a,s0(At) + AsFl); A,!0FI) =
0.2&4r{5€l)). The activiry of the anti-B Ab was determined ly
lakine the ratio of bound biotin n to iotal dtisenrombining sites.
The sme procedurcs were used to determine the activity of
photoafini* 1ab€led anti B Ab without disultd€ bond cleavase
and with disumde bond cleavase. By comlarins the acrivities of

Oa) Ha!,tA^\.], L P. Eotul,oah afFtuors.,nd Plab6 and Rs,'rth Ctaeiats,
Moieelr hobes, Inc.: Ergene, o& r!x,2iParrl II8.

these three Ab lreparations, the etrci€ncy of the photoaffnif
labelins procedure can be determined. Another control experi
rnent was perfomed in which so:i anti,human serun abumin
(dti HS$ was photoaJfinity hbeled instead of the antiB Ab. In
this case, fluorescein-AND Gl AND) wns used as the lhotoalfiniry
label. It was lrepded as descdbed above except ihat fluoresce
inamine was used as fte statins material Photeaffnitr labelins,
disumde cleavace, and characterization of labeling etrciency were
perfonned as described above.

Deritatitution tdth Fluolofholes. Thiol derivatized anti b;otjn
antibodies prepared Iy the above procedures stil contained biorin
i! their antisenrombininc sires. Bound bioti! eas renoved by
lassins the At solution throush an avidin colulnn (Rerce)
Aplronmately 801]6 of the bound biotin couid le removed by this
netl'od (Ii$re 2).

ln the naxt step, one oI three difierent liuorolhores (pyrene,
dansyl, or tetrameihylrhodamine) was conjusated to ih€ tee thiol
sroup. In the case of plrene, ff- (1-plaene)maleimide Molecular
Probes) was predissolved in dry DMSO and then added to anti-B
Ab-SH, which had been diaiyzed into 0.2 M acetate butrer (!H
6.0). this mi{ture was alowedto reactfor 6h at4 "C. The molnr
ratio ofpyrenemaleimide to Ab Ms 4:1. the volume ofthe DMSO
solution should not exceed 5% of ihai of the Ab solution in order
to avoid E€cilitation of the Ab. Alternately, PM adsorbed to
Celite (PM-C; Molecular ProbesL5 ) colrtd be used instead of pM
dissolved in DMSo. The sme reaction conditions were used in
this case dcept that the nolar ratio of PM to Ab was 20j1.

For labelns Abs with dansyl, didansyl r_nystine (DC; Molecular
Ilobes) was dissolved in 0.2 M phosphate bufier (!H 8.5) and
added to anti-B AFSH ihnt had been diaiyzed into the sane buff€r.
This niiure was incubated for 4 h at 25 "C. The nolar ratio of
DC to Al \lrls 10:1, and the voiume ratio of the DC solurion to
the Ab solution was 0.1:1. In the case oftehamethylrhodmine,
S(nnd &)maleimidoteh"nethylrhodamine (IRM; MolectrIfi protes)
was dissolv€d h DMSO and added to anti-B AbSH that had been
djalyz€d into 0.2 M acekte bufier (!H 6.0)_ The nixture was
alowed to react fof 4 h at 4 .C. The molar ratio of TRM to Ab
was 4:1. A drese fluorophore-Ab conjusates were prrined usins
a PD-10 column equilibrated in PBS.

Label.d Ahs kr C|"tr1l Ertsn"irrts. In addition to ar{achins
fluorophores to photonffiniq.labeled Abq conjwation reacDons
were also perfomed on the folowins two Ab lrepdations as
controls native Abs (no affnity label or DTT trea[nent) and DTT
treated Abs (no atrnity label, but aeated with DTT as descriled
above for aIfini!'late1ed Abs). Since native Abs usmly do not
possess tree thiol Sroups, litde if ,!y labelins ol ihese Abs is
erpected. However, when native Abs are treaied with DTT, liee
thiol groups de produced in the hinse resio!, which c.nn be
labeied with fluorolhores. Thus. photoaffnity-labeled Abs should
contain {luorophorcs in both the hinse resion and the vjcinitr of
dle antigerrombining site, whereas DTT-treated Abs should be
labeled only in the hinge resion.

For Abs labeled rriih tefamethybhodmine, an additional
contusate was prepared as a contol. Specificaly, nntive Abs w€re
dialyzed into CBB and alowed to reactwith tetramethylrhodanine.
t(and &)isothiocyanaie (TRITCi Molecuhr Probes) for 1, 2, 4,
and6hat4"C. The nolar ratio ofTRITC to Abs was 10:1. The
carjugate v"s purfied wiih a PD-10 column equitibrated in pBS.

goat lolydonal dti-B Ab

I fluomPnore c@p1ing

+ 
chentstr/

NZ  i \Zl F Y
.ddti-B Ab-! no reaction

(15) Rinddkre.nr, H. &r.flirrn 1960, 16,430 431.
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Since TRITC is an aminereactive probe, fluorophores are primarily
attached to lysine residues thnl are randomly dishibut€d ihroush
out the sudace ol the Ab.

Des.e of Labelins. The degre€ of labelins is defned as ihe
n1],.nber of tuorescent dye molecules conjusated to each mtibody
nolecule. It was detennined by measuring the absorbance of both
rhe LyF dnil Lh. Tdbo.lv ar fiFir rp.p?ftire dbsomtion mdima.
In the cnse of plrene, a wavelenslh of 343 nn was used, and 325
nn was used for dmsyi and fl|) nm for tetantlhylrhodamire rl
The absorbmce oI the antibody was neasured at 280 nm
Because most dyes erhibit some absorytion at 280 nm, the
obseffed]l,tu value was coriected for the coniriluiion of the
dye. Correction factors have been reported in the lii€raiure for
a threel0.r6trz dyes. Once u absorbance lue has been
obtained for Lhe dye (Absdi. and a corected,4?&, value obtained
for the antibody, the folowing lormula was used to compute the
deglee of labelins:

d"c,*"rl"b",i,c=(#-)t#) o)

A ieen Binding Assry Based on Spectral Changes.
Because photoalfinirylabeled Abs ,tere deri%&ed wiih fluoro-
phores at or ned the anticentonbining site, it was prolable that
aniigen bindins would ali€| the local envirom€nt of the fluorG
!hore.,0 !'or this reason, anti-B Ats were photoaffniry labeled
with either p]'rene or dansyl, loth of which are sensitive to
environnental chanses. A set of paralel exleriments were
p€rfomed sith €ach conjusate. In briei, labeled Abs were tib-ared
with antisen, and a fluorescence emissio! spectrum was recorded
after each addition of antisen. Two kinds of antisens were used
to characterize ihe specaal behavior of fluorophores conjugated
to anti-B Ats. The tust was biotin conjusated to soai IgG ftiotin
IgG), which was used as a protein nntigen analog. Biotinlsc was
prepared byaddins sufosuccininidyleoiotinanido) hexanoate
o{Hslcbiotin; Pierce) to goat IgG dissolved in CBB buffer dd
alowins fte mi\'ture io react lor 3 h at 25 "C. The nolar ratio of
NHSLC-biotin to IeG was 4:1. Bioiinlsc was purified usins a
PD-10 column. A degree of labelns value of -3 Oiotin nolecules
per IcG) was detemined using the HABA reasent (?ierce).rl
Underivatized biotin (Molecular Probes) was used as the second
kind af antken.

nuorescence spectra were measured with a PGl photon
countins spectrofluoroneter 0SS, Champais!, IL). Rrenefluc
rescence was excited at 340 nm (dispersion 16 nm tuhm), and
emissiotr specta were recorded between 360 and 600 m (disper-
sion 8 nrn tuhm). Ddsyl fluorescence was dcited at 320 nm
(dispenion 16 r tuhm), and emission spectra were fecorded
between 480 and 580 nm (dislersion 8 nrn fwhm). In each
€periment, a 2 x 10 ? M concent atioD of the labeled anti-B Ab
dissolved in PBS was tib ated $ith aliquots of a 7 x 10-u M solution

ofbiotin IsG Overthe course ofthe titraiion, the concentration
of biotin IsG was varied betwer 0 and 8 x 10 ? M. The
maximum concenlration of biotin-lgc was 4 tines greai€r than
the anti-B Ab concentration, resrdtins in a 6i1 mold ratio of biotin
to ,ntisenrombinins sites (on the avense, each antjsen molecule
possessed tkee biotin sroups). A control experiment ,tas
performed by titratins ih€ labeled anti B Ab with the same
concentration of nonspecific goat igc. A similar titsatio! ea"eri_
neni was perfonned lsins udedvatized biotin as rne aitisen.
In ihis case, the concenhation of liotin w:s varied over a rese
of (0 2) x 10 6 M. At ihe hishest concenbaiion, there was a 5:1
ratio of biotin to antigen-combinins sites- All tihations were
perfomed at 25 "C. After each addition of antisen, the react€nts
werc a owed to inculate for 30 min before specba were recorded.

EnerErTransf€r Immunoassay, In a B?ical enersy-banster
irnmunoassay, a fluorescent "donor" nolecule is conjusated to
the antisen and a fluorescent "accepiof moiecule is coupled to
the antibody. Wlen d mtisen antibody complex foms, the
donor and accepior molecules may be brcughi close enoush
tosether (<50 A) for energy transfer to occur.'zl Becnuse
lhotoaffdty labelins cd b€ us€d io specmcaly couple fluorG
phores in ihe viciniry of the antiseftombinins site, it should be
an ideal method for optinizitrs th€ distance between the donor
and acceptormoLedi€s. Fluorescein andtetrmethylrhodamlne
comprise a cood energy-transfer pair. In this study, fluorescein
was attached to tie ^ntieen (biotin) and tebmethylrhodamine

In each experimelt, a 2 x 10 ? M concentratjon of biotin-Fl
solution was dtraied with aliquots of either TRMlabeled anti B
Ab (7 r 10 6 M) or TRITC-1aleled anti B Ab (7 x 10 | M).
Antibody concentration wns varied over a ranse of (0 2) x 10 b
M. Controi exleriments were perforrned by usins a 2 x 10 7 M
concentration of fluorescein instead of the biotin n conjugate. At
the highesi concentration of Ab, fiere was a 10:1 molar ratio of
Ab to biotin-Fl. In enersy'trarsler expedments, ihe donor
tuorophore (fluores.ein) was excited djrectly at 480 nm (disper
sion 8 nn tuhm), and emission was recorded over a rarge of
490-600 m (dispersion 4 nm tuhm)- Reactants were alowed
io equilibrat€ for 30 min before spectra were recorded-

RESULTS A D DISCUSSION
Efrciency of Photoaffnity l-abel. The ef8ciency of the

phoioatrnity labelins technique at attachins free thiol goups in
the viciniF of the aniisen-combinins site was evaluated usins an
indirect method. In briel tlree ditrerent Ab prepdations (see
below) were exposed to a saturalins nmount of antisen (biotin
nuorescein), and fte *cess antisen was removed ly sel filt ation.
At this point, any remaining antisen was probably bound to the
dtibody. The ratio of bound antigen per rnlilody was determined
spectsophotomehicaily. This procedure was pedonned for the
folo'rins three Ab preparations: (1) native anti B Ab; (2) anii-B
Ab, lhotoafinitl' labeled with biotinAND but not reduced with
DTIi 0) dti-B Ab, lhoioatrniry labeled and reduced with DTT.
The results ol these qperinents are shom in Table 1.

The antisen bindins aciivi* of the native arti-B Ab is only
-45% (each Al has two bindirs sites lor antigen), which is nomal
for chromatosraphicaly purfied poklonal Ab. V1len the arti B
Ab is photoalfinity labeled and the disuLfde lond is cleaved by
DTl, the cleavage product (biotin-thiol) sholdd be exchangeable
by an excess mouni of biotn -n. The dtisen bindins activity of

ItI

II
!
l

{

(16) Knoshilr, T; Ihtrna, F.iTsuji.L A,o1. Biadteh. 1974, 6 t.64;2 ta37
(17)W !s, LiFermisco, J. RrAsh,I.F.M.tiads Evlflal \942, a5,514

562.
(13) creen, N M. Mrrra t orol 7970. taA, t1a.
(19) Char, Ki Gasl. A P ; rml, C. w, &,37/i, 1944, 4, 939 99&
(z)) Dior. F. I. Adlak$ in lntu,,l'sl,i Aedenic Pre$: Ncw Yo.k, 1933;

(2r) Brynda, E.r Inady, v.i Andradc, I. D. J ca|Din lkturIap sd rsso, 139,

(22) (nopp, J. A;Wener, C I aul Cl:m 1969,2t1, 6309 6315,
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table l. E liciency ol Photoaflinity Labeling of
Antigiotin Antibodies

pdameter native P4l3 + DTT PAI'
photoafirirylabel - +

lbonnd bbtin-nl/ [tg(i] 0.9 + 0.1 0.9+ 0.1 0.50 + 0.05
dtigen bindine aciivi1' (%) 45 + 5 45 + 5 25 +:.5
labelhs efEcieNf nd. nd. 44 + 6

. PAI. ArnB Ab was photoaiiniry labelcd with hiolin4ND.,l:
bFlnc ptrc:"n ) drr si- dapminFd Einc rhF louowins tomlla
I F  ( 4 ^ - .  4  ^ ) / F " - . " ,  \ r e a A i . + F  d d 4 n f b o u - d b ' , d r . l
noleculcs per dtibody. . nd, not detetuin€d.

DTl-treated, photontrniry-hbeled anti-B Ab is ihe same as fiat
of ihe native eti-B Ab. This suggests that the LN iradiation and
DTT feduction steps do not reduce the bioti!-bindirg activiry of
the Ab or produce any cross-li.kins betweeo the combining site

In the case of the photoatrni$-labeled &tibody that was not
reduced with DTT, an antigen bindins activiq of -25% was
obseNed. Since reduction with DTT is requled to re1€ase the
biotin SH lortion of the photoaffrnity label, these results suggest
tiat the photoafiniry labelng proc€ss was 4496 etreciive (see Table
1). In other words, the photoafiniry label was successtuIy
conjusated to only -44% of the sites that could bind biotir
Because the biotin-SH portion of the label was not released. it
renuined bound in the mtiseHombinins site and lrevert€d them
no]n bindins bioti!-fl. The other 56% of the sites that did bind
biotin Il lrobably did not r€ceive a photoaffiniry 1abel

A control photoaffnity labelins study was pedomed with a
heterologous (noireactive) artisen antibody pair- In this study,
the photoatftriry label was synthesized usinc €I-AND instead of
biotin and polyclonal goat ann'HSA were lsed hstead of mti-
bioiin. The photoaifinity label was conjusated to ati-HSA usins
ihe sane trrocedlres descnbed for biotin AND and anti B Abs,
but i! this case, only -3S of the antibodies were labeled. ftus,
nonspecmc hbelins of Abs ly this procedure is very low.

Ircation of E$insic Fluorophores. In a control exlen
menl, none olthe fluorophorcs-plrenemaleimide, tetrmethyl
rhodamine, and didansylcystine-were obseNed to react with
unmodified anti-B artibodies. Coijusation occurred oniy in the
followirs two circumstaDces: (l) Abs were redrced with DTT or
(2) Abs were photoaffrnity labeled and drcn reduced. This
indicates that th€se luorophores cm onll' be att2ched to reduced
disuHde bonds in the hinse region (obtained ftroush DTI
reductioD or to sulfirydryl sroups introduced in the viciniry of
the antisen-combinins sites lia photoalfinity labelins (Fisure 2).

Antigen-Binding tusals. Pyene Clnju1sted ahtiB Ab. De
sree of labeling %iues of 2 and 0.4 were detennined for arti-B
Abs lhotoafiniry labeled wift PM and PM-C, reslectively.
Furthennore, !{hen PM vas conjugated to DTI-h eated anti-B Abs
(without photoafiniry labelins), a desree of labelins of -2 was
obsered. The fluorescence spectra of these thr€e pi'rene'labeled
Abs are shom in Fisure 3a c. very similar emissiol spectra
were obtained for the two PM conjusates (photoatfinity labeled
ard D.n u-Faled) Bolh .pFftra exh bi pd m F n *ion ma\i'nun
at 460 nm, which is due to the excimer leak of urene.'3 This
means thal in these conjugates, lwo or more plrene groups were
attached in ciose proximity to each other. Itis is because the

350 400 450 s00 550 600
waYelength {nn)

Figurc 3. Fluo€sc€nce speclE oi (a) PM conjugated pholoatfinity-
labeLedAb, (b) Pl4-conjusated DTT- trealed Ab, (c) PM C conjugat,Ad
photoatfiniry-labeled Ab, (d) dansylated pholoaflinity-tabeled Ab, (e)
dansy ated DTT-lreared Ab, and (i) biorln-Fj. An excitalion wavetenglh
of 340 nm was used lor (a c), 320 nm was used lor (d and e), and
480 nm was used lor (l).

excirner peak is only observed when plrenes are locnied wiihin
4 5 A of each other.L, In contrast, an enission maximum of 375
nm was olsewed for anti-B Als photoatrniry labeled with PM C.
The obsered spechm is characteristic ofihe plrene nonomer.

The results of antigen binding experinents are shom in Table
2. nuorescence intensitr values for each fluorcphore eti-biotitl
conjusate were nonnalized to the value obtained in the absence
ofa isen. Two differentkinds ofdtisenwere investisated tee
biotin ald biotin3 IsG. The forner was a sood model lor a
haptenic 0ow molecular weighi) antieen, while the latler was
ealogous to a protein antigen.

Since plrene is very sensitive to iocal polariry? and has beeD
used as a hydrophobic probe,la it is important to select the risht
control for specific bindins. Arslably, this is best accomplished
ly conparins the fluorescence intensily obtained for the phoio-
affnitrlabeled artibody 0abeled both n€nr the active site and in
the hinge resion) wift ihai obtained lor the DTl-treated antibody
0abeled only in the hinse)- Makinc this conpdison for the
pt'rene corlusate with the hisher desree oI 1abe1ire, we 6nd that
the fluorescence iltensiry decreased ly >45% for biotin, -'31%
fornonspecinc IgO, and -11% forbiotiq IgG. Ofthese, lrobably
only th€ decrease obseffed for biolin is sisnificanl eslecialy since
the shape of the emission spectrurn chnnsed (see Figlre 4).

Furthennore, a larser decrease wns olsen'ed fof nonspecific
IsG ihan for biotin3 IsC, which sugeested fiat !!aene's fluores
cence was affected by ilie nonslecific LqG rather thm by the
biotin3 IgG. In fact, in five ofthe six plaere ati-B conjusates,
an increase in fluoresence iltensiq' was obseNed in the presence
of nolspecific IsG (relative to ftat obtained in the absence of
antisen). Taken together, these results sxssest that plyene
eroups attached io anti-B Als can bind (prcbably nonspecificall,
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Table 2. Io.malized Fluoiescenc. Inrenslry ot Seporte. Ftrorophores Artached to Anti-Eiotin Antibodtes
hbeling P:n@ete6

plrene na.leimide plrene maleimide prene naleimide (on Celite) dansyl ddsrl
hinge + active site hiqe hinse + active site hinge + actire site hinge
2 2 0.4 1.4 1

i\ ^,.

I
biotir (lcfold exces), .0.5r
nonsp€inc IgG (4fold exces)i 0.95
biotin3 lsc (4fold dcess)d 1.16

' All ounrcscence intpnsify rdus $ere nomalikd to those obt ined for anii blotin Abs in the absence of antigen. I A mold raiio of biorin to
:Iil ifHl il ;fr.tl]t_ri.xi:d. rhe shdpe of tle emission spectla chmced signincd y. see Figure 4. a A m,rar .atio of nonspeciic rsc ro

nomarired fl uorescerce intensitlp
1 1
0.91 0.92
r .38 1.2
1 . 3 1  L 2

0.99
1.0

1
0.82
r.07
1.36

430  520  560  600
Wrv.ldgrh (M)

Figue 4. Fluoescerce sp€ctra ol (a) PM-coniugated photoari nity-
labeled Ab wiihoul any artig€n, (b) Pl4-conjugated pholoaitinity,
labeled Ab with a 1o-lold moar €xcess oithe biotin hapten.

with the goat lgc used in the dtisen lindhg studies. This is
not suryrisirs, considerins plaene's hydrophobic nature, bui it
probably means ihat plrene is a poor choice for a reporter

DaksJlated A"ti-B Abs. nuo.escence spectra of dansylated
dti-B Abs Ooft DTT'treated and photoatrnity labeled) are sho,rr
in Figur€ 3. The emission nrximum was obsened at 520 nm in
both c.ases. The degree of labeling was 1.4 for photoafEnity-
labeled Abs ,nd -1 for the DTT,treated Abs. As with p]rene
labeled Abs, bindins studies were performed rriih free biotin,
nonspecific IsG, dd lioti& IgG. Intensiry values were normal
ized to those obtained in the absence of antise!. The results are
listed in:lable 2. The fluorcscence intensity ofAls photoatrniry
laleled with dansyl increased by 36% when satu.ated with lioti\-
IsG, but decreased by 18% when saturaied with biotin halten.
The fluorescence int€nsi* in cont|ol experiments (nonstecific
IeG) also increased by 7%. These re$rlts ildicate that, upon
binding of mtigen, environmental chanses occur in the vicinity
of the antjs€nronbining site,,o which lead to chmges in the
fluorescence spectrum of ihe lluorophore. In dre case of liotin
bindins, the dansyl group exleriences a more polar environment
and its fluorescence is quenched. In contrast, upon bindins of
biotin3-Isc, lhe eNironment becones less polar dd the nuo-
rescence of the probe is enhanced. The difference letween the
lwo cases is probably due io the IsG molecule that is conjugated
to the biotin in the second case. Upon bindins of biotia Isc,
Jlp rFporLF- is bJri, d beticcn so prolpins and axpFr'cn.rs rn
envlonment notunlike the interior oftheprotein. FofAbs labeled
by DTT treatment alone, lhese aniigen-induced environmental
chanses probably have liftle influence on dansyl sroups coupled
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FiEure 5. Noma ized fluorescence inlens ry ot dansytared photo-
atlinity-labeled Ab as a ilnction of increasing @ncentration ot biotitu-
lgc. An Ab concentral on ot 2 r 10 7 lV was used.

a  2  4  6  3  r 0  1 2  1 4
lbiodnl,'Irri-riotin All

Fisure 6, Nomaliz€d fuorescence ntensiv or dansylated pholo-
afllnity-abeled Ab as a lunclion ol increas ng concentation oi the
biotin haplen. An Ab concentralion of 2 x 10-7 M was used.

to the hinge region. and vela little perturbation of the enission
specba occurs upon bindins. Fi4res 5 and 6 show the results
oI titration eaperiments for liotin3 kG and biotin, respectively.
Unlike !r'rene, the fluorcscence spectrum of dansyl is much
simpler (trom Figure 3), and secondary etrects such as intramG
lecular aninolysis:3 and exciner fomation do not occur. The
sensitiviry of dansyl to antisen-induced eNironmental etrects is
also superior to that of pyrene. Thus, we believe that dansyl has
exceflent potential as a reporter nolecule in direct homogeneous

Tet ran et hr bhodan ina-C o^jugat e d Abs ltu En eryfl la$fa Assa!.
Because the qumtum yield of tetramethylrhodanine GR) is

(2:l) wu, C. W.;Yarbrood, r Rrwtr, F. Y. H. Bia.t.,r\,rj 1976. 75, 2363-



- - o
tan{i+iotln Ablrlbiorin-Fll

Figure 7, Nomalized lluorescence ini€nsiry ol bioiin_Fl as a lunction
ol increasing concenlration oi anli B Ab phoioallnity labeled wilh
TRM. A biotin Fl concenlraiion ol 2 ! 10 7 [,] was used

table 3. llaxinum Energv.transfer Efiiciencv lor
Diflerent coniugation llethods

lonr  gdr i ln  LFgreur  8o  .
0 ror.ph' " | 'io,l 0 roro'f r- abF 4o r1'l

TlNrl photoalfiniry mtigeFontining 0 4 4ll

lRM DlTtreatment hirge 0 5 36
TRITC primrv amine rando'n 02 30
TRITC Drnratr anine @don 0.7 38
Tllr'l L* ;rinarr dine rmdon 0.9 39
TRITC priftary amine rmdom 3T 42

, D"erF". lab. Ln€ -. mbr- of JvF 1'ol' tul'_.'1 ud- ed " Pt I

" n r b , ^ M  
j n b o J l  , O ,  o  n A r  r r  , l L - . . 1 ' s  o f  l u . . - . e n . F

"d.*",t.t'ii: 
-n - ini,a' ouue, "i:r r1.'nn o d .r q.rr"d

\ i ih^nn-B in t iDoda '  \ i r ' f i rand r  l  o ' lm i  F  r '  d  Jark  d '  Pp t ' jo r
h these studies, Qd is eqlivalent to ihe mdin n energvhnsler

relatively 1ow when coniugated to anti B Abs, TR should realv be
considered a "dak acceptor" or quenc,hefia in fiis energv'aansier
study. The desree of labelins of lRM when conjueaied bv
photoaftniy hbelins was -0 4, while a value of '0 5 ws 'bseFed
for TRM coupled only by D'm beaiirent For Abs mndomlv
labeled with TRITC, desree of labelins values ol 0 2, 0 7, 0 9' anll
3.7 were oiserved lor 1, 2, 4, ed 6 h reaction tines, respectrveLv
Biotin-Fl was used as a fluorescence enersr-transfer donor, md
itsfluorescerce spec'irum is sho'm in l'igure 3. In this larticular
enersytr:nsfer inmunoassay, biotin-Fl is stronslv fluorescent
when ftee in solution, btt upor bindinq to anti-B Ab, its excited
state energy is h?,'Lsferred io TRM or TRITC srouls attached io
the Ab. Since these eroups are dark acceptors, a nei decrease in
the fluorescence o{ biotin Fl is observed upotr binding. All
fluorescence measurenents were nonnalized to the inlensiry of
freebioti!-Fl. A!"icalqueDchnuculaeissho$n inFigure 7 ln
this case, TRM was conjusated to the Ab bv photoaffiniry hbelins'
md a mdimum of -'48% quenchins (43% etrergvtresfer et
ficiency) was observed when biotin-Fl was saturated with anii-B
Ab. This maximum quenchins value (Q.J will determine &e
prccisbn of the assay ard should be hishest lor Abs labeled bv
the photoaifnity ]abefins technique. Values ior 8* ontained for
the difiereni conjusation methods and de$€e of labeling are
shown in Table 3. As expected, the highest 8'" value (48%) was
obseffed fof photoa$ni* labelirg, while a value of 36% \'as
obsened for Abs labeled in the hinge region bv the DTT
treatmeni. For Abs random\' labeled with TRITC, 0.* vaned
lrom 30$ to 42% with inueasing degree oi labelins Thus,

lhotoa$nity labelins is d etrective :nethod for optilrul placement
of fluor€scent Eobes in enersy-transfer studies.

It is knom thai the effrciency ol fluorescence energv transfer
is lroportional to 16, where t is ihe distance between the donor
and acceltor.'jr IJ the energy_t]ansfer acceptor (tetramethvl
rhodmine) is located in the ricinity of the bound antisen (biotin-
F1) , the etficiency should be hish (close to 100$). However, even
with lhotoaffrnito labeiins, less than 50j6 energvlrander elficiencv
ws obseffed. This sussests that less than haff of Lhe antigen
conbinine sites were labeled rvith tetmmethvlrhodmine More
over, when mti-B Abs were labeled rmdonrlv with TRITC, most
of the labels were located at sites disiani trom the anhgen
combinins site. This is why a nuch hisher degree of labelns is
required for TPJTC to €xhibit an energy-transfer efcimcv roughlv
eqdvalent to ihat photoafinirylabeled TRM (see Table 3). The
same explanation can be applied to TRM atlached to Abs usins
the DTT treatmelL The fluorophore is conjusated to fie hinse
resion, which is located at least 70 A fion the antisenronbining

col{cLUstoNs
Two different fluorophores (I'rere ed dansvl) wefe evaluated

a.  'Ft ronar  mnci  es in  d d i t ' . r  honne.n,oJ ' inru ""*a i
based on anti bioth anlibodies. Although piaene was suikble for
the deteciion of the biotin hapteD, it lailed to discrininate hetween
hiotin3 IsG (used as a model of protein mtieens) ard nonslJecific
igc. Thus, plrene is probably noi a good candidate for a felorter
noiecule. Because of its hytuophobic nature, it has a lendencv
to bind nonspeciicall!' to protejns

Much better results were obtahed when dansvl was used as
a reporier molecule. Specific changes in its ennssion spectrufl
were observed for both the biotin hapten and biotins iec
Interestingly. its fluorescence irtensiiv decreased bv 16% upon
bindins the biotin hapten, but increased ly 35% upon bindins
biotinr lec. This indicates that the environment ofthe reporter
becomes mor€ polar upon bindins the low molecular weight biotin
hapien and less polar after bindins the protein malos Althoush
this result seems contradictory at first, ii can be explained bv
assuming that dansyl competes with nbtin for the anigen
combinins site. Upon bindiry the biotin hapten, the report'er is
displaced into the sunomdins media, which is more polar ihan
ihe active site. However, when the relofter is displaced bv
biotia3 IgG, ii renains trapped at the interface of two protein
molerules e envtonment thai probablv has a low dieiectric
constant (and hence less sotvent rela\ation and fluorcscence
quenchins of the fluorophore).

Arslably, the most etrecdve use of the photoalfirilv labeling
lechnique was in an energ-vtresfer immuDoassav, in which
fluorescein and tetrme*Iylrhodmine were used as the respective
enersytrnsfer donor and accePtor nolecules ln this case,
fluorescein was conjusated lo the biotin hapten and tetramethvl
rhodamine was aiiached to mti-biotjn utibodies using photoal-
nniv labeling. An en€rgy'transfer effrciencv of almost 50% was
obseFed upon binding of biotin-Fl, which indicates thai the
photoafflDitr labelins technique attached close to haff of the TRM
groups at positiors within enersy-tra,'Nfer distance (-54 4 see
rel24) tron the artigeftonbirins siie Presumau]', the oiher
50% of the TRM eroups were attached to the hinge region, which
is outside of€rergy-iransfer disiance. Finalv, we believe that the

(24) Zhcng, T..S. M.S Thesis, Univcnitv of U1]h, $lt l"le CiW. UT, 1994.
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concentration of dle DTI (used to rcduce ih€ disultrde bond in Resarch Anerica Inc. Tlis paFr is subpited by rN.C. in partial
dre lhotoafrnity label) could be optimized to give fewer fiee tHol tuIfilment of the Ph.D. desee, Depaftnent of Material Science
groltls in the hince resion. This would increase the Dmber of & Ensineednc, University of Utah.
reporter sroups (or energy-hans.fer acceptors) in t}te viciniq of
rhF andeF8ro-nbinine siles rd iTprnve fie $n\irivitv ol lhe' R€ceived tor rcview March j5. j994. Accepled December

" 19, 1994.€
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Pharmacokinetic Model for Simultaneous Determination of
Drug Levels in Organs and Tissues

C. N, CHEN and J. D. ANDRADE "

Absbact E An ext€nsion of tle Bischoff De&icL phdnacokiret-
ic nodel is pr*ented. This nod€l is derived fron basic .onsider
atioG oa drus dist ibution vith physiolosical Dd anatomical
hesning, Tle B;schoff D€d.ic! nodel can simultan€ously predict
drug distiibltion with tine in blood, oisaro, md iissues ol !har-
nacological inter€t The lam€ters a.e aplli€il to a 15 tg sta.-
dard dog. Tle expe.inental kinetic <lata of thiopmtal in brain,
plasn!, liver, les tissue, and adipN fiss@ ;n a doF de utr .o
demonstnt€ th€ fedibility of the model- Allowable variations in
ihe pareneie.s a.e detemined. In sen€ral, the kin€iic o{ drus
distribuiion in blood, organs. and tisues dep€ld on th€ dng do$
age, lipid solubilitx padilion c@fficients, netabolism raE. exLr€
ti.n rAte, prot€in binding, rouie ol adminisbaiion, sizes of orsds
and lissues, and blood flow raies th.oush orgds ed ti$ues_ Th€s€
fa.tors ent€r the ki,etic nod€l sepa.at€ly dd elplicitly so thei.
effecis on the kinetics of d.ug disr.iburio! cd be srudied ro pro-
vide vdluable info.natior for oltinal tlerapy,

KelThnses E PhdMcokinetic mod€t proposed fbr sinulta-
neous deteininErion of drus dis!.ibution with iime in blood. or
g3h,, a1d ri$ues. domonqii.rpd wi'h th'upcnbl in dogq E Dis ri
bu ion. drJB simulh..u. dcFrminarion in blmd. orgss. and
tisues, phfhacokinetic model, demonshated wirh thiop€nral in
doss Er Thiopebtal-distribution in blood, o.ges, and rissues,
pha.nacokhetic hod€l for simdteeous detemination DroDo*d.

D g concentmtion in blood is messured clinicallv
because lhis procFdu.c is easier and more convenienr
than the sampling of other tissues or fluids. There-
for€, it has been used as an index of dose schedulinE
for tberapeurics. Convent ional pharmacokinei i i
models (1) correlate kinetic data of drue conc€ntra-
tion in blood by using one or several exponential
terms. Each exponential t€rm in the conventional
nodel repres€nts a compartment; single or multipte
compartments are used to curve fit the experimental
Linetic data. The coefficients and .ate conBrmts m
the pharmacokinetic equations are then detemined
ftom thp curve,fit pamm€t€rc.

Drug concenbations in blood with time depend on
the drug dosage. I ip id solubi l i ry.  p6rr i i iot  coeff i -
cients, metabolism lat€, excretion rate, protein bind-
ing, and route of administration. Common phar-
macokin€tic models put all these factom into the lat€
constants and coefficients of the curve-fit equations.
Unless the mt€ constants and coefficients can be ex-
pressed as explicit functions of related facto$, they
cannot be predicted without expedmental kinetic

Some cardiac drugs, e.9., digitalis, or ultrasholt-
acting barbiturates, e.g., thiopental, have rather nar-
row margins of safety. Their kinetic dist bution in
blood may not provide sufficient information for ade
quate therapy. Digitalis kinetics in herrt muscle and
thiopental kinetics in brain can provide much better
information for optimal thempy than the d.ug levels
present in blood (2-4). Furthermore, knowledge of

the drug dist.ibution in blood, orga$, and tiseues
may be necessary for providing optimsl reaimenr.
Conventional pharmacokiDetic models cannot pro-
vide such information-

An entirely different approach to pharmacokinetic
modeling was developed by Bischoff, Dedrick, and
their coworkerc (5 13), beeinnine in 1966. Their
ph$macokinetic nodet simultaneouslv Dredicte the
kinetics of drug distribution in blood, organs, 

"ndtissu€s_of pharmacological interest. They successfuly
applied it to predict pharmacokinetics of thiopental
(8), methohexate (9, 12), and cltarabine (13). Bis,
choff snd Dedrick (8) used the physiologicat parame,
terc of a 70-kg standard male and a four-compart-
ment rnodel (blood, viscera, lean tissue, and adipose
tissue) to simulate expe mental kinetic data (2) of
thiopentsl dist bution in plasma, liver, lean tissue,
and adipose tissue of the dog. They combined brain,
heart, kidneys, liv€r, ?fc., as a viscera companmen!
(8).

Since thiopental kinetics in the brain may provide
valuable information for optimal therapy, an attempt
was made to predict thiopental kinetics in the brain
and, simultaneously, to predict thiopental kinetics in
plasma, Iiver, lean tissue, and adipose tissue based on
the physiological paramete$ of a 15-kg standard dog
by using the Bis.hoff-Dedrick aDDroach. fle modet
can also be appl ied ro srudy rhe p-harmacokinerics of
other drugs.

TEDORETICAL
'Ihe data of Biodie €, al. (2, 3) (Fiss. 1 abd 2), Bhowibg thio!€D

tal hinetics in plasha, live., led tissue, adipce tissue,;d biain
or  lhe  dog.  t r " r "  Eed to  dpmonst ra ra  'hp  tea  n i t io  o t  th .  bnde l
4r  lpasr  t !e  bod\  r "g i !ns  s rp  de t inpd:  o ro ,n .  t i ver ,  tean r rsup,  ad i .
pm"  hrue ,  and b lood Dov l  rb tood v^ tLne in  the . ,p  a rybrdo f
any bodv regiu I is in.luded in rh,, b.d) resio. white tnc r"Dan
ia6 bjood i" g.oJo"d bgerh"r d tuolb"r bod) r.gio-,.al"d,he
blood pon I. Tn mdmaj-, bluod liom .hF Cl d"s Deduses rhe'vpr .  rhus .  rde  C l  , . sua .  *c rc  added s  anorh" .  ;odv  ree ion .
s in rp  rheF wa.  t i | l p  inF-er r  ra  rhe  k inau. ,  u r  rh iop .h ; t  ,n -k id
no\  .  , /  Fear1 .  ihp .e  and o 'h" .  . rcan .  wer .  , .h . id " rpd  d  durh€r
body .egion called visceE.

A dias.m of blood circularion in the sevetr bodv resons Eqh. \n 'n  F .c .  3 .  A .  b luod '  ow rFF"  r \ "  d rus  ru  r1"  mDi t i * )  bed
where |!e drus ditruses inio the tiss!€, each body r€sion €xcepr
th"  b lond puo l  . .  Fg . : l  ' q  "L r lber  d i \ ided  in ro  'no  por ,oo" , . r ,e
blood voluh" In rhe .sr' s^ bed dd ihp rEsua volume wifiour
blood- Th€ phJsiolosicdl param€teE of ihe model for a 15-tc srs
dad doq, re  aho shom I  F :B  3 .  A  dde,  ed  dE.Gion  u . lhe  dFr i
!otion of these poramet€rs rs preeented inA,tp€ndrr /

Prol"'n biiding pla)q e iD@rbr role :b phrbacorosr.al .l
recF ed phtrDaoLibercq, sine nnF' drutss se boud.opltuM
pro'eins. ecpeciall) ro albuhj- and vrious -h. F codpon.n,$ (t r),
It is well .ecognized that not s1l tuaoonolecuies in bLod or ii$ue
are .€sponsible fo. binding with ile drus. Shen and cibrldi Oa)
showed that the predicted thioplntal conc€ntutions in plasna
and l€d ti$u€, baded on the iotsl naoomolecule conrent in or
gans and tisues, were substdiialiy overestimat€d by th€ Bischoff
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Fi9ve I Experimentol thiapentdl .on enttutio n otous
ttuu4 of a daE after % ne/he iD (rednun fnm Ref. 2).

Dedrick hodel- Bishoff and Dedricl (?, 8) piopced the concept
of efiectile protein f.action and applied il to tlen bodel for ihio
pent€l phrnacokineti.s- In the addendu io She ed Gibaldi's
afticle (14), Bischoff dd Ded.ic! favor€d th€ use of effective p.o
tein co.centration .aiher thd effectiv€ p.ot€in f.action utilizins:

Fienre 2-E,p.rimentaL thiopeftal coEentrutioE it pbsma
dn.t btuin .f d .1.8 dftet 40 tuslhs iD lfedrcua ton Ref. 3J.

in blood water. Tlis condiiion ws.6led tle "flow,liniii.c condi-
tion" by Dedricl< ud Bischoff (7), who di6c!$ed nathemarical de-
tails of the condition Md foud that highly lipid-soluble mn-
poudB, suc! s thiop€ntal ed miline, lpproxihaie tle condition.

The irmsient mds baldce for my body legion @n be ex-

Cf : FWC +CMX (Eq.1)

wLere the tokl drug concentration {C?) in }lood or ti$u€ is d€
fined in tens of the volme fra.iion of wat€r (Ie), free &us con-
centratio. (C), effectiv€ binding na.rohole.de cobcenhation
(Crl, ed bound drug 'toncent ation" (I, th€ momt of bound
drug per unit of efieclive bindins Moonolecdet- This app.oach
obviatas assuning unit densitis, and therc is no need for the two
ceficients to b€ frdctiols tllt add !p to unjty.

Volum€ fnctions of waler in blood, orsds, dd tiasues are Evet
abl€ i. the literatue dd in biolosi@l data handbooks. Table I
lists calculated and rcpoted vslues for vollne f.aclions oi water
in organs and tissues of th€ dos. The volune fraction ol waler in
the iissue portion .f any body resion can be calculat€d by:

Vr.;I/w+ vrrFw,-!- (yr.s+ vy.r)Iw ]1 (F4.2)

Fw.r = volume f.action of water in blood
aw.y," = volume liaction oi vater in tissu€ pofiion ol yz bcdy

fr,r. = volune ftacti.n ofsatefin vz body resion
vy." = bl@d voLune in Y: body resio!
vy.r = tissue vollme in Y. body resi.n

Th! ef€ctive bindins Facronol€cule concenbation (CM) in
blood or tisBue can be d€termin€d in terns of th€ lldction of boud
drus (a) md the €quilibriun relation hetween fiee dd bound
drus in blood o. tissu€, A debned discusion of low effective bj.d-
ils macionolecule con.entniions in blood dd tissues we.€ d€-
rived is pres.nt€d in,4ppendtr 11

Tl€ physical pictu.e of dlnamic drug distibution at ey insidt
in dy bcdy region is as follows. The infiow drug (f.ee md bound)
mii6 *ilh the drus in the capillarr bed tnd the mixed drus {f.ee
drug onlyl in th€ capilldy led then difius€s into the tissue. Both
the chlnging f.€e drus concentrations in blood water dnd li$ue
*Eter distub md tlen .eest5blish ihe equilibrium .eldtions be
rween frce md bound d.ug in the capilary bed and &e tissue.
When a w€tl-mii€d slale in the.apillary bed is assumed, the out
flow drug .oncentration (fI* dd bound) non the body resion is
the sane s that .eeBtablish ed i! the capilldy b€d.

For lighly lipid-solubie drugs, the rate of mss transter bet{een
bl@d in th€ capillary b€d ed tiseue is so fmt that, at any instdi,
the free d.us concentration in tksue water effectively equa]s ihat

7rB / Joutnal ol PhathdceutioL Sciences

+ [&uginjection rate. if dyl
- [outflow.ate of free &ug

and bound dng toom body
r€gionl

- [metabo]ism qte and/or
eicetion rate of d4g,
if anyl

(Eq. 3)
The mathehati.el eqlation of t arsient ndss balance for body

da,1Fr av '  F +Iu r  rv ' r ) ; i  +

dx , .  dx , .
, r ' v j l  b l  ;  t , a r , . j r , . )  d ,  

=

QylFr.,Cn+C RX )- Qt\rtr. scr.rC, BXy,) (F4. {)

CM., = rp, !C,.pt {1- arb)C,.RR.

C, = free drus c.ncenr.adon in blood water f|on the blood
pool (micromoles per l er)

Cy = lree druc concenlrati.n in blood water or tissle satef
of bodv region Y(nicFnoies p€.liter)

cd.n = effecrive bindins nadomol€cule concentration in
blood (l<ilosams pd litet

Cr,.r = efective bindi.s nacromolecule concentration ir
plasna (lilosrams per litlr)

Cv,Ru. = effective bindins nacrcmolecule concentration in ied
blood c€l]s (lilosrams p er liter)

Cr,r" = e{lectile bindins naoomolecule conceltration in tis-
sue portion ol body resion t {kild$ams per lirer)

ar,, = tolune iraction ofeaterinbl@d
aw.y. = volume liaction of *!ter in rissue po.lion of body re



I

ond t€rm iDdi.ates tle outflov rate of free drue dd bound drug
fron body region Y (Fig. a).

