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The protein resistance chancief ofpotr,€thytcne oxide (pEO) chains reminal, albcned ro a hJdro,
phobic solid subsrnte is rheoEtie y strdid. Steic r€pulsion. va. d* waals at.adion, and hydrophobic
inlcr&lion frec c.e€is are considercd. t.hc resulrs are dependent on ihe chain kncrh and sur;ce iensiil
of P[O. The p.oicin approachcs rhe pEO sDrhce by ditrlsion and is afltc:led by rhe van dr w.als
auraclion be$een the PEO surfacc and prcrein ihroush walcr. Furrher approach ofrhe protein inililles
1be conpre$ion ofPEO cbains, shich induces a sreric Eputsion ettbcti an addirio.al van de. wets
allndron becomesimponanr betsee. the subfarc and p.orein rhroushrne *,.ter solvared pEO tave..
The van dcr wuls conDonenl rvirh ihe substrate dedeases wilh inoeasine surfae.tensit), and chain
length ofrcrminally atra.hed pEO chains. Ottrer synrheric polyme6 per aho srudied, t;iadnE rhal
the proten rclstance chaEcle.is Elatcd io fie refra.lile index, *irh pEO havins rhe toRest rctnclile
ndcx ol the commoa ware.-$lubte synthcdc polyncrs The osnotic and etsric consianr of srnc
Epuision for teminally arkched pEO weE estinaled as -0.007 a O.OZ, resD€ctivcl!, lilm liicmruie
data for PEO adsorbed ro nica. The $cnc epulsion tree erefg,,an<r th€ combined st€.ic repulsion and
hydroDhobic intencrion Lec cnergis w{c calculated as a tundion of suniice.t€nsity and .h!in tensrh
of PEO. The ftee cneqy atcularions as a funcliod of suface dennry and chain Cigrh of pLjO r;al
that a high surface dcnsily and lons chain lenBth otreminally auache.t pF,O should exhibn oplinal
protem rcsslare. wth rhe ar.inmc.r ofhistr sudace densir]' of pEO b€ine nore imporranr lhan tong
chain lene1h. Thes thcoreti.al resutrs should be helpful in thc desisn an.t develoDmcnl of natcriats
resstant ro proten adso|piion

INTRODU(TION

Protein adsorplion generally occurs when
artilicial surfaces are enposed to blood or to
other protein-containing solutions ( I ). There
has been much efort jn minimizing protein
adsorplion. which is important in areas of
bloodcontacting dcvices. chromatogaphic
supporls. contact lenses. immunoassays, elc.
The most effective polymer for p(otein-resis-
tant surfac€s appears to be PEO, probably bc-
causc ofits unique solution properties and its

' On leave Lon the Depafineft of Chenisr.v. Kan-
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molecular conlormation in aqueous solurion
(2-7). Direct force measuremenrs (8-10) bc-
tween two adsorbed PEO surfaces ir a good
aqueous solvenl show thal lhe repulsion forccs
develop at certain separation distances due to
a steric repulsiol phenomenon. The prolein-
resistant character of PEO is probably caused
by a steric slabilization efect.

Recently, terminally atached polymer sur-
faces were prcpared by using diblock anil tri-
block copolymers. Such surfaccs exhibit re-
pulsion forces at longer separation distances
than for adsorbed homopolymers, bccause of
the longer chain lengths ( I l-13). pEo-con-
taining block copolvmen wcrc synrhcsized and
adsorbed 1() hydrophobic polyetlylenc (pE)
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subst.ates. ThL PEO surfaces which resulted
( I 4 I 6 ) were used for prctein adsorylion cx-
periments and showed that protein adsorption
is decreased on PEo-treated surfaces.

The physics of terminally aitached polymer
surfaces has becn studied rheorelicall,\' b]' de
Gennes ( 17-20). who explained rhal rhe re-
pulsion forces betwcen surfaces can bc attrib-
uted to osmotic pressure and elasric rcstoring
lbrccs. Van der Waals attraction must also be
corsidered in the case ofrelatively shorr PEO
chaiN attached to a LDPE h)drophobic sub-
strate. The steric repulsjoD effect competes
with the van der Waals atlraction term. Our
aim is 1o sludy the interaction between a
model PEO surface on a hydrophobic sub-
strate with a hypothetical "prolein" ofinfinire
srze (the more realistic case of a protein oi
finite size is given in the following paper) (42 ) .
Little protein adsorption is observed when the
degree of polymerizaiion ofPEO approachcs
about 100 ( I ). The protein rcsistant effect is
cxpected to depend on PEO chain lcngth and
surface density, both of which allect tl1e ai-
tachcd layer thickness, a h_vpotlesis supported
by various block copolymer measurenrents
(  r4 ,  l5  ) .

We assume the "prctein" has a hydrophobic
patch which can be oriented lowarcl the h),
drophobic subslrate, resulting in an atiractive
hydrophobic inleraction (3). Wc have as-
sumed that the h)rdrophobic "patch" is a hr-,
drophobic surface on the prolein and is facing
the h_vdrophobic subsrrate. The hydrophobic
interaction is added to the ellect of steric re-
pulsion and van der Waals a raction and
considered as a function ofsurface densitt and
chain length ofPEO. We do not considcr here
th€ possibllity of a h)'drophobic inleraction
between the "protein" and the PEO layer: ihat
js considered in thc fbllowing papcr (42).

MODLLINC

PEO is assumed to be a neutral homopol-
ymer with linear and flcxible chains lemlinaLly
attached to a PE hydrophobic substftle in wa-
ter. a good solvent. "Proteins!) are lreated as
rar tt.ittdt lnt ldulir! s.ae. \

homogeneous, infinite particles, and are thus
considered as a plate (40-A width) in wa1er.
The more rcalistic treatment utilizing relevant
dimensions and shapcs is treated in rhc next
paper (42). The crucial parameters are the
distrnce , betwecn the terminally attached
PEO chains, a measurc ofthe surface de sity;
and the degree ofpolymerization,,\. a mea-
sure ol the chain length. Our modeling picrure
is showD in Fig. l. Only the "brush" case is
considered (20), mcaning thar rhe disrance,
between the terminally attachcd PEO chains
is less than the F1ory radius, Rr., i.e., a < ,
< RF (here, d is monomer sizc).

METHOD

By X-ray and infrared analysis (21 23)
crystalline PEO has a helical conformation
which conlains two turns in a seven-segment
unit. The crvstallo8raphic unit cell contains
lbur molecular chains and is monoclinic with
d = 8.05 A, b :  13.04 A, c :  19.as A and p
: 125.40. From thesc data, the monomer size
ofPEO, a, is detennined as 2.78 A and the
surface densit]' of crystalline PEO, o = a2/
,'1. is 0.36; the average distance bctween rer-
minally attached PEO chains, ,. is 4.63 A.

" t

I
L

Flc. I Our modcl pictuft iorreminalt! allached tEO
chains 1o a solid subslrale wilh a lrotcln ofinnnitc size
and40-Awidrh in watersolvenr