Sihilulv, the bansient mass balDce ws applied for each body
region sLom in Fig. 3. The gosl ws to p.edict tl':opental linetic
in plmml The blood ws divided into plsma and red blood cells,
uine a hematdrit edue of 4596 {volume). The enapt of eff€ctive
binding nadonoledne concentratiob in blood ed vdious t,ssles
{Append;r lI) dd the flowlimiting condiiion d€ appli€d to the
f oilowing mthenatical nodel.

FP$-055 (Eq.5)

CM.B= FnBCMrr + (1- I.,j)CM !s (I-q.6)

The lr@i€lt nss baldce foi the blood Frol (Figs 3 Md 4) is:

IlCB
lFwtv) i;

dx"ewv)i
faccumula l ion rate o l  t tee l  Taccumular ion ra l ,e  or l
LdJUc ir brood poor I L 

bould druc 'n Drood j

= Qu.(aw.lB,+c,sxB.J + QL,I.FwBcti+ cM Bx:,s)
+ QvII'w rC!, +CM3XV,") +QL"(r'w,cL+cM'xL")

tQJI 'wlCAd+CMBXAdJ+ Me(t )

F" ,  "  
=  !o lumef ra . t ion  o fp lasDa in  b lmd

A,  =  rc  usd . .  b lo .o  now ra  "  Fom "^dv  rpsrun  v  r l r rq '
perminlte)

t = time (minutesl
V" " 

= blood volune in calillary bed of bodv resion v (liteB)
v;; = voluF. of tissle porti.n of body resion Y(liteN)
{ "  =  bouno dns  .oncp l  'a r 'on  (smounr  o l  bo lnd  drug  pe '_  

un , ,  u t  r ; . r i v "  b ,nd 'n /  n rc 'obo le  lPs  roh  rhe
blo.d!@l (micronol€s perlilogram)

Xy, = bound drug oncentration in calillarv bed ol bodv .e-
gion Y (nicrcmoles Per l<iloglan)

Xyr=bound drug concen aiion in rissre poriion of bodv
region v (micromoles p€r l<iloglam)

The liEt tem on the l€ft hmd side ol Eq. 4 .ep.senh tn€ accu-
mulation rate of tree drw in both hlood wat€r md ii$ue wat€r.
The second dd $nd rerns indicate &cmulation .!tes of bound
drug in the capillary b€d dd in the iGsue portion, respectivelv
Tle ffrsi t€rn on ihe .isht-hand side of Eq- 4 rep.€*nts tl€ ittlow
hte of free drug dd bound drus hom th€ bl@d pool, and rhe s€c

Table l-(bl.ulated and Repoaed Values tor Volune
ftactions of water in Orqans and Tissucs ot ih€ Dog

qRr .Fwsc '+  c  $  Bx  F)
fouiflow nie of free and 'l

Lbound drug fron blood poou

The Datticdd smbols aie defined under Nototton
The i.rh Mg(t) is ih€ injection tdh, shei€ M is tle totsl

anount of the drug inj€ct€d and g(t) iB a nor@riz€d injeciio!

s(,): 30IOr)'(1- Il)! (Xc.8)

wher€ I is th€ .eciprocal of the injectio. duration. TLe t€rn Mg(t)
sindateB a smm r injection dd is convenient for @hputation (7,

J"' Ett) ,lt - | (Eq.9)

A Bimild mds b.luce for tle tiver (Li) gives:

dc,,
\FwavnB+ Fw'rVLA;+

raccumulation rates of free dngl
I in capilldy bed and tisue I
Lportion oI lirer

d x , u .  . ,  d x t .
. e  " s v  , c \  a -  +  f  u L t v  t -

(nq.7)

Tisue (Yz)

0_800.
0.930.
0.640.
o.795c
o.746c
o_7 57 c
0.783'
0.802.
o.797d
o.776c
0.200e

o.it
0.733
o,7 47
o.77 5
0.80?
0.742
0.716
o.L92

:(Qr. QcJ(r'w!C!+cMEx'

- Q",(4."C"' + Cu,xrra) -8 C"y'

raeumxktion rates ol bound drug l
I ih-capilary bed ud tisue portion I

+ Qcl.wlcr +c(,xcJ
finflow rates or tue€ and I
Lbound drug from Gl areal

The netabolism .ate (?, 8) is Mitten in tle simple Michaelis-

R,(c.)=*#c".

fourAow rat"  ot  r . "e andl  Imetabor isd 6re ot  das]
Lbound dns f rom r iver  i  ,4 . t0,

(Eq. t1)

dReDoncd vahes lor volume ara.tio.s ol warcr invanous hssucs
b .  J - l t .  ed  \ J r  ' o -  w "  a  :  p  '  i o '
oivaiious tissues.. P.I-. Ahm2n aid D S. Dittn.r, "Biologv Data
Boot," vol. 1, 2nd ed., !ederalion olAneri.an So.idtiesf.r Eiperi
n  1 t  a , r o B ) . B . r t - . a " . v d . . t a 7 . , p D . t : .  1 4 .  _ , o r  

d t \ F v d l  c
. , " . . - .  r i . r i o ,  $ :  . ,  i n  \ 1  .  " ; ;  "  . r  . ' " d  r - n  : r .  , d

Lidneys- a c. H. Bes and N, B, Tayloi, 'Th. l-ivins Bodv," 4rn ed.,
Ho l t .  R jneh r t  and  w inson ,  NevYo rk ,  N ,Y ,1966 ,  P .55 .

0 . t 9 8  / -.o4j /ML:!::___::__)- | "''" I o.23o t./ntn.
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For the adipGe tisBu€ (Ad) regioh:

(r.,vsB+I...M'v-t# +

r" - ", *;*, 1",.^,ra# -
I 0 ar,rw rc B + c wt B- Fwncad - c, ,xrd') (F4.16)
I

aiCslc PoRrfcN- Adipose tiisu€ hst be handled somewhat difie'entlv ('4ppen'

Fieve4 DiaErun.rtratuientna*batonertthe.barirrceian hJ..i,"'H,]iT.l,::|11,"1ii,i;:.*-,i?::i*'i"[e*:*Hj\t unrret the BsunptioB of a aetL-ni'ed state in thp .capitta,r ;.;it;;'h; i;;; ;;;;;;;ii".i,.-" 
""a 

M:""a a*g 
"o""""t*ti."bed and flnu tinitine conditiat for hisht! tipid {nuble dtu Es i; ii; 

-ri;;;.1;;p"*; 
,tI equarions. rhu, e;c} equaiion is

since rle hetaboris hainry dcu* in the river, sr betuborism :i:#i"fr:*:'rl;:.lt'i"JAfi y".Ti"X1";ffi:'fl:'ffiitr:
of lhiop@t€l is *rumed to mlu in tle liver. I! sddal, simill ;;le, G;; i;"; drus conc;.t.aiions in blood wdrer or rissue
terhs could be added to oth€. body .egions if n6ss€rv Mdk r 15 ) *,t", 

"itf," "",.. 
U.a" **i."s and 13 bound drug con.enrrations

.eported a vslu€ fo. the overar_ mJtabolism rat€ of ih iupent€l.s i" *" 
".",i-r.* 

i"a" .iJ i,i"." porrions or the s;n body resions)
rsq , ,b r .  The pdmapE,b-  -sd  av  Lr - i !  Eq .  r ' , sere  ebp i r i .a rh  , ; ; ; ; i  ra . ; t t .a .  i ;  "n 'equr io ro  can r .o  r  ,  

"oh"  
o r r

adJurcd ro pro\.{re varue{ o *ven ,a.iabte". l r"-rorc, r. ..rvp r.a se.p, s,mlt,deou equa-
4-0 rrmol*Iii€. for a 15 kg st€nddd dos. The r€haining nds bal_ i.*. ri 

"t,-r"* ".*ti., 
should be cor.ebieil to the seven se,

uces have sihn$ formB.For,he b.air (Br) resion: ""ff"iill',:5"":ffi"f"il"TfjillXYli* ** --*""u-. -o
dC ,- bound drug conc€ntrations in llood, o'sms ard tiasues cm be de'

\ F n 
"V 

u,u + F * u,,v s,t\ jf + ternined e:peimentallv sd provide the 13 reldtionBhips to solve

dx"." .dX*, i*,:"JHTJllffi:i:f;::T?:rflix*T*:'T'lL'5:,t};
|C\ Fv",p) f + tCq"rvRnt1; - 

beds ofarl body regiobs $e the same. Henc€, onlv seven equilibd
um .elations (one in iLe blood and six in the tissue portion. of si!

Q&(ar.sl],+Cv.,xx,F$.1&-CrrIB.!) (8q12) body.€sionra.erequi.ed

Fo.thevi.ce.a (vir region: ""tY,"Tii:T:**::':i""'"'"*;:l"tTfli"Xil$,**;lllTJ
dG,. huir adso.Ption (16, r?):

( -r ' , ,vvjB +aw.vfvr") ; t  *  ^n"
d x \ B  , 1 X , ,  ' = f  r . x c  

' t 4  t t
tcqsv\ )  i+(cM\tv\ tr)  d]  =

e\!.FwcR+cM RxR- Fv {v-cMBx\i (&.13) "h"'"'
r = soles of b.und drus per mole ol bindins nacronolecule

Foithe GI (GI) tissue resion: (nolesper nole)

dC,, C = iree d;s con'ertration (midonoies Der liter)

\Fw.Rvc\R+ Fw.@\ )n; + N, = 
iHiffi#L;Y'J:"',ye%:,::;"Jii"i;f' 

pe' molecde of

, j X  a  ^  , ,  . l x r t ,  K  =  n n  ' i '  a " " ' , ' i a " o n  ' n ' F n r  u  \ D P j b n d i n B  i r e r L i c ' s
U- , , rV  , t  n ,  

' (  
"  ,Vc  t -a -  =  pe  m,"omale l

Qc,(-|lrcs+cn6r,-r'F.cc,-c,,r.L's|e ", o,,",ilu"o,,ffilfi-"j:"1..1T,n-H;",r;":'l*i."1""i;:1".1*;
!.or rhe lean tisele (Lel .esjo,, logical irter€st. They correht€d th€ .r'*.-.d l"f" *ith the lom of

Ldemuir adsorptio. fo. t*o t]!4 of bindins sitesi

,F.. pvbp- Fx ..,  . . ,-; ," ,  ,  _ !.*,: .^* .r.  r, .r^ r&. 18.
-  . .  d X  " u  ^  . ,  t 1 X t .  l + / l  '  1 + / ( {

'\ii'tb' dl 'arer'r'r lt Bound d.us concent ation (X, nicromol€s oflound drug per kilo-
I Qk(FwrCF+C-.8IB-awrcr"-C!.8XLJ Gq.15) sram ofeffective binding nadonolecule) can be relared to f,1o be

Table fl-Parameter Values for Kinetic Model of Thiopental in a 15-kg Dog

Effective binding macromolecule
concehiratiohz, kgliitet

Binding site consi@fs (?, 8),

Intinsic association consta.t
{7, 8 ), lite4/,rmo1e

Lipid solubility constant (?,8)
Injection p&meter,
Metabolism cotutantb

crr,a = 0 0146, cff,RBc = o 0752, CM,B = 0.0749,
CM,RTT = O.O233,CM,Lit = 0.0408, CM,clT = 0.0331,
CM,yiT = O.O4O9,CM,Le:r = D.0222, Cy447 = O.87Og
-B,  = 18,400,  81= 305'000

11 -  0-060,  r ,  = 0.000625

8,4 = 1oo
M = 1420.45 rmoles, r = 0,20 min-'
tli = 5.64 rmoletEin. lru,ri = il.0 pholes/liter

a F.i deraited crl.ntaiion, s.e,.tpp.n.ls IJ. , Tbe values weis nodilicd fron Refs,7 ]trd 3 to suii the condilion ol25 nE olthioperbl/tg
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I.teure 5 Predicted and erpeimentd thiope tal concentro-
t totu, a plo sao. bto i ". o n.l t itpr lo\oL i. E 2< h E he D

d€fm€d in t€rms of free drus concentration (C):

.- 1oq _ 4K\C B,Kf
t _ , " , , , -  t _ K , , I ,  K ' r _  

' E n .  o

rr9
Bi = =(xi)

where Mr = moleculd weight of bindtg hacfomolecule; 68,000
ws ssMed for the albudin to calculate constdt Bt shom in
Tabl€ IL

Since no other equ;lbriln lelationships d€ available, Eq. 19
with the constlnts in Table II wd dsmed to .eprerent the equi
lib.iuh .elari.n in blood, orsans, and tissu€s as an apprcximatior
sd wd sed to solve tb€ simultdreou Eqs.7,10, ad 12 16. This
approination is iesondble if the equitibrim .elationships be-
tween free dng concebireti.ns dd boud drus conentratrons in
bLod dd va.ious tissues of the dos have sinilar c@e slEp€s io
those mesured in 1% bovine seruh dlbunin by G.ldbam ed
Snit! (181. lt is asumed thdi t}!e lractions of boud dng (thio-
pental) i. blooil, orsans, dnil rissues .f the dog *e simibr to thc€
of the rabbit, whi.h dre availoble (18) and de ued to calcdat€ €f-
lbctive bindins naqonole.de .onceniratiots (Appendd //). Hoq
close must they b€ fo. a resonable approxination wi]] be dis

O.e My wonde. wlet!€r lhe equilibri! betseen free dd boud
drus i. the body .egions ce h€ established so quiclly that the
equilib.ium,rclationships cd be appli€d to ihe equations ol t an-
sient 6ass llaleces for the vdio$ body r€sions. Colowick and
Wonacl (19), ir th€ir studies on bindhg ofdiffusible moleclles by
maooholecul€s, poini€d out that the uual chenical eqt'librium
for lhe binding r€actior cm be reacled quictly. suggsiing that
the equilibium rclatio.ships between f.ee end bound drug in
blood and tisues .e be applied to the eqMtio.s of trmsient mass

Th€ t€rm for th€ ercreiion rat€ is included in the generar ireat
nent (20)- Since tle eicetion of unclanged thiopentsl is neslisi
ble {21), the rerh is onitted in rhis ireatmelt.

RDSULTS AND DTSCUSSION

Anal]'tical solutio4 of the simdtdeous ditrer€ntial eq@tions
w€.e not f€asille becaus€ of nodineaities @wd by the bindibg
terns. Thereforc, Eqs- 7, r0, md 12 16 rere solved by nmerical
nethods (20). The nunerical .esllts for the dosage of 25 ms of
thiopenklAg de p.e*nted in Fiss. 5 and 6, TLe predicted tin€t-
i6 in p]$na dd several orgms and tissues of interest asr€e w€ll
wit! the dp€.inental data (2).

Th€ sme mathematicsl model Eed io dev€lop Eqs. ?, 10, sd

Fignre 6 Prcd.icted and experimentul thiapentol coventra-
tions in leaa dn.l a.lipose ttuu6 follouing melhg iu-

12 16 wd applied to predict the thiopental dist.ibution in plalma
dd b.ain {3) s}om in Fig, 2 by modiryilg some of the pddet€B
in Table Mo heet the new conditions. Because '10 ms of thiopen'
ial,&g Bas intravenouly irject€d, the total mout of tliopeniat
inject€d to a 15-tsdos w8 22?2,?2 istead oi 1420.45 /hol€s dd
the iniectio! dultion wa 8 mir so tlat I = 0.125 min-l. The p.e'
di.ted linetics in plasma and bniD aLo agree well witL tLe €aperi

Mathem.tical Model Tesiirg This mathenatical nodel in
volves mey pdmete.s that nust b€ known !o cedain deFe€s of
accuacy. If the nodel is stabl€ enough, some re*onable vdiations
of th€ parmeters should not .ppreciably chMs€ ihe results. Phrt-
iolosical paraneteF in T!b]e I Md Fis- 3 de statisti@l averrge
values, whi.! hay be dGe to tne values. Biocheni.El pdm€ters
in Tabl. II d€ d€temined from experiment dd d€ e:p€cted to
d€viai€ from t ue values. BedGe lhe rrue valu€s for all pa.ame'
t€.s are !.Ino{n, the vslues for aI pdmet€rs ir Tables I and Il
dd Fig, 3 sere ssmed to b. stmddd valu*. The stsbfity of tlE
nodel s$ tested by comp*ins the nunerical resdts rrom Btd-
ddd values for all ldm€teE with tho6e froh a vdiation of +10%
olsbdad valu" ior pe"l- ur Ine r"U^wins pdd.F^

1. + 10% vdiation of the volune of ey body .esion
2. +10q6 variation of the volm€ dd th€ btood flow rate of Eny

M]NUTEF

MINUTES
Figtre 7 Pa.licte.I dnl etpeimentaL thiapentdl cancentra-
tioat h pldshd dnd btuin lalL.uine 4 ng/hE io.

i

a

r
2

9

d
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Table lll-Volunes and Blood Supplies or Different Body Regions fora r5-kg Stmddd Dog

Blood
{le* P.!.,

Thyrcid
GI

0.089,
0.530,
0.002,
0.090,
0.003,
0_128'
0 .725b
9.029h
0.480r
2.769'

o.o21c
0,106e
0.001c
0.065.
0.002c
o.o42c
0.198e
0.099/
0.008.
0.026.

0.257d
0.504t
o.o34d
o.264J
o.o27d
0-0a1d
0.230c
0.436d
0.020d
0.068d

0.068
o.424
0.001
0.025
0.001
0.046
o.527
8.930
o.472
2.\43

aCJ.nlatcd liom total thsu. vohne mnrus bl..d volune in rhe..apillry bcd.,W. S. Spe.ror, Handboo!pfBiologicalDtrra,,,Saunrters,
riladelphia,Pa., 19s6,pp,163,233.'crlculaEdhdr the asunprionihn ;rogs and rrun"ni., r,.". tr." 

"",n","tri, 
.r uL.;d 

""1"-; 
i"."onh;

t i . L J e o ' ! D r .  a , b p p  , r : . ( . ' J  r l " r d " d e  l - . . u l p r i o ,  r ,
b " ' J  r  ' . ' - \ ' " ,  \ ' r '  b r o o d . d , " .  ' t " , d ,  o -  " . . . ; p , .  h " ; , . . r t  " , "  

, , - , , . r Lae .  o r  o rg /  \  h , i e  r r r e$ r t uc  p  rcent:ses of blood do!,rat.Iion ihe bt.o
. .  r959.  pp .  / I ,12J ,129. {J ,pJ": : .  j" . ' "1:1",. ; : ; ;" .LJi. '^ l i : i i :" . . . i" ; i ;d;."J,: ' ; , ' ; , i , ' - ." , i i - ' . : . , . i ' :s:. ,r ; ' : , . :r"", : ; i .  l l ,"  , l . i l ; .

P l j , : : . i ! - - : - , . : : - - t i  4 . - r 7 r a r  o o  o .  . , r J . . f  , , - "  o , o , q , . 0  a  D o o . ^  " r , , , r . . . ,  o , . . { - h . " . ; , ptior rhrt dogs trndhumans have D ,  .  , , " ' "  o o o y  " . r , \  ; r .  ' c . o i " . D o , d ' e  i  r . . .

3. +1046 vadation of the lslue for each votuoe fraciion ot warer

4- + 10% vdiatio. of the lipid solubiliry consrm| Ba
5. +10% veiation ofrhe hetabotisn constdt, tlr
6. +1Ox vdiaiior of rle bindins siie constads. At
?. +10% and +5% va.iation of th" f.."rionul d;tu ot boo"d d"og

The ds[3 '20, .how rh€l ! l(}h \triarion in e6ch pd,d,or,cr, er-
c .p  har l io .a l  d ,q  v rboud drJs  in  \ * ruuq r .$uF; , .M o" ,o rer
a .cd  w i lhod s  cn : f i .d , l )  a tp . 'n  I  rhc  rcsub.  Th is  l - ino ing  !e r i .
l i a .  ha |h"  bodc l  ,s  qu iF , rob . " ,  a l l  , vne  ar  4dJ  t t0 r !  vdh
tioN in att pa.mete.s bui ta.tional datr;t bourd drug where a
+5% vaiation is acceptable. This indicat€s rhai the value; for f.ac-
rions of bound dius in blood, o.sa.s, dd rissues d€ hore semitive
pdMeiers ihm the otheE in rhe nodel ed, ihe.efore, nust b€
deft rmDed mo.e ac.urateln

Conclusionr Thiopental tinerics in b.ain are ve.y inportanr
tu r  Marn?r  {  . r "dhs .  I  @ nodpt  r4 r  "n t )  pFo: . ' . .hLp" ;d  o is .'i,hut on .n btovd bul d]lor;m. deolrtr provid." , ,vpen, d kr

models d. never acli€ve this fearu.e. One ihro.tanr f€atufe of
lhe nod€l is ihat each €quation is nor indepen.i;nr but inr€rrelal

One pote.tial application is &ar if rle hodel cd be ve.ified for
a given drus i. a speci€s phdhacokinerically simild r. hunans, it
cd then b€ aplli€d to p.edict lunan phdha.otinerics by nakins
am!  hod.n" " , ion .  -  phwin t^g ,ca tdd  b i t rhcm,c" .  p rmc l , . rs .
I  h "  " !par  rcn  d l l y  ob"e led  dr rg  d is r r ib r '  .n  in  o 'ssD.  a r  o tvud
can be used t comp*e with the .o..espondins Linetics prcdi.t€d
hy rhp  Doo" .  l '  r \ "J ,s lee  $ . t t . '  h "  p* ; *Fd i rug  d , . r .  o , .  io .  in
ha  orhpr  bod\  Fg iv  -  rhar  tue  d  f i .u l r  'n  rsmpte  mJv hp  p ,p"c r -

"d  .n  ru l loL  .oF"spo-d 'ns  k in .u . ,  uuBps q i '  h  , . "nnop.m,4an r f
they .srot be verified expe.iDenrally. The.efore. ihe nod€t can
prov id .  va l .  sb le  i ro rhe . iun  fo . .p r j ra l  .h " .apeu ' i ,  rcc im. tu .

Anotne. lot€ntial application of rh€ nodel is thar the ph.rna-
co&inetics of some oitical substsnces such as uic acid, o;Elirin€,
and urea in paiients suffeins f.oh renal failue or of exosenous
poisons ir a.urely intoxicated patienrs can be analyzed with rc
sp€ct to extra.orporeal device t&atments.In $ch cN€s, the extra-
colpoEd device ad& one no.e €quation ro rh€ m.det syscm, eo
ce.tain phlsiolosical pa.meiers such s blood flow rares through
u'Bds dd iqq rs bb. bp doa" cd fht r\pe of dajy.ts could
LFsd ro  Do. .  oo  rns l  e3 i r8 t  o rpores l  de \  Lp  E"arhcnr  120, .

APPENDIX I: DETAILS OF PIIYSIOLOGICAL
PARAMETERS

The viB.e.a body region Bhom in Fig. 3 includes kidreys, thy
r.id, hea.t, dd adrenBls; the adipose ti$u€ body .esion .ontains
fatty hlfow ad fat. The blood volune of the blood pool is from
total blood volune (1.320 litds) ninus the Bm of th€ U@d vol-
umes of the oiLef six body regions shown in Fis. 3. The blmd flow
.ate from the blood pool is the sun ofthe blood flow rates 6oh tle
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other ffve body regions (eicluding blood flow et€ f.on rhe cI

APPENDIX TI
The effectire bindi4 nadonol€.de conce.r.arionsr (?, r4l in

vdious tissues can be derived as follows. If rhere de D amoles ot
d rs , .nb ,n"d  in  | . .ue  hoDosdsrp  o t  t  ?  b - idJ  rcs iob  M,  h  W r i
rq .  o i  wa iF"  I t i ssue w6-er  and b lond {o rc r  in  ,he  . i$up  .obrsp-
Dat€) and P k efective binding nacromolecules our of br€l mac
ionolecded in the tissue, the followibg relation.s be establiahed:

D = W C  +  P X (Eq. A1)

where C is free drug conc€nt.ation in blood wate. or tissu€ water
(nicronoles p€r Litet. and X is boDd drug conc€ntratio. {th€
,nouni or bound drug per unit of effective bindins nacromole
cules) in rhe 6sue (Dic.onoles pe. kilosrm). Tl€ lracrion of
bou.d &us in tLe tissue homos€mte, r', is delined as a = PX/D
Substitutins this irt Eq. A1 gives:

D: I I -  FID + PX (Eq. A2)

When Eq. A2 b divided by tle total votum€ of fte rissue homoge

Cr=(1 F)Cr+CM..X (Eq. AB)

wher€ C" is th€ total drug concent.ation, and C/ y, is the efiecrive
binding hacromolecute .oncertration ol yz rissue tronogenare.
This relationslip can be futh€r sihplified:

(Eq. A4)

Substitutiry Eq. 19 inro Eq. A4 gives:

" . .  = " "  M ! : .  B . K  c  \, ' '  - . , 7 \  
+ ^ f  

' . 1 x ! . )  r E q A l ,

The efiective bindins macrchoiecule concentration in any tissue
hoDogenarc /Tabl. TVI ran bp "r" ured b) uBios Eq 4s rh"
l i a . ' i . b , f \ o . n d d r r p / F r i n s , " r b i n , . . a  d r . s . o n , " d  r s ' i u l L a r )
and the equilibrim rcLationship between tle free dru! ronerEa-
tior md bound drus concenl.arior in the rissue homogeuie are

The effective bindins naoonolecule concenterion in rh€ rissue
portion (Table IV) can be c.lculaled by the following equaiions,

I ](. B. Bisciroff, S.hmt ot chenicst Ensircaibg, comel unjlesitv.Irh.
s . a .  N \  l 1 3 s 0 . M o R  .  L e o " . r , B ' o m r o i & E a q r t " , i n
s i '  t s ' - . " 1 r .  N8 . i ons l I n .  i Lp .o  qp , l  ! .Bdh " .os  VD20u t , ,D .6oMJ



Tabte IV-Binding P.rmerfrs ot Thiopenl,al in VaJious Orgms and Tissues ot ihe Rabbil

Red Blood Plasma.
Cells Undilutad Viscdad GI Tissue,

cM.ttl
0 , 6 6
0,0356
0.0408

o.62
0.0313
0.0393

0.53
0.0235
0.0459

0.50
0,0213
0.0233

o,45
o.0221
0.0222

0.40
0.0152

0.85
0.0146

0.54
0.0281 0,0281
0.0409 0.0331

The liscera body region consists of kidneJs, h€art, tBFoid, $d
ad.€Mls Since t!€ volme lrscrion ol &e tlyroid and adre.als in
the viscera is neslisible md their fractiotul bound thiopental data
a.e not available, effective bindins macromolecule corcentratiols
in LidDeys (Ki) and learr (He) (Tabl€ IV) werc used to calculat€
the efeclive binding nac.omol€cule con.entratio. in th€ viscera
by the following equationl

dDda shovn were c2lcuhied by tle nethod disc!$cd in/psfldd [ ,rractions of6ound drus in.rg:ns and tasues excepr plasn. wcre
dctcrmined Eon tnsue honogenate dilorcd ro 6ve roh'nes \I3).. CM,yz n\d CMIZT: rre the effedive linding maftonolccule concertra
tions, which ha!. tcen ndtiplied 6y nre (dnutjon &.t.r), in tnsle lo'nogcnarc trnd in ric iissrc poti.n, rcspe.tively. The vrlna snown
were cdculatcdbv ine netlod dis.rsed in,4rr€dit It

tuk ins the l i ver t ran  e iaml le l Sincer /{ad = 15 ard Bl = rO0, at CAd = 100 (/dole6^iier),
cr,ad?, which cd be solved by Eq. A15, is 0,8?0.

NOTATTON

Cy. = fr€e dns concentiarion h tissne *at€r or blmd watei
of y? body .esion (nictumoles per ]ne.)

Cy.r. = efiective binding macmmoleclle concentration in yz
body r.sion lkilograns rerhcr)

Cr.y." = eifeciive bindiq macromolecule corcent.ation in
tissue portion ol v: body region (kilogram. per Lirer)

t d,. = rolume ftaction ol wat€r in blood
ar.r.r = yolune Aaction ol Fater in rissue portion of yz bodr

Q, = blood flow rate Eom bLood pool (litersper ninute)
Qy. = blood flow rat. frcn v: body r€sion llitcrs p.r ninute)

Vy., = blood volnme within capilldry bed ol Yz body .esion

Vy,r = loluneol rissu€ portion of vz body region (liters)
Xy.r = bound drug coDcentiatio. (anount ofbound drus per

unit ol efecine bindi.s macbnolecules) in capillary
led of v? bodv region (niaonoles perkilo$anl

X'- = bourd druc colcenharion (amount of bound drus per
unir oi effedne binding na.ronolecules) in tissue
potion of I: body resio! (nidomoles perliloclam)

vz = various bodyregiols and lissues

IiEFERENCDS

(1) A. Rescisno and G. Segre, "Dr!s and Tlacer Kinetics," lst
Areri.s ed,, Blaisdell, Lexi]ulon, M!ss., 1966.

(2) B. B. Brodie, E. Be.nsiein, dd L. C. Ma.h,1 P/ro.ndcol.
E.p. Ther., 105, 4211.1952),

(3) B. B. Brodi€ and C. A. M.Hocbet,J. Phdrm PharhdcoL
9,345095?).

(4) 'The Phdmacological Basis ol TherapeuticB," 4th €d., L.
S. G@dnan and A. Cilne, Eds., Macniuan, New YorL, N.Y.,
t9?0.

(5) K- B. Bischofl and R. G- Ercn Chen.Ens. Pt.Er S!tup.
S.i No. 66, 62, 33(1966).

(6) K. B. Bischoff, in "Clehical Ensinee.inq in Medicine ed
Biology,"D. Hersher,Ed., Plenb, New Yo.k, N.Y., 1967, p.41?.

(?) R. L. DedricL dd K. B. Bischolt, Chem. Eng. Prog. Srnp
S€.. No. 84, 64, 32(1968).

(8) I<. B. Biscfoff and R. L. Ded.icrr, J. pharn. sci., 51,
1346(1968).

(9) D. S. Zaharlo, R. L. Dedick, K. B. Bisclofl J. A. Lo.s
streth, and V. T. Olilerio,J. Nat. ConcerInst.,46,'115119i1).

(10) K. B. Bischofi, K. J. Hinnelstein, R. L. D€dricl, ud D. S.
Zaharko, in "Ch€mical Ensiree.ins in Medicine," R. F. Could, Ed,,
Ahe.icd Chenical Society, Wasbindron, D.C.,19?3, p.4?.

(1r) R. L. Dedrick, D- D. Feresrer, and D. H. W. Ho, Bio.lpn
Phormdc.l , 2r, 111912).

O2) R. L. D€d.ick. D. S. ZsId!., lnd R. J. Lutz, / Przrh
Sct., 62, 382(19?3),

(13) R. L. D€dri.l, D. D. Ferrester, T. N. Cannon,S. M.ElDar
eer, and L. B. M€lleft, a;o.n. m. PharnocoL , 22,240511913).

(1.!) D. She. md M. Ci!6ldi,l PAarn. Sct., $, 1698(19?!).
(15) L. C. Mdl,Cli" Pndrnacol. Ther., 4,504{1963).
(16) F.I{ru6h.1Iae. Crem. Soc., 72, 2705(1950).
0 ?) J- D. Teresi dd J. M. Luct, 1 Birl. C/ren., l9'!, 823( 1952).
(18) L. R. Coldbaun lnd P. K_ Snith, J' phatmacot E,p.

Ther.,\11,19111954).

CMR=FFLRCMf l+ (1 -F  . )CMRBt :  (Eq .A6 )

(Eq.A?)

(Eq. A8)

c N R + q * + n ( \ 1 , =  (  u L l

v ( c r h + v i " c . d .

Fractional bound d.us data are not avaibbie for GI ttsue, so its
ettective bidins nacnrhole.ule conc€ntratior wd not calculated.
Thereforc, the value of th€ efective bindiry nac.onoiecule con
.enbation in the viscera ws assisned to the CI iissu€. Tle €fiec-
tive bildins nacronolecule concentration in the Cl tissu€ portion

The lissuelindingin adiposetissuel is Bomewhat diff€rent f.oh
tlat in o&er iissues dd nut be hddled difl€rently. The equiiib
rim leiationslip betweer free and bound d.ug in the .dpildy
bed. fad iposet issue is th€sdes  l iq .19 :

/  B.K, B.r \v . . = . . t  I  E q  A 9 )^ - " ' * \ r + K , C M  1 +  K ' (  r d l
Tohl drug concentraiion in the capillary bed of adipos€ tissue,

C?^d!= f i . . scM+C! ! Iad ,  (xq .Ar0)

Substitutins Eq. A9 into Eq- A10 sives:

Tle tissue "binding" by adipos€ tissu€ is primarily ihe lipid sol
ubility for which a simple lined Henry s iaF solubility ieLqiionship
caD be {sed (7,8). Thus, drus .oncertration in adipose tissu€
(XAd") is p.oportioml to free drus colcentrduon (CAdl in iissue

xAd - BicM (Eq. A12)

c,Jtu-c^lq*s+c"i

Total d.ug concent.ation in adipose tiBBle portion (C?,Ad") is de

Cr.rd': Irrdrc.d + C'.!i?x!1 (Eq. Ar3)

When Eq. A12 is substiruted inroEq. A13, F4 Ar3 becomeB:

C?.M" = CM(awadrt C'^i"Bi) (Eq.414)

The partition coefficient of aditrose tissue (taAd) is delined as
th€ red) ol total d.us conc€nt atio. in adipos€ tissue to that in irs

#ifo*ffi)l ,"*o",

t B.K, a.K, \rtr P +cd(r + ii r; + r+ /(rs-/
(Eq A15)
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Abstraci a The d.r.loped pharnacokinetic nod€I, a ertension ofrle
BischofLDedrick nodel, snnullaneously predicts ihe kinetic beharior
ol salicJlat€ ir cerebrospnral fluid, Ulood, orgdns, a.d lissrres. Tle nolel,
which is €ntir€ly difle.€rt fton conventional compartnent nodels. is
ddived ton basic.omiderations of drus distribulion wil,h bidheni.al
dnd Dhysiological meaning. The dos was studi€d at thee diferenl dosases
oi sali.yl,te: iherapeutic, moderdb iftoncatio\ dd severe intoxi.ation.
The predicted ki.€tics olsalicylate in ce.ebrostinal fluid, blood, pldna-
ljvei, nus.le, and adipose tis$E by tle nodel lsr€ed sell wiLh the er
perinental data. Th€ eiilectiveDesa of lemoperlusioo treainent for the
severely inloxicaleddogby albunir coat€d actn'ated csrbon ahd ilsel
fect on ihe kiheli.lehavior of salicylat€ in ccr.brospinal fluid, blood,
organs, tnd tissues Feresi,udied. The model was also applied topredicl
ihe ki.etic cldnges olsali.ylale h th€ body durins and after th. ertra
.orpo.Eal beatnent. The predict€d resllts also asreed witl tle experi

KcJphr.se o Models, lhmcokinetic <levcloped to predict belario.
ofsalicylate in @rebrospinal fluid, blood, orsds. ard tissues, conpared
to expeiinenial data qith dogs o Pharnacokineii. modeLs devel.ped
to predi.t b€havi.f of sali.ylate in cer€brosliDal fluid, biood, orses, aDd
tissues, .ompar€d to erperimental data *ilh dogs E Salicylate phd
nacokinetic n.del developed lo predict belsvior in cerebiospi.al fluid,
blood, orsanB, and tissues, conpared to experin€rtal data {ith doss

Blood or plasma drus levels have been used as arr index
of dose scheduling for therapeutics under the assumption
that the drus level in blood or plasma coresponds tothe
pharmacological eiTect of the drug. Conventional phar-
macokinetic models have been widely applied to simulate
the kinetic behavior of drug levels in blood or plasma.
However, the knowledge of drug levels in blood or plasma
with time may not provide sufficient information for ad
equate therapy. The kinetic information ofdruglevels in
brain, cerebrospinal fluid, blood, organs, and tissues of
pharmacological interest may be necessary for the devel
opment ofmore apptupriate dosage regimens.

The model developed and used in this study is an ex-
tension ofthe Bischoff Ded ck model (1,2). This model
is derived from ba,sic considerations of drug dist bution

3A / Jounal ol Pha/naceuticat Scien@s

with biochemical and physiological meaning. The model
has been applied successfullyto predictthe pharmacoki-
netics ofthiopental (2, 3), methotrexate (1,4,5), and cv-
tarabine (6).

Previously, an extended version of t}te Bischoff-Deddck
model was used to predict thiopental kinetics in the dog
(2). ln this paper, the model prcviously prcsented (2) is
modilied and applied to salicylate in the dog. The modei
also is modified to consider the effects of activated carbon
hemoperfusion on the pharmacokinetics of salicylate in
the dog. Since drug protein bindibg plays an important
role jn pharmacological effect and pharmacokinetics, the
model also is applied to predict the pharmacokinetics of
free (unbound) salicylate levels inplasmawater, which is
more related to the pharmacological effect ofthe drug.

TIIEORETICAL

A diagrd ol blood circuldtion throush vrrious body resions is shoen
n' Scheme 1. The L,lood pool h tle blood voluhe ercl(dins tlr€ blood
conrained in lhe caDillary beds ol oreaN and tissues in lhe bodt.'I he transieni nass balan.e lor dy orsaD or body i.sion car be ex

fdrus,-  m rar io €r .  I  ldrus .nnN ,a,"  -D l
I  bor l , ,  ap. '  ar .  h"d rd l -  |  u  , "d mo do d I
L iqB."  p,  i .  I  Lor  - r  h .d,  Fsr"n.  I

.  f d , " e d , , " d  r€, " 1roruc,ne.cr i  - ,5-a sn\ t  LrrJm b ' .d\  r ' - r  I
fo,us neraL"li,n iaLe and or I
l^" ' "  i  

"  =r"  -5 |  
r r -q '

The mathematical equiion ol fte l,ra.sient mss baldc€ for Dy body

d(Yl , icr  ' . , )  .  d(Yj - rL '?r , r )  ^  -

wle.€ the subsoipis nean Ihe followins: B, bl.od; ?, t tal ortissueiand
Y:, abodyresi.nsuch as nd (adjpo*), Bf (bair), G1(sastrointestinal),
,t oiver), rn" (nu\cle), and yt (visce.a)i ed wlere C"j is ihe toral

I



ybere lB'1cr y.,) = dlR{CF.y,B)/rtcF,y"B
tff.rlcF.y"Tl ldc F f.r.

Capillaries in oisans fld lissues diffe. wid€ly h theii permeabiliry
cha.acteristiG. Tbeie dre iwo t 'Pes of nds transfer bdlween tle capil
laries dd tne s(rounding tissue. One type is the netuly insiant€neou8
establishnent ol an equilibriun f.€€ dns conceniralion betweer the
capilleies and the iissue. The capillni$ ol lhe liler pemit the pdsas€
of sulxiancA quiie readily (8). The €quilibrim free drus concentration
between th€ tivs capiliaries od tle sunoudi.g tGsue m b€ establisned
rapidly. ln ihis .se, tbe lree d.!g concentration, C.,y,?, in the tissue
e11€ctively equols tne flee d.ug onc€ntration, C.,y,!, in tle capilarieB
That is:

Cr,v.r = Ct.v.a
Substituiion of Eq.8i.toEq. 5sives:

(Eq.8)

{Eq.9)

Scheme I Bodr res;ore and blaatJ lbus fu a 15'ks (aDetuce) .Le Ke!:
I = liters

(lound end ubound) d.us co.cenhatio! in blood lrom the bloodpool,
Cay,! is the tot l drug con.entration in the capilldJv bed (blL'Jd potion)
of ihe body r€siot ( Y:), Cr. r." is ihe iotal .hus oncent atio. in the tissue
Dnr i.not hp bodJ -psrun ) ? '. Q,. F r h" bl"ud loq ratF Iron ' he hodj
rpe  on  t  y / , , ,  i .  r ime,  vy .s  i . lhF  n lnod \o luFe in  rhP,ap i l laN\ 'd  o l rh"
body  res ioa  I  I? t .sno  I  r  ' ,  i s  lbe  rF 'uF vo lmP rhp I |FFUPuJr r .ono l

N{o- druis, an be h.und r, plasns pr^L.,ns Pspe.iall} t albun
!no  lo  \a r iuus  t | . sue ,  ̂Dp"ner r .  \_ / .  Tn"  r r " "  ru r  b "Lnd)  d rJe  lPve l  in
lherde .  o rsanrs )  i smorprp ls  pd  ln  r  \e  pnsr  ns .o  'B"  a  p f fe . r  o  rhp
drue.Thp mudp lons  dasrh i '  r "c  o ,  b )  "u i ia laL ins  hPrura ld 'ue ,on
ceniratio. with the f.ee drus concentration in blood, orgds, lnd tGsues
The relationship b€tween rhe iotal drus con@nbation, C"i, ed tne ii€e
dNg concentratio., Car, in blood can te deierni.€d iD rit. Thus:

(Eq.3)

{he.e fr(C.r) is a nathenatical expressior or the lotal drug concen-
rration in teins of the free dns concentratior in blood

The mailenatical relation between tle total drus co..enhation,
r 7.1 1-,uo ni, ir"e drug o_rcnr'al irn .r '.A inrhehrrcd"fahv"rd
c ,pr l la ry  bed,  L8 . rs  ihF  (u€ as rha t  in  Eq 3 :

Cr.y,o = f aQt.v"t) iEr.4)

S in i ldh . lhe  bra ld rue ,on ,enr ror io ' i {  r r .  r ' i n  lher .s .uep^r  io  I  J i
rhe  Dod i  ?s ion .1 , . . r  b "  qprss 'Pd in  F ,m.  o l  redresoond inb lee
ilrus concentrdiion, C.,y,", by aorber fuction,lY""(Ci1v.?):

Ct.v"r = fva\CP.v'r)

Alter Eqs. 3 5 are substituted into Eq. 2, Eq- 2 becones:

dw \ ,Rf B\c r .y,B)1 .  dlvv.r /r .?rci  / . r) l- d r - ' d l

= Qy"l/,(caB) - lB{cav"!)l (Eq 6l

Equ6 ion o.an hp d"\eloped b drP foll.q dB equdl 'n

. d C r t t . . . . ,  , d V t . z
v \z t , lB  t t  r , \  z r t -  +  IF

t l l r - t
l Y , 4  " ' , r ' .  

, - : = - ' + t  / t ' r \ ' r \ - '
= Qv'Ifu(ceg) - /s{c'v'r)l (eq r)

Equations 8 lnd I de substituied into Eq. ?, redrds€d, md Bimplified

dv t ,a
l v r  R t B ' ( r t , B t -  \  i . . i  . ' , ,  \  p , l - ; , '  ' -  t s t t -  . \ , s ' - : ; :

, d v r . r  ^ , ,  -  , . ^I  l y  r f ,  rB ' -  ,1 ,  
'  =  Q.  l / , ra "F \  /p r .  ' .e l  rEq.  l0 )

The second ttpe of bass transporl tlrolsh the capillary *oll is the
restrict€d passage between the capillad€s and th€ tissue For i.stdce,
the capillary wall in numle is conpmed of d interlockins nosaic of
endothelial cels with slits (iunctiors) b€tFeen lhem that could tunction
s. t!€ poBiuiated porcs dd could ac.ount for the restricted plssase of
rater-soluble compounds (9). The restrict€d hansport of salicvlale
through tle nurle capillart wall does rot allow ih€ inqr'nf'neons es
tablishment ol the equilibrim liee sdlicylate corcentration betFeen the
capillari€s ahd the nuscle tissue

Th€ restricted iresport of drugs bstwen the .apillaies dd th€ tisue
nay be described in telru olFick's law'lhe choging .at€ ofthe free drug
corcentration, Cr yr,, in th€ lissue is proportional to the li€€ concen
tration differenc€ bet*een tle capillarles and the tissue- which givee:

(Eq. r1)

where Py. is a p.oportiondlity comt€nt cdll€d the pern€abilitv constant
md C. y.! and Cay." are the ftee drug conceni.ations in ihe apillai€s
and th€ tisBu€ of ile body resion, y2,

Substitutiq Eq. l1 into Eq.7 givesl
d C t , e .  ^  d v v , B  , ,  ,\  \ n t B  f t  v  s , "  ( 1 1 - e  I  t r  |  "  B '  d -  

v \ . . / '  I  r r  l  r \ P v

' - '  , " , '  ' ' ; : ,
= Qr"lh(cnr) -b{crv.r)l (Eq. tz)

MODEL

Tlis study att€npied ro apply the model to predict the kinetic be
Lqvior of Balicylare in ercbrospinal iluid, blood, iiv€r, nusle, and adipos€
tissue becaGe expe.imental kineric data of salicylale in tles€ bodv re-
qions arc available (10). Al lelst five body regions mat be de6ned: bra;n,
iiver. mcclq adiposetissue, md lbe blood pool (rhebiood volum€ ex_
cludins those blood votun€s in tle capilldy b€ds of bodv resions) ln
mmnals, blood lrom the GI area p{tuses tie lit*. Thus, Cl tisues de
added s onoth€r body region. Sirce there is liitle interest h the linetics
of Balicrlate in the kidreys or !eod, these two o.gans nav b€ included
in the body.€ei.n called viscera.

A diasrmof blood.irculatiorinthe serrenbody.esionswitb plysio
losi.al dataorbloodyoluh6, tisBuevolmes, and bloodflowsfora l5 kg
{erage) dog is sho{n in Sch€ne I. Sone plysiolosical datd Are r€vised
Dd diferent f..n those given previouslt (2)- These .evis€d data repre_
Bent the actualb measured siaiistical data (11-181

Tle tnnsient nass balance for the blood pool car be eipressed sl

- - =  
t Q \ , c r R , B +  q  ( t L B +  Q \ , ( ' r  \  r

+ qM"cf.M,B+ QAdcf Aru) + M8(r) - Q"C".B (Eq.13d)

(Eq.5)

BRAIN L-:::1! 0.257 t/6n

BLOOo POOL | -""' I lT4) |

0690 r/min | " "" I L--:l::,--J 0394 '

vrscERA L-----:l:--:J O32O l/min

MUSCLE 0'336 l/min

2 6 t 5  |
IPOSE
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Tablc l-ParamcL.rs atrd CoffLantsIor rhc Moil.l'

GI

0.460 0.091
0.?824

0.163
0.?410

0.16,1
0.1-751-

0_028
0.192'

0.08t
0.?3260.?936

' i (ms i icn=?r l ]MsM=rrsTr r ' rms/ i4 )=r t1 ts79,N=r .244r ,Pcr . (21 ,22) (n in - i )=00010.P i , , (3 .2 : l ) (minr )=ar5r0 ,Q! . l |ner /n i . )=0 .001,Q.?
, " , n 1 - r r r c : . ? , . . 1 3 ? . l r - r T , 1  - 0 n 3 . . ' d r r -  r r m t r r 3 . 2 1 - J 2 f u  .  .  \ "  $ q 3 s r d , q . b F r o .  .  ^  c b r o o d , o t , m . 1  , _ J

JU: lL r i .  I  Lhe t lh lL l@t l  l ln . :n theb"d \ .  "Ta l€n l ronTsbh r " IR€i .2 .

The felarionshipbeiqeen the iotdl salicyldte con.entration and the
free concentration in whol€ blood nay be determined indircctly. Since
ure lpe (unboud) drus il plasna wat€r is in equilibriun with the bou.d
drus in both pl,sna dd blood, sinultdeous deten nation of both t tal
salicylate corcentrations i! blood and plasma iion the sane suples
mat€s it possible to find the lree conceDtration corresponding to boih
toi.l con@nlralionsin plasda and blood lroD Eq.14. Thereldlionihus
constructed b€tveen the t t l sali.ylat coDcentration, C",ro, ir orisinal
(nondilut€d) blood ed th€ liee corcentration, C, B, i! blood wat€r is also

Cr.tu= |R(.C\R) = A+ MC|.B (Eq. ri)
'I he values 1br ,4 ad M d€ also listed in Table L

The erp€rin€ntai salicylate distdhutior data w€re.btanred dudns
a 6.h eipernlent (10)in whichblood los occuned du€ io tle suisical
lrauma from hling lissle sanples. Nomal saline ws given continuously
to nairtain adeqaale blood pressure and blood volune. Therefoie, ihe
llood in tle body wds gr€duslly diluted d{iing the erperinent. The
fraction .f vnob (rondituted) blood at tine r in tle .ontinuously dilut€d
blood, i r (t), cm be calcnlared lrom the mLution to a diff€rential equation
of th€ nds balmce for the whole (nondiiut€d) blmd. The rat€ oi chmse
olfte tor,al whole (nondillted) blood vohme in ihe body G eqGl io rhe
los rdle ofthe whole blood, Q!.Fsit), due io bleeding.Ir gives:

f o { s a  a i , 1 ,  { l - I . u m m " , o n 4 r d . L s  4 4 v  m , * l
I a , " ' - , l ^ n d l ' o .  | - | n , d ' i . p h d , n e i " "  I

+ Iincestion rstll- IdNs outflo{ rate fron biood pooll (Eq. rilb)

Plsma proient bindingoisalicylaie was studiedby lhe equilibriun
dialysis te.hniqne (19). A linear relalio' sas lound beiween the iotal
salicylalecon.enlraiioh, C"l,, and lhe fiee conentrolion, Cr.f, in pla8ha
in ihe renge oisslicylare levels investigated (10):

c f .P= lP\cFr)=B+N0F.P
Flere B and Nareconsianls (10) given inTableI.

Suhst  tu t ins  Eq.  15  in ia  Eq.20  sd  re tu rdg lngs i \e :

Cr ,R= FR( t lA  +  Hq\ t )CF,u (Eq.21)

(Eq.141

where,{-(l ) = 1+ (M- 1),.!(,), A dnd M are.onstania in Eq.15and
theh values are shown in Table I, C.B is tle free salicylaie conceniration
in blood water, C?,!o is the total salirylate con.e.tr&tio! in whole {un
dil(ted) bl@d, and Crs is the toid ialicylai! concenhation 'n ihe dilui€d

Simitarly, ihe toial salicylaie co(entration i. the b1@d of the @pilldy
bed of any body resion, v:, ce be expr€ssed as:

Cr.y.s= FBlt)A + H^(t)L..F.y.s (Eq. 22)

where Cr,r,, is tle free salicylal€ concentlltion in lhe copillaryblood
of any body egion, v2, and C",y.! is the t tsl salicylate concentntion
in the capillary blood of any body region, 1'2. The blood votune ol the
bloodpool, tsr, at time t can be cal.ulated by:

Va.'= Ve.a+ @sa Qu.)tFv.c (Eq.23)

wher€ av,B is the ftactior of tle blood volume of tLe blood pool in fte
t t€l blood volune, yr,o is the blmd volme of the blood p@l at time rero,
and Vs,. is tbe blood voluhe ol tle blood pool al, iine r. Substitul,ing Eqs,
,l t3 into Eq. 13 ad re,rmnsins r€sult in:
- : "  t Q s t t s . ,  . Q t  . " ,  ,  I  Q \ . . r v . s t  A u . t  t u - .

+ Qot:r.tat)/vu+ MeltJ /Ivs,H^(t )l
- Jr(r)Cr.g - Gr(t) (Eq. 24)

Gt ( . t )  =  A IFB ' \ t ) /H- t t )+  (QsE
QnL) Fv.sFDt.tJ /lvn rH s{t))l lF's. 25a)

J Rltj = |H^'(t)/H^ft) + lQsL QBL)F!.B/VBj + QB/vBl l&q. 25b)
phe€ FB'\t) = dFBlt)/<tt; H n,{, ) = dli,, (rlldr: crB is rhe ae salicylare
concenhation in ile bl@d ptuli Ca r", is the lree solicylal! concentration
i. the capillary bed of any body region, Y.r QL is ihe blood ilow rale ton
rhe body r€gion, v2; Dd vlJ is I he bl@d volune ofthe blq,i p@l at time

An infusion punp was used to infuse the drug solutior at a constdt
rate ovet 5 nin (10). Thus, th€ insestioniern, Mg(r), in Eq.24 is equal
to ihe dose divided bv 5.

Liver The tronsient dass bdluce ior the livd (Itl is:
d ( .vL ,Brc lL ,R)  d ( .vL , rc rL , r )  ^  . .  ^ . .

l - | ' { q 1 . I j t l l I l c l l |

Qt.tcrt.tB R^ (Eq.260)

[ . r ' u p  " f t  u n  u L  i "  €" ]  l d r , b , n n d r u e , r t u m  I
| %p,llrr bpd a,,d | | lloud roul rr ero i ofl{rl and I
L  h ,JF, r " ,  Ln" t l , .p .  I  Lc l rnsup 'por 'e l \ " in )  I

fdrucuutfluw l .
I  ; ; ' " ' ' : ; ;  r ' ' e ,  |  

-  n  
"bo  

' r  id 'p l  /Eo  266)

Saiicylal! did not bind witb the tissue conponentsofthe liver (10),
$hich suggesls thal l,he mount of salicylate in ine Uler lissue €quals the
liee Balicltate co.centrotion, C.,ri", multilli€d by tle volune of liver
tissue water, Yd.I,,,ri":

vLifcr.Lif = {.vLt$-.1,r)c F.Lir (Eq 27)

!!=&ull = _a_f,rt) (Eq. r6)

v a B t = v a B o + ( q s E - Q B L ) '  ( E q 1 7 )

and Is (r ) G the fractio! of whole (nondilut€d) blood in the continuousb
dihled blood aitihe r, Q!. is the blood los raG due 1.o bleeding tuon
ti6su8, iJs, is the saline ent€ring raie i. the ve;n, y?8,0 is the lotal bl@d
votlne in tbe body at tiDe zero, and y?s.. is ihe i.ial blood voluhe
(diluted blood) in $c body ai iine t.

lnthiistudy, the no.nal ialine inlusion rdlesas keptconstanlwhile
the bleednrs rat€ ol blood l.ss fron tissues was assuned to be consiant
(Iable 1). After Eq.1? is substituted int Eq-16,thesolutiontoEq.16,
underrhe conditionsolboth Qsr and QB, beins coNtants, sives:

-  -  ^ l  L Q ' r  Q ' . r ' l - o s  o q - o &
L  Y / 8 d  J

Sinc€ time zero is the iine jusl lrior io blood dilution ftom salin€ intusior
(10). rhe haction oi {1lole (nondilL,ied) blood at tine z€ro. a!(0), is

Tbe anounl ofsalicyhte in the diluted bl.od equals th€ ahount of
salicyldte i! the wlole blood fraction plus that of sdlictlate in the water
ftAction of the dilut€d blood. Thus, it sives:

vB{rB = lvfh i,lt})cryo + ly",/ [1-,|!0)]ic.! (Eq. re)

Equation 19 nsy be sinplified to:

Cu= [t\t)C r.ro+ [t Ftlt)]Crt

40 | JN|MI ol Phattuceutial Scien@st
(Eq. 20) vlereCrr?andC7 L"a.etheiieealdtotalsalicylat .on.€rtrations



in the tGsue Dortion ofthe liver, respecrivelv F!',.i" is the vohhe fraction
.i water in iiE tissue podion of tle liveri and Vri" is th€ volume of the
h s . r p n o r . n u '  l .  r . " t  c ' n ' "  n " l i ' * " a L U " r i p q l F n ' e h v p q m F J b h

rJ  "  . J la 'p .  '  e  "qd ' . .o r i rm sdr i ' v l  c  u . .en  mr 'Jn  'unbo_rd  ' ' n '
*u" i i , . , r ,a " * " l t ' " .apLt - . .0 " .1  bPIn ' r  

"F  
UPm"/h"Psbb ishPd

ned rly inBtanianeous lY:
(:FLn = CF L'B

Substitution of Eq. 28 into Eq 2t violds:

vLtCr.Lr= \v LrF.LiCnLE (Eq 29)

Ttre tot€1 sali.ylare concentration, Cr.,!, and the blood volune, vtlr .
in ihe liver 0apilldies al time r lave simild fornuls as those in Eqs 22

Cr.LiB= FBlt)A + ltn()CFLiB (Eq 30)

VLiR.,= VLBo+ @$ - alEL)tt'v.LLB (Eq.3rl

s h€r e f , / , , a i s ' b p ' a .  i '  n . l l h "  b  " o d  
v "  u m " " l ' 1  : \ P _ '  D i ' r J b ' d

r  he  L . r ; i  h  o"d  . , ruo" ,  "nd  \  r , " iand  v ,  s .  d "  rhe  o l . "d  \v l ' , r 'e
ol the liver caoillarr bed ariime zero and l, respeciiv€lv

Substituting Eqs. 29 31intoEq.26o and r€arransins vield:
d c . ,  "" . - , t  ' r , " ,  - t l , , . t  t , . t B t H  t ' L . t - t  t t \ ' , t . 8

n^/I L,lt) cLJt) lEt:t:J2)

LLJ t )  =  U.8 . f l ^ ( t )  +  v t . /  1 " .1 i "

G Lilt) = Alv Ls,rF R'tt) + lQsE - QqLJF v Lll BQ))/LLt\t)

Jrj(t) = [vrrrlt^'(t) + lQsr QBL)Lv.LsH^tt)
+ QLLH,,IIJI/LL,\t)

Qrr = llood flop rate of tlre !€patic a.terv

Qdr = blood nowrare fton rhe GI bodvregion

The meldbolism raie, R., can genenllv be describ€d in terms oflhe
sinple Michaelis Menten formi

^  h , , r , ,

There are two sDe.ial cases: ( a) it C FLir >> KM Li' then R- = x Li Vet'
order), dd (D) 

_il 
CF..,? << (w.r, iher fi- = (Kr)lKw,,)C,].rr (firsr

Sin.. the netabolism mainlvoccu* h iie live.' it{as assmed tbai
lll salicrlab netabolisn occurs in ihe liver' In s€reral, sinilar ierms
flrnd b; addedt the olher bodv.esioN illecessarv.Itras lblhd pre-
vi.uslv (lOl that the total exdetionrateofun.hdged salic)lat€ and its
nehb;lites (salicvluate. salicvlslu.uronide and s€ntisat') w6 zero
order dnd was l.?O ms/nin for tbe tlr€e dosag€s studied Davis and
Westfsu (20) found rhdi the anount of un.hanged salicvlat€ ex'ret€d
in do! uine {as 11891' {hile tbat. of its n€t.bolites was 62% ol tle total
u - o r . l '  " r * "  " o .  

l 1 a . 1 r i , j l d a n " a b u . . -  '  r "  p .  r h : . h  - s  a '  u n  P d
i , , , " 0 2 . . 1  I  e  n ' " t  * . " r . n  F ' P ,  $ a '  J  m g  m i n  l ^ " n "  r ' r P P d " '

"v i . . . "  rmuun ien ' . "  bJd  " lu r  ' " \ r ;p 'aboo eq innrv t l

d(v va,cr.v;i . d(vw.cr vr)
,lt 

- ,lt
= Qr(Ctr - cr.Ya) - fi' (Eq ll4)

The rcnal excrction rate,n', of unchdged salicvlat€ w* 0 65 ne/nin
'o r  r  _ "  rhFp o '  "dgp r '  d ;u  '  0 '  Th-  '  J  ,o l i  \L l ' "  ' onFn ro i  un
(  / ' s , a n . l b ^ o o ' " u m "  V . , s  i n ' n - \ ' c P ?  e p i l t r i  s d  i m P r  h s \
h" ; tLe"  :  ,  . ' , .  ' r "  a t  'o  rha  fu r  

"F  
L \H '  D i l la r ie '  l {  "  pe 'nP

. i ' r i i , ' '  ' " ' i . - - t  l , t * q o n '  h P r r " s p  a r ' |  ' : ' l s d m a d  ^ b P

. r - , r , .  i "  u*  o r  r - i . "  t ' . " ' -p  Ud,  *  sd l  rv l  'P  du-  n"  b  nJ  w i rh  r ' "
iissue .onlon€nts oi ihe viscert either. Thus:

Yv;{r,vr'= lF''.vtvvi)Cav;r = (I".v4vv;r)Crv8 (Eq- 35)

Crv;B= FBG)A + H^(t)CF.viB (Eq 36)

vv;n, = vvLa.o+ lQsa Qut)tFv,v;s
Slbstitutilg Eqs. 35 3r- into Eq. 34 and redrdging vield:

f f= tqv 'H. t t t tL '  'k  t l r  F B

JnQ)cf,w GwQ) - R,lLvilt) (Eq. 38)

Lv;\t) = Vv;s A,,(t) + V vrF..*r

c,(r) =.4[vB,as'ft) + (QsE QBL)FN.vBFBtt)llt'vJt)

Jv r ( r )  =  Iy *R] I tn l ( t l  +  (Qsa-  Qa. )Fv ,v r f i ^ \ I )
+ QvrE*lt)j/LvJt)

n ,  =  -n" ' " \44  on  r " 'e '  Ln  hs '  Pd  'e l i  \ ia  -

GI RegioD Tbe t.ansit nass bllarce for iLe Gl reeion (GI) is:

d ' V : h . a r . - t B t  t d t v r r r " c , t t  Q u ,  r - . ,  .  , . , o
d t  d t

(Eq. irg)

VclrcJ..ctr = IvcnF..trr)CFlrr = lv.r!F.,cn)CF.B (89 40)

CurB= tss\t)A + H-l.t)C{dE (Eq a1l

virrj= va!,.o+ \QsE - QBL)tFv.cIB (Eq 42l

Tle followi ns equ ation iesllts from ihe snbsiitution of Eqs 40 42 int!
Eq.39 :

d(  ' "J !  te ,u - r "  t  \ , t \ t  ) \ ( ' t .  t  - . t . . .  t  . \  n t t  G-  ' t )
.11 '

(Eq 43l

Lc^t) = VclB,tH^lO+ vcnF'".etr

Gat(t)= AlvdB.rF B'lt) + @sE - QH.)Fv,crrFBt.t))/Lc!(t)

JcttJ = [v.x".E -',ft) + lQsn QBL)FV clBH-(.t)
+QctH^lt))/LdQ)

lilipose Tissoe 'fhe irdsit nas balance for ile adipos' tisue 'e

d(v AdB.{r.AdBJ + d(.v Adagr.Aar) = e AdeTB h AdI) 
,l],q. 4t)

dt dt
Thp F . "e  h indrng  in  ad  p^BP I  ssuP "  p - rn t i r ,  dL"  r ' '  hp  l i r i !

s . l ; , i ] i , \  ' r  Fda"  s , I  vhFrhor  . i ' nu"d  I  phv ' in ln t r  h l  pH '  lo t
- i " " " t - "b r " .  SA. ,  t , ' "  i .  '  t  "  "n  a l l  por '  io 'ao"J  o \ l  

" '  
qa t " r  in  "d '

: p . s c '  r u " a ' i . u t s f u '  h P r u r d l ' m o u n r ' ' ' a l i ' v l a  e r n  h d r n s u a D ' ' '

v^drcr.Adr= lvAd$.,An)CF.AaI = lvaa$.,Ad')CFA@ lott 45)

q .AdB= FBl t )A  +  H^( t )Cts  ̂d !  (Eq '16)

v^dBj= v^dB.o+ (QsE QB)tFr.^dB

Substiiuiins Eqs 45 'l? irtoEq.44and rcarrunginsvield

(Eq.4?)

d L  
" , ' = t , r , " u - r ' ,  t  A ^ \ , ) l . r t  J a "  t , r t  1 . n  c a .  "

(Eq.48)

L adft) = VAd,.fi ̂ \t) + v ad1 1 
".ada

cid(r) = AlvAr...F!'(t) + (J6' QBL)!v.AdBItRlt)llL^dQ)

J AdO - lv ̂ BrH ^'tt) + @sE - QBI)Fv.adBH.(.tl
+ Q^dH^\t)l/LAdk)

(Eq i7 )

l
i

(Eq.28)
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it nas been stated that the passase of waief soluble $mpounos su.n
as salicylate though tle nu6cle capillei€s i6 restricred. Tie restricild
drus transpo.i can be described bt;

JCr M"r .. ^
d t  

=  Pvo t  t  MuB,  t  t .B . r \  rcq  . ,1 )

Sr  bJ lu r  rns  EqF. . { )J t .n ru  Eq.  ag  snd r "d .an  i r  I  g ive :
d f rua  . - .  , . .- , i t  =  tuM" t  v  M"H, tL r '3  -  tM" \ t tL  F f r t  B

+ |P\h,vMaF( Mn /lvMuBrH,,(r)llcrv." sM.(r) (Eq.5a)

tMuLt) = IVM"k ran'lr) + lQsE q"t.)Fr MdHn\r)
+ PM"V ]-.L M' + rlMuH^ttJl/lvM,,B.fi ,"a)l

.!'e"ft)= rtF '()/H-('] + (Q.-'
- aBL)f v.M " RF Btt ) / Iv M 8}H _ a) )l

Brain The transit Dass balance for tle brain resion {8.) is
d lvB,B]c t .B .B)  d \ r  B , r ( rB . r )  ,  ^'i

No binding betweeD salicrlrt€ and the brair tissue ras fonnd (10).

YMICr.Mur = t.V Nu$,.NaNt F.Mur
c".M"B= FBlt)A + H^lt)cF.L|d

vv"u.t = vM"B.o + lQsE - qBL)tFr.M6

vBl t Bi = lvB,rF -.M.)c F 8."
ca.R8 = FDft)A+ Hr\(OCFA,r

vtttt= vB"R.r+ lQsE QRt)tFv.B,B

Muscle The transir mass baldce for the nusclo body reston (Mz)

d lvM8t r rM,B) ,  d tvM"r r l .M, r t  ^  . .-,.tt | -- 
;-: 

t4u lt R _ t . u."1 .El rol

Salicylat€ does notbind with the tissue comlonents ofnus.le_ llencel

Kinctics of Salicylote Peftt.ltion itrto CerebrosDinsl Ftuid tn
\ , ' m a ' , . r - " u r o d u a "  r a ' p o l " , ' " u r u s p i n a t n  d  L p , , J O 5 -' 1 1  n  1 a " " p { I r  . . ,  I O 2 O 0 d t \ . ,  1 I p l r p
b.ospinal nuid noves by bulk flow our of rhe lenrri.uld systlh inro tne
subardchnoid spsce and €voniullly r€tuns ro ihe blo.dstrean. The drug
inthe ce@brospinal fluid isrenoved as irrerur.s t rhe se.eral circula_-

The d.ug acouulaiion rate in the cerebrosphst fluid equals rhe dNs
penetratior r.te tiom ure brain capillaries to th€ ce.el,rNpiut flrid
n i n ' . . r } - d  u r , - , %  r , , p d u p , , . " , " - a b r u s p , n - f l . , i d , ; . r n i n c . "

d (v .s fc ,  s ,  )  . .  ^  ^y . . . r p  ! 1 1 r " . , .  q  _  { . . , I  { 1 , - p a . q ,  , E q  6 . .

Equalion 61 nay be simplified to:
- - i , . , ,  

. , , ^ , .  . . s . .  . Q , . /  r . . r {  . .  r F . , . ! j .

where il.j,s and C..,\F ore the fteo conoenr.arions ih the brah capilffies
and in the cereb.ospinal lluid. respectively; p.s. is the pdn;abiiity
clnstdt for dmg]rasage into the c.rebrospinal fllid;e.sr is rte pro,
d ' r  i ,  I , r r " n , v "  r . . p o '  h p . a n L - , s o , i  r t u , d : r n o  r , / , s . , . r h " ; , i

'ftere *e I0 unlmom vuriables Geven iree corc€nlrsrioN in the btood
pool and in th..apillaries oftheothersir body resio$ plus three free
con entiarions in tbe cerebrospindl fluid and in rhe rissue porrions of
bmin !.d nscle) in a system .l 10 simdraneous eqmrio$ (iilqs. 24, il2,
38.,13,18, 53, 54, 59,60, and 62). Ten equario4 6 s€rve io solve r0
vffiables- Therefore, a system ofrhe r0 sihultaeous tibrorder ordiney
diflei€rtial equations can L,e solved nuneri.alty. In rhis srtrdy, rhe
&unge.Kutta fourlh,orde. netlod (10,24) lor solurion ofordinarydil
ferentidl equation. *as eDployed !,r sohe rhe 10 sinultae.us equrions.'l he solurion gives sinullaneously tt@ lineri.s ofrhe t0 lariabios ltreesali.jlate corconlrations h this case).

Since tha tolalsali.ylaie concenhation, C"s, in rh€ bloodpool and
h- r l '  r \ "  bb  r  . f l " rp  r ,  n ,  enr i . r ' vn .  {  ,  .  F .  i ,  ' h ,  ,  ap iUa4 h tooJ  dd
lh"  , l " l  d l , )  dF . .n?dTIon.a ,  I  , .  n rhp t i . .L rF ,nruno id \  udr

bp .^ r4 ta  au  s  h ,hp i ,  .o ,Fspo-J ins  rF"  %t rJ t " , "
.oncedfations by Eqs. !1, 2r, 29, 35, 40, 45, 50, and 56, alt tineri.s ot roral
sllicylat€ concentratioN in the blood pool lnd in borh the copitlary bl.od
and tisre p.rtions ofvdiou bodr .esioro cd also b€ det€nined bv rh€
nodel. Model lersibilily can be dehonstrar€d by c.mparilgrhe eiDer
in€nt€l !inetic data with rhe nod€l predided reslhs. Sin.; rhe exDer
imentally d€ternined salicylaie concerbalion in dyoryan. y?,repre
- . ' - t h p h r r l - , , . v . d t s " n n c e n . r " r  u n . r - r r  . i n r h o r  n l g " . , " h i r h ; r
\ p , r l , u l d r d  n  p  m . u f r h p h k  $ ' . . 1 " , " , " , . p . I , a  t u . . . . .  s . . h , n "
capilary blood md ihe iotal salicyiate tunrenrrarioD Crr??, iD rhe rissle
poiti.n oa the body ngiotr by the lotlowins equarion:

L:ar.{vr,B+ Vr.r) = Cr.v,Byy.! + Crr,"yy,r (Eq. 63)
the lharhdcolin€ti.s ot toial salicylaie letels in various o.sas and
tissues tunlepredicted by i,h€ nodel.

DuriDsthe 6 hr experimeni, blood loss o.cur.ed due t rhe bte€diry
troh takinavdious ti6sue smples to obt€in e:peihenrat kiretic daia.
Nonr8l saline was coniibuously supplied i! maintain adequat€ bloo{t
pie$ure and blood voluhe. The fa.t rs dc@urins for rhe blood diluuon
and th. drug loss acconDanving blood Ios were .onsidered in .on
strm|nrgthe pha.nacokinetic mod€]. Howerer, rhe lin€ric behdviorof
uli.r'lat distribulion inthe body of m intacr dog in which $sue smptes
de tut talen is expected to be a I il,Lle dife.ort f|oh rhat in tle dog from
wlich various tiasue smpl€s are iak€L Wirer tissue smples aie nol
taken,neither blo.d lGs nor blmd dilltion ccuN. The fracrion of*t!o]e
(nondilulld) blood, a,lr), is always one, and rhe.ar€s of 6arine lupljy
ahd L,lood los are zero. Tlesolution to a systen ofthe tl] sinultancaus
dT 'erpn ' ,a l  eq  J " ' , .n .  q i l l  t s . \c  s l  qh .  v  h r tshprsa l i . j t ,F  la ! , . .  In  r  p  t , ^ . ty
beca'Fe lhere is n. diirg lu,s a.coDpanying blood jnsp.

Effcct of Hehopefusion on Salicytate Kineric*Th€ effecrjleless
ol hen operlusion using al bumin - coated ac ! ivat€d carbon for j.rure, s€
verely inioricared cases was evaluated in terns of fts €ife.r on ihe sali-
. \ l a r p  h ^ d \  4 i . r i r b L r  . n ' u r .  j .  s s "  J s . "  k n  p  F o . u a p p . y , . .  r o .' u  p n  d  " r  r I e  r l . . J l a F p r r ' a s . " L r n p t i c . i n  h " o o d \ d u e ' ^  h r e \ r r a
corpor€sl irearnenl A blood pmp wds used t shunt rarr ol rhe f€norol
aderial blood thrcusb lhe extracorpoeal devi.€. ard rlc.,.lean,,blood
out ofthe devic€ waB conducted into the fehoral i€in during tle rreat-

(Eq. 50)
(Eq.5I)

(Eq.52)

(Eq.56)

(Eq. 5t)

(Eq.58)

In tle brair, th€ cnpillaries ar€ nu.h less permeable to wat€r soluble
b€t€nc$, perhals becduse the €ndothchm ot brair capilleies appeaB

to b€ a continuoG sheet of the glial coDe.ti!€ ti$sue @lls without visible
pores (8) The celular sheath of ile brain .apilLai€s highly inpedes rhe
p$sase of vater soluble cobpounds dd a.counis for the blood brain
banier, The kinetics ofsali.yldle p€nehation into cerebiospinal fluid
andbrdin were siudied preliorsly (21,22). l|€ perneAbilib' .onstant,
licsF,f.rsalicyldlepe.etrationint cerebrospinaltluid (21,,2) isin the
0.0026 0.006-nin_r range. Mal€rials diifusa.elatively Le€ly in eitler
direction betwe€n tle cerebrospinal tluid ard cxhdcellular lluid deep
iniobrain tissue (23l. fleref.re, ilevalue of iheperne.biliiy consrdr
for the blood<e.elrospiml fluid baniernaybe adopted as thai lor rhe
pa$age ofthe arus betseen the brain capillaies and the brain tissue,

lfhe higiny reslricild tramport of the drug in th€ bratu can be sritren
in tems of the ftee co..entrati.n dif|ereh.e between the capillades lhd

o!ffa = 
""'"'"-""''

(F jq .59)

Substitutins Eqs. 56 59 idloEq.55and rearangihggire:

+ 1?,,v*aFa.B,r/IvB,BrHb(r]llcl'."-.5!"(r) {Eq.60)

1,,(rl = ty&!,nn,() + (QsE QuL)FvB,BHnlt)
I P , . v A  / . 1  r  '  q B . 4 . t "  A s . E . H  I .

&),(t) = A\FB'lt)/H^lt) + (Qs': - QBL)Fv.B,BFBI|)/lvB.B.tH^lt)ll
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(Eq.64)
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MINUTES
Fig\re I Predicted (soLid Lines) and etperimentdt saticytdte ..n,
centtatiore in bL.o.t (a) , nu*Le (o), dnrJ adipose tissue ( . ) dt d dase
af 285 ns/ks (sodiln saLicyLate).

whde QM.,r" is the blood flow.at€ through the muscl€ durins tlE er
trac.rpo.eal treatme.t, Qr" is the blood trerfusion rat€ shut€d though
the exrraco.po.eal device, ohd Q&u is the blood flow hie throushthe
nu scle w irb out shurtins blo.d through l,he device.'fhe salicylrie renoval rat€ by the dira.orporml treatmeni, nr", can

Rer = Qt  r (c t  a -  ru 
" t l {Eq.65)

$here C",! is the iotil d.ug conceniration fron tle blood pool enierins
the exlracorpor€al device and C" rlur is th€ total d.us corcentration in
the otrtfl.w hldod from fhedPvi.c

Du.ilg eitracorporeal treatnent, Eqs. l! and 49 ol t dsi€rt mass
balance for tle blood poot and fo. the nuscle region slould be modified

d tvBtc f  d  ^  ^  --= ' t tn .L r  3 ,B+ e l r , r  t . i8  +  q t  L r t i s

+ qM"r{TMs+ Q'a.cr.B.tu+ QadCr.^dR) + MsltJ
- QBCI! (Eq.66)

d lvM" t  I  | ,M"RJ d \vLur lTM\ r )  ^  . ^-  ' r t .  ' - A  "  q u " r / ( t t  r ' u . s l

iEq .6?)
The isht hand side ol Eq. 66 cd aLso be Mitten in lerns of the sali-

cyldre removal.ate by the exlracorporeal t.eaihent, ir?, f.on Eq. 65

+ Qtu".r'tcr MuB+ QAdC\ad + M4AJ
- (cla - Qtr)cr.a 1i,? 1Eq.68)

Fiqtrc 2 Predicted (salid.lines) dnd erperin.tntaL saLicllate nn
ccnttatians in ptasha (o),liuer (o), and cerebrospinal lLuirl (4) at a
.Iose af 285 ns/he (s.diun sdLiclldte).

f igur r  3  P  d-p ,  'a t i . l  l t r " " |  ond p)p .a" - ,o t \o t i J lo t r .un-
,  e4 t4 t iab  i .  h l , vd  und4 t . "  ,n lLu ,n ,  e  a l2 .h t  hpa.pa  l6 iun , , "o  -
nent at a dose ol285 nE/hE. Ke!: E, inftou btoad: and o, outJLou

The.€fo.e, the pharna.okinetic behavior of saticytal! in th€ body
.luring rhe €xbacorporedl treatment Jso.an be predicred bysoivins a
systen ol I 0 sinultaeous equtioB.

RESULTS AND DISCUSSTON

The valu4 of la.anete$ and .onstats necessffy for solving rhe
s]'sten of 10 sihultaneous differential equtions are shown i! Tabte I

Three different dosases of sodiun salicylate were $ed: 135 ng^g
(theEpeutic), 210 ns^g (nod€rat€ inloxicarion),ard28b hg^s Ge;r;
intoxication). Only tle 285 ngAg dlla a.e siven heret data for ile other
do$as€s are available, hoveve. (10). Three or iour monsrel doss (15 25
tg) we.e evaluat€d wirh ed.h d osdge. An infcionpunp was eftployed
lo intuse each dos€ at a coNtart rate over 5 min. A detailed desoiption
ofure crpednenlal netlod lb. qudtitarive atudies on salicllat€ kinetic
in cerebrospiml fluid. blood, plasha,liver, muscle,,nd adilose tissu€

Thonean values (+SD) oftheexpe nentally det€.nined s,licly]lte
conce.batioL\ wii}l time md th€ predict€d pnarhacol<inetics Golid lha)
by t!€ nodei lre rhown in FisB. I ad 2 lor the 285 ng/&s dose. If a cal
culated stdda.d deviaiion is within the siz€ ofa synbo | .ep resentins a
hean value, ther the stdda.d devidlion is not shom in the figur€s. Tine
zero in the ilsures is tire time jLAt prior lD ininsins a dose. The good
asreenent tetween predicted kiretics and elperin€ntal data denon
slrales nodel teasibility.

In a. experim.rt qifi henole.fusion trcatment, a severely inioii-
cating dose (285 ns/ts) ofsodium salicylate was adninisteied inirave-
ro$ly to dogs (19-26 ks, averase 23 lg) ai s constant rate f.r 5 nin. T$o
lours later, the poisoned dogwas trested L,y an eitracorporea I d evice
cortaining 250 g (set weisht) ofalbunin.osted activated carbonlfo!
2 Ir O0). The aririal blood &oD the fenoral lrt€ry ws shunt€d ttrrough
ure efracorporeal cadridge: salicylat€ in tbe blood wds adsorbed by the
ca.bon-ardrhe outflow "clea.'blood r€tumed to the fehoral vein.

Tle salicylate rmoi,l rata by lehoperiusion ws .alculat€d, as sial€d
pfevi.usly, in l.erms of the blood pcrfusion rate ud ihe concentrati on
difieren.e berween inflos and outflow btood sanptes (Fig. 3). The bto.d
p€rfusionrat shunled hon th€ lenoral artery of a 23 kg (averas€) d.s
il tle expenmeni 110) wss ldpt at 100 nvmin by a blood pump. However,
the lhysiolosical pararnei€s ebployed i! the phdna@linetic nod€lins
ar€ bsed ona r5 Lg lave.dge) dos. Hence, rhe blood pedusion rat€ used
in rhis model was adjusted ro tldt lo. a 15 kg dos and save 65 nl/min as
the rosull oi multiplyins a ratio of tne iwo body weislts.

Fisures 4 6 slow the experin€rtal tineiic d,ta ofsalicylate levels
(mean ralue + SD) nr biood, Dldsna, huscle, adipoBe tissue, and cere
brGpinll nuid and the p.edicted kinetics Golid linet by the model uder
tle efiect o i the 2 hr treatD ent. The L ineti c clah ges ol salicyiat€ levels
in tle bod y d urin g an d alte. th€ len opefusion are also qeli pred ict€d
by tle model witb ce.iain modiiications in blood fiows and in equatiom
as elpessed in tle previous section.

Tle phdnacological erecr of a drus is sener.liy r.flecied better by
rhe tuee (unbound) druslcv.ls in blood o.la.set orsan(s). Thereldtion-
ships betweer f.ee a.d total d.ug co.centrations in blood ard varidus
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Ficurc 4 Predited (s.lid Lina) and erprin.:ntal sa/:\bte on,
rcntratio$ in blood (E) andadipase tissue (o) untJet Lhe inlLuenui ol
2-ht henaperfusion tredtm.nt aI d dop ol 285 ns/hi.

M NL-ITES
Fignr.5 Predicted lsoLi.l Li,tes) antl c.perinctrkn saLi.\k r on
ce]ttrotians jn ptosma (E) anIhus.t. (O un<|er the inllueve uf 2-hr
henapetusion treotment at a dase.f 28t mF/kt.

Ficve 7 Prcdict.d Galid Lines) and erpdinentaL |rc. $ticltate
oncentratbn (o) and tatoLsoLictlat. concentration (E) in plasnd dt
a da* of 285 ns/hs (sodiun 'aticrLdte).

i.iINUTES
Figut€ 8 P.ed;.ted Gtnd ULes) and etp.rinqtaL lrce soLi.tloLe
e.n pntmtton (o) and tatal talilLote conccnltatit)n (o) in ptasnb
underthc i1JLuence al2-hr hpnopifusit)n treattne|L at a ttose o1285

preserted tlisstudy.rn picdi.t s.lic!,,lareletels.olonl)'inbloodor
phsn! bu! also nr cerebrospinal fluid- lirer. aDd orher rhsues. Conven
ii.nal.omparineni m.delsdfe !nalle to do so.

Iiee drus c.n.cnralions (variables to be ilted) nr all body reeions
ischene ll are irvolv.d h nq.2l while lhe lree drus .oncentration in
lhe ])lood !!ol appears nr the equation f.r each body regio.. Thus, eaoh
€qualion in a s)6ten oisinultaDcous diffcr.ntiai .quatio.s is nor inde.
pendenrlul int€rrelated tothe others. lhis feature ofih. hodel hls dn
in4r)rlent rpplication in clinical llurna.okireti.s. lf th. rnodel i.r a
giren drug .an Lie v{ified in a species pharna.okireti.ally snnilar nr
hunlns.th.n it.dh be applied tofredict pliarn aco ki n€tics of iLe drus
in hunan blod, orgaDs, and rissucs olplsrma.ologi(al inporrance bt
Nnrs tne phJsiolosi.al and biochemi.rl p anetos ol h!mans.

The experimen(dlr olseFed knretics ol drug le!€ls in blood or plasna
D,y b. uscd io d.pare willr {he corespordins knreiics predi.ted by
rhenf t l . l . l l l l e r lg ree$€l l , rneDode l  p red ic ied l i re t i cso f  d lusd is
iributior in rh. orler b.dy.egiu,s tharlre dillicult to sanple naybe
expe.ted t. repr.scni.lorly lhe.ciual }ine{i. couses becanse oftle
irterclatod .hrra.t.rirti.a ofihe equ.rions. Thefefore- lhe model car
turnGh m.re conllete ard rallabie nririnatioi ior o|timdl th€rapeuii.
reginens The nrdelhas beeD successinlly appliedto pr.dicttle phar
macolinerics,)f sali(llale in the dog Fith and {ithout eatracorpore,l
actrrat€d carbon tr€atn€nt.
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Figurc 6 Pfedi.r.d fr.l/d lines) ond cxperinentaL saLic\late ..n
unttatiaB in cerebr.rpinaL lLuitl to) ond Litet undet th. int'tucnP.l
2-hr hanapeifusiontrcorhnrt aro da*i al285 ns/hr. Na elptinonat
datd uere obtunEd for hr.r ar o aluLt ol h.pu.in thoop,* bein g appLied
ta the d.ogt|iththe henaperftEion ttuotnent (10).

tissu€s wd€ coDsid€red in conslftrcliog lhe equarions fur ihe nrdel.
ligues t lnd 8 show exp.rimcDral (mear value + ,Jr) ard predicted
Golid linesl kineti.a.l flee and t tal salicllate L€v€ls il pl6ma L{ith and
without the iremoperfusio! treatnelt. Tle results predi.ted by rhe model
a$€€ Nith the exleribenrdl ddtd.

Curves md data conparable to those reporled in Figs. t 8 a.e aho
availabl€ for the 135 andt10 nrlgdoses(10).

CONCI,USIONS

Since lnow].dge ofthe kinetic behavi.r ofa drns ir bLood or plasna
rnay rot piovide sntlicl€rt nrfoinatio.lor appropriale therapJ, hineri.
i ornation ofdrus lev€h nr brain, cercbrospindl lluid, blood, organs,
aM iissues ol pharmacolosical interest ma! be necess$y for lne devel
opnent of imlroved dosage regihens. The phdnnacolii.etic nodel
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Effect of Reductive Methylation on

Ldbeled p.oreins are commonly us€d to srudy active
sites, bi.dins interacrions, protei. adsorprion, and i!-
teradiom at inlerlaces. TNo @nnonly ued prolein
radiolabeling l4nni+es arc iodination ard reducrive
alkylalio.. Radioiodiralion .caults in th€ fomarion of
iodotyrosi.e and iodorrypropha. eroups ( I ). Reductiye
nethylation results in the labeling ofepsilon ani.o ard
terminal amine goups yilh tritiated nethyl grouFs (1,
2). Re€nny sev€ral r€ports have pointed ou! ttrar io-
dinatiotr nay afec! ligud binding, adsorptio. to solid
surfaces, and cnronalogiaphic benavior (3-6).

wc report a chanS€ in the ad$rption of bsoztmc
dependent on the deslee of r€duclive nelhylalion. The
enzydatic acrivity ws unas€cr€d by tne labeling pro,

Crystalli2ed hen es8 ehite lysozyne lcal Bioch€n).
rririat€d fornaldehyd€ ( 100 mci/ooole, New England
N&lear), Mirrccoaus lysadei&tt.,s ell walls (Signa
Chenical). and Sephadex G-25 (Plarnlcia Fin€Chem-
icals) per€ Dsed as receiyed. Sodiun cyanoborohydride
(NdCNBH], Ald.icb Ch€nicals) was recrysldllied as
describcd by J€nlof a.d Dearborn (2). Borosilicai€
slass mverslip! rere purchased i.on cold Seal- Pr€p-
a.!!ion of clean glass coverslips followed a cleanins pro,
tocol @nsistins of: (t) sdubbins in Micro dorerg€nt

the Adsorption of Hen Lysozyme

{Inlernatioml Product corp.)i (2) a 2o-min soak in
70"C dichlomalssulfuric acid bath (l) four sepa.are
s-nin ri.ses in double-dislilied filter€d waleri (4) two
5-nin rim* in absoluie erha.ol; (5) fonov€n by vdpor
d€greashg id hinuorochlorethanol (freor) yapor for
l0 nins. The uhracl€an glass @ve6lips rere rhen given
a 2 nin radiofrcquency slo{ discharg€ (RFCD) ii ao
orygen plasna at 35 W tured radiofrequ€rcy po*er
using 200 /ln Ug oxygen plessnre in a comercial
RFGD unil (Teeal Sci€ntinc) followed by a lo-min
purge in oxyg€n (99.999%). AI cleaning vas r€rlorm€d
in a clean roon. The cleaned ov€rslips were hydrophilic
as d€ternined b, @rhcr an8tc neasurem€nts (7). The
cove^lips were ued dir€crly or eated with ,-pe.ryl
triclhoxy silane (NPS, Petrarc! Sysrem) fo. use as a

Hyd.ophobic gla$ snrfaces r€re prcpa.e.l by vapor
siladzalion lsinsNPS. A roundbottonflaskcortaining
l0 nl NPS, 300 dl ofp-xylere,3 ml of luladire, a.d
a stirring bar vas e.circled by a h€aring nantl€. The
top or the vapor chanber had a lid lnd cond€nsor ar-
tached. Tte reaction vas alloNed to .ednx lor 16 hr
followed by anolh€r l6-hr renux with 300 ml of tolue.€.
The Withelny plat€ !ec! que was applied for co.tact
angle measuremenl (7, 8); lighr nicroscopy was nsed

TABLE T
D€sree of Labelirg Efrecls on Adsorplion and E.zynatic Acliv y of Hen Egs Whii€ Lysozyme"

(# or lritialed mcthyl

Sp€cific aclivity (dpn/!g)

Specific enzy6€ activiiy'

0.10710.002

0.r6 r  0.01

0.00?l
5

0.28 r 0_02t
'Valu€s arc ihe averase ofthr4 reFlicales 1 | standard deyiaiion.'A t ro  a  .dsdbed d  r00  mi1 l .es  ' r  n ' .  ograns .  -n /  'dom cn . r  "pe , f r (  ad i r ' i . y  rdph/ /s , .'  In  n rc_oA 'ad .  e l l  t rd l5  .  a ld ly led / f  in  Le ln i l ie ram lJ "o / j re

ao21 9791 /A2l 100511-0!$O2_0OIO
^n rlehr d radudbn r aly 6!D '*ftd.taq@t at cdtdd ad hk&e scigr,
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to ch eck for surface d€i€cts and parliculates i X ray pho
lcl€crron spel.oscopy (XPS) was uFd to aialre the

The surface of tne ghss coverslips examired by op-
tical stereonicrc@py show€d .o grds def€cls. Contact
angle nedsuren€rt for NPs-coai€d @v€rslips had a
r*oding angle ot 58' and an adrancidg angle of 76'
assunins the surfae tension oiraler to be 72.6 dyne!/
cm (ll). XPS data codlned that th€ NPS-@ated ov-
eslips vee silanized (11).

Rldiolabeled ly$zyne was pr€pa.ed by rcductive
nelhylalion ( I0) witn skht nodincadons. He. €ss ly
sozymc in phosphare-bufler€d sali.e (PBS, Ll4 g
Na,HPOr + 0,22 g KH:POI + 8.5 g NaCl !o I lite.).
al a concertralion ol3 mg/nl. was rcacted willlntiated
fornahnyde (['H]CHO) at s.*nl.alions of 3.32
x  l0  6 ,3 .27  x  l0  5 .  and 3 .64  x  10  'mMfor  low,  me
diun. and hish labelirs. respeclively. Sodiun CNBHI
was add€d lrior 10 addition of fornaldehydc as a mn-
ce.taied solnlio. in PBS 10 give a 0nal corce.rratior
of 20 nM. Thc mixlnre was rllowed to react for 2,1hr
ar 4'C vith nildstirring. The reacrio. was then slopped

by pasag€through. Scphadei C 25 column pre eqlil
ibraled wiih PBS bufe.. A f.action collecror *!s used
in collecting 3.5-ml lractions of the elulant. A 25-pl
aliquol oi each lraction was tben addcd to I0 ml ol
Aquasol II (New E.sland Nucl€at and counted on a
Becknan LS 9000liquid scinrillarion counter (10 min
or 2' eforj 5:r% efici€ncy). An unquerched rridaled
slandard in loluenewas used as a calibrltion for Rindo*
s€ttings. The elulion pronle of Irti]lysozync qas plotled
and [rH]lysozyn€ fractiors w€re pooled. After dilDtion
oi the [rH]lrsozyne solulion to rhe desned con€nlra-
1io.s{iih PBS, an aliquo!Nas @urled 10 deternine its
specinc activitr. The lrH llysozyme conenlralions were
derermined by absorbance measurem€nls at 280 nn
usins a Beckman nodel :15 Uv visible sp€ctropholon-
eter with PBS as r€fcren*. The nolr extinction ccf
licient was delermined as 3.1 X l(].rl '.Themolccular
wei8hl used ior the calculalions was l.l9 x loa s/nole.
Tbe specinc activity was expr€scd asdpF/peollabeled
lysozyme (dpn, disinreBralions/ninutc). Tbe dee.ee of
labeling was expressed as nunber of tritiated nelhyl
groups per nolecule ol lysozyme (Tabl€ i).

)
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T]ME (mnr
ftc. I Efr*t ofdegree oflabeling (Trble I) on rh€ aderptior of [rH]ltsozyne onro hyd.ophilic gta$

surfac€s ut l. 10, and 100 nin. Soluiior 1.5 mg/ml lysozyme in PBS. pH r.4. Tne valu€s are the
averase of thr€e replical* error bar r€pr*ent one nanda.d dcvirtion. Nole thal ircreasinB the degree
of labeling resnlls in apparenl adsorltion, which is interpreted as lhe Iabeled protein adsorbins prei
ere.iial to the unlabeled protei. (5).

rNdd o! c.nda d hk.ha s.teu
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Frc. 2. Effect of d€eree oi labeling (Tablc i) on rh€ adsorpiion oi lrHllrsozyne onto hydrophobic
gla$ surfaces a! l, 10, and i00 nin adsorption. Tb€ values are rhe averagc of three replicales efor
ba$ represent oie slaidard deviation. See l€send 10 Fig. L

{

Label€d lysortnc (0.7s mg/nl) in PBS was char
actdzcd by taking rhe UV absolption sp*lrun of ly-
sozyne betw€en 350 !o 250 nn wilh PBS buffer as
refer€rce. Cncuhrdichroic (CD) 3p@1ra w€re obrained
using a Jasco J ,l0A ar roon lemp€.ature with PBS
buFer lsed tor blseline adjustnert (paih lenglh I cni
concentdtioi 0.1 ng/nl: sensitiviiy 0.2 m"/cn: tine
conslant 64 seq scale 5 nn/cm; chart spe€d 0.5 cn/
mini sli! widtn I dn). Tte CD speclra vas obtain€d
fton 25010 210 nn Enission nuoresence s!€ct8 (0.1
ng/nl) vere oblained usirs ar Aninco Bowman spcg
rophoionuoron€ler at r@m refrperalu.e eilh PBS
bufer as reference. Ennsion spcclra v€re recorded
fron 300 to 800 nn wilh the excitalion wav€lenslh set
al280 nn. No obseieable conformalional chanses {ere
detected by Uv, Buoiesccnce, or CD n€lhods.

The eizynaric activny of labeled and unlabeled ly
sozyfre rds neasnred al .oom lenp€raluE in 3 nl cu
eelres contai.ine 2.5 ml of tijacaccus Uso.leiktitut
€l1wall suspension (100 aslnl in PBS). Tne reactior
was allowed to p.oc*d by adding 15 r€ oflysozyn€ to
lhe substnre suspension folloNed by rapid mixi.e. The
sp€cilic enzynaric acliviry was deteimined by a turbid-
ily neasur€nent al120 nn and reportcd as /rg substrate
crtalyzed/nin/ng lysozyme (Table I).

NOTES
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The adsorption experinenls were pcrforned at 20'C
usirg the prepsred glass snrfaces ard approprialely di
lured labeled lysozyne solutiom. All gllss coveslips
we.e lrydraled in PBS butrer for 12 hr prior to the ea-
perine.t. Th€ adsorprion was p€.lorncd i. 2.|-well dis-
posable polystyrene lissue culture disnes (Falcon #3008).
Eacn {e[ conrained 1.5 nloilabel€d lysozyneinPBs.
One glas coveslip was placed in each well. After the
appropriate adsoetion tine, tne glas cov€rslip was ad
varced 10 each ol six ditrerent vells coniaining 1.75 nl
PBS for insing ol ihe excess bulk adsorb€d prolcini
each rins€" lasted 5 min. wh€n rhe 6nal ri.se was
conpleted, the glas samplewaspLccd in ascintillalion
vial containing l0 nl of Aquasol nuor and lhe radio-
activity courled. Tle amonnt of adsorbed lysozyn€ *ds
calculated as rg oi prolcin d€posir€d per cn' suiiace
a.ea of glas coverslip. Sin* lhe glass coverslils con
sisted olhishly snooth surfaces. orly the geomelnc or
apparenr area wls nsed for rh€ calculation ol rolat snr-

The adso+tion siudies were periomed usinE a malria
consisli.s of rhree diFerenl degrees of lysozyne label
ine, three differen! adsorption tine p€riods, and 1*o
difrerenl slass surbces. The results are shown in Fig
I for hydrophilic glas..d in Fis. 2 for NPS silanized

iou.rqt aJ duatd o'd 1u{J4? sd1
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hldrophobic slass. The values are the ave.age ofrbree
replicares wilh €rror bars repiescnling oneslandard de-

Fron Table I. lo* labelirs represe.ts approxinately
I trililted nelhrl group per 140 lysozync moleules,
while hi8h laheliig rcp.esenls approximaiely 1.4 ldri
ated nethyl groups pe. lysozyme molecul€. rrofr lhe
,bove data the lo$ desree of labeled lrsozync rcsulrs
in. g.clterspparent adsorbed amoulon borh surfaccsl
sussesting rhat the labeled prolein n adsorbins pref-
erenlially to the unlabeled prolein (5). In thc absence
of labelins etrccts, rhe anount adsorbcd would be ir,
dependent oftne degr€e of labeli.g.

Lysozyme is a highly basic protein co.rainire sir ep
silon ahino sroupr cxposcd at the protei. surfacc There
is sone hydrophobic characrer elidenr ar rhe surla.e,
hoNever. as demonsnat€d by Klorz (12). Sine rhe rc-
dlcnve methtlation reaction resulrs in nono or di
nelhylaiion ofepsilo. anino sroups, one nisnl expect
sofre chanse in ionic intemclions and sone chanse in
thc ovdall hydrophobic charactcr ol the molecule. The
htdopnobic chanse nust occur in thc .car vicinny of
thc positivelJ, cbaraed groups. since rcductivc nethyl
alron adds a merhylsroup buidoes nor changc the ove.
all char8e ofihe eplilon anino sroups. tbis suegcsrs thrl
there misht be sonc ionic hydlophobic interaction syn-
-gisn $ r resull ofthe nrethylarion proccs This has
been discuscd briefi, by warshel in his discussion of
the role of bydrophobic cneironnents in ionic irlerac-
rions in €.,yne active siles (t3). Thd ldcl Lhar rhe ex
pcrincrtal rcsul!s show lhar rhe label€d prorcin adsorbs
prefereniially on a hy{jrophilic nesatively charecd gllss
sudace suggcsls thar the nerhylation reacrion may,c
lually increasc th€ ionic interaction b€1w*r ltsozymc
and rhe nesalivc glass suriace, perhapsyia tne Warsnel
frechanirn (13). Based on hydrophobic considerariors
alon€. onc *ould expecl that thc nclhtlal.d prctein
would adsorb to a crealer eatent 1a!n rhc n.tivc lyso
zyme on lhe hydrophobic surface: and lhn is i. ract

The overall hisher amounr of adsorption on rhe hy
drophobic surface is aho ol @nsiderable iniercn. Since
the lysozyne surfae has some nonpolar charactd, rhis
nay indicare the involvem€nrollhe polar slass subsrlre
sho*rs through the silare-rreared gla$ surface. Iflhe
glas surlace sas nol fully covered wirh the silane, if
there aresome bareElass parches or a nicrosopicscale,
this could resuft in a synergistic in!€raclion. corpling
bydrophobic and ionic i.reraclions which could result
i. an inc.eased overall adsorprion. All of ihis is spec-

Th€ degrec ol labelirB appears Lo tave no sisdncant
efled or the biological enzymaric dcliviLy (Table I),
o.lirning rhat the methylation is occurring largely on
rbe surface of lbe p.or€in rh.ough the suriace epsilon
aminosroups d.{j norinth€ activc sile or in the viciniry

ra,nd ofcatoit 4d k144e sd4

In .,".1/r,,n, tne r€ducdve nerhyl.tion oi hen ess
*hite lysozym€ resulls in sigdica.t efecrs on its ad,
sorption b€havior on hr.l.ophilic and r-pe.tyl sila.ized
hydrophobic surfaes *her adsorbed fron purii€d so-
lulions i. pbosphare-bufiered saline. On borh snrfaces,
the labeled mar€rial adsorbs prefer€ntially to the un
labeled. suggestins inar thc use oi labeled pror€ins for
adsorptior experinents must b€ teatcd aith caurion.
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O:ry- and deo4rhaemo$obin adsorption
onto glass and pol;mer surfaces
Jie Ch€n*, J.D. AndmdeT a,nd BL Vanwa€eDen
Depanment af Bioehgineetins. Colege of Ehgiheerihg, Urivetsii of Utah, Sah Lake Cit/. Uah A4j t2. uS,A
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Th. .drorplion 0f d.oryhrsnoglobin (dooxyHtl lnd oxyhmmo0lobin (oxyHb) wa3 derinninsd on ctorr !ffin
,-Ie||tyl lricthorysihn0 ( Ps)-tleitcd shsr polystF0ne (PS), rnd a polystherurerhrne {PEU). Th€ adsofted
tmount| ranga lr0n 0.1 to 0.6 ptlcm'z tor oryHb and frcm 0.3 to 0.? pdcm'? lor daoryHb. D!0xyHt rdrons
orto all drsse surhccs moro thrn oryHh. Ihe no.s iydrophobic the $rfice lhs mola a&orftion of both olorv
and oryHb fonn!.

lh0s0 rosulrs sqge.t ih6 oxyflh and dooryIh intcr.ct difi0rs|lrty with lhc srrtrcss irudiod. tt is likcly that
$e .||rfic6 hydrophobicity of Hb phys r mrior rule in Hh.dsorplion onro s!{ices; ths dooxyHh srf.ce is moB
hydroptobic dirn tho oryHb surtics. Tha binding sit.i for Hh rdsorption m.y inetuds rbs ctsfts hetwcen ar, Br.
A s0rt c.-indmod dimeftatior mschrnism is pr0nosed to Grpbin rho .&orption 0{ oryltb.

Keywotds: Adsotption. .JeoryHb, axyHb. glass sutace, potymet sunace, haenostobin

Hobett has reported that Hb readily adsorbs on apotar
surfaces and that this is totally out of proportion io jts
solut ion concentrat ion.  Sur face enhancements range
from 10 to 1oo-fold that of other plasma proterns. Larer,
Pierce'studied the adsorption ol various ligand foms of
Hb on panially hydrophobic alkyl agarose substrates and
found that the adsorpt ion of  Hb is  dependent  on the I igand
state of the molecule.

Recent ly  Coleman and othels in  the Ar t i f ic ia l  Heart
Group at  Utah obserued s igni f icant  sur face d iscotou€t ion
in retrieved artifici€l heart implants, which appeared to
correlate with rcgions of turbulence, and perhaps local
haemolysis, and with actual pumping diaphrasm abmsion,
resul t ing in  local  haemolys isr .  They suggest  thar  the
colouration may be du€ to heme by-products.

It is generally accepted that implants in the arte al
and venous systems behave difierently, perhaps due to
pO2, pH, pressure, and/or flow differcnces, but perhaps
also due to different ligand foms of the Hb which may

It is clear that blood contact wirh foreign surfaces.
even undermild flowconditions, results in local haemolysis,
in large part dependent on specif'c surface interacrions".
Thus Hb mav be present in sufficient concentration €r
Iocal rcgions where sublethal haemolysis occurs, even
though the systemic concenkation of ihe protein may be

The haemoglobin hypoth€sis is iolmulated 6s
followsr lf there exist regions of local turbulence or other
trauma which can result in local Hb release, released Hb
rsubmirted in padialfulfilhentoflhe requn6m6nrs of ihe MSc degrce
in Bioengineeing, Univ6rsity ot Urah.
rTowhom a lcorcsoond€nce and EDdnt @ouesrsshould be dir€ct€d.

mayadsorb ontoforeign surfaces in concentrations o.ders
ofmagni tude greater than one would expectbased on the
solut ion concentrat ion.  Hb rc leased on the venous s ide
(in the deoxy form) may adsorb significantly differently
f rom Hb re leased on the ar ter ia ls ide ( in  the oxyfonn).  Th s
behaviour, if it occurs h y/yo, may be in parr responsibte
for the different blood compatibility of implants in the
venous and arterial system.

lf surfaces containing oxy or deoxyHb, haproglobin
(Hp) or the oxyHb-Hp complexshow di f fe .ent  btood inteF
actions. then sudaces designed for arterial comparibitity
may rcqujre different properties f.om those desrined for
venous appl icat ion.  l t  may a lso be that  in  a complex
cardiovascular device where there are regions of local
blood tulbulence, the surface properties in local regions
of blood trauma may even need to be different from the
surface properties in other rcgions ot the device.

We present here preliminary data on the adsorption
of oxy and deoxyHb to a set of surfaces.

HAE M OG I.OB I ItI
Ferrous Hb can exist in oxy and deoxy foms. rhe oxyHb
has four oxygen molecules bound to the four oxygen
bindingsi tes.  The b inding s i res ofdeoxyHb a.e empty.  For
a deta i led descr ipt ion of the oxygenat ion mechanism and
the various forms of Hb, see Reference 5.

The dimensions of Hb are spprox. 64 x 55 X 50 A.
All ionizable groups are in the aqueous environment and
the hydrophobic groups are generally in the interiorb.
Hydrophobic clefts arc e\posed to the aqueous environ-
ment and, in view of the dynamics of p.otein sruclures,
these clefts can instantaneously produce a hydrcphobic
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surface patch. Polargroups within the proteinare involved
in stabr l iT ing rhe srructure rhrough hydrogen oonds and
sal t  br idgese.

The coniacts between d iss imi larchains (dr  8, ,  a jBr ,
a,P1, a,8r) arc hydrophobic in nature while contacts
between s imi lar  chains (ara, ,  prp,  are more polar  in
naiure. Upon oxygenation, the B chains rotate apart by
about  7A,  exposing polar  contacts between s imi lar
chains (e14, ,  prPr5.  Upon oxysenat ion,  I  sa l t  br idses are
ruptured;  the calboxyl terminus of  both c and B arc then
tree to rotate; they are not rotationally free in deoxyHb.
These f reely  rotat ing carboxyl terminal  amino ac ids now
have d'ffercnt pKa s as a result of the different mico-
envi ronments and are associated wi th the Bohr ef fect -
the release of protons upon oxygenation. The ligand
binding af f in i ty  of  paniaIy orygenared Hb increasps
owing to the rotations of the carboxyl terminal ends of
the polypeptides, thereby reducing the stedc hindrance
present for the approach of  subsequent  b inding l igands to
the remain ing unbound heme groups.  This accounts fo.
the allosteric coopeGtivity of Hb. The iso-ionic points of
oxyHb and deoxyHb at 2O"C are reported to be between
6.7 and 6.97.

The surface hydrophobicity of deoxyHb is hishe.
thanthatofoxyHb becausei( i )  Upon deoxySen at ion,  th  e p
chains rotate together by 7 A, burying many polarcontactsi
( i i )  DeoxyHb has 8 sal t  l inkases which reduce the suface
hydrophilicity by decrcasing surface polar groups which
would otherwise interact with the polar environment; (iii)
DeoxyHb has a larger internal cavity than does oxyHbY.
DeoxyHb is taut or tensed on the surface because of the
sal t  l inkagesi  th is  tends to 'squeeze'more hydrophobic
clefts to the surface to form hydrophobic patches.

The deoxy form has a larger centEl cavity and an
incrcased surface hydrophobicity- Although the dimer
forms are not nonnally present (the dimer-tet6me.
equilibrium results in the tetramer form under most
pmcl ica l  so lut ion condi t ions) ,  so l id  sur face- induced
dimerization may occur. Based on p.oton exchange
studies of adsorbed oxyHb, Hallawayro proposed that in
order  to opt imize polar  in teract ions wi th hydrophi l ic
surfaces, the molecule may distort, resulting in surface
dimels,  which can ihen re-accommodate and even
desorb. This probably only occurs with oxyHb on a
charged, hydrophilic surface. The surface hydrophobicity
ofdeoxyHb,  coupled wi th the I  in ternal  sa l t  br idges,  make
such a process unlikely. rhe qa2 and fr& contacts rn
oxyHb are polar. Polar intemctions with the surface reduce
a&2 and P1p, interactjons, promoting the sudace

In th is  pre l iminary study,  oxyHb and deoxyHb were
adsorbed onto fou r differe nt surfaces, using a radiolabelling
technique. The results suggest deoxyHb and oxyHb
inte€ct differently with the su.faces studied.

MATEN|A[S At{D METHODS
Sodiu m cya nobotohyd ide (ruaClyAH3) (Aldrich Chemicals)
was rccrystallized as described byJentoffand Dearbornrr;
tritiated fomaldehyde {100 mci/mol} was obtained from
New England Nuclea.  Other  mater ia ls  inc luded:  boro-
s i l icate s lass covers l ips and g lass v ia ls  (Kimble) ,  , "penty l
triethoxysilane {NPS, Petrach Systems)i polystyrene
{PS, Scientific Products, Inc., Webster, NY); polyether-
urethane (PU, Biomer Ethicon, NewJersey)i and Sephadex
G-25 (Pharmacia Fine Chemicals) .

OxyHb was prcparcd by a modification of the method of
Antoninietal ''?. Blood was collected into a flask contain"
ing 2% sodium c i t rate and then d i lu ted 1r5 wi th 1% NaCl.
Af ter  cent . i fug ing at  10 'C for  15 min €t  750 g,  the soper
natant was discarded and the rcd cells resuspended in
1% Nacl. This process was repeated 2--4 times. The cells
were then lysed byadding to cold distilled H2O and stined
mildly in the cold for30 min. After centrifusins at4oC for
30 min, at20 OOO g, the supernatant was collected. EDTA
10 5M ( f ina l  concentrat ion)  was added.  The pur i f ied
material is more than 95% Hb, the impu ties being
pimarily red cell enzymesl':.

Radiolabe ed oxyHb was prepared by reductive methy!
ationr3. The oxyHb solution was diluted to 3 mg/ml and
then reacted with titiared formaldehyde. NaCNBH3
(3.27 X 1O-" mM) was added pior to the addition of
20 mlv formaldehyde as a concentrated solution in PBS.
The mixture was allowed to rcactfor24 h at4"C with mild
stiring. The reaction was then stopped by passage
through a Sephadex G-25 column pre-equilib.€ted with
PBS bufferand the Hb-containins f€ctions were collected.
After dilution of the haemoglobin solution to the desired
concentrations with PBS, a 25 pl aliquot of each fraction
was added to 10 ml  of  Aquasol  l l  (New Ensland Nuclea4
and counted on a Eeckman LS-9000 l iqu id sc int j l la t ion
counter  to determine the speci f ic  act iv i ty  {1O min or  2%
errot 53% efficien cy). An unquenched tritiated sta nda rd in
to luene was used as a cal ibmt ion forwindow set t ings and
eificiency determination.

DeoxyHb was prcparcd by equilib€tins a solution of 1 mg
oxyH b/ml  PBS wi th N,  gas for30 min in  a g love bag.  Then
3 pg of Na,S,Oa were added and mixed well, resulting in
1OO% deorygenation of oxyHb. This was the stock deoxyHb

Protein concentration was detemined by absobance
measurements at 576 mm for oxyHb (molar extinctron
coef f ic ient  :  1  .58 x lor  cm rrvr  '112.  The molecular
weight used for the Bee/s Law calculation was
16 000 s/mol.

Hb was charccterized by taking the u.v.-visible absolption
spectrum between 300 and 600 nm with PBS buffer as
rcfercnce. Circulardichroic spect€ were obtained using a
Jasco J-40A, at room temperature, with PBS buffer used
for baseline adjustment {path length 0.1 cm; conc.
1 mg/ml; sensitivity 5 mo/cm; time consranr 4 s; wave-
length expansion 1O nm/cm; char tspeed 0.5 cm/min;  s l i t
width 1 dm). The CD spectra were obtained from 25O to
21Onm to detemine mean res idue e l l ip t ic i t ies and
secondary structure. The mean rcsidue weight used

Regular and SDS polyacrylamide gel electrophoresis
followed a disconiinuous gel procedure described by
Laemmlila. In this study, the following conditions were
used: 3.7% uppef gels; 7.5% lower sels; 3 Ag oxyHb/well;
Coomassie Brilliant Blue dye R-250 as a staining dye;
30 mal4o V/60 min forstacking,40 mal170 Vfor running

Glass covetslips were cleaned by scrubbing in Micro
Detergent (lntemational Product Corp.), followed by a
20 min soak at  70"C in a d ichromate sulphur ic  ac id.  Four
separate 5 min nses in filtered double-distilled water
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were followed by two 5 min rinses in absolute erhanot.
The samples were then vapour degrcased in trifluo.o-
chloroethanol (freon) vapour for 10 min followed by a
2 min.adiof requencyglowdischarge (RFGD) in  an oxysen
plasma dr  35W runed radio l requency power us ing
2OO pm Hs oxygen pressure in a commercial RFGD unit
(Tegal  Scienr ' { 'c ) ,  lo l lowed by a lO min purge in oxysen
(99.999%). All cleaning was pedormed in a resticted
access clean rcom.

Hydrophobic glass sunaces were prepared by vapour
silanization usang NPS.A round bofiiom ed flask conta in ing
I O ml NPS, 30O ml of p-xylene, 3 ml of lutadine. and a
stining barwas encircled by a heating mantle. The top of
the vapour chamber had a lid and condenser attached_
The reaction was allowed to reflux for 16 h followed by
€nother 16 h reflux with 30O ml of toluene.

Polynet suiaces werc prepared by spin coating. Two
drops of  PS solut ion (3 wf /  in to luene)were p laced in the
centre of the clean glass coverclip, which was mounted
on a spin cast ing apparatus (Model  EC101,  Headway
Research, Inc., Garland, TX). The sample was spun at
4OOO rpm for l5 s to provide a smooth spin castfilm. The
polyethe r u retha ne (B iomer, Ethiconl was d ip-coated from
a 3% solution in ru,/V-dimethyl acetamide {DMAC). A
dipping rate of 1 inlmin was used.

After prepaEtion, the samples were stored in a

Sudace characte zation included the Withetmv Dtate
advancing and receding contact  angle technique for
surface wetting characterisricsrt. A disc shapeo srass
coverslip was directly measured and the receding or
adv€ncing angle was calculared at its diamete.ls. Light
mtcroscopy was used to check for surface defects and
particulate contamination. X-ray photoelectron specrrc-
scopy was used for seneml surface anatysisl6.

The deoxyHb adsorption expe ments were run at
20"C in a glove bag filled with N2 gas using the prepared
surfaces and appropriately diluted deoxyHb sotutions.

All the samples were hydrated in phosphate-
buf fercd sal ine (PBS) for  12h before .unnrns rne
experiment'". The experiments were performed in
disposable g lass v ia ls .  The sample was p laced in a v ia l
conta in ingO.5 mlof  PBS wi th one g lass bead undelneath
the sample to prevent contact with the bottom of the vial.
Hbsolut ion was added tothe0.5 mIPBS in thevia l togive
the desired final concentGtion in a total volume of 2 mt.

After the approp.iate adsorption time at 20"C, the
I vials were connected to a nine-channel rinsey's, and
insed wi th 45 ml  PBS perv ia l for  30 s.  The sample was
then picked up bya pairoftweezeE and plt in a scintillation
via l  which was f i l led wi th count ing medium and the
ladioacitivity measuredls.

The amount of adsorbed Hb was catcutated as
nanogmms {ng) of protein deposired per cm2 surtace

RESUTTS AIrID DlSCUSS|0il
Preprretion and charecteization of Hb and surhccs
Hb was charactenzed by u.v.-vis absorption spectro-
scopy. The addition of 3 /g NarSrOa to I ms oxyHb/ml
PBS modifies the bimodalspectrum (maximum absorption
peaks at  540 and 575 nml to peak wrrh a maximum

absorption of 565 nm, representing 1O0% deoxygenationr'z.
Some researchers'' deoxygenate by desassing or by N?
equilibEtion. Unfortunately, bothmethods.esultinpadiatty
deoxygenated Hb and the degree ofdeoxygenation is not
easy.to control. The Na2S2O2 method has been widety
used'' because of its ease, speed, and reproductibilitla
however, after deoxygenation the NarSrO4 will form a
peroxide product (Hror), presenting the danser of side
react ions and damage to the haemoglobin molecule.  A
good policy is to remove most of the oxygen prior to the
add;tion of NarSrO4 and to use dithionite only in slight
molar oxcess Ia sen€ml suideline is less than o.1% {w/v}l',.
Di th ioni te is  wel l  to le€ted in  rhe v is ib 'e region of  the
spectrum. but mav cause distulbances below 4O0 nm1,.
In this study, the u.v.-vis spect€ did nor showany detect-
able absoption by Na2S2O4 due to the very low Na2S2O4
concentrations used. Circular dichroic (CD) spectE
{2OO-245 nm)showed no sign ifica nt d ifferences between
labelled and unl€belled Hb. OxyHb has a diffe.ent
spectrum from deoryHb. Electrophoresis was done using
regular polyacrylamide gei and reduced SDS sels. No
other protein bands were detected.

Water contact angles, obtained by the Wilhelmy
plate technique, of the four different surfaces {clean
slass, NPS, PS, and PU, ate given in Tabte t). The PS is
very hydrophobic, while the clean glass coverslip is very
hydrophilic. PU shows some hydrophobic and hydrophilic
characters, NPS shows hvdrophobic cha€cter, which is
less than the PS surface.

The contact angles are measured after t h of equiln
bration in PBS buffer. Allsurfaces showed sorrre deoree of
hyslercs is .  especiar ly  PS.  Ihe advancing rnd reuedirg
angles for  PS become c loserafrer  t  h  soaking.  The reason
could relate to the impedection of the PS film or pemeation
of water into the film. X-ray phoroelectron spectroscopy
(XPS)was used forsur face composi t ion analys is .  C,  N,  Si .
and O ratios indicated that all surf€ces had the expected
surface chemistryl'g,

Adsorution ol Hb
T tium labelling is a very sensitive method forquantitating
protein adsoption. One of the prcblems of protein
adsorption is the reproductible handling of the samples:
whethertheyhave been treated underthe s€me conditiong
e.g.  incubat ion and ins ing condi t ions.  Do they p ick up
denatured protein at the airlwater intedaces? How
efficientlv can the samples be handled in order to attow
several replicates. treatments, and convols to be done at

ln this study, a multi-channel automatic insing
system was developed to fulfil these requirementsl'g. This
device is  ca l ibmtable,  does not  need a power supply,  is
easyto use and cheap to crcate. The rinsing is dropwise.
gent le,  and equal  in  each v ia l .  Nine channels were easi ly
handled.  The device is  usefu l for  handl ins radioact ive or
biohazard materials.

Table 1 Sunnary of water conta.t angle data neasuted by rhe
Wilhelmy pLte hethod. AI the suia.es werc soaked in PBS buffet tol
t h before the neasuenenE. Ihe dat. are the avdage of bAe sunac6.
The watet had e ne.surcd sunace tehsion al 72.4 dynes/cn.

Surface Clean
walef angle glass

r
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The resulrs of tritium labelled Hb (O.25 mg/ml in
PBS)adsobed onto the four difierent surfaces are strown
in Fisurcs 14 and sutemanzed in Table 2. rhee arc toul

I DeoxyHb adsods more than oxyHb onto all tour
surfaces studied.

2 The hydrophobic surfaces adsorb more Hb than the
hydrophilic slass and PU.

3 OxyH b adsorbs relatively slowly onro the hydrophobic
surface {up to 1o min} while deoryHb adsorbs mor€
rdpidly dudng $e first minute).

nme(min)
Fisu,e 1 Adetption ot dyHb l. I and.teotyHb l|:l) otto ctean stdss
cove.slips. the data wm fbm three replicates of one expenmekt. 1he
tenidl ba6 indi@te the statdard deviatiot. Ihe time span ot 1 , 1O, or
60 min Ms the incubdion ti@ belore nrsins with PAS bdle. fhe Hb
@ncent6tin ms a25 ms/mt in PBS at 2O"C. l$ee text and Rerffice

Ti@ (min)
Fisure 2 Ad&rptioh of otyHb l. I ad.IeotyHb (E) Mto a PU coated
suttd@. lsee tese.d FisLE 1 tor ^lnher detaits).

Fisure 3 Adsotptih of oxyHb (. I and .reoxvHb lcl) onto a NPs
@aftd surtace. lsee legend Figutc I lot htnhe' detathl

l-me {min)
hbu,e4 Adsption ofoxyHb (. I at.t deotyHb l?l otb a PS coated
enac€ lsee lesend Fisu,e I fo, tufthe. detailsl.

Re€ding €ntftt anqle (deq)
Figues fhe coreIatntn hetuee, the .ecedins watet cortact argte
and the atuou,t or Hb adstbed l@cn2l .t 60 nin ol etposure b a
0.25 ns/nfH-Hb in PRS lpq 7.41 at 2o"c.

4 Both oxy and deoxyHb adsob atsimilarrares ontothe
hydrophiiic surfaces.

These rrends will now be discussed:

Ial DeoxyHb adsofts norc than oxyHb on hydrophobic
surtaces. This confims previous repons that surface
hydrophobicity plays a major rcle in Hb adsoptionls;

(h) DeoxyHb adsofts nore than oxyHb on the hydmphilic
su.faces. When oxyHb contacts a hydrophilicsu ace,
the hydrophilic and chaqed amino acids located on
the surface of ihe tetramer probably interact with the
hydrophilic solid surface. One hypothesis is that

Table 2 Sunmary ot adiolabeling study. Hb adsrbed (Fg/cnzl at I,
10 and 60 min ot ap*uft to a 0 25 nslnt3 H-Hb i, PBS lpH 7-4) at
20"c lstan.tad deviarih \ !A1 patcnzl,

-1.

_{

..\J

o.13
o 1 2
o.37

1 0
60

033
o.o4
o.21

o. t2 0.37
0.11 0.3S
0.31 047
0.03 0. t7
0.04 0.24
0.14 0.36

045
o.72
o.37
o.42
o56

+
_ {+
{4

{
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{d)

tc)

surface-induced dimerization occursl0 rr. The oxyHb
dime.  is  more hydrophobic than the coresponding
deoxyHb tetEmer perhaps explaining why deoxyHb
adsorbs more than oxyHb, even on hydrophilic
sufaces; deoxyHb has a very low dime zation
constant  in  solut ion (1 x 1O r 'z) ,  probably because i t
is a taut structure (8 salt linkages hold it togethed.
OxyHb is a relaxed structure which has a dimerization
constant of2 x 10-6.Ahhough rhere is nosignificant
dime zation in 0.25 mg/mlsolution, interaction with
the surface may distud the equilibrium and cause
dimerization. Since oxyHb has a hydrophilic sudace,
it m ay not inte ract with hydrophobic surfa ces strongly
enough to cause the dimerization to occur.

The morc hydrophobic the surface, the morc adsotp-
tion of deoxyHb. fhe hydrophobic inte.action appears
to be the major  mechanism for  Hb adsorpt ionrs.
Surface-rnduced d imer i rar 'on o l  deoxvHb is  very
unlikely due to the low dimerizatlon constanr. Thus
the more hydrophobic the surface, the more deoxyHb
adsorbs. Figurc 5 shows clearly the corretation
between adsorbed amount and contacr angle.

The mote hyd.ophobic the su.face, the more adsotp-
tion of oxyHb. As mentioned prcviousl, surface-
induced dimerization may occurwhen oxyH b contacts
the hydrcphi l ic  s ! r tacer3.  The drmer ot  oxyHb is  more
hydrophobic. A hydrophilic surface m;nimizes the
hydrophobic interaction and thus may decrease the
adsorption of oxyHb dimet lFigurc 1],. When oxyHb
contacts more hydrcphobic surfaces, the hydrophobic
interaction app8rently increases and the adsorption
of oxyHb would incrcase accordingly;

DeoxyHb adsorbs fastetthan oxyHb onto hydtophobic
sulacrs. This is probably because the hydrcphobic
intemction is the major driving force for Hb adsorp-
tion and deoxyHb is more hydrophobic than oxyHb;

oxyHb tetramel6. {DeoxyHb cannot dimeri::e because
ofthe increased stability of the t€tramer due to the 8
salt linkases). The dimers which mayform v/a surface-
induced dimeization would be drpi and arBr, not
ajp2 nor d,p1.

3 Up.n orygenation, the p chains rotate apart byabout
7 A, exposing many polar cont€cts betweon similar
chains {o.Br,  crB,).  In orher words. the dr,  Pr.  and
or, pr clefts are narrowed upon o{vgenation5. Results
in Fdure 5 suggest the deoxyHb adsorbs more than
oxyHb on allfoursurfaces studied, which may relate to
the change in the binding si tes upon oxygenat ion.

4 The binding site on Hb could be two clefts (e.9. ar, B,
and 4,,  pj)which should be l€ee enough to bind 5
methylgroups. Hydrophobic c h romatog raphy stud ies
have shown that 3 to 4 methyl groups €re often
requircd for effective binding to alkyl agarose
columns. Since Hb has two hydrophobic binding
sites, pe.haps up to I surface methyl groups could

The criteria in l--4 are satisfied by suggesting dr, p2 and
dr, pj clefts as the binding sites.

SUMMANY AI'ID HYPOTHESES
The adsorption of deoxy and oxyHb onto four diffe.ent
surfaces {clean glass, NPS, PS, and PU) was studied by
€diol€bel l ing methods. The prel imin€ry .esults are:
. DeoxyHb adsorbs more than oxyHb onto all fouf

. Generally the more hydrophobic the surface, the more

. The adsorbed amounts lange frcm O.1 ro 0.6 p€lcm2
fo. oxyHb and from O.3 to 0.7 /s/cm'z for deoxyHb
(i 'L o.1 ]]s/cm').

. The binding sites for Hb adsorption may be the clefts
benveen a1, B2 and a2, pi.

o The surface ofdeoxyHb was suggested as more hydro-
phobic than the suface of oxyHb.

o A hydrophilic surface-induced dimerization of oxyHb is

These results suggestthe importance ofchanges in prcrein
conformation and surface naturc (oxy yelsrs deoxyHblon
adsorption at solid/liquid surfaces.

Table 3 Sumnary of Hb sdsotption Gte [quatitativel and soggested
me.h.nishs. As the data reponed hete are prcliminary, this tabte
sussesb hypotheses, nat canclusions_

hydb- induc€d Hydrophilic llydrophob c
phillcity difreizatio.? sufaco surface

11 The.e nay be no najot differcnce in the nte of either
deoxy otoxyHb adsotption onto hydtophilic sudaces.
As ment ioned before,  hvdroDhi l ic  sudace- induced
dimerization may occurfor oxyHb and the oxyHb dlmer
is hyd.ophobic. DeoxyHb is also hydrophobic; there-
forc, p similar rate and mechanism may be expected
when these two forms of Hb adsorb onto hvdroohilic
surfaces. The slow rate ofadsorption probably relates
to the lack of strong hydrophobic interactions.

A summary of Hb adsorption in terms of its €te
mechanism ls shown in Tatle 3-

The possib le b inding s i tes for  Hb adsorpt ion
hypothesized as the contact clefts of a1, pr, and

The results suggest that hydrophobic interactions
play a major role in Hb adsorption lFisurc 5]'. The
contact clefts of ar, 8,, and (r2, Bl are nonpolar.
Some of  the charged or  polar  amino acids around the
cleftscanform ionic interactions or hydrogen bonding
when Hb contacts a hydrophilic surface. Hydrophilic
suface-induced dimerization of oxvHb mav occur if
polar interactions with the surface are stronger than
the hvdroohobic in teGct ions which s iabi l ize the

Riomateiats 19a5, vat 6 Juty
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Surface Characteristics of Polysulfoalkyl Methacrylates
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C@ted hyd.oxyelhyl nethacrylare sodiun sulfoalkyl nerhadylat€ copolyner tilns w€E surf@ ch!r-
acter;dd- Thc conlact ansle htsleresis incrcases and rhe Fceding dngle decees wilh increding alkyl
sdedain lenglh, while the aduncing angle dsEa*s wiih hydFrion 1inc. rr qs found thal rhe buorand
slope, ol rhe adan.lns rr-r and redrns 'rir pro,c$ deremrned b\ rhc r\ rthetm) ptatc nelhod {er;
not parallel. The tatio of r. lo r, ws smlcr lnan I, and incEas with the alkyl sid€-chain lenerh and
th€ hydetion time. conrnry 10 thal ofpolyhydroxydnyl merhacrylate. whcre dr, was t6s than l. The
slorE mto Nould b€ suppKed in slllion vith added sl! rcve.ling lhat the @ncnrario! and epansion
or the polyncr chain in M&. is beine suppre$ed. X-.ay phot@l{lron sp€dro$opy (XpS) analysis of
fie sunirce ofthce cooolynds showcd a slriking ennchment ofrhe sulfonlte soups in the surface. The
zeta poterdal E bclseen 40 and 50 mv as measnred by tnc $@ming pote.tial merhod. During
dchydBdon, along wilh a dedea* in snlfur and sodium conantration in the surfa@. thc carbon ts @k
i '5e hrln brndrig ene4r decred\ed dnd rhe c r)lcdton narn pcJk inoe*d. Th. 'udace lensi;d ol

aqucous slutions of sulf@lkyl tuethacrylate mononeB a.d nomopolymes deEas wilh inc@ing
arkyl sidehain length, which nay @nrnbute b rhe dedw in warer polymer filn interfacial lension
and thN tbe incHs in the dopc ratio. @ res6 ̂d@r b, hc

INTRODUCIION

Polysulfoalkyl methacrylates are recently
synthesized poiymers with promising blood
compatibility prop€nies ( I , 2). Thesc polymen
contain long alkyl side chains and negatively
charged sulfonate groupsatthe cnd oftheside
chains. Such struciures are expecled to show
signilicant surface activity and perhaps unique
inlerf-acial properties.

Contact angle hysteresis is a measure ofsur-
face wettabjlity, roughness, helerogeneity, de-
formalion, and surface mobility (3, 4). The
close relationship with surface funclional
groups has been known for a long time (5).
Holly and Refojo, in studying the wetting
properties ofsoft hydrogel contact l€nscs based
on poly(hydroxyethyl methacrylate) con-
cluded that the surfaccs orient in air with the

I Pemaent addB: Polymd Division, DeFrflme.l of
Chetislry, P€kih8 Univesiq, Bei.jing. Cbina.

? To whon Eprinr rcqucsrs should be addresd.

hydrophobic methacrylate backbone exposed,
while the hydroxyl-containing pendant groups
orient toward the water phase (6). Kessaissia
el .rl gmfted alkyl chains of differert lengths
onto silica and reported that the contact angle
for water increases wjlh increasing carbon
chain length (7). Holly uscd sessile waret
droplets as a probe ofthe surface charge den-
sity ol polymer electrels ard found I, to 6-
degree decreases in water contact angle witi
increasing surface charge density in various
polymer clectrets (8). Charged methacryljc
acrd mcthyl methacrylate and trimethylami-
noethyl methacrylalc copolymers and poly-
alkyl methacrylales were studied in our lab-
omtory, and the inlluence of surface charge
ard side-chain length on conlact angles and
contact angle hysteresis were reported (8 I0).

Tbe combined effect ofthe surface charge
and the siderhain tength has not been studied.
we he.e repof conlact angle studies or a seri€s
of sodium sulfoalkyl mcthacrylate polymers

468
002r 9797186 $3.00
.o4id. 6 re36 by Add.ni PE, hc
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by ihe dynamic wilhelmy plate method (3).
Evidence of the side-chain mobility was fur-
ther verified through the analysls of X-ray
photoelectron spectm and streaming potential
measurements (11).

MATERIATJ AND METHODS

Hydroxyethyl methacrylate (HEMA) (Ald-
nch, 97%); sodium sulfodecyl methacry-
rate, cH,:c(cH,)coo(cH:))rosorNa
ISSDMAI; sodium sulfooclyl mettracrylate,
CH,:c(CH3)cOO(CH,)ssorNa [SSoMA];
and sodi um sulfohexyt methacrylate, CHr:C-
(CH3)COO(CHt6SO3Na [SSHMA] with pu-
rity greater than 99% were prcparcd iD the
Polymer Division of the Chemistry Depart-
menr of Peking Universiry (China). Sodium
sulfoethyl methacrylate [SSEMA] was pre
pared from sulfoetbyl methacrylate (Poly-
sciences, 95%) through reutralization and
punfication. Otler reagents were metlylene
bisacrylamide [MBAAM] (99+70, Aldrich),
ammonium persulfate [APS] (Baker andl]zed
reagenl) and dimethyl sulfoxide [DMSO] (EM
Science).

Polymerization was carried out at 60' or
70'C under nitrogen and vacuum (after n;
trogen purgrng) with 0.17, APS as initiator.

Crosslinked pollmer coatings we.e prepared
Iirst by prepolymerizing the monomers in wa-
ter or in DMSO solution ( 1 5 7o concentration)
under nitrogen with 0.1-0.2% APS for 0.5-
L5 h. The prepolymer solutions werc then di-
luted 10 the required concenlration atrd 6lterEd
thrcugh a 0.5-pm membmne ilter (type
FHLPO 4700, Millipore Corp.).

Glass slides (Bev-l-edge, 3 X I ir., 0.9-1.0
mm) or microscope coverslips (Corning type
2940, No. 1j ,  24 x 50 mm,0.16-0.19 mrn)
lvere cleaned wlth chromic acid at 80'C for
20 min, followed by rinsing successively with
distilled water and alcohol and linally dried
over freon vapor. They were coated by dipping
into the p.epolymer solution at a speed of2.5

Films coated on the glass sud€s or glass cov-
enlips were further polymerized and cross-

IiDked by means ofremaining petrdant unsat-
umted groups al 65"C uDder nitogen and
vacuum tbr 16 h to 2 days. The frlms werc
stable over 5 days hydration in water.

Glass samples (0.1 X I X I cm) used for
XPS analysis were cleaned and coated with
prepolymer solution on one side, then mildly
dried and crosslinked as above.

The Wilhelmy plate merhod was used to
measure the contact angles of the polymer
surfaces and the surface tension of water and
aqueous solutions (3). Ifl each case the glass
slid€s were immersed into or drawn out ofthe
doubledistilled water or 0. LLt NaCl solution
at the speed of40 mm/min. Cleanliness ofthe
glass was examined by tbe water contact angle

Zeta potenlial ofthe charged polymer sur-
face was obtained from streaming potential
measurcments as described by Van Wagenen
and Andrade (ll). The plale separation \ryas
I 30 /rm. Strcaming potentiah (AE) were taker
at driving pressures (AP) of 40, 60, and 80
mm Hg in both flow dircctions. At least 5 sels
ofreadings were taken for each sample, then
the data were fitted by linear regression with
the slope yielding AtlA?. The correlatjon
coefrcient was always better than 0.990 and
often better than 0.999, indicating an excellent
straight-line lit to the streaming potcntial data.

X-my photoelectron spectra (XPS) were
obtained on a Hewlett Packard 5950B using
monochromatic Al K,r: radiation at 1487 eV
with 800-W power at the anode. An eleclron
floodgull operated at 0.3 mA and 6.0 €V. The
spectra were charge referenc€d to the C-1r al-
kyl binding energy at 284.6 eV. The surface
characterization results indicate that the films
are unifblm,

RESUITS AND DISCUSSION

The mole ratio of all HEMA-SSRMA (R
= ethyl, hexyl, octyl. or decyl) copolymen was
90: I 0. When the crosslinking agcnt MBAAM
was used at 1 to 57o mole mtio, no detectable
nitrogen was found in the surface by XPS
wide-scar anallsis. One net charge every l0

ratut al(attoi,t !t.z r atqektue !or.110,No.2, AF r*6
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TABLE I

Conl@t Angld ofSSRMA Copolymr Surfa€"

6ohagl6afurhydalioiroi

PoIyHEMA SSHItr{ MBdAM
PolytlEMAjSOMA MBAAM
PoIyHEMA SSDIVL{ MBd{M
PoIyHEMAjSHMA MBAAM
PoIyHEMAiSOMA MBAAM
PoIyHEMA SSDMA MBAAM

70.8'10.9
'12_l

'14_2

42.5
16.5
32.8

3,1.5
27.2

28.:l
34.4
39.4
24.1
39.5
41.0

51.4
59.0
59.9
56.1
59.7
6 r . 9

21.9
19.3
t1.4
26.4
22.1
17.0

29.5
39.7
42_5
29.8
37.0

" P€patd by dippins in DMSO solution: A, 3% DMSO $lulionj B, l% DMSO solution.

structural units is enough for full expansion
of the polymer backbone. The HEMA-
SSRMA copolymers are useful model com,
pounds with which to study the effect ofcharge
on the side-chain oriertation.

For copolymers with 570 crosslinker, similar
to those used in thc blood compatibility tests
(2), there was no signiiicant dillerence in con-
lact angles, especially for the samples prepdred
liom 37o solutions in djmethylsulfoxide
(DMSO) (Table I)- Sarnples prepared from 1 7.
prcpolymer solulions were also studied. The
contact angle hysteresis increase and the re-
ceding angle decrease with increasing side-
chain lcngth were contrary to our expectation
because the decyl polymer was considercd to
be the more hydrophobic componenl. Such
phenomena were more evidcnl wilh thinner
liims coated from prepolymer solutions of 190

The degree of crosslinking influenced the
mobility of rhe polymer chain, as shown in
Fig. 1. The material without added crosslinker
has the highest contact angle hysteresis. The
variation ofconlaci angle could be due to thc
migration of the alkyl side chajns, although
this would be contrary to work reported
(6, e).

Copolymen of lower degree of crosslinking
( I'l") were prepared and coated onto the glass
coverslips from l% solution by dipping. For
these samples. the advancing angle decreased
rdddalc dd @a tnkdie sdae.

with hydralion time, but the receding angles
remained nearly the same. Besides, to our sur-
pdse, the contact angle hysteresis loops werc
hardly repeatable and the buoyancy slopes of
the advancing and the receding process were
no longcr parallel to each other.

FigLre 2 shows a typical gaph of conlact
angle loops by thc Wilhelmy method (12),
where the coated glass coverslip is immersed
into (advancing process), tlen dmwn out (re-
ceding procest of the water- The process is
repeated 1() oblain the successive second or
third loops. which should coincide with each
other- Ordinanly, the advancing line is parallel
to the receding line.

Fi$rre 3 presents the hystercsis loops for
poIy(HEMA-SSHMA-MBAAM). Samplcs

. - -  - . ' - :

Frc. L Efecr of deEN oa croslinkins and hy<lration
line on HEIIIA SSHMA mpolyner fln contacl algl6.
Solid, advancing angles: bolow. recedins ansles. Circle,
wirho cro$linking agen! lriogle. l1:t' doslinkei qum,
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copolymer is shown in Fig. 6. After 24-h hy'
dmtion in water, 0.1 ,1.1 NaCl and 1.0 MNaCI
solutions,the slope ratios are 2.0, 1.4, and 1.2,
rcspectively, and approaches I in I M NaCl.
This is a typical behavior for polyelectrolltes
in solution. The addition of sdlt suppresses
tendercy for the counterion in the 6lm surface
!o ditruse into the water, qucnches the thick-
ncss ofthe eiectdcal doublc layer which caus€s
lessening of the net cha*e in the polymer
backbone, and results in depression of the
chain expansion and the side-chain oricnta-
tion, that is. the conrraction of the polymer
chain in the salt solution makes ilselfbehave

X-ray pholoelcctron spectroscopy of the
surlhce oflhesc copolymen revealed a striking
enrichment ofthe sulfonate groups in the sur-
facc (Table Il). The amount of the charged
groups was about 6 1o 8 times in excess as
compared wilh calculated bulk values. After
being hydded for 4 h. then dried again under
vacuum for 2 days, the presence ofs and Na
in the surface decreased but was slill 3 to 4
iimes in exccss oftle calcuiated.

The zela potentials ofthese copoltrmer sur-
faces coincided with the XPS da1a, although
the dilTerences were small.

FIG. 2. Typical Wilhelny plaie settins cunc of a
polybutadiene smple. The buoyancr slorE parallels holh
advanci.S and redila conracl angles. The emple was
aten rhroDsh t*o sucBiv€ dippirs cyclcs to demonsfate
reproducibility. Displ@frent,{ is used 1o compute the
rcccdlng angle. while displacenedl A n ued ro conputc
thc advancing a!8le. Curcs arc meaured at the poini of
zero dcprn ot inm€nion so ihe buoyancy erect can be
nqlecred (fton Ret 12).

with 590 crosslinker had reproducible surface
prcperties after 24-h hydralion. The samples
prepa.ed by dipping with prepolymer solutjon
of l% concentration produced hysteresis loops
which did not coincide even after being hy-
drated ibr more tlan 54 h. Suchbehaviormay
be duc to expansion ofrhe polymerbackbone
and migralion ofthe side chain to the interface.

Although the content ofssRMA in the co
polymers is only 107., the copolymers are
polyelectrol)tes. We hydrated the samplcs in
0.I .|1NaCl solution and measurcd the coniact
anglcs Nith 0.1 M NaCl solution, thc surface
lcnsion of which is nearly t}le same as pure
water. As expecled. t}le loops soon coincide,
but advancing and rec€ding slopes stil difi'ered
as shown in Fig. 4. The deviation increas€s
with increase in side-chair length and wirh
hydration 1ime. Ifwe plot the ratio ofthe ad-
vancing to receding slope versus the number
ofcarbon atoms in the sjde chains (Fig. 5), the
slope ratio is grealest in water, and least in salt
solutions. For the sulfodecyl methacrylate co-
polymer, after hydration for 100 h, the slope
ralio in water is as high as 2.8, while in 0.1 M
NaCl itis 1.6- The supprcssion effect ofadded
salt to the slope devialion for this sulfodecyl

t -

Frc. L Conhcr a.sle loops ol poIyHEM,A,SSEMA
MaAAM. (a) 5tq crosslinker, coalcd Nirh 3q soluiion.
hydrarcd 3 hj(b) 5{, qoslnk€r. coared wirh t1l solulion.
hydnrcd 24 hj (c) r n cNlnler, maied wirh I % slurion,

rannd aJcdtdd ard ttu.4ae s.kra, \ d | 10, No 2, Aoni 1936
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]N\
Frc. 4. Conlact anglc loops of DoIyHEMA SSDMA MBAAM 6lns aner b€ins hydEted in 0- I M NaCl

fo.0 (a), 4-1 (b), 2a (c), and r00 (d) n.

N
\\

h\t \ \
\

The enrichment of SOtNa* groups in the
surface seemed strange, because it was believed
tiat polar sites tend to bury in the aqueous
phase wilhjn the gel then the surface was ex
posed to air. Ratner et 4l (13), reported that
the amount of HEMA was signilicantly de-
crease<l in the sufacc upon dchydmtion, while
the surface abundance of the hyalrophobic
ethyl methacrylate component was not af-
fected by drying. Furihermorc, Thomas and

co-wo*els demonshated by XPS that sodium
and sulfonic goups of ion exchange resin
made of crosslinked sodium polystyrene sul-
fonate were not exposed to the resiD-air in-
terface but were buried in the bulk ofthe resin
in tbe dry state.

But this is not always the case. ln our ex-
periments, SOt and Na+ wer€ always enriched
in the surface, especi"ny when the coat€d lilms
were cast from DMSO solution. Most proba'

\

6 3 r 0

,,,# ",.'^,,",',- ,t, ,#,,
FIc. 5. Ratio of ad%.cinB slor (/.) to r€eiline slope (/.) v6us tne side chain lenglh. NunbeB h rhe

gnph denor rh€ lime of hydmtio. (a) in @ler, (b) in 0. l M Nacl. (c) in r .0 M Nacl.

rend afcdbia aLl tr|.tue s.i4r4 vd. r r0, Na 1 Apri s36
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FIa. 6. SuppBion efecr ofadd€d slt to rne slope latio
fo. polyHEMA SSDMA-MBAAM (l% doslinkcr),

bly it is due to the very strong solvation power
ofDMSO for the cations used, as Nar and for
large anions ( SOt) ( I 4), thus carrying them
to the surface.

ln some cases the sulfbnate gtoup was more
enriched, as high as I I times the bulk value,
or went down to nearly thc bulk lcvel, de-
peDding upon the treatment. One ofthe causes
might be the time ofgende heating before ap-
plying the vacuum, which may cause a restric-
tion of orientation. However, in any case the

carbon ls peak for cster carbon never disaF
pearecl,

XPS carbon ls spectra show three peaks: a
main aliphatic peak at 284.6 eV (C I ), the car-
bon adjacent to hydroxy or to t}le OC-O
and SOt goups appeared as a shoulder of
the main peak (C2), and the carbon in the ester
( COO ) goup which appeared as a sepa-
rate peak at higher binding energy (289 eV).
The theorctical and the fbuDd values of these
three carbon components obtained through a
!'eak-ht procedure are listed in Table III. Whcn
the side chaiD oriented toward the inner bulk,
along vith a decrease in S and Na in the sur-
face. the Clr peak at the high binding energy
decreased, and the alkyl ca$on main peak in-
creased. In any case the alkyl carbon contcnt
is conccntrated ir the surface, higher than the
bulk vdlue, which is in accordance with the
enrichment of the S and Na elements in the

Therefore, it could be assumcd that when
films of polysulfodlkyl metlacrylates contact
watet the alkylsulfoDic goups might orient
into water as ifmade a layer of pseudoaqueous
solution and more or less concentmLed al the

TABLE II
SDrfae Cnmposirion by XPS ad Suda@ Charge ol SSRNIA Copolym€̂

PoIyHEMA-SSDMA MBAAM

PoIyHEMAjSSMA-MBAAM

PoIyHEMA SSEMA-MBAAM

100.0
100.0
r00.0
100.0
100.0
r00.0

100.0
100.0
100.0

46.9
,13.0
30_0

49.8
50.0
41,0

t , 5
8.8

12_0

t .1
8.4

t3,0

1.5
t2,0

1.6
19.0
6. tQ

1.1
8.?

14.0

41.3 -49.01

-40-54

50.30

44.50

l r (
53.2
5?,0
64.0

" Time of hydalion beforc nmmnenr

" Sample sfa@ w6 hyd.atd with deioniz€d wat€r for 4 h, rld <lried uldd lacuun for 2 dars.
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TABLE III

Clrbon Componont Analt3is of Polymer Slrfa@

PoIyHEMA SSDMA MBAAM

PoI'HEMAJSHIIA MBd{M

PoIyHEMAjSEMA MBAAM

100.0
100.0
100.0

IL\J.O
100.0
tLxJ.0

r00.0
100.0
100.0

46.9
43.0
30.0

53.2
57.0
64_0

1.5
8.8

1.6
12_0

t .7
4.4

13.0

1.5
i2.0
4.8

1.6
19.0
6.1

t .1
4.7

t4.0

55.9
68.8
73_6

53.1
68.1
68_2

50.0
51.2
58.8

29.4
2.3_3
t9_2

31.3
21_l
2t_8

15.3
33.5

14_7'r_9
7-2

16.7
13.5'1.6

15,6
t0.9
t0.2

49.8
50.0
41.0

surface, thercby decreasing the interfacial ten-
sion. From this considemtion, we can now in-
tegrate some apparently contradiciory state-
ments. For example, it is true tlat surfaces
with more hydrophobic component (as with
longer alkyl chains) give higher coDtact angles,
but in solution, compounds with long alkyl
chains are more suface active thaD those con-
taining short ones ( l5), thus lowering the sur-
f-ace tensiorl This effect may be enhanced in
the presence ofionic groups as in charged sur-
faclaDts. From a study of allql sulfo(methyl)
propionates, Chebereva et al. concluded that
when the hydrocarbon radical is extended by
one methylene group, the surface activity of
the sulfo(methyl) propionates increases by a
factor of 2.1 (16). According to our experi-
ments, the suface tension ofttre water solu-
tions ofSSRI\4A monomers or homopob,men
evidently decreases with the iDcreasing alkyl
chain lengtft as listed in Table lV. Since the
homopolymers were ofhigh molecular weight
(103-106) (17), being random coils in water
solution, with a lot of active groups entrapped
inside the coils, the lowedng of surface tension
is not as great as that in monomer solutions,

ln the wilhelmy plate method of con-
tact angle measurement, when the plate
coated with SSRMA copolymer penetrates the
aqueous solution or water, an interface is
taffit ajcaltd't ttut htqke eae, ! d. 110, No. 2, Ar re36

formed with a pseudo surfactant layer (Fie. 7).
As the plale proceeds continuously downward,
a local accumulation of the Na+ and tle
SOt occuN, making the pseudointerfacial so-
lution more concentrated, thus gradualy low-
ering the interfacial tension, together with the
etrect of local lowering of surface tension,
leading to gradualy decreasing contact angles;
therefore, a downward itrclined slope is ob-

TABLE IV

Surface Teffior of SSRMA Momnd ard
Homopo\Te. Solutios

(dN/d)

llro
0.00 I /" Pob6SHMA
0.01 M' PoIySSHMA
0.001 n'' PoIySSDMA
0.01 M' PoIySSDMA

HO
0.00r M ssEMA
O,O I M SSEMA
O.l)OI MSSHMA
0.0r ,i1 ssHMA
0.001MSSDMA
O.O1 M SSDMA

12.9
12.7
12.1'12.O
69.1
12.1
12.2
12.1
71.1
68.6
6 l . l
47.1

\

' Molo con&nlmtion of sgmonls.
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Actualy, buoyancy lines are l)3iallel to each
other only for certain compounds. The devia-
tion occurs when there is slrong interfacial ac-
tivity, either positjve or negative. For poly-
HEMA, the peculiar contact angle plots we
obtained were just like that in literature (i8)
as shown in Fig. 8- If we draw a central line
tnrough the zigzag sawtoothlike advancing
line, the slope is evidently lower thaD that of
the receding angle line, which perhaps is due
to the intcraction between the polyHEMA
surface and the water. The apparently contm-
dictory properties ofpolyHEMA, such as hy,
drophobicity, swelability, and the possibility
of reorientation of hydroxy groups toward
water, contfbute to the peculiar advancing
line. The study ofsuch sudace mobility is dif-
ficult and such effects can be readily observed
by the dymmic Wilhelmy plale method.

Holfinan reported the increase in contact
angle ofa polycation with increasing salt con-
tent and increasing binding force with coun,
terions (19). If we take the midpoint oflhe

It  " "  """
na. 7- A hlpolhelic skelch of pseudo surtuctant layer

in wilhelmy plale melhod of coDtact a4le heasreneff-

Fic. 8. wilhelny plale measrrcmenr of polyHEMA
surface (repri.tcd wnh pemission aon Ret l5).

advancing contact angle line of SSRMA co-
polymer surface, and draw a paralel line to
the receding line, the advancing angle obtained
also slighdy increases with increasjng salt con-
tent. But more impo(ant is the d).namic fac-
tor. Perhaps the diffusion ofNa+ into water is
easier for polymers with longer side chains,
which further supports tlle lowering ofconlact
angles.

Clearly the inlerfacial dynamic ofpolyelec
trolyte gels is a challerying and complex sub-
j€ct which requires more work and novel
theoretical and mechanistic approaches. Such
work is greatly needed and highly rel€vant to
a wide range ofbiomedical and aqueous phe-
nomena ard applications.
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Mechanlcal laglnee.irg

Introduclior

This is a sludy of meftods to rev..sibly regulate lrd control
th! bindins consta of surface-innobitiud antibodies (Ab) snd/tr Ab
ftaetn€nts by changing th€ local tenperaturc, thcrcby aff.cting thc
binding rh€nnodynamcs and cquilibria Spccfic chcnicd assay in
complex mixrur€s gcn€rlliv dcpends on lhc usc of sp€cific, high
amriiry binalng agins, su;h ; andbodi€s. mcrnbraic rcccprois.
cnzymcs, tcctins, chelates, etc. G€n€rally the greatd ftc binding
constanr thc great€r rhe uldmale scnsiriviry of$c assay. Such &:!ays
aft on.-sbor dcasutlmcrts. In rhe case of an immunoassay, one
tatcs a sampl€, mixes the reageDrs, Eak€s a rcading, and ihcr
discards cvc4ding (Coltins, 1985).

There is considcrabl€ int6.st and activiiy in d€vcloping
spocific cheDical scnsors, i.c. d€tcctors vrhich r€spond lo chargcs in
concdFAtion of a sp€cific chenical - eith6 continuously or ar hist
s.ni-continuously (Andndc ct al.. 1985). cl.lrly we d€sir. r Ngh
binding consbrt for maiimat sensitivity, but wc may also r!{uir! a
flsl rcsDolsc time ro D€rmit continuous or scni,conti[uoss
rnca:urcmcnts. Sodle nians of decrcasing rh! birding co'lsrrll
b€tw€€n nEa$irEme s is thercfot€ dcsirrblc. Idcallv wc would likc to
bc lble !o tcro thc sens6 bct*r.n .ach mcasur€iDerii ard yet n ftc the
mcasuenr€nt often enough to havc a n€ar-continuous rcado[r
(Andrad€ €t al., 1985). Fi.dly, wc F€fcr . s€nsor wirh fte naii! m
possiblc dynamic rang€. These chamderistics all genarly rnutually
cxclusi\€, unless wE car EgulaD the btuding consrart (Andrad€ cr al.,
1936).

Thc vcIy high binding con$. s, which pmvidc lhcsc agcnb
s,ith then exquisite sdsitivit, usually m€ar thar thc dilsociarion r.tc
of c conplex is vcry slow rP€chr 1982). Th€r€foE, such sy$cms
't! ir rcality dosirEters mfier fian true s€nsors or tunnion as s.nson
with vcry slow tinc respons€. h ords to rcusc such ! dcvicc. rhcc
must be a way !o wcatcn thc bond to pcnnit tle complcx to disssiat€
in a l!{sotrablc timc (Andnde ct al., 1986; De Fcijt€r ct al., 1qr8).

The sEndard mcans to dissociarc A8-Ab compl€rc' is to
induc€ 3 significant conformational changc in Ag, Ab, or both by
dtastic changes in thc local solution cnvironjncnt such as pH 2-3, pH
I I, high concenration of chaoEopic salls, high conc€ntrations of
agcnts which diminish hydmphobic inleracdons, t€mpcrature, etc.
(Pecht, 1982i Godhg, 1983; waltc's, l9E5). Urforturatcly, such
llatncnts oftcn lcad ro incvc.sibl€ conforrnational chanscs which
dc$roy thc sp€cific bindinS prop€nies (Goding. 1983t In idition,
is dilficrlt to deliver acid, bas€, ctc., or command to s Emc &ns.
sitc. A diffcre approach is ro usc low affiniry antibodics, rhus
$crificing slnsitivity, or to usc sp€cial nonoclonal antibodies whose
binding sitc sructure mak€s them v€ry susccplblc to modcrne
changes in lo.al pH (ttill, 1984).

ThcE is a nc€d for a method which can r€move slccificallv
bound l;gand ftom a s€nsor sufac€ wi$out fie us. of often dadgin!
cluting agcnls. Thc hiSh afmiti€s of antibodics can lead io .hF6t
in€vcrsible binding of ngands. In vivo, lh€ pmt€in-ligrnd complex is
usually brok€n dowr by protcolysis. In applicrtions of

Cl-" d
inbunoossays rnd af6nity chlotnrtoglaphy, ir is usurlly ncccssary lo
dissoctatc thc protcinligand cobplcx without dcnaNmrion of rhc
prokin. Thus, tlc disEociadon of $c proteinligand contplex is a
fundamcnol pmblcm in both basic and appli€i rcsc.arch. It *ould bc
dcsinbl. to be ablc rc [|odolat. the affiniry of rhe prorein h a
nEdidablc and rerrrsibl. mann- 

A k€y clcmcnr of thc pap€r is thc focus on lhc ficrmal
dilsaiarior to Egularc and co rol ligand-rcccptor binding cxt€tnally.
It is clear that thc dissociation r.tc constant can bc infleascd by e
factor of 10 if lhc in€rfacial t irp€m$Ie could bc changcd ftoro m to
4fc' desegsing ihc rrsponsc iinE fron aroud 500 !€€on.ls lo n.3dy
50 scconds. By nising th€ &Erp€Etur! ro 6O'C, lhc rcsponsc dmc
e,ourd be down lo about 7 s€cond!.

Thc heating rcquird to achicv. ihc n€ccssary thcmal
rnvimnm€n is rchtcd to typicrl conducliod, convcction, ard ndiation
proc€sses. In herc, an aqumus solurioD {rypicdly a buffercd salr
solulion) is ir conract with a su{acc. A fluid laycr adjoininS tt€
surfacc and approxinat€ly 2(m A thicl bu$ bc ransicntly hcatcd.
Hcating duty of this suface should bc on rI€ ordcr of 20-30oC above
ar llrbicnt fluid tcmpcrdurc *hich midr nnse bctwccn G70'C.
Thi! proccss is complicatcd by th€ fact that thcrc mey bc othc.
op.raiions (for cxalnplc, sonc lhal rcquiE uliaviolct mdiation to bc
incident on lh€ layer simuftrncously with the hea.ing) ro bc !€rform€d
siEultarclusly with lhc hcating. Wc are considering thr€c hcatirg
p.lccss.s for d|e rh€mal rnodulation. ltcy at! a. cl€lnically-h€atd
;[cfiod, a diEct radiarively-hcat€d ncthod, and an ewnasc€n -wav€-

Theory

Eledricalv hercn ncdtod
On€ n€dod of hcnri.g i! !o libede the cn€rgy at ,n adjoining

surfac.. For sysrch! whcr. a conducriDg surfacc. or ar !e!sr a
conducting film on thc surfacc. can bc uscd. thcn rhc simplcsr
lpproach io fluid laycr h.ating may b€ ro usc Joulclr hcndng. Clr!tuI
conEol of applied voftage vs. timc will rlsllt in thc lbility lo gen€r.tc
vinurly any kind ofth€rrn .l cnvirorrEnr in rlc adjoifling surfacc,

For shon dDcs, thc tcDFrlru€ wiftin rhe boundrry laycr of
lhc fluid is givc'| by n scmi-infinite solution of lhc h€at mnduction
cquation. T\ro asp€fis must be DrEs€nr. Firsr, thc fluid musr havc
hcat sinr capabiljt (cithcr ! rclstiicly !h ick layer of fluid or a slighrly
fioeing flujd). and, s.cond. thc fluid mu$ nor convccl significudy.
Thc lattcr can bc acceDlish€d by placing lhc hcarcd surfacc on rop of
thc fluid and tccpins a;y flow io vcry ;mall velocitics. The s€ini-
infmitc solulion is giv€n by, for cxanple, hcrop€la and Dcwitt
(1985).

SEfaccfE tirg,
s.nFrnnrulc watcr 8021 wsq m

5730 w/sq m

l1{6 Wsq m

0 20 40 60 80 100 rm
TinE (sec)

Figur€ 1. The tempsaturc !!spon!€ at an scmi-inlinte water incrfacc
duc to various surfac. fluxcs.

Studics of this situation also sefle as a bas! casc for rhe orh6
two hc{ling mod€s discusscd hcr! Fluid interfa.e tcmpcrnnnEs arc
shown in Figurc I assuminS an insulated inErface and wat€r
propcnics. In thc firs! phasc of thc worlq clcctncally-conducting

80
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This aDDroach includcs ! number of mcthods that €an be
lumDcd roscdr; for discussion Durooses. Included ar€: indircct
rrriods w-here thc adjoinins surfac€ !s heaL€d by thermrl radration
absorption in &€ sudac€ naterial or a coalirg; and direct mcfto(ls
whcrE a fiuid absorbs dl€ ndiation dir€ctly *fthin the votumc.

For thc first melhod lo b€ succ€sstul. $e surface sust bc
ooa€ue ro radiarion wirh a coatinr rhar ha. a known radiativ.
absoiDrivitv. Tle second (diRct abiorDtion) me$od offc's aitical
disdn;don; from de fint. First the iurface crn be sn uncoaEd
di€lec$ic, such as typical oltical wav€guide mat€rials. Now,
however, de fluid rnolcculcs have to be selectivc absorb€B of therroal
mdiation. Wal€I ard E Any of th€ o4anic-bas€d materials demoffrate
inliarcd bard lbsorprion. Carc ousr bc lalen ro find penincnr
nonochornaric sourca! *ut can bc absorbcd by $e nuid lbolctules,
but be not loo fEr into the infrared to bc cut-ofi by thc diclcctic

Thc laler r.diation is assumld to be @rmally in€ident on a
nonablorbing mntaining plalc and thc adjacat fluid. To analyze this
siluation thc ndiation absorption is modcled lsing Be€1s Law, wilh
rhe incidenr inlcnsity used in Bc€ds kw rnodined b inclDde dle €trect
of scadrring in lhe rnedia (ifpEsc ). The lemp€rllur! disnibution in
tlc fluid and coniaining llatc is found as a function of wavelengft
using a 6nia diff€rence conducdon formulation. The ligh! distribution
may be rnodeled by lsing B€els I,8w, with th€ incid€nt intcnsity uscd
in Beels Law which car modifi€d to inchdc th€ €ff€ct of scaft€ring in
the ncdia. S€ttering was not included in the plEscrt analFrs.

Rcsults for the rcm!€mtlre r€$orsc estimatcs fo. Ediativcly
hcatcd waer aI! sho\+n Figlrl! 2 for a single wrvclcngth of radiation.
Tfi€ fluxes sho*n are thc va1u6 used in th€ oncdiEcnsional analysis.

coatings $ere applied to lhe containirg su ace tlar allowcd Jouieln
hstin! of rhe sdiac.nt fluid. This is discuss€d tunler below.

Absorytivir)=2s l/cm

8021ur/sq m

5730 w/sq m

1146 w/so rn

absomin! mcdiun. It can b€ shown fiat thc cvancsc€Dr wave
tc.bniou;wiu vi.ld oower l.4uit!trnts ihaL falt b€twccn thc volume
absorDiion m;thod and d€ surface absorpnon medod alt€ady
described.

Tirne= 50s€! 8021ws{n

1.4 1.6 r .8 2.O
Vr'av€lensth (lm)

ficure 3. TcmD€rature eleaarion at a quanz warct int€rface due rc
hdring bv varidus monochmsnric sourcis for 50 seconds.

Experimentsl work

we ha\€ b€Eun ti€ cxperimental evaluation of s.vcr.l asp€.rs
of hc $€mal rcsenemlion of immunologrcally-acdve sutfac€s. For
rhc inidar Dhases of th. wott, o .l€.Ei€Iy-h€aad surface was uscd.
ftis surfaic was Prepar€C by coatins a quaflz wall of a small now
chabber with a thin (50OA thick) ltlm of dtaniuh. ThS titanium was
clcco-ically insularqd ftodt the fluid wid a ftin (20004 $ick) silicon
nitride film. 2000A thick gold sEi?s werE used to bus the curenl to
clch sideofthc h€arcrcldrEnr Tempcratures on the activc sufac€ of
it'i nr* 

"t "-*. 
*.. a"t"*t;n€d'with narrow, thh (5mA rhick)

fiIru of platinum, also clcctrically insulat€d ftom lhc fluid by rhc usc
of ar ov;coatins of silicon niEid€ film. Thc platinum strips w€rc
us€d ro inf€r th€ tempcrdrur€s ar the fluid-hearer inlerfacc. Spacc
limiBtions do rct allow futher discussion of $c cxpernnents.
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Fisur€ 2. Surfac€ remoerature resDons€ at a ouanz-water interfacc to a
n;nochromatic bea; of radiad6n ar 1.45 um for various incidcn(
fluxes. Thc waicr is assum€d 10 be semi'infuite.

Wc were interest€d in cxploring the completc near inftar€d
resion ro sec dc cff€ct ofwat€r absorpuuty on the rcsuhing surface
he;rjng. One representation of thc r;sulrs-found in lnis aialysis is
giv€n as Figur! 3. This shows th€ net temp€mirr€ risc of ihc sudace
for various rnorochonMtic fluxes after h€ating for 50 seconds.

Evancsnt wavc h€ated rnethod
Finally, evancsccnt *avc hcating is considered. Hcrc thc

oDrical arrlicarion method considers a beah of collimalcd
nionochrcinadc [g]t impinging at thc prism-air interfacc an argle of
inciderce. Th€ prism has a diffcre.t refractivc index that the
sunornding m€d:irm. At low incidence argles, the beam will be
rcfract€d ard rdnsmitt€d inlo fte low r€fractive ind€x medrum. The
incidenl and refle.cd beams inrcrfere lo goducc a sianding wev€ al
ft€ inledace. In lhe case of an interface betw€en dielectric and an
absorbing media, $e shnding wavc has a finit€ clcclrical fielC
amplirud€ right al thc intetface and decays expon€ntially in the
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Noture of Woter in Synthetic Hydrogels
lll, Dilotometry, Specific Conductivity, ond Dielectric Reloxotion

of Poly(2,3-dihydroxypropyl methocrylqt€)

SUNHEE CIIOI aND MU SHIK IHON'
D.ldn nt aJ Ch.tuicat sci.kd, Kar.a ,lduncd Innn e aJ sde"d, sttrl, K$4
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U"iwsnt oJ Uldt, Dtldrhttht oJ Mnltiak Sdd.c ahd LflNik..ihs, Salt Lahe A1t. UtdI34112

Rmcived Awusr 14 1r75j &cpted Ansur 26, 1976

Tle lrrporhesis thlt drcc clasN oi yald ensl in !'drogels, mnclr., X \{.br (bulk {aterliLe),
z *a1er {bound RatcFliLc) and Y watd (inbrhediate rv!ter), h&s bcm !eri6ed, and rle drnanric
spe.ls oi those watcrs luvc bcetr studied in pob(2,3 din ro:r?ropyl Derhacrllare) (PDIIPIIA)
Iydr.geh. Ellk scl conductiviiy drt! Ior PDIPI{A gel {d obt cd. 1Xe lcliyation ene.s for
specinc condu.tior irs obtaincd fion thc specinc condu.tivity L!rye at various ienper.tures. A
plot ol tle aclivation eneisy vs voluh€ perccnt ol watei in dre gels dearlr irdifticd tlrcc dfldenr
2ons, showins drree cla$a ol ryaler in lhe sels, Thesc rcsulrs were connmed ,ry the.hal s?osion
mecurenenrs. Tle lish+ya1d'.onrent gels (60%) slomd an crlrenelr. slaD volunre chansc at
0'C, indicatins ile presoce oI normal lulk {rter. Lover narcr cortot gels {20%l shoned no
anonolous chansc in ihernal elPansion, indi.ating that thc sarcr is bound. Tle nedirn nat€r
cortenr gels erhibitcd itrtemediate irelalior. A soiqudtitdrivc oalysis of 1le &ie classes of
\rater is prcscnt d- The lLird ne|Iod used wa dielectdc rclaxaiioL Ar low frequehcies the dietectric
.onsrant oI PDTFMA sels is DucL higner tlan th.t of wlter. Tle diele.rri. .onsrant decretscs
..ntinuouslr as tle lreqrocy in.reases, lending to level ofi ai about 103 Ez. TLe lighe. tle {ucen
lration of ]Jolymer itr t]1. sel, the lower rle diele.rric constant, Results ec osr reasonablJ e\plained
b aslmins the nrore srruciurcd plDse ol \rater for Lle 16 dielecrric co$ianr.

INTRODUCTION

The nature of $?ter has long bccn of greai
interest a]1d has been exiensively studied.
Questions of water stncture, water ol h)-dra-
tion, and similar problens ,re of biotogical
significance, e.9., the structure oI vrter in
iiving cells, the role of hydrated water around
protein molecules, etc. (1 3). Thcrc has also
been great interest in rhe hydration of macro'
nolecular spccies and the state of water
nolccules in hydrophilic pollmer systerns.
The inleractions between water and slnthetic

1To Nlon corcspondocc slould be addresed.

pollmers have been $'idely reviered recendy
by x{oltneu\ (4).

Hydrogels are promising maiedals for bio-
medical applications (5). Many of the physical,
physiological, and int€rfacial properties of such
gels nay be relatcd to the organization of
{ater xithin and on the surface of the hydro
gels (6)- So, the studl' of the nature of $'ater
in sl.nthetic hl'dragels is very nnportant both
for pure scientifc intercst and for the develop-
nent of bionedical natedals.

There is substanrial evidence thrt a fr.rction
ol water in htrdrogcls may be significardt,
difera1t fton nomal or bu]k waier. Jhon and

CoDvnghi @ 1977 by A.ademic ?res, Inc,
An lig1ft ol &prodtrclbn in any rorn Hered,

1

ra,7"t1oJ LanDi,t dnr rrhJT. s
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,^ndrade (6) havc hlpothesized dnt ht drogcls
rnay conlain lhr€e classes of {ater; X xaLer
(bulli llalcr like), Z war€r (bound naier lile),
md Y{'ar€r (irrtermedirte forms). OLhe$ i1l],ve
propos€d snnildr hlpodrcscs (i 9). ThG hr.-
poihcsis is sLrpporled by er"$imcnis (10 12)
cdiied out in natural sFtems, such as agar
md siarc'h. Hig)i resolution NIIR (12, 13)
md nif|ared spectroscopic (13, 1a) studies also
denonstate the prcscncc oI three tlpes of
\ater. Lee er dl. (15, 16) have verified lhc
hpothesis using dilatometry, specific conduc-
tivit!-, dificr.i Lial scanning calonnrctr) (DSC),
and prolon pulse NXIR st dies ol poli (2-
hydro\)eth)l mcthacf)lare) (PHEI{A) gcls.

Theobjcctof this research is to check lunlef
the vali.lit) of the X, Y, Z hpothcsis and to
siudt ihe d)n:'Dic aspccts of X, Y, and Z
later. Specinc cond clivitl and thernul e!-
pansion h.i-e beeD ircasured froir -15'C to
room ternperalLue for poll (2,3-dihldrory
prop]] tnethacr)lrte) eDHPIIA) sels of
various \'ater contents to lest rhc llpothesis.

In additi{D, to obiain ne\\' inlormatiorl oD tlc
siruclure of {aier ir h_\..hoge]s, dielcciric
relaration siudies Nere cailied out at 15oC.

IHI'l'lA is Dore h]'drophilic rhan nost
other rnethacryhte mononcrs bccause it Las
t(o l)'droayl groups. Hl-diophilicity oI the
gcl may be very iDlrortrnt in delcmniing the
biocoinpalibility oI gels. It is hpothesized
ihat blood compatibilitv may be inptuved $
the interfacial frcc .n€rg]' betireen the surface
of dre gcl and blood plasma decreascs (1?),
$ hich ma] b€ dependent on ralcr organ ization
at drc set/soLution inlerface (1;).

IXPERI}IENTAI-

A. Ptcpuation oJ DUPMA llananel

Thesprh$is oI DHPX[,{ has bccngenerall)
dcscribed br Refojo (18). DHPITIA is prepared
bl'hydroltzing sl) cidrl nethacr-r,'late. cl) cidyl
rnethacrylaLc (GMir) is comnefcially avail-
able. The hldrollsis reaction is

! r .o  B- lN,o

lt. S 0n Il. P allnetization
The nronomer iras dissolvcd in distilled

\Qter. Aboui 0.6% by weighr (\rith respect to
rnonorDcr) of t€traedrylene gl).col djnrethac-
rylate (TEGDXTIA) \as added. The pol]nier
ization 1ras initiated by ar aqueous redor
s_vstem ol (NHr:S,os and NarS:O: rt roon
tenperalurc. Gelation of thc ftononer nir
tures occurred \ithin a fejr hours; nfter stand
lDg .t roon tenperatlLrc overnig)rr, thev (ere
curcd at elevated icrnperature (60'C) for an

The gels t]rlls conrrined the amounL of \ater
present nr $o orisinal noDomcr solurion. Ther-
$'ere not e.tuilibrated irith (arer.

C. :; f t.ilic C ondw I iiit)
Specilic conductivity iras rneasurcd riG a

condllctif ib' bidge (Yello$ Sprinss Instru-

nent Co., Ilodcl 31) using a 1-lIJz ac signal.
The rNc of altenating clrrent avoids irolariza-
tion of the electrode in ihe c.,nduction ccll.
Platirun disks (99.98%) \rere used for clcc-
irodes. Thepolvmcr sanple (0.2 cn Lhiclnest
rr$ placed bclr\ een tNo electrodc plates. They
nere coniacted \rith silvcr conductile paint
((;C Elecrronics, Rocklord, ul.) to minimize

D. D il a tonetri. lI eds w enent s
The volLrm€ chang. ol the gels $as dcrer-

r ned br means of lhemlal e+msion measure
nents over the tenperature raDge of rl:ion
tenperatrrc 1o -15'C using a dilaloneter
filled rdth sanplc ard mercur]. Thc apparenl
specifrc rolume changeJ AOg, ol thc gcL \as
calculated b)' the equalion
Aos: ls(, l,i) - oIIc. lrBg.. dH."l,/l{", [1]

rDrt"q! at cdtorr dnt t,ktur s



\ \TU^L Ol  \ IAI  CR l \  5 \ ' , l fn  . l  c  . I \  DROL| S

Nhcte S is L\e cross sectional area ol drc
capilllly; , md ro xre the hcighls of ihc
nerctLry columD ai thc tcnpcraiur€ I'C and
the releEnce rcmpuatufe, respectirel)-; oEg is
the specific volumc of mc.curt at locj fngo is
the volunie oJ mercurr in thc dilatomctcr at
the reference ternperaturc; dnso is ihc dcnsity
of rnercury ai ihc rcfcrcnce tenperaLue;
rnd .rus is the mass oi dro sample.

E. Dieledlic Reldx,t;ot1

Thc dielectric corNtanl, €, of a mcdnr.r tuay
be d.fincd as the rrtio ol a neld streDgth n1 a
vacuun to that in the nedium for the same
distribution oI charge (19). Ii nrr also be
defined, and is generallr measured, as the
ralio of the crp,tcitance, C, ol a condcnscf
nl€d with the materia] in qucstior Lo Lhc
capacitance, Co, ol tnc chptl' cond€ns€.j that
is e : c7ci.

:rhe rnonomer niiliure was p.urcd inlo a
spccial coaxidl cell and poll-merized in Lnc cclL
in ordcr lo obtajn Food contact bei\,een saniplr
aDd clcctrodes. A standard replacenrcnt
bddgc nethod, $ith xn Rf vector i'rpcdance
nieter (HeNlelt Pachard, llodcl +815 A), \as
used. The interest region for bound $ater in
gels occurs approxnnakl]' at 1(16 to 10? Hz
(20), bnt ire erplored thc rcgion of 106 to 103
Hz for all gels. All data 11€re taken at about
15"C.

RESTLTS AND DISCL-SSION

,1. S petiJt. Condu.tiritf

The spccific condLlctivities for various Fatcr
contents of gels over the tenperatue range of
20 to -10'C Nere detemined. Plots of specific
conductil-ity G) vs ternperatuie for PDHPNIA
gels of difierent $'atei conicnis are pr€sented
in Fig. 1. log r is lincarl)- proporrionaL to 1,rr
for te.rperaiurcs higher than the transition
tctrrperaiufc. A sha.p discontjmro s chmge in
the log { vs ilrc 1/? cLlNe near 0"C indicates
that the high \\atcr-contcnl gels haye signifi
cant amolrnts of "normal" .ir I ii rter. As the
\ralcr contcnl becones loiler, the change at
ihe iransition iroint bcco.lcs snallcL. Tle

Irc. 1. Spc.inc cordu.ri].ity 1: iccipr..al teml[re-
htrc Jor PDHII]\ hJdroqels as a lurction of nater

2017. \ater sel does not shos'a sha{r drop nr
specific conduclivit]'at 0oC. This facr indi-
caies that as lhc l\ater content dc$cascsJ the
arnount of no|n1al Nater decreascs.

The apparcnt aclivation energy lor speciiic
conduction for cach difiereDt sel (l.is. 2) coL,ld
bc obiained lron the slope of thc straight lines
in lrig. 1, c,n the basjs ol t|c cquation (21)

log{ = const - (aE /i2.303R7). [2]
One cm anallzc lig. 2 in tenns of threc classcs
ol actil.ation en€rgies rrlich nay corrcspond to
the aclivalion en€rg) of'honnal" watcr (X
iratef), that of "borLnd" ii ater (Z waicr), and
that of V waler. The activaiion cncrg,v-, 2.8
kcallnole for sels of 60 to 70% \aftr content
in lig. 2 is ncar the 1-alue oI the activation
eDergy lor proton tnnspori in aqueous solu-
tions, 2.5 io 2.8 kcal,,nole (22). :fhe activation
eDerg)' of cordrLction for ice doped irith ionic
nnpurities is in tl€ range of 6.8 and i.E kcal,/
nxne (23), (hich is the same order as the
activalion .,n€rg\ for gels of 10 to 20% (aicr
content, 7.0 to 6-8 kcal/molc. These frcts

Jrtnrt oJ Collru d\t LrdJna s.
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HlA 7'

Frc. 2, Activation cDcrsy for conducrivity $ watcr
cotrrcDt oi fDHPMA hydrogels.

suggest that in the lor-xater content gels,
the conductivity is largely determircd by
bound s'ater with nonlreezing behavior s'hile
in t}1e high-wat€r-content gels, it is l:rgely
delemlined by nonbound water {ith nomal
freezing properties.

B. Anabmetric Measureln nts
The specnc volme change of the gel, A@s,

was obtained fron the dilatometric measure-

IJc. 4. Thc spccfic volme cLdge E tenpemture
for a 25% Fat* ?DEPM sel.

naats by Eq. [1]. The r€sults are presented
in ligs. 3 to 7. The gel Nith 20% water content
shows a straight line having neither hysteresis

\

Irc. 3. The specinc volune cloge s temleratue ftc. 5. The s!{inc volnne c!.nsc vs tcmpcrature
for a 20% water PDHPMA sd. lor r l0% lcter PDlttMA scl,
ro!t"6t ol colbid aa,t 14dJo4 s.d.a voi. 51, No. 1, Aqusll9TT
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in themrai erprmsion nor m anonalous chanse
in the specfic volunre around 0"C. The 25%
x'ater gel shows a slight hl'steresis, the heating
padr discontinuously joining the cooling prth
in the vicinity of 0"C (Iig. 3). The hysteresis
increases as the (atcf cortent ot the hydrosel
increrses (Figs. 4 to t). 'l'he it-sier€sis is nost
pronolLnced in thc high water content hrdrogel
(60% Natct.

Sincc no anonalous chrnse was detected for
gels irilh lo\rer water contenis, the $alcr in
such gels is considered to sho{ no transition
in this tenperuture raDgc. l{osl of ti€ rvater
in suci lo\rer Nater content gcls is prcsuned
to be Z water (bound water). Thcrcfore, Z
Nater nJ} have no trmsition ovcr ihc range
fron -15 to 0'C.

Jrdgins {rom thc c\trene\, sharp chanse in
the spccific voluLne for hlgher \rater content
gcls, the iransition tenperrture of X rvater
may be 0'C, for X l1'ater is presuled to be the
nain componcDt of rhc higher rater content
geIs.

The gradual dc$casc in tl€ specif(c volune
nith m incrcasc in tcnrperaLure over the nnge

T( .  c )

Fnr. 7. 'lhc sp.ci6c volune .lange rs tc.ipcraturc
Ior a 60!:; \oter PDIIPIII se].

from -15 io 0'C is considered to indicare ihat
thc lransition temperatures, pcfhaps for Y
\\'atcr, shouLd be distributcd over this ten

lhes€ results lead us to conclud€ rhat (i) the
trsnsition tenperaturc of X \rater DaI be
0'C, (ii) that of Y water Day be distributed
over d1e ransc lron -15 to 0"C, md (iii) Z
nalc| n1al have no transition tempcraiure in
the range fron -15 to 0"C. The above con
clrLsions agree \rith the spccific conductivity

Hysteresis phenorncna sinilar to those
shorn in ligs. 3 to 7 can be found in the
litcraturc. Aizara and SuzuLi (10) and
Lee et al. (.15) obtained such data ior agaros€
gels and IHE]{A gcls, respectiveLy. The
degree ol htsteresis of II)HPI{A gels is
greater than that ol PHEN{A of the sane
Nater content. Irom tlis fact re may presrDl€
that the PDHPXIA gel hxs a higher percentage
ol X Nater (nornul n ater) thm PuIjx'tA sel.

T f  C)

Irc. 6. Tle spe.inc rolune .lange * temreDture
nrr a 411{,:i, *aler PDIIPIIA gel,

. I  eeLx or  lcc/s)

ronfnt ai canai,t d",t rtL,tuas.;,{4, vor.6r, \o. r, jqu* lei?
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T.{BLE I
Att,n)Iinaic Conbiburi.n of X, Y, and Z l\ialer

ro $e Toial iiarer c.irenrs (tD ol rDlIrtL\ gets
(rot%)

This pre nption xas verined by the folloxnrg

The assurnption that dre transition re.lr ooc
is nainllr .lue to X \r^ter (bulk water) and
the 2\o/o \.aLet gel cortains onl)' Z iater
(boLDd xaier) led us to calculatc drc anount
of X, Y, ard Z irater lroD Dqs. [:i] aDd [a]:

.x : (Ail,s/14,,.) X 100; t3l
Y : l I ' - X - 2 ,  t r l

rhere -Y : percentage ol X n'atcr (bulk \{'ater)
in the gel; 4o*: volune change ol icc ro
water at oec, 91.1 X 10 I crn3,/g; I'/: pcr-
centage oi Y $ater in the gel; Iti: lotal
percentage ol later in the gel; and Z: pff-
centasc of Z $'ater (bound nalcf) in the gel.
Tlic anount of Dorr.aL {aicr in thc gel is ob-
taincd using Eq. [3] wi|h A4,g vdues takeD
Iron liss. 5, 6, and 7, and the AA. v uc from
Rcf. (21). Also, rhc anount oI Y Nater is

obtained usins Eq. [a], assuaing that up to
2016 of the gelis Z warer. The results are s]rown
in Table L

As sccn in Table I, the amount oi Y water
appcars to remh a near constani value lor gels
of 30 to 600Z \i ater content. Thcrc is appar-
ently no bulk or nomal iater jn thc gcl until
the .rarimun inte acial wntcf contenl is
rcacncd; afrer that lroint, alL additional r:iter
in the ge1 behaves as bulk or X Nrter. The
perc€ntage ol X water in IDHPMA gel is
higner than that in IIIEMA gel (15) wit\ thc
same toial\ilater contents in the gels.

This obscrvation is consisleDt x,ith our
model since PDHPN{A gels are more hydro-
philic tnan fHE!14 gels (15, 18). Hol\cvcr,
thc obscncd Z rvater percotagc is thc sa e
for both gels. \ie studied 20, 25, and 30%
water content IDHP]{A gcls, \tlile Lee ,l dl.
(15) studied only 20 and 30% \'ater IHE}IIA
gcls. \\e \roul.t e+ect tnat in tsHExlA geLs,
tlc Z rrater percentage $'ould be a liitlc higher
tlan 20% it more extensive experimcnts are
pcrfofmcd. Such e\pe ments aie now in
progrcss.

C. Di al.c tr i. RelNati.'t,
The relationship of thc diclcctric constant

irirh concertration and frequency is shorn in
Fig. E for IDHP]{A gels. 'lb\rad rery lorr

v
z

0 0 4.1 1.1.0
0 0 5 . 9 6 0

20.0 20.0 20.0 20 0

34.0

:0.0

Frc. 3. Diele ric .onsllnt as ! innction oJ frcquer.J od Nate. (nrent lor tDHtlt-{ Itdrosels,

Jarntl oJ cattoi,J tnr Ltstua S.rn'n lol,61, \o, r, .lnsd lei?
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freqrencies, 6 r'alucs rise continuously and
more sharplt'. Tor rnl high lrequencies, the
curve of € lcnds to level olrt. ,\t thc frcqucncics
uscd, € oI $ ater is abolLt E0. lt is apparcnt that
ihc € vaLues ol all gels arc higler dran the r
valuc of 1r ater .rt loir Irequencics; orly ai nigh
frcqucncics do the vahes becolic lowcr dran
the € ol \ater, particnlarlv in thc gcls oi liglcr
pol)'mcr concentration. nrc € valucs of dre
gcls do nlt follow a curvc pafallel to thrt oI
w.tter, ice, or ihcofeticalLy bound rrater (21).

,{lthougtr lhc use oI relartrtjon techniqnc,
(for eramplc, NUR and dielecrric) secms to
oli.'er the .rost pfomising prospects for the
future stlL.lies oi dre role ol nrter jn pol\De$
and nall groups (25 2E) use the relaration
tec-hriqu€ to i.le|pret the mtu€ ol bould
ralcr, tlc g€neral tleor] abolrl ihc rclaraiion
of 1raier iiteractirlg siih ollcr nol{uLcs has
not been available up to no\. \lhiLe the datr
$.c harc oblained are insuilcicnt to discuss
deeply inc diele.tic behivior of r|aLu;n
htdrogcls, a lerr connents fan bc nadc. It
seenrs Urat ralcr nolecules born.l to tlc gcL
are ynarizcd jn ar eleciric ficld actnrg as
conduclors, pefhrps rs ir1 ice. \\iith incrcasing
ordcr jn the nater lalticc, Inc lo\r lftqLlencj-
dielectric constanl incrfascsr as is eri.Lent from
tne lact lh,tt ice hrs a higlcf diclectic corstrnt
lhan $'.rter, and the faci thaL the dielect c
conslmt of ice incrcascs rapidl)' rirh .lecieas-
ing ternperalurc (29). iurthemore, xs the
€lectric ncld aLrernrtes, there is trobabll
clcctrical trlnsfer through ar oscilLation oi the
electron clolLd ar1d.'or thc prctons b€t\reen the
nolecL es (30). Thc conductivity Lehavior ol
pol.rrized s'ater can bc iiouglt Lo contibute
considerrbly to thc high dieleclric incrernent
at los' frequeDcics. As the ftequency ircreascs,
the rnobilily of ihe protons in the latiice-
ordcrcd $ater decremes (31), bccause thet
cannot follos' the cl-clic changc. So, a sha{r
decrease ol dielecrric constarl occu$. LHike
the situation ir rigid icc, t|.rc is rro sharp drop
in diclcclric constmt of gels, hoTcvcr, btcaLrse
thc proLons and eleftron cloud in naD)'of the
\i ater nolecr es still rciain a ccrtain nobiiit!,
rlich is grcalcr the lorrer the concentratioD

SI"N'I.II]],I.IC II'DROGDLS

!rc. 9, liele.ric .oDstarr ar a functi.n of {atcr
c.ntenf Ior IDIrP-\IA hr.lr.sels di ihc rrequency

ol pol_vner. So ine lorer thc concentraiion of
poltner, the broader the dichric disprrsion
cuNe oblaincd. The varyirg degrees of lattice
order also contribute ro ilc Lroad disiibution
ol diclcctric cLispersion.

At lrequcncies above drc dielectric dispersion
resior, t|c gels sj1-e a dccrenent in rhe di
eLe.tric constant. This bchavior is Lo be
e\pected, since the laiticc-o ered struciure
shor d ha1,c o l.ni'er diclcct.ic constant than
s'atei ai trequencics above thc dispe$ion

'lhe res lts arc Dost reasonabllr erplaincd
bt assuning a rnore solid structufe of rvarer
thc loNer lhe diclcctric constant at the high-
Irequenc]- region. The conc.ntfttion dcpcn-
denc€ of € for the gel sanrpL.s at 100 \IHz is
depictcd in lig. 9. Tn this freqlencl. region,
tlc folloNing equation lor thc dielectric
constant iras bccn estaLlished.

e:  er ' , /x  *  er ' /v*  tz  h+, , .J , , ,  15)
(lrere €x, .y, .z = dielectric constanis oI X
Naier, Y s'atcr, and Z watcf, respectivelL
ep:dieleclrjc constant of pure polymerj

"rr, /', ./z : nole lractions of x, Y, and Z
n aicrj and./D = Drolc fraclion ofpurc pollmer.'1lc dielectric corstanl of prre poL)ner is
about 3) and the values of €x, rr, and 6z are
c|osen so as to give th. best fiL to thc clperi,
Drenlal data (FiU. 9) nh€n the .Lbove cquaLion
is use.l. The resulting !:rlues ol rx, er, ard ez
at 100 IIFIZ are i5, 35, and 17, respectifell.

Jo vnt al cdlnid:,r tnt'!' a s.t{a, I'ot. 61, No. I, Adgu* Di7
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The agreement between theoretical ald experi-
nentai valucs is illNtrated in lig. 9. On the
basis of calculated values of dielcctric constart
of X, Y, and Z water, onc can deduce struc-
tural infom:1tion. Because the dielectric con-
stani of X \yato (€x : ?5) is alnost the sane
as that of nom.r1 w.tei The very lo$' dielectric
constant of Z watef Gz : 17) leads us to
thinl< that it has a vcry ordered stuucture,
altlough the ordercdness of Z s'ater does not
reac.h that of ice. The nedium valuc of
dielcctric constant of Y watcr Gy = 35)
indicatcs that it has interncdiate struchLre
bet$'een nomal witer ad lattice-ordered
vater. ln olher $'ords, its structurc is more
ordocd than X water and less ordered than
Z -J,ateL
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Evanescent-wave coupling offluorescence inro guided modes: FDTD analysis
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ABSTRACT

An important considerarion in the analysis of oprical waveguide sensors (such as rhe flberoptic
fluorescent immunosensor) is the amount of toml emitted fluorcscence fiom the surface-bound proteins
which is tlapped and guided by the waveguiding structure of the sensor_ In this puper we use a new
Finite-Difference Time-Donain (FDTD) numerical technique to analyze the percentage of total
fluorescence irom surface dipoles which is coupled into rhe guided mode via the mode s evanescenr
tail-

1. INTRODUCTION

cuided wave devices are gaining incrcased attention in rhe fields of sensing, telecornmunications,
and optical processing. Of inte€sr ro our group is the use of oprical waveguides for the evanescent
detection of antigen concentrations on specialry prepared surfaces ofopticar sensors--i-e., optical
immunosensors.l In this application, the antigens to be measued are typicany grven fluorescence
capability (eirher by being directly fluorescently labeled rhemselves, or by displacing predeposired
labled antigens through competitive binding). The fluorescently labeled anrigens which attach ro
specihc antibodies bound to the surface ofthe waveguide aje excited via evanescent coupling of
energy from a guided laser beam, whereupon they fluoresce, and in tum a ponion ofthis fluorescence
is coupled back into the waveguide through the waveguide mode's evanescent tarl tbr remote
detection. The limited depth of penerrarion of the evanescenr energy inro the sensing medium
(typically less than 0.5pm) greatiy increases rhe sensor,s sensirivity ro surface_bound afiigens
compajed to emiters in the bulk solutiorr.

A key question in comparing lhe oprical efficiency ofrhis type ofsensor to more conventional
bulk measurements is the amounr of rorar emined fluorescence which is collected and glided by the
waveguide modes. Simple ray rheory cannor b€ used here since ir predicrs !e coupling between
sources located outside the waveguide and rhe guided rays. More exact elecr.omagnetic theory must
b€ employed. Marcuse has recenrly dealr wirh a relared quesrion of rhe coupling efficiency of dipole
sources distribured rhroughout the cladding layer inro the core of a round fiber.2

7A / SP|E vot.1172 Chenicat BiachenrcaL and Envnonmental Sensorsll989)



2. FDTD MODEL

We have app[ed a newly deveioped technique, the Finite-Difference Time-Domain (FDTD)

method, to rhis problem.3 In essence, this method numerically solves Maxteell's equadoos as a

function of bcth space and time for regions of varying dielecuic constants lncluded in the

two-dimensional model are a glass substlate rcgion, a waveguide region, an outside bulk (solution)

region, and varying configurations of fluorescent soulces on the surface ol the waveguide Figure 1

shows a cross section of the waveguide model anaylzed here.

Fig. I . Cross-section of the model used for FDTD analysis of pav'er coup[edfrom
various flr@rcscent saurces into lhe guided mode af tlle wareguide.

A fluorescence wavelength nea.r 488 nm is assumed, and the waveguide thickness is chosen !o be

0.4 Lrm, coresponding to a single-mode guide' For the indices of refraction shown in Fig' 1 for tle

waveguide and its cladding layers, the nomralized frequency parameter v is caicxlated to be.y'=3'3'71'

assuing rha! only the lowest orderTMo mode will be glided by the waveguide' and higher order

modes *ill be cutoff.4 This simplifies interpretation of the resuhing fJdiation paflerns'

In the FDTD rnethod, lhe grid containing the modei must be teminated on irs outer boundaries by

some means to avoid rcflections from these boundaries' To sinulate a model which effectively

snetches to inhnity, artificial "absorbtng" boundaty condiqons are added to the ouler perimeter of the

siid. we used firs! order absorbing boundary conditions to achieve rhis effect (see Fig- 1)'

abso rb i ng  bo  unoa r l  e  s
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The fluorescent sources are treated as electic dipoles. We analyzed a series of different
configurations of sources !o examine the power coupling effrciency of each. A measure of ahis
coupling efficiency may be made by calculating rhe amounr ofpower carried in ele dlrecdon along th(
wavegxide by the guided mode (pg) and also rhe roral amount of power radiated rn all directions by th
source dipoles (?s). The powers are determined from the FDTD rcsults by numencally inregrating th,
nomral components ofthe poynting vecror along appropriare surfaces: wirhin the waveguide ar one
end ro determine pg, and around rhe entire perimeter of rhe grid to detemine ps. The inregration
surface inside the waveguide is taken sufficientry far from the rocation ofthe sources to assure that th€
node calries only truly guided power pg, and that lealy orode power is dissipared.

The measure ofcoupling efficiency is determined by the percenrage of roral mdrared power whicl
is glided in one direcrion by rhe mode- Thar is:

% guided = P.,tP,

Figure 2 shows the various source configlrations analyzed and the rcsulting percentage olguided
po\.ver for each.

4. DISCUSSION ANTD CONCLUSIONS

As seen in Fig. 2, rhe ilrsr configurarion (Configuerion #1) models a dipo]e source (Ex)
embedded in the waveguide co.e i$elf- As expected, the percentage ofpowercoupled inro lhe guided
mode is large (21.67o) since the source is in an ideal locarion where the strength ofthe veflical elecrric
field of the mode is high. If the power trapped in the mode propagating in the rcvelse direclion werc
added, the percentage of guided power would be even larger, approximarely twice thar lisred.

Configuration #2 more directly applies to rhe question ofevanescent coupling ot sudace sources
lnto the guide. As showr in Figure 2, the percent coupling is srill appreciable (6.4qo) for an outside
source polarized peryendicurar ro the guide (Ex). For electric dipoie sources orienred 1n rhe dkecrion
parallel to the guide (E, in Configuration #3) however, fte coupling is very weak (0-7%) since rhe

72 / SPIE vat.1172 Chemicat. Biachemicat, and Enlnannentat Sensol(t9Agl



C o n l l g * 6

r a n d o m  P h  a s e s

% o u i d e d =  1 0 . 4 %

Fig.2 - variou, source confiSurations ano.lyzed and the resulting percentaSe of

guided powerfor each.

n =  1 . l f
n= I  .50

EX
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guided TMo mode has only a very smali componenl of its elecuic fietd in that directior. configlEtion

#4 shows that surounding the source dipole with an iniennediate index ofrefraction (n=1-50), as

mighr be an appropdale model of proteins, has litde effect on the coupling efficiency.

Multiple sources are treated in Conflguntions #5 and #6. Ten dipoles are spaced iregularly

along the surface of the guide. Their phases are ftndomized by the computer in oider to model iargely

incoherent fluorcscenr emission. The percentage ofguided power increases slightly, probably due to a

small amount of inadvenenl coherence bet\teen the sources. Comparison of the two configlrations

shows tha! wherher the medium irrmediateiy surrounding the sources is conlinuous ol broken has a

smxll inf luence on lhe percenla!e of power coupled inlo the 3uide.

In conclusion, these results show tha! a measu.able amount of fluorescent emission from surface
sources may L€ detected by an optical waveguide. Using an avemge of the results from ConfiSnration
#2 and Configxration #3 to approximate the mndom odenlalion tiat is usually found in fluorescent
molecules, i! can be seen that approximately 3.570 ofthe total emilted power is expecled to be coupled
into a wavesuide in lhe lorm of a cuided mode.
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Immunochemical detection by specific antibody to

INTRODUCTION

The study of antibody combining site is a sensitive probe o{ the structure
and conformation ofa macromolecule against which the antibody is directed.
The relative degree o{ interaction o{ a monospecific antibody with different
antigens is quantitatively related to the degree of structural similarity be-
tween them. Using these conJomation specific antibodies, it is possible to
study the conformational states or changes of a pariicular antigenic do-
main(s) on a protein. r

Even though prothrombin is the zlrnogen or precuNor of a-thrombin, the
antibody to thrombin produced in Gbbits by use of either diisopropylfluoro-
phosphate-thrombin'z or N-a-p-tosyl L lysine chloromethyl ketone-thrombin
as antigen3 has been shown to exhibit a high degree of specificity Ior
thrombin. Both Majerus's group and we have demonstrated by competitive

'Io whom co espondence should be addressed.

lournal of Biomedical Maierials Research, Vol. 19, 813 825 (1965)
O 1985lohn Wiley & Sons, Inc. CCC 0021 9304/85/070813 13904.00

thrombin of prothrombin conformational changes
upon adsorption to artificial surfaces

Hanson YK. Chuang*
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Veten s Adninistratiotl Medicol Cdte, SaLt Lake City, Utith 84148

Joseph D. Andrade
Depdttneflt of Biae giieering, Unioersity ol utah Schaol of Engifleetitlg,
Salt lakx Ciry, &dh 84112

Polyclonal antihuman d+hrombin anti
bodies produced in rabbiis rcacted mini
many (<0.0570) in solution wiih human
proihrombin. However, whcn prothrom
bin was adsorbed to artificial surfac€s such
as polyvinyl chloride (PVC), the cross'
reaciiviiy of surface bound prothronbin
with antibody IgC io thrombin (>95%
purity) was shown to be significantly
ennan.cd. On PVC, the molar ratios of
antibody IgC to thiombin/prothrombin ap
ptoached th€ sam€ l€vel as thai of antibody
IgG to thrombin/ihmmbin when thrombin
was adsorbed io ihe same maiedal. The

analyses of antigen antibodics jntcraciion,
in solution $'ith a dircct bind g assay by
inmune precipitation at high spe€d cen'
trifugation (160,000 g, 30 min), and on
solid phase PVC, werc accomplished by
use of  double label ing technique,  i .e . ,rll-thrdnbin (or 1rl-prorhromlin) and'_I antibody IgG to thronbin. Thc rcsults
appear to suggest that prothrombin ad
sorpiion io PVC has resulted in some
moleculd confomaiional chang€s so that
immunologicaliy the adso$ed prcthrom-
bln resembles that of adso$ed ihrombin
on the same PVC su ace.
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binding radioimmunoassays ihat differences of at least three orders of
magnitude exist between thrombin and prothrombin in reactions with
aniibody to thrombin. This small degree of prothrombin cross-reactivity
has not been interpreted as being due to thrombin coniamination in pro-
thiombin preparations since the slopes for the displacement of lEl_thrombin
by thrombin and prothrombin are different.'1 During the development of an
in situ immunomdiometric assav for thrombin adsorbed to artificial sufaces
such as Cuprophane or PVC,ta we observed increased cross reactivity of
prothrorbm wirh l-anl ibod) IBC to lhrumbin. l-uLhermore, d reLenl.tudv'
indicates that prothrombin, when adsorbed to Cuprophane, promotes the
adhesion of granulocytes to the surface, an eflect coinciding with that of
surface-adsorbed thrombin and IgC. However, surface-adsorbed pro-
thrombin does not show amidolytic and esteric activity by specific thrombin
assays.sWe attempted here to use monospecific antibody ltc to thrombin as
a iool to probe the prothrombin conformational changes dudng prothrombin
adsorption to several different types of arti{icial sudaces. A moie quan-
titative interaction between prothrombin and antibody to thrombin in solu-
tion and on artificial surlaces (PVC)is presented by using the double labeling
technique, i.e., 131l-antigen and ]'?5l-antibody.

MATERIALS AND METHODS

1, Thrombin and prothrombin

Human a-thrombin was a gilt from Dr. John Fenton ll of New York State
Department of Health, Albant NY Specfic activity of the particular prepa-
ration used throughout this study was 2606 NIH U/mg. lt contained
a-thrombin, 89%; B-thrombin, 11%; and no 1-thrombjn. The details o{ the
preparation of thrombin and the analyses of the purity of the preparations
have been published elsewhere.6 Prothrombin was pud{ied from pro
thrombin complex concentraie (or factor IX complex), donat€d by Dr. Milan
Wickerhauser oI the Amedcan Red Cross National Fractionation Centet
Washington, D.C., as descfibed previously.5 The specific activity of pro-
ihrombin puriJied ftom that product was 1100 NIH U/mg and was shown as
one protein band on SDS PACE and gadient (2.5 27%) gel electrophoresis.s

2. Artificial surfaces

PVC discs (4 mm in diameter) were used throughout most of the study.
Other mate als such as Cuprophane (4 mm discs), glass (5 rnm discs), or
polystyrene (midotiter dishes) were also used for some comparative studies.
The sur{ace chamctedzaiion and other properties of these matedals have
been described elsewhere.dsT_e
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3. Anlibody to thrombin production and pu-ri f ication

The details of the preparation of aniibody to thrombin with N-a-p-tosyl
L-lysine chloromethyl ketone (TLCK) inactivated human a-thrombin
(a-ttuombin, 100%, sp act 2100 NIH U/mg) by a modified merhod of
Shuman and Majerus,'zand the puri{ication of antibody Igc to thrombin by
immunoadsorption on thlombin-Sepharose have been published.3

4. Radiolabeling of proteins

Prothrombin, thrombin, or antibody IgC to thrombin was labeled with
eitherr3rl or EIby the modfied chloramin; T method of Tollefson et al.10The
labeling did not seem to alter the enzymic activities of prothrombin5 (on
activation) and thrombine or the immunogenic property of antibody IgG to
tl-lrombin.3

5. Radioimmunoassay (RIA): competitive binding assay

For a competitive binding assay of thrombin or prothrombin, r5l-thrombin
(6-12 ng) was incubated with rabbit antibody IgC to thrombin (>95% puritt
112 ng) in phosphate buffered saline (PBS, pH 7.4) containing BSA (0.1%)
and benzamidine (1 mM) in the absence (controls) and presence of vadous
con(entrdtions or ihrumbin t0.5-i5 ngi or proLhrombin i200 10.000 ngr ror
20 h ai 4"C in 250 pl microtubes (Air{uge, Beckman lnstrument Co., Palo
Alto, CA) plecoated with BSA (1% in PBS). coar antirabbit Igc (Igc ftac
tions, 100 Fg, Cappel Laboratories, West Chester, PA) was added and incu-
bated further fol 6h at 22"C- The immune preciDitate was obtained bv
Lentri fuEdtion dt b0.000I for l5 min tArfuger and $d.hed once $irh PBS.
The immune precipitate was counted in a gamma counter (Gamma 8000,
Beckman Instrument Co., Palo Alto, CA).

6. Immunoradiometric assay (IRA): direct binding assay

SoLid phase IRA

Thrombin adsorption,3 or prothrombin adsorptions to artificial su aces
such as PVC and the subsequent reaction with ]5l-antibody IgG to thrombin
has been described previously-3 Briefly, surfaces precoated with proteins
werc treated tust with glutaraldehyde (1% in 0.1M phosphate, pH 70) for
t h at 22'C. AJter thorough rinsing, the sufaces wete treated with lysine
{0 .1V  in fBs )  f o r30min  Lo  b lock  rema in ing  f ree  a ldehvde  g roup - .  l he
slrrfaces were incubated with ]5l-antibody IgG to thrombin (10 rr&/r ) in PBS
containing Tween 20 (0.'l7a) at 22"C for 4 h or 4'C for 20 h. The mate als
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were rinsed with PBS containing Tween 20 and BSA and the radioaciivity
was measured by gamma counting.

During the course of the development of IRA of thrombin we have lound
that the crosslinking of thrombin with glutaraldehyde is necessaty so that
thrombin can be stabilized on matedals without desorption or exchange with
other proteins in subsequent solutions.t{ Crosslinking o{ other pr-oteins,
e.9., albumin, fibrinogen, Igca or mixture of other vitamin K-dependent
{actors \all, X, X (not published), adsorbed on matedals at much higher
concenlrdtion\ than ih'ombrn did not.eem Lo inLredse thc non5oeLiI iL uD-
tale of I  l-anfibod) lgc to rhrombin.ignit i \dnrl).  Further.nore, lween i0
and BSA are found also to be absolutely needed in the assav mixturcs so
rhat t lc non\peciJic uptake of 2' l-antibody lgc b) ndteri.r l .  ie.g.. pVCr in
the controls can be reduced from as high as 50% to <10% oI the same
mdleridl hrerled hith LhJombin ttests) (d;td noi shov\n). fhe prescnce ol
lhe<e aBents did nol seem to difecl t le \pecif ic dnhBen and anlbodl crn
jugation in the reaction mixture as shown also in the case of fibdnoqen-anti
t ibrinogen redLtion.b

IRA by cenLrifugatian

Various amounts ofr-I-antibody Igc to thrombin (8-1,000 ng) were mixed
and  incubd ted  w i th  a  t i \ ed  dmoun t  o t  t h romb in  t6  n6 r  o ,  p ro th romb in
(12 ng), or various amounts of thrombin (6 100 ng) or prothrombin
(12 2000 ng) were mixed and incubated with a fixed amount oflr5l-antibodv
lgc to Lhrombin { 100 ngr al 4"C ior 20 h. ITmune prer iprLaLe $ a. obtdined
b) centnfugdtion dt 1b0.000 t fur '10 min r Airfugei and wa.hed once n i th
PBS. The radioaciivity was counted in a gamma counter.

It was found that the presence of Tween 20 (0.1%) did not seem to affect
the antigen and antibody conjugation in solution (data not shown).

RESULTS

To show the high specific interaction of thrombin with antibody IgG to
thrombin produced in rabbits and the low cross-reactivity of prothrombin
with the same antibodt we have peilormed two t)?es of assays, namelt the
competitive binding assay (RIA) and the direct binding assay (IRA). Figure 1
shows the results o{ competitive binding assay using Dl-thrombin as a
marker and a second antibody (goat antirabbit IgG) to facfitate immu-
noprecipitation. Prothrombin did not seem to compete strongly lvith throm
bin for antibody IgC to thrombin, indicating that cross-reactivity was
minimal. Roughlt a 2000-Iold concentration (on a weight basis) of pro-
tlrombin was needed io compete with thrombin for antibody binding.
Furthermore, other vitamin K dependent factors such as factor VII, IX,
and X were {ound not to be reactive with antibody IgG to thrombin by
the same compeiitive binding assay (data not shown).
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Iicure 1. Radioimmunoassav of thrombin and proihrombin lvith antibody
l e l  r o  ' r o r b r r .  \ r o r h i  L 7 c - s  s , -  r .  i u , . ,  a  d r r . .  r . o b r r  "  t r b o d \
l i c .  t . l  e t  '  l 8 -  c ^ a r .  I n  n g  B . A  i '  .  /  . n d  b e n / d . r d .  .  I  a V  I n  r L ,
. i o * " . .  , . ^ r ,  o t . ,  ' n d  D ? . .  n . ; "  \ . , r  J u  ( ^ - '  I l ' . l r u n ' ^  u n L b c , J  L r o n
bin (.) or proihronbin (o) for 20 h at 4"C Coat antirabbti IgG (100 4g) was
added and in.ubated furih€r lor 6 h ai 22'C The immunoprecipttate was
o o , " , n " d b '  c e n - f u s d l " . d r o 0 r n O j  r A r . u g F  8 " . I n d - . - . r - r ' , ' n '  (  o  r o r
l 5 T i n d n d s r . h F d o , r F h , r  ' ' d .  - l r , r a u n J P r , . r P  r ' '  r o  j o  n ' d n d
Aamma counter. Rcsults ate representative of five determinations.

The results of ditect immunoPreciPitation of either thrombin or pro-
th romb in  s  i Ln  I  d r r i oud )  lE (  t o  Lh ronb i  '  by  -ed i  nen td l i c . l  i n  an  A i r f  Bc
(160,000 g, 30 min) are shown in FiSures 2 and 3. It can be seen-in Figure 2
ihut *itifi""d .ot,."ntration of tlTombin (6 ng) the amount of r15l-antibody
IgG to thrombin in the immunoPrecipitate increased with increasing concen-
i;ation of r'zsl-antibodv IsG to ihrombin in the bulk solution On the contrary,
essentially no immunoipreciPitate was folmed when prothrombin (l2lg)
was used under identic;1 conditiotls since the amount of '-l-antibody IgC to
thrombin in the immunopreciPitate did noi seem to incrcase 'ith increasin€i
concentmtions oI the antibodl' (same as ihe controls without thrombin or
prothrombin). Similarll,, the results in Fj8ure 3 show the increased immune-
precipitation of antibody IgG to thrombin with increasing concentntron ol'thrombin 

but not with prothrombin Furthermore, direct analysis of antigen
and antibody in the immunoPrecipitate by thc doubte-labeling mcthod, as
shown in T;ble I, indicated that very litt1e antibodv IgC to thrunbin was
found in the immunopreciPitate wiih prothrombin in contrast b that with
thrombin. The antibody-antigen ntios ran8ed fiom 3 2 to 13 4 for thrombin
and onlv 0.1-0.8 for prothrombin.

However, when prothrombin was adsorbed to artificial sudaces such as
g ld r - .  C t tp roph rne .  f \  C  o r  Po l ) s l \  r ,  ne  the  -eJc t i v i L \ ' "  D ro th ro "nb rn  $  i l L
jnrib"dv leu Lo ihronoin -oomed Lo be gredtlv incre.r 'ed The re\ul i '  dre

lftRoMS N
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TABLE ]
Direct Binding Assay of B'I-Thrombin or r3't-prothrombin with 'rl-antibody

IgG to Thronbin in Solution at various Antibody tgc to Thrombin Concentrations
Thrombin oi prothiombin
in immunoprecipitate (ng)

Antibody I6G to ihrombin
in immunopre.ipitate (ng) Antibody antigen ratio

4.7
6.2

33.3
80.4

1,2r.1
u .1
4.2
0.5
3 . 1
7.0

0.08
0.3
2_4
3.6
3 . 1
0.4
0.4
0.9
4.3
3.9

13.4
6.3
3.2
5 . 1
8.9
0 . 1
0.2
0.2
0 3
0 8

Aroie. 1r1l thrornbin (6 ng) or Frl-prothrombin (12 ng)was incubated rvithr-I antibody
IgC 10 ihrombin (from 8 to 5000 ng) for 20 h and immunoprccipitate was sedimented
at 160,0009 (Airfuge, Beckman Instiument lrc.) for 30 min. The immunoprecipltate
s'as washed once *jth phosphate bufi€red saLine and recentrifuged. The lrli thr6mbin
(or proihrcnbin) and r1'I antibody IgG to thrombin in ihe formea precipitate was nea
sured by diffcreniial counting in a gamma counter. Molecular s'eighis for prothrombin
(72,000), thrcnbin (36,000), and antibody lgc (160,000) io thrombin a'cre us.d to caf
culate the antibody anhgen molar raiios in ihe conjugates. Data are rcpresentative of
two deieminations.

TABLE II
Uptake of u5l-Antibody IgG to Thrombin by

Materials Pretreated wilh Thrombin or Prothrornbin

Pretreaimeni (concentration) ':5I antibody IgG (ng)

Class

PVC

Albumin (30 pgldl)
Thombin (10 pglml)

Prothrombin (30 aglnl)

Alblnin (1 ng/hl)
Thronbin (10 pglnl)

Prothronbin (30 pglml)

Albunin (1 ng/nl)
Thronbin (10 ptlml)

frothrombin (20 pglnl)

Albufrin (1 ing/nl)
Thrombin (10 ptml)

hothrombin (20 aglml)

18.4
8.3

:l:12.3
5ll 9
0 . 1
0.3

2 5 8
2 9 3
, 1 0
6 . r

135.0
1,25.5

2.8
4.0

63.7
.19.6

Note. Materials irere prctreaied nith protcin or Tyrod.'s buffcr for I h at 22"C. Aficr
thoroughly rinsing, the proteinadsorbed totestdiscs orpolystyrene mi.rohterdishes was
cmsslinked wiih glutaraldehyd€ for t h. After removal of free glutaraldehyde, the discs
were incubated wiih '-I-antiihrombin IgG (10 pglmL) for 20 h at 22"C. The resldual
. i d i o . . t i v i l \  o n  d \ -  o "  d r - L e .  h . \  n p J . u " F d  b )  B J T n . . o u - r i - 8  n d  l h p  | p r o L e  n r
'  I  dnt ibodt  TgC tu rhJU nbrn 'd-  " \p-e, -ed a-  n.  "o8r , , r  \  bo ,nd In lhp { r f .  F.  D.  r  .  -e
reDresentatlre of thee exDeriments.
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shown in Table IL The amount oIr:tl-antibodv kG to thrombin on surfaces
pre(odled \ i th either i .rrorbin or prcthromtin ra' icd urer a *rde range
depending on the type of the mate als. The most remarkable results were
thai antibodv IgC to thrombin did bind to a much higher degree not only to
prothrombin (studies on glass) but also to a leve1 as much as to the surfaces
precoated with thrombin (such as Cuprophane, PVC, pol),styrene). A more
quantitative analysis of direct binding bet 'een thrombin or prothrombin
adsorbed on PVC with antibody IgG by use of double-labcling technique are
shown in Tabl€ IIL Variations ot both thrombin or Drothrombin concen
.rahon on fV( -Jrrd\e\ were dl{dv5 l.con'panied b| i  proporr 'on,l  up.a^e
of antibodv IgG to thrombin. Furthermore, the antibody antigen ratios rc-
mained similar to that on surfaces pretreated lvith either thrombin (1.2-2.1)
or prothrombin (1.2 1.8).

Furiher experiments w€re performed tu rule out that the obsen'ed inter-
actions between prothrombin and antibody lgc to thrombin on PVC are not
due to (1) an isotopic labeling effect on either prothrombin, thrombin, or
aniibody IgG, (2) artificial intramolecular and intemlolecular crosslinking of
prothrombin (oi thrombin) itself, or prothrombin with material (such as
PVC). The results in Table IV shorv that both unlabeled ihrombin and pro-
tnrornb.n .rd.orbed , 'n l \  C reacl Indtttcr.nt l \  \^ i lh u "h. l .  d d- o( ' , lv leL,
l o  l h rombm - i r . e  rhp  -ub -e luen r  redc . ron  r v . . i r  l r n r i bod ;  l ;C r . ' r h r , 'mJ i r
was almost totally blocked. ln addition, about the same blocking effect of
aniibody IgC to thrombin was observed for both thronbin (89%) and pro
thrombin (BB%) precoated PVC. On ihe other hand, Table V shows that everl
ihough th€ ciosslinking wiih glutaraldehvde stabilized the proiein molecules

TABLE III
Direct BindinS Assay of r"'I-Thrornbin or '''I'Prcthrombin

Adsorbed on PVC with u'I'Antibody IgG to Thronbin
'Ihrombin or prothromb jr

adsorbed on rVC (nt)
Uptak. of anhbod) lgc

in immhopre.ip'tate {ng) Antibody antig€n ratiil

4 2 5
E 5 6

104 8
143.2
t 5 l 4
35 :l
52.'1

1 1 1 . 5
140.7

5 7
1 0 . 4
1 3 . 5
23.9
27.9
8.9

13.2
29.8
39.0
52.3

2 l
1 . 9
I 7
1 . 3
1 . 2
] E

1 . 3
1 . 3
\ 2

Ndtc PVC discs (4 mm in dlaneterl werc Drecoatcd r'llh ciLhcr 'lfthrombin or 'r'I-
proihrcmbin. Immunoradioassays were perf;rhed rith rrtl antibodv IgG to thtunbin
(5000 ng) and incubaiion was 4 h at 22"C. Adsorbed thrombin or prothrombin and anti
bodv I8G concenhations lvere esiimated by dilfcrcntial counting in a gamma counter.
Molecular rveights ofprothrombin (72,000), ihrombin (3it,000), and antibodv 18C (160,000)
were used to calclllate the antibody aniigcn molar raiio on PVC surfaces. Dala are rep-
resentative of thre€ d€terminations



]M]VIUNOCHEMICAL DETECTION EY SPECII]C ANTIBODY

on the sudace, it rcdriccd thc antigenic binding sites of both thrombin
and prothrombin Ior antibody IgC to thrombin concomitantly since the
antibody antigenratios were reduced forboth thrombin (fiom 1.9 to 1.0)and
prothrombin (fiom 1.7 to 1.0). However, the aniibody-antigen ratio for
thrombin and prothrombin absorbed to PVC remained remarkably similar
lvhether or not surface adsorbed antigen was crosslinkcd (1.0 for ciosslinked
prothrombin and thrombin; '1.7, 1,.9 lot noncrosslinked prothrombin and
thrombin, respectivclv).

DISCUSSION

It is known that antiboclics are dircctcd to structural domains of macro-
molecules. It can therefore be assumed that thfombin-specific antibodies
should not cross-react with prothrombin if theh molecular con{ormations ale
diffefent even though prothrombinis thc prccursor or zymogen of thrombin.
Our studies u'ith a polyclonal antibod), to thronbin preparation produced in
rabbits bi/ conventional technique seem to suggest that this is the case. This
is supported by (1) a competitive binding radioimmunoassay of 1'l51 thrombrn
to purified antibody IgG to thrombin (Figure 1), (2) the direct binding an-
alysis of antigen precipitation with varving concentraiions of labeled anti
body IgG to thrombin (Figure 2) or varying concentrations of thrombin or
prothrombin (Fi8ure 3), and (3) the direct analvsis of antigen and antibody
in formed immune precipitate by use of double labeling method. A slight
but insignificant cross reactivitv (0.057o) of prothrombin lLith antibody lgc
to thrombin did exist in solution (Figure 1).

On the other hand, the surface-adsorbed prothrombin exhibited a mnch
hi:iher degree of cross-reactivity to antibody lgc to thrombin (Table II) than
prothrombin in fiee solution (Table I). The surface-adsorbed prothrombill
also sccmed to react differently with antibod],lgc to thrombin on different
mate als (Table II), indicatint thai prothrombin miSht adsorb in a different
forn on different materials. Further anaiyses of antibody lgG to
thrombin/prothrombin and antibod,y IgC to thrombin,'thrombin on PVC by

TABLE IV
Blocking Effects of Unlabeled Antithrombin IgC in the Reaciiotr of'"I-Antibody Igc to Thrombin wiih Ttuombin or Prothronbin Adsorbed on PvC

97" Blocling of ':lanlibody IgC coniutaLion by
liVC pretreated with pnor €rposure of adsorbed antig.n to unlabcled aniibody IgG

821

89
88

Ndi.. PVC discs ere preireaied rvith ciihcr ihromlrn (10 ag,hrl) or pfothrombin
(20 pslml) and divided into two different sets of three discs €acl'. One set rvas incubatcd
$'iih Tlrodet bulfer (control) and one sei11ith !nlabeled nnuthronbin lgc (10 {g/n )for
20 h ai 22"C, subsequently each set was nlcubaled rlith "'l anubod,v ltc Lo thrombh for
an addiiional 20 h;t 22'C. The uptake of ''-I antibody IgC for each set rvas dcicrnnled
and 7, trlockine calculaied. Data are av€rases of tl{o determinations.



CHUANG AND ANDRADE822

E E E iU-6
l :  S e  > I
E  d  9 : i e

a + !  3 t r
9 z + E - =
- * - : 3 r 5

: :  i ! ;  6  '
: t_^'1= € E

- ! * ! i  E . ;; ' c o ! E r

P o  a  -  d ;

: 8 2  E - '  E
, = t a - > E a
! i g E + ! ig ! : R i * :
L* '4 -E. i1=-
E : : ; : ! ;

E  9 P \  " t s E
u ! d = 9 ! d ;
> a ; t : t -"  9 1 ;  a a  2
: :  g F :  9 a Fz ? i I t ? E

= : : :
F

E

9

E
E

e
€

E

3 <

-  c d

'li E

; v +  l +  +  l

z r : i l



IMMU\OC}IFMIC A L DL ITC I IO N BY SII CIIIC A\'] IEOD}

a double-labeling method (Table II) showed clearly that the antibody lgc to
thrombin/prothrombin ratios (1.2-1.8) had markedly increased (from
0.1-0.8, Table I), closed to the ratios of antibody Igc to thrombin/thrombin
(1.2-2.1). The marked decrease of antibody Igc to thrombin/thrombin in
so luL jon  t rom 3 .2  13 .4  { l ab le  l t t u  1 .2  2 .1  r ' f ab ]e  0 ron  IVC m igh l  sugges t
that either (1) some antigenic domains on thrombin were lost due to the
direct interaction (binding) of these sites with PVC, (2) a steric e{fect pre-
vented the intemctions of antibodv JqG to thrombin with su ace-adsorbed
thombin, (3) tfuombin might reduc; its antigenic binding sites due to its
own conlormational changes induced by adsorytion, or (4) all of the above.
Our results with polyclonal antibody at this stage failed to differentiate
between these possibilities. Monoclonal antibodies specific only to one anti-
Benic domain lor thrombin or prothrombin are required to eiucidate <uch
mechanism. This is cullenily under investigation.

The results in Table IV and Table V seemed to nrle out possible artifacts of
interaction oI PVC adsorbed prothrombin with antibody IgG to thrombin
due to structural modification of prothrombin and antibodies by radio-
labeling orby $osslinling glutaraldehyde. Even though crosslinking of pro
thrombin on PVC showed some stabilization of prothrombin on the surface
and substantial reduction oI antibody IgC to thrombin uptake (Table V),
these effects seemed common also to thrombin [ab]e V) and other olasma
Proteins ruch a' f ibrinogens ad'orbed to material".

The data flom this study appear to demonstrate that adsorption of pro-
thrombin Lo art i t icial5urJacer such a: PVC had irduced "ome runformatronal
changes of the macromolecule that resernbled antigenically the domain(s) of
adsorbed thrombin. It is not known whether these changes have anybiologic
significance. Our earlier data showed that prothrombin adsorbed to
Cuprophane did not directly produce thrombin clotting or amidolytic
activiry; on the other hand it enhanced the adhesion of granulocytes as
suface-adsorbed thrombin did.5

Structural and conformational changes of proteins adsorbed on artificial
sufaces have been studied by several groups of investigators with vadous
techniques (see review by Morrissey"). Kochwa et al.,r using potentiation
tihation technique, and Nyilas et al.,r3 using microcalodmetric method, have
demonstmted the subsiantial conlormational changes o{ y-globulin upon
adsorption to artificial sudaces. These changes were also a{fected by the
concentration of protein on the surfaces.ia On the other hand, Mordssey

, et al.,'5 using infrared bound fmction measurements, and Smith et al.,'6
using in situ ellipsometr, showed that the conformation o{ adsorbed albu-
min and prothrombin $.ere not d€stically changed upon adsorption. Most
rccentlt Andrade et a1.,17 using total intemal reflection fluorcscent spec-
troscopy to study the effects of protein adsorption on conformation and
activity, have shown that there were some conformational changes and
denaturdtion of human pla.ma f ibronecLin on ddo.orption to hydrophobiL
qua*z and there was a blue shilt of 9 nm on adsorytion oI bovine serum
albumin to hydrophobic quafiz. Our results with irnmunochemical tech-
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niques using an IgG antibody to thrombin, specificto itsbiologic degradation
product thrombin, demonstrated ihat some prothrombin conformational
changes had occured during prothrombin adsorption to several artificial
sudaces such as glass, Cuprophane, PVC, and polystyiene. Our techniques,
however, failed to detect any degree oI prothrombin molecular changes.
Monoclonal antibodies specific to either prothrombin or thrombin may be
useful in pinpointing the exact domain(s) involved in such changes. More
importantlt it should be investigated further whether these changes will
elicit any previously unknown biologic activities of prothrombin, such as of
antigenicity, effects on platelet or gmnulocyte {unctions.

In solid phase immunoassays, it is generally assumed that antigens ad,
sorbed to a surlac€ such as polysb(ene microtiter dishes, will react with
specific antibody in a manner similar to that antigen antibody reaction in
solutions such as occur inimmune precipitation. Howevet our evidence and
othersr3 seem to point out that data obtained ftom solid phase immunoassays
should be inter?reted with caution since adsorption of a nonantigen fu a
polymer suface could render it immunoreactive to previously unreactive
anLibodie!.
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Scanning Electron Microscopic
Evaluation of the Surfaces of

Dennis Coleman, John Lawson and Willem J. Kolff

ABSTRACT
This report summadzes the surface changes seen in
artificial heart6 implanted in calves for pedods up to
four months. Fabrication defects as well as degrada-
tion resulting from wear are identified. SEM evalua-
tion of the blood contacting surface as well as the
surface of the diaphragm associated with the drive
mechanism has revealed potential problems with
current heart designs and methods of fabrication.
Matenals evaluation of irnplanted hearts is crucial
for a clinically useful system to evolve.

artificia-I hearta, fabrication defects, degradation,
SEM (Scanning Elechon Micrcscope), blood con,
tacting sudace

INTRODUCTION
Calves with artificial hearts are now beginning to
survive for several months: Kolff and associates, six
months, several thrce months;1 Nos6, five months;!
Biicherl, foul months; Pierce, two months:3 Akutsu.
one montha and Atsumi, two months (goats).5 This
suggests that human trials may be wa$antedinihe
near future. With increased survival times, more
emphasis is placed on the mechanical properties of
matenals and it is important to gain as much
information as possible on the wear and possible
degradation of artificial heart materials, especially
the flexing diaphragms. Such degradation and,uor
wear may be the result ofmicro defects resulting from
fabrication procedures, absorption of physiological
constituenh such as lipids by the material, calcium

Artificial Oryans VoL 2, No.

Fmm thp ItrB@^ al A,htiidt otEoas. D.pd,ta?a! ot SutE?tr,.oUasa ol
Mpdritu.thl lret;'ut" lot Biah.dtrol LnEip, naE.aalbE"Dt Fa9in?anA.
Uniuerany af Utah, Sdlt Lahe City, Utdh,31ri2.

Suppatted in pafi b! the NIE Db the Ndrional lteatt and Lunc tnstit(te,
GnnrCS.POl HL13738 07, ERDA Cantract 8Ey.76.5.0202155.AA01 dndbr
th. Deuel,pment Fund of the Diuision of Artificial Oryd6 ta uhici
.Lntnbudons hou b"?4 nodp bJ aonr tn.t"dnE nhraa, rh" Sotuo,
Foudotbn. B"njonin !U^t,hpus. Liu,?arpHal^ and th"SAnEes tot^

lhe uo* rcportert ia th& papet is the rct\it of th. c.nbined elforre al n7n!
people- A specidt thanks to Dr. Joseph Andrude, ML Lee Stuith. Mr_ Jdn;s
M.Rea, Mr, Thotuas I<dslzt and Ms. Connie S.hlnann.

Artificial Hearts

deposition, abrasion, etc. Use ofthe scannirg electrcn
micrcscope for this purpose isteported hereln.

While not inclusive of all the €valuationrequired
or indicated, the SEM evaluation does supply infor-
maiion at a level in which other testing and evalua-
tion may be indicated. Early detection of the begin-
ning of wear problems and their subsequent correction
will improve the reliability of future artificial hearts
for iEplantation in humans.

Pathological evaluation of implant materials,
not only in the classical sense ofstudying tissu€s af-
fected by implant materials but also studying thena-
ture of the implant, must be done befote cause and
effect relationships are clearly defin€d. By studyiDg
the "intima" of adifrcial hearts with the SEM, we
hope to recognize the beginning ofwear, factors that
induce thrombus formation and other conditions
which may cause device failure.

Improvements in the design of artifrcial hearts
have provided satisfactory results with various non-
fibril surfaces,g mostly polyurethane, Avcothane@
and even Silasticc). Y€tcompletefreedom fromthrom-
boembolism has not been achieved. It should be
remembered that the design of the artificial heart
and the use of artificial valves may lead to tbrombo-
ernbolism for which the ventricle material is not th€

MATERIALS AND METIIODS
This study provides qualitative information. bv
means of 6canning electron microscopy. on artificial
heartdiaphragms from two heart designs (Jarvik III
and ERDA) made fTom thre€ matedals, Biomer@
(Ethicon Inc., Somewille, N. J.), Avcothane@ (Avco
Medical Products, Everett, Mass.) and Silastic@
(Dov/ Corning, Midland, Mich. ) with a polyester fibril
surface. Implant times ranged from 69 hours up to
122 days (Table).

All hearts for scanning microscopy were treated
at autopsy by rinsing the inside of the right ventricle
with physiological saline. The heart was disassembled
while in saline and the pumping diaphraem removed.
Sections of the diaphragm which contact blood were
placed in 2q0 phosphate buffered glutaraldehyde, pH
7.2, for presewation of any blood elements which
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CALVES EVALUATED

Aniicoagulant
rnerap l

Calf

ERDA 2i]

Buk

NASA.TU

ERDA 17

ERDA

Ja i! III
Ja i! lll
Jawik III
JaNik III
ERI]A

122 day6

might have b€€n present. Other components of the
diaphragm, the polyester mesh and the air contact-
ing portion, were not exposed to any fluids andwere
stored dry for mounting on SEM stubs. The blood ex-
posed surfaces were dehydlated with absolute etha-
nol and cdtical point dded with liquid carbon diox
ide.8 The samples were mounted on stubs and coated
with carbon and gold by vapor deposition. Samples
for SEM were selected from areas ofthe diaohraem
suspected. from macroscopic examinat jon, io have
imperfections. Ifsuch areas were not evident, sampl€s
were then selected at random.

Air driven hea*s have a pumping diaphragm
that consists ol three separate layers: one layer of
polyurethane facing the blood, a layer of polyester
mesh and a layer of polyurethane facing the air
chamber (Fig. 1). Both sides ofthe blood contactine
and air  contact ing port ions ol  lhe diaphragm wer;
examined as well as the reinforcing mesh.

ERDA (Energy R€search and Development Ad-
ministlation) hearts are driven by a m€chanical
pusher-cup over which a mlling diaphragm is draped.s
The majority of ERDA hearts are fabricated flom
silicone rubber sin ce fabrication is easier and, as yet,
long survivals are not expected ftom this type of
heart. Polyester fibrils have occasionally been used
to cov€r the sudace of the Silastic@ hearts.

F!c. 1, A dia8remhaiic .rNs section ofthe pumpins diaphragm
of  ihpJarv i l  l I l  a f l  f i c i6 l .hpardes ic r -  T l - i s  yppo.opb ign  is  uspd
wrh porvuretnane Dartrra

RESULTS
Silastic

Polyester fibdl-coated Silastico heaits have not
been successful in this laboratory, though others
have utitized fibril surfaces successfullv.r0 The fibrils
have come off the sudace and have been seen in his-
tologic sections ofkidney,lung, brain and othervital
organs.tl Direct obseNation of the pumping dia-
phragm of ERDA 23 (Fig. 2) reveals ar€6s devoid of
fibrils with only the imprint of the fibril left in the
suface. ERDA 23 lived only 69 hours and was not
trcated with anticoagulants. Histopathology demon
strated multiple small infarcts in the liver and kid
neys, although no gross emboli were seen. Fibrils are
no longer used by this group to coat hean sunaces.

The pusher-cup side of the ERDA 23 diaphragm
was filled with sperfn oil as a coolant. These cham
bers were initially overpressurized when filled with

167

ftc. 2. The blood contactins suface, as sen by SEM, of a
p .  t ) ,  q  . - . i t r  l . "o1rpd  b j l j .on"  I  rbb . ,  ha"  + \  "  I  s "6 ,mDi rnr "d
fo r  69  hnurs  LERDA 2" r .  No 'e  I  l ' e  lo6s  o f  f rb r i l s  r rom Lhp;ur 'a .e .
Anticoagulant theraly was not used. Masnificaiion l00X-
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oil  and the stress of Lhis tpclrnical prror is seen in
Fig. 3. A fracture, which does not completely pene-
trate, in the Silastico diaphragm is observed wh€re
the ridge holding the diaphragm to the pusher cup
joins the diaphracm (Fig. 4).

Polyurethane
In this laboratory, the greatest success has been

with polyurethane (Biomer@) and a blend ofpolyure-
thane and Silastic@ (Avcothane@-51 elastomer).
Blood contacting surface

The first long'term survivor was a calf named
Burk, which lived 94 days with aBiomer@, air driven,
Jan'ik III type of heart. The diaphragm from the
right ventricle was remarkably free of formed blood
elements and fibrin depositron even though no anti'
coagulants were used (Fig. 5). There was, however,
some indication ofan adsorbed frlm, possibly protein,
on the Budace of this diaphragm. There were a few
infarcts in the kidneys and there was thrombus for-
mation on the rings of the heart valve.

A Biomero Jarvik III type heart was implanted
in a calf named James Bond which suvived 46 days
and v/as treated with war-farin, dipyridamole and
aspirin.r, Unlike Burk, numerous suface defects
werc obseNed on the diaphragm (Fig. 6) along with
well organized thrombi. Although thrombus forma-
tion is occasionally associat€d with surface irl€gu-
Iarities (Fig. 7), it is also likely that these defects act
as emboli generatorc. Since thrombus-ftee areas are
populated with surface defects, such defects appear
to be the result of microbubbles trapped in the poly-
mer surface during fabrication of the heart.

Like James Bond's, the artifrcial heart ofthecalf
named NASA'Tu (Fig.8) revealed areas oforganized
fibdn deposition on the diapbragm aurlace even
lhough a wafann, dipyridamole and aspir in regi-
menl, waa used. This heart was fabricated from
Avcothaneo and the calf sulvived 64 days with the
Jarvik III type heart. Surface defects were not seen
on th€ sections chosen for microscopic evaluation.

Mohammad survived only ten days with a JaI-
vik III Biome/o head. LikeJames Bond's, this heart
showed a pitted suface with thrombi frequently
adherent to the sudace defects. This animal was not
treated with anticoagulants and had multiple small
infarctions at autopsy.

In contrast to the Jarvik IIl design, the two
ERDA type Avcoathane@ heads subjected to SEM
evaluation demonshated fibrin and thrombus deposi
tion especially where the diaphragm fler.es. ERDA 17
survived eleven days with no anticoagulant therapy.

AOPA represented the summum bonum ofwhat
had b€en attained at thetimeofthis study: morethan
foul months suNival. In contrast to Burk (three

nc. -. A frod ue in rledialhragd iERDA 23)on,hppuslcrfr p
side r€uhed fron overDressurizibs tr. n€or while fillins wilh a
coo anr  \sprm or ) .  Th i  c ra .k  haonot  .odp le rdy  lehdAred ,he
diaphr€gm Meahification 500X,

ftc. 4. A cross secfion of the diaDhracn used in lhe ERDA
design€d heari- Silicone rubber or p6lyu;ihde is used for con.
struction !urp@es. This heari is mechanically drivenbyslusher

Frc. 5- A SEM of ihe blood conta.tias surface of a Biome*r heart
a l te r94  days  imp l@rat ion  LBurk / .  Ar  .oas ! lan ! rherapysa6 no t
u6cd, rcl rhF rurface ,3 Fmarlabl) ihtumbud fre". Thp surlace
apppars lo have sdsorbed a finp layer ftom rhe blood. Masbifi
c;tiob a800X.

1 6 8
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Frc. 6. The tlood expos€d side of a Biomef heari which pumDed
a6 da)s  rn  J  ame^s  Bon,C.  Ant icoagu laDt  rherapy  *as  us"d . l , lum.F
ous su fsce  oPre . | ,s  can  be  seen in  dn  area  $he!e  rh fombus
fomation is sident. Masniflcation 600X.

. SEM Eualuation

Frc.8 An A\corhane'  head suMvins 64 davb 'NASA Tur a lso
rc\edled a*as of  bbr .  depos r ion .v . - r  L l -or iso ant i .oasu,anr
tberapy wae initialed, Magnification 2000X.

FIc. 7. Aila hisher rasnificadon, ihe throhbu in Fisure 6 is
clealy se@ to bi associated wiih suface iEesuldities:Masni
ficaiion 5000X.

Frc. L Sudace defecrs in thi3 Avcothane@ heart which pumped
122 days (AOPA) dre surlrisincly fre of ihrombls and fohed
b l ,ud  p lFmpnrs .  Anr i .oaeu lan t  r lF rapy  $ab uspd in  , lus  an ima l .

diaphmgm revealed a thin protein-like layer (Fig. 10).
At postmort€m, AOPA showed emboli only in the
lungs with no evidence of multiple small emboli.
There was no coagulopathy which indicates that
there was no large consumption of clotting factors.
Diaphr:agm facing the mesh

Wear resulting from rubbing ofthe polyurethane
against the polyester mesh appears to be apotential
ptoblem with the Jawik III type o{ hea}t, even
though this heart has pedormed well for over a year

months), warfarin, dipyddamole and aspirinl2 were
used to chrcnically anticoagulate the animal. AOPA
had a Jarvik III type of artificial heart made ofAvco-
thane@. A new surgical techniquer3 developed to eli-
minate synthetic heart valves allowed retention of
the animal's aortic and pulmonary adery valves.
After 122 days, the diaphragm from this heart was
free of fomed blood elements even though many sur-
face defects rangingin sizefrom 2to 20 micmns could
be seen (Fig. 9). A sample tahen from the center ofthe
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on mock circulation testing. This problem is drama-
tically demonstrated in Fig. 11, a scanning €lechon
micrograph ofthe diaphlagm of Burk which pumped
for 94 days. Samples ftom unpumped hearts are
extrcm€ly $nooth at the same magnifrcation (4500X).

This type of wear contdbuted to failure of the
rcstraining polyester mesh in James Bond (46 days).
Wear particles penetrateal the sttands of the mesh
ultimately leading to ftacture of the fibe$ m akinq uD
the strand rFig. l2' .  The uniformly abraded surlace
seen in Fig. 11 has frequently been seen in other
hearts constructed of Biomer@.

.  F ,c .  |  0 .  A  sample  rakpn f rum r \ "  @nrp f  o r  I  l -pdraphracs  shown
i r  r , c L r "  v  " p r " .  p d . , t - i n  p r r . _ i 1  I  \ . , " ! p r a d s o ; o " ,  i .  . l _ p  s L r
iace. Magnification 1000X.

Frc .  L  The po l \psrpr  me.h  uscd in  theJ tuv ik  l l l dFs isn  nas.b fddFd lh .  DUrp ins  d iap l - rego o l  i  R iod" "  \pJd  id tc i , "d
ftr qa d.\s (BxLk) Maenificati.n rsl)0X

. VoL2, No.2

Avcothan€@ heafts do not show the samekindof
abla.sion as the Biomer@ hearts. Wear effects ofthe
mesh on Avcothane@ appeartob€ the resultofknots
in the mesh (Fig. 13) taken from NASA-Tu (64 days).
However, this effect was not seen in the heart from
AOPA which pumped for 122 days (Fig. 14).

The ERDA design avoids the problem of abra-
sive wear seen in the Jawik III type of heart.
Fabrication de{ects have been observed (Fig. 1b) in
the pusher-cup side of several ERDA diaphragms.
The potential hazard for diaphragm failure from
such d€fects remains to be cladfied.

f r . .  2 .  FE i lu rpu i Ihepo lvps ie rmesh€sa rp6u l to r  penc fa ' iono l
onryuethde spar  paro . lp r  s  pv idpn l  in  th issamplpa j rn46dars
ulrxDpins (Jsmes Bondl. Masnificairon 220X.

.Frc . .  r3 .  \  ce  F" tec 's  on  A\ .o ihaD. ' .  evpn a f ip r  64  oo ls
NAsA I  u r .  du .nn l  apppdr  lu  bp  ,  s  e"np fd lzp i l  As  s  In  B io rp ;IFs  rz r , .wea s  appaten t  whcre  t t -e  (no l6  in  the  po tyes tpr  mpsh

contactedtne surface. Masnifi.ation r 00X
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ftc. 14. Minidal wear was observ€d in an Avcothaneo heart sur
viving 122 days (AOPA)- Masnification 500X.

CONCLUS1ONS
There is enough evidence that the polyester mesh
causes damage to the polyurethane diaphragms to
come to the conclusion that the mesh should be
avoided in the future. Small surface deJects created
during {abrication are not always avoidable. As a
rule, our blood facing surface is air dried during
fabrication, whereas the surface of the membrane
away from the blood is cured against the mold and
may, therefore, have imprints ofirregularities on the
mold. Small inegularities on the blood side dia-
phragm can sometimes be seenin areas whereblood
elements have been adh€rcnt, which indicates that
either some adherentthrcmbus has come offorthatit
has been bare all the time. One would hope that th€
amount ofthrombus formed on thesesurfaces would
be so small that it could be routinely processedbythe
body. It is significant that Burk, who lived three
months without anticoagulants, revealed only minor
signs of thromboembolism and AOPA, who lived
122 days, showed less than Burk. Moreover, there
were no overt changes in platelet count, platelet ad
hesion, totai fibrinogen, prothrombin time and par-
tial thomboplastin time which could not be accoDnted
for by the anticoagulant th€rapy. Fibrin degrada-
tion products, as m€asured by the protamine sulfate
dilution method, returned to normal two weeks post-
implantation.

Fibril-coated hearts' have consistently released
fibril emboli which have been discovered in the vital
organs of the aninais. For this reason, non fibdl
surfaces are prefened and have been more successful
in this laboratory. SEM evaluation of hearts to date
has not reveaied any consistent discernable differ-

Frc. 15. Fabdcaiion defecis on ihe Dushe! cuD side of th€ ERDA
rype o"hea-  a .p  r requer l  y  sFen 'ERDA I?  Porpnr ia l  p .obhms
from su"h d"|P.E Fmair [o bp ianJipd. Nl'qaiScalion 500X.

ence in the blood contacting surface of AvcothaneG)
or Biom€ro hearts, nor has it been possible to clearly
distinguish between animals treated with anticoagu-
lants or left untreated in terms of microscopic de-
posits on the surface of the diaphragm.

T'l:re hearts from animals thathad survived for a
long time do not show more significant changes than
those ftom animals that died early inthe experiment.
Anticoagulation is usually not started until 48 houls
afrcr surger) for fear rhal  hpmoffhages ma5 occur in
the chest. It is during the first hours following
surgery, when the heparin is neutralized, that one
might expect the thrombotic process to begin. For
this reason, we are looking for any method that will
give relief flom the initial thrombus lormation seen
in ih€ fimt days following implantation of the arti-
ficial heart. It may be that the heparin binding
method of Schmer,rl which allows release ofheparin
for several weeks, has something to offer the arti-
ficial heart system.

Another possibility is the use of glutaraldehyde
crosslinked albumin15''6 to heat the inside of the
altificial heart cavities. It is unlikely that th€ albu-
min will remain for extended periods of time, but it
might offer pr.otection dudng the first days of pumping.

Arl artificial heart which has been implanted ald
pumping for some period of time is a valuable eource
of information relating to interface'induced thlom-
bosis and coagulation, lipid or other sorption, wear or
degradation of the material and changes in the
physical and mechanical prcperties of the heart
material. Continued effo[ts to provide feedback in'
formation to designers, fabricators and surgeons
must improve artrficral hearts for futue human use.
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D. L.  Colehan,  D,  L im,  T.  Kess1er,  and J.  D.  Andrade

C ALCII ICATION OT NONTEX RED II{PLANTABLE BL@D PUXIPS

Imlrovements in surgical techdiques, implant design and fabrication, and the metedals used to consrructbtood pmps have areatlv contdbuled to the increased lonsevtr or anihats ihpjante; ;;h ioral artiiicial headsr.Eowever, with this increase in survival tihe, new problems ard unansr"""a qu""tion" have be.ome alparent.Degradaiive chdges in the bulk and sudace propeilies of long_term Dechanicalty active po,ymsirggested" to account for diminished function or comptete faiture of ihe delic€.
, ,a  

Calc incar ionof thepumpingcdiadragmhasbeenrepodedby-nuherousgroupsiDcludingNos6eta l3, r io i f f
et ar'' Pierce et ari Norman et nib Li3n r-evv', rnd Eennig et at8. since caictiiauon das nor been repoite.r inaduit goars implanred ror lons pedodse but has been seen in carvesr-8, ;"";-;;";;;."-" 

"p"curaiion iharsopcies rnd/or  age is  d p lac lspo6:rg "3ctor l0.
This repo!! reviews the evidence a..umulated froh total a.t,ficjat hearts implanted in 33 cahes add 2 sheepsurviving rlom 30 days to 268 dav6 .bservations made iq ihis stu.rv suppofi the hv;othcsis th,t surface defecisserve as a nidus for mineralization end th,r tbis process is accelented by, but no;toh1ll. dependenr on, mechani_cal stress or 6hear stress.

MATERIALS AND I,IETIIODS

. . Totel*rti{icial He1{s. Two heali designs, ihe Jawik 511 and Jarvik ?r, \rere labncated rlom eitherAvcothane 51'e or Biomer(g and imllanted in carv€s for variabre tihe p".ioas up to :ei a.ys. upon ie.mirarionol tbe experiment the ventricles wele riqsed with tromal salire and eitir* trre rigr't or len "enrricle submjtredfor more eiensive examtnationl2. A sumnary ofthese experihenrs is si,* r"i.li" i.The amount or severitv of mineralization was quatitativelv graded from o ro 5 according to the folrowingc.iteriar 0, no catcium detected at the sEM tevel 1000 X magnific;ion; ,, ** f_" pi"qr"lr"O ri"ra" *"-in"-at,t+' "sandpaper!'| aplea.ance under the stereomicroscope usirg Arizarid recr s; z*, roerrreo ,*as < 1 cm- and< 2 nm fhick; 3-, patchv areas > 2 hm thick colering < 2b% of the sur.face area of,he draporagm; a+, parchyaieas > 2 hm thick covedng < 5O7o ol the pumping dialhragm: ,+, > 50Io of the blood contacrilg area catcified.

TAsLE I .  JUH| IARY OF TIE HEARTS SUBI I I - ITED FOR AITOPSY

H e a r r  D e s i g n
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,rPersanr ine,  co l ina

Anticoasulation. vadous combinatioN of persahtine (dipyddahole), coumadin, ard aslidn were ad_ministered in daily dG es , 2 00 mg,5-10mg, anil 10 gmins, respectively. Eteven animals, g calves ard2 sheep,did noi receive anv anticoagulanrs. Trirleen cal"es were given a daiiv o:o"" 
"r 

p.."^.ti"", couhadin and .6pirin;Coumadin and aspidnwere given to 3 calvesi persantine and aspidn were given to 3 anilrals; an.l Couhadin

Fd- the  D-^ tdo i  o f
U  t a h ,  S a l t  L . k e  C i t y ,
S ! p p o r t e d  b y  N I H  C r a i t  H L  t 3 7 1 8 ,

A r t i f i c i . l  0 . 9 . n c .  D e p a r t m e n t s  o f  B i o e . g i n e e r i n g  a n d  p h a r m a c e u r j c s ,  ! n i v e r s i r y  o f
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d(r w4?dhiDi6tered to 5 calves, A sumhaly of the mediaD survivai lihes for each .nticoagutador iheBpy is
Microscopic Abalvsis. The entire pumping djaphragm aDd housing wa6 examined unoer a sreleohicroscopeto aid in rderrifviqg possible area of earlv calcifi*tr... ri""" -*" *"i" 

"o-J 
*i't"r, 

"- 
n*""'" 

"t",, *Alizadn red s io ideqiifv calcim derosiisl3.. some of the .tiaphragms were embeilded in epoxy and cross sectionscut wiih a tow speed diamord saw as Dleviously describedl4. rrr.i,_"" 
"""ti"*-*"." e,aminea oy opticat anascanning electroD microscopy coupled wth x_ray microanarvsiE.

.  . _ . . 9 , e . e r  
D i " j p ! s i r e  A r a r v s i . - o  x - F a 1 n  r ! p A l 0 .  s e t e r r " c l a r e o s  o i  r h e  p $ p i n c  d - a p L  l g b  v e r "  c . i r i . a lpo,nt nned using co2 substiiut,onl5. and coated with ca$on dil chroaium ."i"c ; 

";";"." ".p.. ."p.",rr.,technique' Elemental mars fo! calciuh were generaied for visEl ideniificatio4 of locat calciub rleposits. Identi-
:1::ti:J"fi*:'*-. 

*tcium deposts was accohprished by varyins ft" ."".r.."fi,s ;;lbs" of rhe prihaly

.^- - -q++!q+9f+:!sru4-4dts3s. calciried cleposts on hosr beart samples were nor er.iensive enoughror noihal chemical and biochehr.al techniques. {owever, a268 crav6 aninal (TIi80 c12) did have severe calcifi,cation {hich alloved for a more ertensive analysis.

i""":lY"::j:l: 
.iilllash ws evarmted for osteocalcin lei-ers by Dr. rane ljan (ch dren s ljospibr

i:i'::::"Jl:1'-::^"f?i: Yll:tY: yl'ri'*@sav tecbnique16 'i'"-;";;;;;"';;;;"";"##,"Price and Nishihotol? to ideniii, vitamin K-dep""o"", p..r"r, .t io." ,r;;i;;il;;,
::"-.^"1:"^i11l.lir! "'2 

were arso sor io carb"",* 
""0_.,"."", r,"l(il;;;;", ,^)

"*"t::.::::j":,:::*;.:11Fi"; iti:;H:i""",T::TJi"Xn'#;ifffJ,l,;;;i 
rormicroanaivses

Renlval of tbe deposts iq-ro?o w/v eihylened,amr""t"t..*""t" .",J reJiot ,.ii.iji" ,y, 
"oa*-dodecylsulfate (sDs) vas nor complerelv effecrive ar removing all of ihe matedar. ireatmenr with b% irct ana 1%trichloroacetic acid for 24 hr6 was more efiective at removing deposits from the pumpilg diaphlagm.Thin-laye! chromarography of.leposts €dracted in cbforoforD:meth&ol (2:1) was periblmed 6irg asolvent developins system of hexane:eiher:acetic acid (8s:15:IJ.

. Gloss Observations. It was aPparent in reviewing the location of the mineralized areas that perhanentset creases ed fiber contaminaats were ,ssociated with the heaviest mi"","l d.p;;;;. rn the case of fiber-sssociared calcificarion, a small local rhromb* was usuallv firnlv atiach.a ," ti,.ll'1... Mineralization wasclearly localized to fiber contaminanis 3nd associated with ihe tn.i",rr*. T|" 
".rrti." 

to eliminahng this t)pe otcalcification is obvious and will aor be fufther discussed.
A second twe ol calcirication was seen atong crcases. These deposits were not neccssarilv associatedwilb throhbotic marerial' were heaviest 'rons rhe crcase, and ftequen'i 

""""rrJl'i.** "r 
rhe blood diaphrasmdue ro a smal hole or holes lvorn in rhe n,tedal. on closer m.";"""d," J_,;;;,;, especialry near rhemaryins of the minerar deposik, an apparent odentation of ihe deposi;;;,,"*^;;;;'_ 

"" 
_.ase could be

:::i,-!"tfl"." ,1). Removal of rhese deposits w h trichtoroacetic a;ra **"r ir,.i"ip.."," be sman sur_faceclacks at riSht angles to the crease (Fi8lrle,,.
A third tlpe of calcium paitem consistecr of a more generar ivpe of mineraiization thar wss nor easity de-teciedsithout t.e aid of a microscope. Macroscopically, the delosi; appeared as 

"-.,, 
prrqro" on the surfaceor the pbpins diaphrash siliqs a ,'sandpaper,,reei to tr," r,tooa_"ont".tins 

";;;_-;."_b* ,"." senemlry notsed u areas where this type of mileratization ws occurlins.
Evaruation of the degree of calcification and rhe perc; of animars with detectabre calcilm phosphaie iss,rbmdized in rabte r. n appears thar qoumadin trear;d a.imals -." ;.," ;-"G;o";.."ea6 eo amount ormineralization Eowever, iacleased humbers are required to confirm these data, anat ft ,s clear thrt calcificationwili eventually occur in these animats.

^_^.-^ I++:sreT+!E!q-I!lg93re!!']a rn the cse of rype 2 calcificarion removar of deposit6 with rrichlolo_icroscopic cracks (Figure 2) in rhe dia;;rag-.rr*" o.*"*_ rruo oeen, Abra.iae {earwa. ar60 evident in areas of heavier deDos*s. 
_Abra.ive wear on rhe hosilg has been obsened when diaphragmdeposits-had smwn thick enough to coniact rhe nouslng .tudng sy6ro1e,Iype 3 calcih deposition was usuatly a more generat phenomenon. Cros6 sectio.s ot rhe diaphlagmexeined under the scanni.s electron microscole (sEM) suggests rhar dupo"its .re 

"""oci.ta 
*fth micmbubbledefects in.the blood conbcting sudace. ligure: is acarcium x_*y _rp 

"f, """-a.ly,mage ofa diaphragmA surface irlegurar*v is associated w*h the cat"iu- o.po"it. rrlr"" !".-r"u"" a"_.*t".r*micrcblrbble defecrs in an area of numerous carciun plasu* (Ficuxe a).';;;" ;i;;"";;"""" 
"ul1 

have a s.allhole in the cenier suggesiiDg that microbubbles acted as a nidus for rhe calcium lhospiate deposition. This wasalso seen in a smalr area or a hear'mplared t, 
" "h""p ";;;;;;;; €;;;";il;" ,r).until recentl, these deposits had not been seen on tt 

" 
t"""i,g 

"r 
rh" ],"":;irJ" 

"-,., 
t,,".gr, .".ot"tbr*could be detected. Eo*ever, a venidcte implanied 268 days in e caif a,a 

"i"*iii"'""_" 
p"""m of deposihon on

RESULTS
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P h . a g m  o f  a  t o r i l  a r r i -
f i c i e l  h e a r r  i m p t a n t e d
f o r  1 0 4  d a y s  i n  a  c a t f _
0 r i g i n . l  m a g n  i f  i c a t  i o nr  5x .
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F i g u r e  I ,  A  c . l c i u o  d a p
o r  a  c r o s s  s e c r i o n  o f  a
d  raphragn imptanted  184
d . y s ,  N o t e  s u . f a c e  i r -
r e g u r a r i  r i e s  . s s o c i a t e d
w i t h  c o n c e n r r a t e C  c . t c i u m
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Figure  q .  1 ,1 i  c robubb le
defec ts  a re  a  coomon fea ture
o f  t y p e  3  c a i c i u m  d e p o s i t i o n .
o c c . s i o n a i l y  a  h o l e  c a n  s t i i l
be  seen in  the  center  o f  a
d e v e l  o p i  n 9  p l a q u e  ( a r r o w ) ,

F i s u r e  5 ,  T y p e  l
phragm of  a hear t
EDAX map conf i rns

c a l c i f i c . t i o n  i s  a l s o  a p p a . e n t  o n  t h e  p u m p i n g  d i a -
i m p l a n t e d  f o r  1 l  d a y s  i ^  a  s h e e p  ( A l .  A  c a i c i u h
t h e  l o c a l i z a t i o n  o f  t h e  d e p o s i t s  ( B ) .
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the housing subsequcnt sEM/EDAx did deDonstrate that the calciuh accumulation coutd be deiected subsurlacein microbubble defecrs lrisure 6.{). Recluction of rhe acceleratins lortase or ihe prih;;; erecrrcn bcab irob 20KEv io 10 KEv save the same chromih sisnal tuon the coatins ;ateri; Lt',.""i"i.- 
",,: 

pn""phorls signatsdisappcaredlr,igures 6c a.d 6D), suggesitng rhat rhe catcium i; subsudace. An EDAX map ror catcium of,b@sme area ciearly defines ihe subsur.face deposit (rigure 6B).
. 

qlr941ica1 
tylvsis. Depos.s froh rhe lentricle of a 268 da-r6 animai (TH80 c12) did conrain osteocalcinr€vels of 195 nglmllo.25 cmz as deieminorl by- radioimmudoassayt-c. cr"",rii-c 

""t**l"i. 
revcrs in coutlolcalv€s. (?-e m6s) was 16-23 ng,/dr6. rhe torar weiehi parcent .i""r""";;;;;. ;;;;siis is sr'1 beins deter_

, , 
E1emental analysis of deposits analyzed by Galbraith l,aboretodes r.evealed a nilrogen conrenr or S.89i,pbosphoruslevelof9.2r%,sul furconienrofO.4rg0Jcalc iumcontentof lu . rSl" . . i r " . .o*"r . revelofo.?.1?o.

As suning that all of the caftonate is in the form 
.of c alcium ca$onare th" ."" urting C.& 

"".ro 
is t. 8 8. This sug_gests that hydrorlapatite is present in tte deposr6.

nesults oi ihe sDs electrophoresis have not bee! ful1v anaivzcd at this poitrt but do demodsr*ie the presetrceof at least 6 different bands in both the sDs ard IDTA ext*cied matedal. eaa*ionat a.atvses are conrinuing.samples of the SDs erlracled marerial werc further extracied in cuo;or..--J"ro 1r,r1 ..rhr.i.g0.005% butylated hydrob' loluene as an drioxiilant. The rbin_taye! chmm.i"e".o,,y_"."r" atemonshare rhepreB ence of ctrole8 terot es te!6 , chot es ieroi dd possibly free faitv acids ; ;h:-Jil";;" .'

DISCUSSION

Interest in the calcificatior of cardiovascuiar deviccs,
research centers ilcrease the susival tine of these devices.
the puhp will lesult if hi!€€lization coDtinues unchecked.

Causes or contributing factors iD the calcification process hsve been &scssed at a rocent Eymposiulo. _Anibat 6lecies ud age have been imoricat--d as an ihpo!;nt fa"i* i" rh'" ;;;;;" rt;pecia'y in the case o{valve heterograftslS Aduli shee! rmplanted with liomcr rotal artiricial hea s for up to ?? davs have revealedearlv sigrs or hinehlization at the micfos@pic revel This suggests th.t trr. prr"r.*.-r * -r unique to cal,es,The anticoagulatiotr regihe, eslecialry comadin, rrc leen reportea ry pi".""lb t" *a*" fl,. r"":a"r".-'and sever*v of mineralizaiion bv inhib'ition of the vitanin K-dependeni p-t"i", ."t"*r",". liesulis reporredhele do suggesi that couadin may re.iuce rhe inciaence ano sererity oi nir"".rrr.i." 
"", 

,, ," crear in ourer?e ence that long-tem animals (> 100 days ) given coumadih c oNistenily shqw evi de;ce or catci{i carj on. Thls,Coumadin simply delays the onset or gros1h rate of calcih .teposition.
The hypothesis thal microbubbte defects and surface cmcks scNe to accumulate catcium bin.Lag proleim _

or result in denaturatio! of traplecl proteins creatiDg an environment for calcitication has nor been rotaly demon- ,s tmted in ih is  srudv.  Howeler ,  rhe facrs l rcse. ted here 
" . "  " " r " t . * " t . t  ,  in i .  iyp. f t " " r "  i ,  t l " t  - i " . . " rdeposits are crearlv seen subsudace iD microbubble defe*s. Even rholgh osteoca n ias oeen neasurea in largeanounts (r95 nslm1l0.2s cnzl in areas of gross deposts, microscopic ;vidence ot ostcocalcin assocjared wiihihe devel.ping llaques aa/or sutace a"r..ts shod.t be dehonsrrai;. rutu". ,uo.r. i" tnr" a.ea is undc! way.

. . Likewi6e' the rolc of lipids and lipoprcleins in this lrocess has not been satisfactorily dehoDstraled eventhough ihe deposits clearty conraiD the6e cohponenm.
, .-. ".r.d.:" 

dd""o have been relofied by trahsaki ei at2 and Eennig er at8 to be indirecdy responsible forcalcification by ioducinA rhrombu6 whjch ultimarely wiu calcify. u-ot.]""r 
"1" "."rrr"* 

,n this srudy sugsestihat tbis proces. can occur without prior rhrombus formauon. In eithe! case ii is clear rhat me.hanical or shea!stresses accelerate the process. Ilowever, evidencc presented in this study (Figure 6) ooes suggest tbat micro-defects will eventualty calcify cvcn oD mechanically inacfive porrions of trr" o"-J.

coNcLUSIONS

Calcificatiotr i6 a problem that is not unique to calves. Aduii shee! surviving up ,o / / days also showearlv sisns oJ-calcirication. viiahin K-depcndent osreocalcin is presenr ; "..*;ii i;"s" .-.unis rn sross de-posits but evideqce for microscopic involvehcnt shourd be sener;te.r. rtnti"o"gru.L io t.ti,rit osteocalcin pro-duction may delay but do rot prevent nineralization in tong-teim animals. Etr; s to etimrnate mic.obubbtederects and prevent nicrofrac'u.es in rle srlrace or broo.i conractins h.i";i" ;;;;;;","", 
"r 

substanriaryrcduce calcification in vitro siudies are necessarv to confirh this hypothesis and to *prore variations in fabri-cation methods to solve thi6 Dlobteh.

espccially blood pumps, continues io grow as va.ios
lltihate failure ot mechanically active portions ol
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F i ! u r e  6 .  A  n i c r o b u b b l e  d e f e c t  s e e n  o n  t h e  h o ! s i n s  o f  a  h e a r t  i m p t s n r e d  2 6 8  d a y s  i n  a  c a l f  ( A )
c o n t a i n s  s u b s u r f . c e  c a l c i L m . s  n e t e r d i r e d  b y  a  c a l c i ! n  E D A X  m a p  ( B ) .  T h e  s u b s u r f : c e  n a t u r e  o f
t h e  d e p o s i t  i s  v e r i f i e d  b y  r e d o c i n g  t h e  a c c e l e r a t i n g  v o l r . g e  f r o m  2 0  ( E V  ( C )  r o  t O  K E V  ( D )  a n d
n o t i n g  t h e  d i s a p p * r . n c e  o f  t h e  c a l c i u n . n d  p h o s p h o r u s  s i g n a l  b ! t  t h e  c h r o m i ! n  s i q n . t  r e m a i n s
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D R .  A T S U M I :  \ . r e  ! s e  a d u t t  g o a r s ,  a n d  n o  c a s e  o f  c a t c i f i c a r i o n  i n  v a t v e s  o r  p u m p s  h a s
I  t h i n k  i  i  m a y  d e p e n d  o n  r h e  d g e  o f  t h e  a . i m a t .

DR.  CoLEMAN:  I  do .L t  know the  aqe o f  the  sheep rha t  we used,  perhaps  Dr .  O lsen can
DR.  oLSEN:  They  were  9  mos and one a id  a  ha j f  years .
D R ,  c o L E f A N :  H o w  o l d  a r e  y o u r  g o a r s ,  D . .  t m a c h i ?
D R .  l r l A C H l  .  F r o m  o n e  y e a r  t o  2  o r  j  y . s .
D R ,  C 0 L E T i A N :  I  r h i n k  t h e  f a c t  t h a t  c a l c i f i c a t i o n

a n d  a s i n q  i n d i v i d u a l s ,  s u g g e s t s  t h a r . g e  i s  n o t  t h e  o n t y
D R .  l f A C N l :  l n  6 u r  l a b o r a r o r i e s  w e  ! s e  a  s a c - r y p e

D o  y o !  t h i n k  t h a t  i s  c l o s e l y  r e l a t e d  r o  c r l c i f i c a t i o n ?
D R .  C 0 L E M A N :  l r  m a y  b e .  A s  I  p o i n t e d  o u r ,  s r r e s s

c o h p l e t e l y  ! n d e r s r a n d  k h y ,  P e . h a p s  i r  c a ! s e s  d e n a t u r . r i o r
su . race ,  bu t  the  f .€t  tha t  we have seen i t  on  rhe  hous ins
o n  m e c h . n i c a l  l y  i n a c t i v e  p a r r s  o f  t h e  p l h p .  I  t h i n k  t h a t

d o e s  o c c u r  a s  a  p a t h o l o g i c . l  p r o c e s s  l n  a d u l t s
f a c t o r  i n v o l v e d  i n  n i n e r a l  i z a t i o n .
p l m p  i n  w h i c h  c a l c i f j c a t i o n  h . s  n o t  o c c ! r r e d .

c a n  a c c e l e r a t e  t h e  p r o c e s s j  b u t  I  d o n ' t
o f  p ro te ins  .dsorbed o .  t r€pped a t  the

d o e s  i n d i c a t e  t h a t  i t  i s  a  p o t e n t i a l  p r o b t e n
, l e  c d .  " l  " a ! t o - s  r . / e  o  o e  w o  ( c d  o L .  i r

a n  i n  v i t r o  s y s t e m ,  h o l r e v e r .
D R .  H A R A S A K I :  Y o !  a r e  u s i n s  t h e  S E h  f o r  c t a s s i f i c a t i o n  o f  r h e  s e v e r i r v  o f  c a l c i f i c a t i o . .  I  a m

w o . d e . i n 9  i f  y o !  c a n  d e t e c t  t h e  c a l c i f i c . t i o n  s i m p l y  r . o m  L h e  m o r p h o t o g y  o n  t h e  s u r f a c e .
D R .  c 0 L E M A N :  T h e  m o r h o l o g y  i s  c o n s i s t e n t  b u t  x - r a y  m i c r o a n a l y s i s  i s  u s e d  t o  c o h f i r m  c o m p o s i t i o n

o f  d e p o s i t s .  I  s h o u l d  p o i n r  o u t  t h a t  w e  d o  s t a i n  N i r h  c . t c i u m  s p e c i f i c  s r a i n s  r o  d e t e r n i n e  e x a c t l y
w h e . e  m i n e r a l  d e p o s i t s  a r e  l o c a t e d .

D R .  H A R A S A K I :  I  s a q  i n  o n e  o f  y o L r  S E t t  p h o t o m i c r o g r a p h s  t h a r  r h e  c a t c i f i e d  d e p o s i t s  l o o k  v e r y
u f i f o r m  a b o ! t  5 0  L r M  d i a r e t e r ,  a n d  v e r y  s i m i l a r  t o  f l a t t e n e d  c e l l s  o r  t h e i r  d e b r i s .  D o  y o u  t h i n k
t h e r e  i s  a n y  p o s s i b i l i t y  t h a t  c . l c i f i c a t i o n  o c c u r s  i n  d e a d  c e l l s  o r  d e b r i s  o f  c e l l s ?

D R .  C 0 L E H A N .  T h a t  c e r t 6 i n l y  i s  a  p o s s i b i l i t y .  I  r h j n k  t h e  c r y s t a i t i n e  n a t u r e  o f  h y d r o x y a p p a r i t e
is  sonewhat  p la te - l  i ke .  However ,  rhe  photograph you re fe r  to  i s  obv ious ty  severa t  c rysra l ;  tha t  have
9 r o w n  o u t  L o  f o r n  l . 1 9 e  p l a q ! e - l i k e  s r r ! c t u r e s .  t f  c e t t s  w e r e  i n v o l v e d  i i  t h i s  p r o c e s s ,  t w o u l d  e x p e c r
t o  s e e  t h e m  i n  v . r i o u s  s r a s e s  o f  r h e  p r o c e s s  r e l . t i v e  t o  r h e  s L r v i v a i  t i n e  o f  t h e
e v a l ! . t e d  a n d  t h i s  h a s  n o r  b e e n  r h e  c a s e .  F o w e v e . ,  I  h a v e  n o  D o s ' r i v e  D r o o f  r o  r u l e  o ! t  m u n m i f i c a t i o i

D R .  t i .  K 0 L F F :  I  a o u i d  l i k e  t o  t h . n k  m y  y o l n g e r  c o t i a b o r a t o r s  f o r  t h e i r  p r e s e n t a t i o n s ,  a f , d  I
w o u l d  l i k e  r o  s a y  t h a t  i f  t h i s  p r o c e s s  o f  c . l c i f i c a t i o n  d o e s  p e r s t s r  i r  a l t  o t d e ,
o t h e r  s p e c i e s ,  ! e  c . n  f o r t l n a t e l y  r . k e  t h e  h e a . r  o ! t  s i n c e  w e  h a v e  q u i c k  c o n n e c r i o n s  a n d  g i v e  i t  a
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Blood-materials interactions: the minimum
interfacial free energy and the optimum polar/
apolar ratio hypotheses

D. L. Coleman," D. E. cregonir and I. D. Andrade
Departhent ol PharrLd.eutics and Dcryrtnent al Btua|inedil1g, U nioosit! ofUtnh, Satt Lnke
Citl/ , Lltah 84112

Numeious hypotheses exist ro explain ob,
served blood-materials interactions. It is
the purpose ofthisarticLe to test twopopular
hypotheses, namely, the minimum interfa,
cial free energy hypothesis Md the optimd
pdla!/apolar fttio hypothesis. Methacry-
late polymereand copolym.iswere charac-
tedzed using the captive bubble undetuater
contact angLe method; bulk watef.ontent
was dete.mined by gravimctic methods,
streamrnE potential measurcments were
made, and surface rouShness and possibLe
paificulate cortamination were cvaluated by
reflected light micros.opy. ta dttu blood
tests in.lude whole blood .ldtting tim.
measurements on polymer-coated tubes;
centiifugal for.e platelei adhesion on
polymer-coated .ovealips; and a medue of

the paltiai thromboplastin time, Russell's
viper venom time (Stypven tihe), and the
prothrombin time of native whote blood
exposed to polymei .oated mi.ios.ope
slides. Results suggest thar piatelet adhe
sion corielates in the opposfte direction of
whoie blood clotfing iime and prrtial
thiomboplastin rime, emphasizing the need
loi a multiparameter approach to blood-
materials testing. Based on these rests thc
minimm inte acial free ener8y hypothBis
is not supported. In fact, the data suSgest
the opposite to be tiue. It is apparent thar
platelet adhesion can be a hideading indi,
.ator of bLood .ohpatibility. Neither hy
potheses can explain the apparent .onfli ct
between the piateler adhesion data and the
coagrlation time data.

INTRODUCTION

The basic premise ofthe minimal interfacial {ree energy hyporhlsis is that
as the interfacial ftee energy approaches zero, the driving force for protein
adsorption decteases. Thus, nonspecific protein adsorption should not occur
and proteins at or near a low interfacial energy interface shoutd noi feel any
greater effects from th€ surface than they do from the butk solurion. The
concept ofinterfaces as they relate io biomaterials has been reviewed by An,
drade et aI.1.2

The hypothesis that interfacial free enerSy (?,-) is responsible for blood
mate al interactions is attractive because it attempts to integrate the contri-
bution of the solid phase (implant) and the liquid phase (btood) to rhe eventual
physiological end results.3 AIso, the intedacial free eneryy concept reflects

' To whoh corespondcn.c should b€ add(,ssed.

Jounal ofBiomedical Matedals Research, Vot. 16,381-396 (1982)
O 1982John Wiley & Sons,Inc. ccc 0021-9304/82/0,103E1-18$02.80



382 COLEMAN, GREGONIS, AND ANDRADE

changes in either ihe solid or Iiqdd phase and shodd account for changes in
the elect cal nature of the substrate, as well a.s the hydrophobic or hydrophilic
nature of the surfaces, surface entropy, etc. Unfortunately, the componenis
that make up th€'y"- may change dramatically, yet the lsa can remain nearly
the same, as the ef{ects ofcontributing components maycancel each otherout.
Curent methods of calculating 'y,,,, based on contact angle determinations
and several assumptionsr only allow one to separate out, in a vefy crude
{ashion, ihe contribution of the polar and dispersion components oI the solid
and aqueous phases to thc "y"-.4,s II the liquid phase is held constant in
composition, as is generally the case with imPlanis ifl lriro and for ir ?iitlo tests
which utilize a constant liquid phase, then it is reasonable to assume ihat
changes in the actjvation of the coagulation mechanism should corelate with
changes in the solid surface phase.

Early e{forts ofFowkes,6 Good and Elbing,T Kaelbles and others evolved the
concept that materials have both a hydrophilic and hydrophobic character.
This hypothesis has recently been applied by Nyilas et a1.e to blood-compatible
materials. Nyilas et al. concluded ihat surface properties ancl hemodynamic
characteristics are interrelated in thrombus indrction and that thrombogenicity
increases as the polar contdbution to the sudace ffee energy increases. Kaelble
and Moacanin,s using contact angle data generatedby R. Baier, have provided
an ertensive Iist of ihe polar and dispersion energetics of biomatedals. They
conclude from a comparison of the surfac€ energetics with literature results
ofblood compatibility that a high dispersion force,low polarity sudace will
favor ihe adherence of a stable proiein film while materials with a disper-
sion-free, highly polar surface will have a weak affinitv for plasma proteins
with the possible result of emboli generation-

The hypothesis that the hydrophilic and hydrophobic natures ofa surface
must be in balance has been suggested by Ratner ei al.r0 as a somewhat novel
extension of the polar/dispersion argument of Nyilase and oI Kaelble and
Moacanin.5 The general premise of the hydrophilic-hydrophobic raiio hy-
pothesis represented by Ratner etal.ro is ihai suitable proieins wiil be adsorbed
and remain adherent if the polar and apolar surface character is properly

This srudy atlc4prs to rest rhese hyporheses rrsug wel!{\eM!!I!z94la-
terials and sinplcj]l ?l/rr blqoll !i!Ayqlojf_o-bl3qty4!S! alc-aagglqtlqn,

._ple!e!9t-adf$f o4.nndaIolr8hlaeasgre aljlqcessllplqlclgtlactolleqll]|rly.
Activation of ext nsic aciivation is monitored as a check on ihe blood handlins

MATERIAIS AND METHODS

Materials prepamtion

Selection of matefials specifically to t€st these hypotheses required thai'y"-
be var ied over a reasonably wide range without signi f icani ly changing
chemical composiiion or polymer type and that ionic contdbutions to the'ys
be minimal (the effeci of surface charge is the srbject of another study.)rt
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CopolymeG of hydroxyethyl methacryIaie and methyl methacrylate allowed
for a vafiation in water content Irom aboui 1 to 40% by weiSht, with the cal-
culated 7",, varying from essentially zero to about 20 erg/cm,. Since waier
contents above 40% were unattainable in this methacrylate series without the
addition of ionic species, agarose was therefore evaluated as an uncharged,
high water content, low 752 surface. Glass, filler-ftee poly(dimcthyl silorane)
(PDMSO)" and Avcothane 51 elastomer" were included as relevant control

Details of the methacrylate polymerizaiion condiiions have been reported
elsewhere.412,13 Briefly, these mate als were prepared as soluble uncross-
linked polymers by mixing the monomer or comoromers ai 10:1 v/v sol-
vent-to-monomer concen inhon and polymefzing at60"C using azobis(methyl
isobutyrate) to initiate the reaction- The polymeft were precipitated in ap
propiate nonsolvents and dried to constant weight under vacuum.

Polymer solutions were made up in appropdate solventsas either a 10% w/v
sohtion for coating test tubes or a 1% w/v solution {or spin castingra.l. cov,
elslips and microscope slides- The solutions were filtered through a 0.5 pm
or 1.0 pm Fluropore filterT and stored in particulate-free brown giass bot-
tles-

Glass test tubes (12 X 75 nm), covemlips (circular, 2s mm diam), and mi-
$oscope slides (1 X 3 in.) wefe used as suppot substraies for the test polymers.
AII glass was precleaned in hot chromic acid, iinsecl Iour times in filicred
distilled deionized water, dnsed two times in filtered absolute ethanol, and
exposed to Freon THF vapor to acceleraie drying. Polymen ihat did noi ad
here well to clean glass were cast on vapor siianized glass.r6 All test substrates
were crtracted and hydraied overnight in distilled water and calcium free
Tyrode's buf f er, respeciively.

Th.: filler-free PDMSO-coated samplcs were curcd {or 6 h at room temper
ature inaclosed containerwith a small amount of distilled water in the bottom.
After removal from this humid environmeni, iheywere placed in a 60"C ni-
trogen-pur8ed oven for 4 h.

Agarose,3 mg in100 mlldistilled water, was coated on test tubes by adding
a small amount o{ the warm solution to the tube, tilting 90', and rotating the
tube until a Bel formed. The tubes were then filled with calcium free Tyrode's
bu{Ier and stored at 4'C ovemight.

Av€othane 51. was heat cured at 60"C in a nitrogen-purged oven.

Materials characterization
Chancterization of the test subsuaies was generally done on a quality

controL basis to insure ihat the polymeis used Ior blood studies were within
acceptable limiis for our laboratory. Most of the characterization tesis are
included as either level I, II, or III tests in the NHLBI Task Force Report on
Ihysicochemical Charactedzation of Biomate als.lT The characterization
protocol is schematically represented in Figure 1.

' Avco M€dical Products, Inc., lverett, MA
1 Mil lipore Corporation, aedlord, MA
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MA'T'RI{L EVAI,UATION PiOTOCOI

The use ofdifferential scanning calorimeiry (DSC) is not directly appticable
to polymers containing sitnificant amounts o{ water and is therefore not
routinely reported for all of the polymers evaluated. Electron spechoscopy
for chemical analysis (ESCA) was used in this parricular stucty ro scre€n for
surface contaminaiion.

The captive bubble underwater contact angle methodal3 was used to cal-
culate surface energetics of {ully hydrated srrfaces. Bulk water content was
determined on separate samples of bulk polymer and assumed to be the same
for the thin film sysiem.l3 Surface roughness and possible pariicutate con-
tamination were evaluaied with reflected interference light microscopy.
Streaming potential measuiements were done on polymer thin films casi on
micioscope slides.te

Blood studies

Evaluaiion of blood-mateiials interactions consisted of primary static i, ritro
tests desc bed in the Grr'dsliles for Blood Materirls trfelacrtors, issued by
NHLBL3e These tests were selected for their simplicity and general usefulness
in screening activation of the intrinsic coagulation system, extrinsic system,
and piatelet contfibution to the overall interacrion of blood wirh biomat€r-

r .  su r l ace  con ian ina i i on

ligure 1. A schemati. diagram of the materials evaluation piotocol.
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Blood col lect ion

;

Blood from rabbits was collected via cardiac puncture using an 18 g needle
and a two-syringe technique. Calf bLood was collected {rom the jugular vein
using a 19 g butterfly catheter and a two syringe technique. The blood was
not anticoagulated prior to exposure to the test surfaces except in the case of
platelei adhesion tests where 0.1M sodium citrate was added to the syringe
at a iatio oI I mL citmte to 9 mL blood.

whole blood clotting time (WBCT)

This testisa modification ofthe standardLee andWhite iest.2o Three lubes
coated with the testpolymerwere hydrated ovemight in calcium-free Tyrode's
solution. Five different polymers and a glass control were tested with each
blood collection- One miililiter of blood was added to each iube and incubated
at 37"C. The fi$t tube was tilted for each test maiedal until a {irm clot formed.
The second and third tubes were tilted jn a similar fashion, and the ciotting
time was recorded as the time required for the third tube to clot. Since there
was a hiSh corelatjon (f = 0.91) between the results ofmaterials treated with
cauand mbbit b1oocl, the combined results are presented in this article.

The WBCT {or each expedment has been normalized to the Slass conirol
WBCT. The mean clotting time for glass controls was 12.7 + 1.59 (SD) min
for the calf and 11.3 + 1.67 min for ihe rabbit. Th ese va lues are similar to re-
loted normal human values (11-9 + 1.77) using this iechnique.2r

Platelet ddh€sion and morphology

The adhesion of platelets to artificial surfaces is ihought to be an important
indicator of blood compatibility.3,22-24 Although a variety of methods have
been used to monitor platelet adhesion successfully, a modification2s of the
adhesion test descdbed by Ceorge,6 was used in this work.

Citrated rabbit blood was centdluged at 200S for 10 min to prepare plate-
let-rich plasma (PRP). A 0.2 mL sample of PRP wasremoved, andplatelet poor
plasma (PPP) prepared by recentdfuginS ihe bLood at 1400.q for 20 min.
Duing this time the PRP was counted using Rees-Eckef piatelet diluent.27
Plaielet counts {rom ll animals were (5.1-16-8) X 106 platelet/pL. Platelet-ftee
plasma (PFP) was prepared by filtering ?PP through a 0.45 tm filter, and a
platelet concentntion of roughly 2000 platelet/pL was made by adding 1.0
tL of PRP to 5.0 mL of PFP.

The adhesion cell and test conditions have been described bv Mohammad
F l  . r l  '  B ' i e f l y .  t h e  d i l u l e  p l d t e l p (  . r . p e n . i o n  i "  a d d F d  l ^  l \ ,  r c . l  ( . , r - b ( r
where the bottom coverslip hasbeen coated with the polymer to be testedand
the top coverslip is coated with poly(methyl methacrylate). The plaielets are
centrifnged to the botiom coverslip 1.0 min at 1000,q and the platelets are aI-
lowed a 5-min contact time. The test chambers are turned over and asain
c e n ( r i f u g . d  1 . 0  n  r n  a l  1 0 0 0 1  l o  r e l ) ^ o \ e  n o n J d h e r e n t p l a l F l e t .  f ' o m  t \ e  t . . l
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surtace. The percent of platelet adhesion is calculated by dividing the mean
number of platelets on the test surface by the sum of the mean number of
platelets attached to the PMMA and the test surtace.

Since the polymerfilms were ftequently damaSeddudng rhe disassembly
of the test chamber, the morphology siudies required a modification of the
centdfuge adhesion technique. Round (25 mm diam) coveGlips coated with
the test polymerwere placed in a 35-mm petri dish (Fal.on) and 0 8 mL ofthe
dilrte platelet suspension was allowed io cover ihe entire surface ofihe cov-
emlip wiihout running over the edge. Thepet disheswerecent fuSedfor
1.0 min at 1000I and allowed a s-min contact time with the surface. The
cove$lips were dnsed two times with Tyrode's buffer and fixed wiih 2%
electron microscopy Srade glutaraldehyde for 30 min. This was followed by
iwo rinses with distilled water and dehydration ihrough absoluie ethanol.
The covelsLips were cdtical point dded using liquid CO2 as the transiiion
fluid.'?3

The covemlips were mounted on SEM strbs and coated with carbon and
chromium. Samples were then examined by reflected light microscopy and
scanning eleciron microscopy.

Elliptical cell test

Two glass microscope slides coated with the polymers to be t€stcd were
separatedby an elliptically shaped gasket (2.0 mm ihick) made of Estane* and
coated with Avcothanc-s1 elastomer.l This tvpe of cell has been described
by Mason, Shermer, and Rodman.ze

The testcells werc assembled using a clamping device to hold the microscope
slides in firm coniact with the gasket- Six test chambe$ were run with each
blood collection. The chambers were primed with calcium-free Tyrode's so
luiion until blood exposure. The volume of each cell was 2.5 mL.

Rabbit blood was collected as discussed above, and a timer was started as
blood entered the sy nge. A 2.5 mL blood sample was immediarely citmted
to act as a conirol sample. Each of the six test chamberc were filled in mndom
order, a{ter which another 2.5 mL sample was cihated to selve as a control for
possible activation due to the sydnge dudng filling. The chambers were left
undisturbed at room temperature for 15 minutes. Blood from each chambei
was successively injccted inio tubes containing 0.28 mL citmte (9:1) and
thorouShly mixed.

Platelet factor-3 determination

The citrated blood was centrifuged at 200I for 10 min, and the PRP was
collected for platelet factor-3 (PF-3) determinations- The method described
by Spaet and Cintron3o was modifi€d to a llow the test sudace to be theactivator
rather than using kaolin or ovolecithin b activate platelets or supplement the

'B. F.coodrich Chemi.al Co., Clevcland, OH.
I Avco M.dical Products, Inc , Iverett, M,L
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Russell's viper venom (RVV) reaction. Therefore, platelets activated by the
test material should be the main sources of PF-3 in this test sysiem. The
Russell's viper venom* rvas reconstituted with 2.0 mL isotonic saline to Sive
a one-in-10,000 solution. The RVV was prer{armed to 37"C as was ihe calcium
chlo de soiution (0.02M). All iesis were completed using a Fibromeierl test
system. A PRP sample (0.1 mL) was added to a Fibrometer cup, and 0.1 mL
of prewarmed RVV was added and mixed. Exactly 30 s later,0.1mL ofCaCL,
was added at the same time, triggering the Fibrometer timing and mixing
system. The test was repeated two or three times for each blood sample. The
pretest control averaged 40.7 + 3.22 s (+SEM, '] = 8), and the post-test control
averaged 35.6 + 2.54 s (+SEM, ,] = B) for the same animals. Therefore, some
activation was occuting during ihe time the blood was in the syiinge. Ad
dition of celite shortened the time of ihe conirol PRP to 8 10 s, indicating that
syringe activation was minimal. The RVV time for the test polymers is re
ported as a percent oI the mean pre- and post-iest control samples for each
expedment. Glass could not be used as a control because it cloitcd in the test
chamber in 10 min or less.

Intrinsic activation

A{ter ihe PRP had been collected for PF 3 tests, the blooct samples were
centrifuged at 1400 g Ior l0 min (4'C) and the PPP was collected and stored
on ice. The partial thromboplastin+ iime (PTT) was evaluated using the fi-
brometer meihod with minor modifications.

A 0.1 mL volume was prewarmed in a fibrometer cup for 5 min, and a 0.1
mL sample of test plasma (a'C) was added to the prewarmed partial throm-
boplastin. Exactly 30 s later, 0.1 mL of prewarmed 0.02M CaCl, was added,
activating the Fibrometer. Each test plasma was evaluated two or three times.
The mean precontrol value was 149.3 + 15.35 s (+SEM, 'r = 11), and the mean
post-control PTT was 152 + 15.65 s (+SEM, z = 11). Celite-activated plasma
gave a PTT of 30-40 s, indicating that syrinSe activation of the intdnsic system

The PTT was designed to test activatjon of the intdnsic system, and modi-
Iications for this study allowed the testsurfacc to serve as theactivator.2e The
PTT results are reported as the percent of the mean pre andpost controls for
eacn experrment.

Extrinsic activation

Aciivation of the extrinsic systemwas monitored by means ofthe one-sta8e
prothrombin time (PT)'?l using PPP obtained from experiments descdbed
above. Stdcily speaking, this test could not be modified io examine activation

' Well.ome Reagents Ltd., Be.k€nham, lngland.
1 B..ton-Dickinson, Laboratoies, hc., Baltimore, MD
I Orlho Diagnostics, In.., Raritan,NI

387



388 COLEMAN, GREGONIS, AND ANDRAEE

TABLE I
Physi.al Characr€rization of Materials

0 , = 4 ) {,) octme (r) 1a

HEM,{
75 HEMA
25 MMA
50 HEMA
50 MMA
25 HIMA
75 MMA
MMA
PDMSO-IF

B. Chs

1 6 + 3 4  ( 3 )  0 . 1
18 + 1.4 (5) 0.1

33 + 0.4 (2) 0.7

43 + 3.8 (3) 0.9

63 + 2.8 (2)  7 l
87 + 1.4 (3) r9.2

120b (2) 36.4
82 + 4.2 (2) 19.5

<10 0.1
<10 0.1

48_6 23.6
48-6 20.1

42.5 23.O

417 22.8

30.3 32 0't?_6 35.4
7_2 36.7

41.8 20.1
49.7 21.3
49.7 2t 3

2.42 18.0 + 1.3
2.42 -241+0.7

1.85

r.ri3 -28.7 + r.0

0.95
0.50 -31.5 + r .8

0.48 -38.6 + 1.8
2.33
2.33 52.3 + 1.3r

(5)

(2)

(2)
(4)
(5)

€
* =

,

-,, ?
E

. 9 o

F

fr

. +snM.
b Calculaied from air vahcs.
c P = Properb.vel edAe slides.
d High su ace .ontent, low bulk cont€nr.
e Goid seal, Becton-Di ckinson.

oflactorVll by the testsurface butwas usedas a check onthe Russell,sviper
venom time, which should be the same as the prothrombin time when pF_ 3
is available in adequaie amounts.2l

9 WATER
f iSxre  2 ,  |  1p  $r 'F r  i  on tpn t  appedrs  'o  .onr ro t  no t  on t l  .u r t r . t s  eners .h ( .
bur  , .  r l Jo  impor tnn t  'a  lnF  /e ta  po ,p1 l  d .  o t  h rdroget -  conra .n ,ng  up  r i  o< , .
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I

Figue 3. The 1Pl'yd is greatlyaffected by water.ontent up to 4070,but is rel-
aiiv.ly .onstant above that value

RESULTS

Physicalcharacte zalion

Table I summarizes the physical characterization data of the matedals used
in this study.

The interfacial free energy ofhydrogel systems Epidly approacheszero as
the water content is increased up to 20%.31 Therefore, it seems reasonable that
for th€ hydrogel materials used in this study the water content shouLdcontrol
the interfacial parameters inciuding the zeia potential and'ysi, as weII as the
potar (71,) and dispe$ion (1j,) components of the surface free energy ('ys. =

".u E
2.0 e

E

E

I

{* rncszcu2
Figure 4. A linear correlation exists between'ye, and WBCT (/
similar corfelation is apparent for platelet adhesion (r = 0.99)-

= 0.93). A
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'yf" + 71"). This elfect is Sraphically demonsttated in Fi8ure 2. Examination
of the 1pl'y'i ratio as a {unction of water content (Fig. 3) suggcsts that a water
conteni above 40% will not altcr the ratio of the PoLar to disPersjon forces as
measured by the captive bubble technique.

It is interesting b note that although none of the hydrogel polymers and
copolymcrs contained ionic grouPs, the calcualted zeta Potentialbecame more
electronegative as ihe watcr content decreased (Fig.2).

Blood evaluation

The i,1 ?,iIlo blood data are summadzed in Table IL The whole blood clotting
time data are mean values of both rabbit alrd calf exPeriments. Thc corelation
coefficient for testing matefialsin the calfversus the mbbitwas high cnough
(r = 0.91) to justify pooLing the data. AII other tests wcre done witll rabbit
bIood.

The WBCT data exPressed as a funciion of water content sugSest that an
increased water content activated the.oaSulaiion mechanism and at 20% water
is essentially the same as glass (Fig. 4). This observaiion is confirmecl b)r tlle
PTT data. Platelet adh esion, however, decreases as the water content incrc:Lses
(Table II). The RWT and PT tests appear to be less predictive, although ihe
mpid decrease in ihe RWT for HEMA relative to ihe control suggests that
activation oI the platelets increases even though Platelet adhesion decreases
(Fig. s).

Platelei moryhology, frequently considered ar1 inclicaior of platelet release,
does notvary in a stdkingly diI{erent way anong PHEM,\,50 HEMA/50 MMA
copolymer, and PMMA [Figs.6(A)-(C)], although more cten.lritic Platelets seem
to be associated wjth PMMA. This may be somewhat dccciving because a
significant number ol platelets are removed {rom the low adhesion surfaces

RvvT

PIT

2 0

:
A B o
::

20

\

\ 2

f
Figure 5. The PTT does corrclate wit]r
not, | = 0.42 and -0.36, iespectively

! R G S / C M  2

,y.., (r = 0.9E), but ITVVT and PT do



COLEMAN, GREGONIS, AND ANDRADE

FiSore  b .  l idF le r  A .  H |VA.  .8 ,  \O Hf \4A c0  I /M A \ r  l
I  J ! -  d , r p r  t  r  t i r o t  p o  r t  d n  r . 6  \ o r -  p . r , e  - !  t o \ -  d n F -

occurdunng pro.essing. Reflected tightdicros.opy (x400).

durin-g fixation and critical poinr drying (CpD). ptaretets adhered io glass
lFig. 6(D)l have increased pseudopod formarion relarive to HEMA but ar; not
stdkingly differenr from platelets adhered to PMMA. The CpD process does
cause surface pitting in the gel matedals. Further studies are necessarv before
i n \  u \ e i u l  c o n ( l u \ i o n \  c d n  b e  m a d e  d o o u f  \ h r n g e s  ; n  p t d r e l e r  t n o . o n o f o n ,
v e A u "  p l d l e l e r  r e l F A c  R d b b i t  p t a r e t e s  d o  n o t  . p r e a L l  t i t  e  h L m , n  ; t a r e t ;but it is well established thatrelease can occur throughoutthe iime course of. p r e . i d i n e . ' 2  R d b b i t  p l . t e l ( t r  o n  g i a s  r . . e m b t e  t h F  e a r t y  p u t !  p o d  d t  " t r e cd e " c r i b e d  f o r  h u m d n  p t d t e t e r ,  d d h < n n g  l o  g t " . .  '

DTSCUSSION
It is quite obvious ftom ihe data in Tabte I rhat increasing water content has

d,profound ef lect un interfdcidl  L nerRe, icr.  borel \  t  dr ru-pr i \ inB i_ rndr r  hc
c n a r g e  m e a r u r e d  b v  s t r e J m i n g  p u r e n t i a l  d t  o r  n e d r  t h e  i n r e r f d c p  o f  n o n i o n i c
polymels of increasing water conient are significantly different. Significance
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(p < 0.01) in this case is determined from the calculated cdrjcal value for the
corelation coefficient reported in Figue 2 (d/ = 2).33 Possible explanations
include specific ion adsorption at the surface, water dipole orientation, or
electron injection ftom the water into the polymer.3a Williams3s suggests rhar
both positive and negative ions are repelled ftom an insulator interface with
a dielectric constani lower than water, although there is considerable evidence
lor specific anion binding at such surfaces. Brown et a1.36 have reporred zeta
potentials for selected neutral hydrophobic polymerc using 0.01 or 0.02M
Tris-HCl at pH values ranging from 3.0 io 7.2. Specific ion adsorption is
thought to be the primary cause o{ negative electrophoretic mobilfty seen w h
oil droplets and airbubbles3T and is the likely cause oI the sireaming potential
data reported in this study.

Blood interactions with this series of polymers are stikingly different, and
the majodty of the variation of WBCT, platelet a.lhesion, and PTT can be ex-
plained by changesin the'ys,, (/2 = 0.96,0.99,and 0.97, respectively). platelet
adhesion daia support the hypothesis that a d€oease in yj,r improves blood
compatibility, but this assumes ihat increased plarcler adh€sion is indicarive
of poor blood compatibility. Closer examination of ihe data reveals rhat WBCT
and PTT decreases as 1s- detreases, indicaring activation of rhe coaSulation
system. This apparent conflict is the reason why a multiparameter approach
is important in assessing blood maierial comparibility. For this series oI
methacrylates, platelet adhesion appears to be a desiiable qualityand corretares
(/ = 0.94) quite well with prolonged WBCT (Fig. 7). Acrivaiion of ihe int nsic
system (PTT) does correspond to the WBCT results (/ = 0.99) as one would
predict (Fig.7).

Model copolymers used by Ratnei et al.t0 to test rhe hydrophilic/hydro

WBCT (potymer/9lass)
Figure 7. It is suiprising that the percent of plarelet adhesion correlaies in
a positivewaywith prolonged WBCT (/ = 0.94). As expected, WBCT is pro,
longed when PTT is nota.tivated bythe material (r = 0 99).
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0.5 1.0 2.4
{p /.t.1

Figur€ 8. Platel€t adhesion and WECT decreascns the potar conrributnni of
the material increases

phobic ratio hypothesis were hydroxl,eihyl methacryIate/ethyl methaoylate
radiation grafted to silicone rubber tubjng. The copolymer wfth ihe best blooct
compatibility, as determined by n1inimat piatelet consumption,was HEMA/
EMA (1:1). The measured contdbution of rhe polar and dispersion comDo_
n e n l ,  o f  t h F . c  ( o p o r \ m ' , r .  i .  n o t  p r o \ i . . d  , n  , t , i . . , r A y ,  S r t  

" * , . , " n  "H f V  \  t M A . o p . l ! m F r . y - r e m . i m , t a r  l o  r t - e  H f M A  M t ^  , c - , e .  i n  r J o - e
I and a water content of 147., then ftom ligure 2 the polar contribution would
be nb^ul ]b prg Lm .rnd I  l -e di .pF.. i .n con-porprr h uutd be Jround 2- er8
( - n z . 8 i \ i r B , .  )  l r  r a t , u o f  d b o L t  1 . 1 .  ̂ g J , n  i t  i ,  r m p o r t r n t  t o  r e t r d  t F r
reader that thesevalues are calculatedfrom underwater airand octane contacr
anglesawhich Sive highervalues for the potar contdburion than the technique
u f  } \ " e l b l e  a n d  M u a r . n i r -  b  h  i (  h . r r F  b r . e d  o r  ( t r . - r c d  r d v d n . i F g ( o r , d . t J n g t e

Data presented in Figures I and 9 suggest thar the coagulation svstem is
. e n . i , i v e  l o . h d n 8 F .  i r  t ,  t  n .  l t  -  F \ < |  t . m o , i n g  t o  - , g g e , r  t h r r  p t J t .  - F
begin to sense changes in t,p/ 1, around 1.3 to 1.4, since th; RVTT i; raDidlv
r e d u ( e d  d .  l h e  r " l ; o  L  r e " . e .  o c \  o n d  t . e . p  v / t u c !

In considering ihe iesults of aII rhe ifl ?rtrlo rests in Table II reported as a
iunction of 1//'yd, it appears that a correlation does erisr for WBCT (/ = 0.86)
r i d  f l  l  ( /  .  - 0 . o 7 r t o  i n d i c J f e  r h d t  t , r L 1 i - - e . i c , o | p u y | n e r - . F , . e J i . p , r n o r
c o m  p o r F n r  b e B i n .  i o  d o r ' n a r p  t - l p  - L  r . , e . b ' . " , d c o m p J ( i o ; t  t \  r D r o v , ,

I  l - r  d " t a  p r L . e n r e o  i n  t h  r . . r J o  v  d o  n o r  . u p p o f l  r  h .  m i n  i r a t  . n , " r i . , . , " .  i r . . .
energy hypothcsis asstared in the introdudion, butsuggests rhatthe oppositc
situation may be true: increasing ?,", of nonionic polymers mav leal io im_
P r o \ F o  b . o o d  c o n  p r { i b i l r t \ .  t  h e  e \ p t d 1 . , f r o n  i o -  i r r . o o . . r v a r i o n ' o s r c ,  v
must resid€ in the nature ofprotein adsorption during initiat blood orplasrna
contact- Exactly how "),.2, or the components of l, control protein adsorption
n n d  c o r r o r m J t i o r  i .  - f l l l  u r L  n u l \ [ .

2.5 F

'

0 - 5 8

9 ro1]

a
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PT

RVVT
PTT

1.0 1'9

:l

20n ^tyt"
Figure 9. The infrinsic systen (PTT) becomes more activated as 7r!/7d, in
.reses but platelet a.tivatbn (RvvT) is noi signjficantly affected ntil the
polar contribution of the haterial is 8reater than about 1.4 times the disper
sion component.

The oiginal study by George26 using centrifugal force to measure platelet
aclhesion also repofied that platelet adhesion was low on poly(ethylene
oxide)-coated glass, but the WBCT was not prolonged by this coating. Like
wise, silane-treated glass had a prolonged WBCT and increased platelet ad-
hesion, which supports the results reported here. Brash3s noted that platelet
adhesion and platelet release were roughly inversely related and that adhesion
was higher on the low water content urethanes- It appea$ that a reassessment
of the importance o{ plateLet adhesion to blood compatibiliiy is in order.

CONCLUSIONS

The datapresented in this study clearly demonsirate the need for a multi-
parameter evaluation of boih the mateial properties and the biological in-
teractions. Changes in any one material propety can resdt in changes in all
the physical properties of that material. This is demonstrated by ihe signifi-
cant increase in the negative charge of nonionic hydrogel copolymeG as the
water content decreases.

Results of the ir liflo blood studies presented in Table Il do not support the
minimaL intefacial {ree enerSy hypothesis, but a strong correlation in ihe
opposite direction does suggest thai interfacial energetics aie impoftant. This
misconception has resulted ftom the longstanding obseNation thatplateiets
do not adhere to high water content materials. Platelet adhesion is not a good
indicator of "hemocompatibility" and should noi be uscd as the only test to
screen polymels. A rather surpdsing and sEong linear correlation (/ = 0.94)
between plateiet adhesion and WBCT suppofts this conciusion.

The optimal polar/dispersion ratio hypothesis is consistent with the data
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presented in this study but does not explain rhe platetet adhesion data. It
appears that as the dispersion component begins to dominate the inte ace the
general hemocompatibility (WBCT, PTT, and RVVT) improves.

Since.y",, and.ypl,yd values are calculated from contact angle measurements,
o n e  w o u l d  e \ p e r  t  t h p  b l o o d  t e * t r  t o  c o r r e  a t e  E  r r h  l )  o r  c o . ,  I h r . i s r l . e . r < e .
bui ihe linear corelationis best when the data are plorted as functions of rhe

The autho$ extend theii appre.iation to Di. Reginald C. MNon dd D!. Fet Mohmmad
lor thet critical commenis and te.hnical suSgestions. The iechni.al assisiance of Mr. Lyle
Brosf.om is giatefully acknowledged. This wolk was supported by NIH glants HL{6i21
a\drlL 26469.
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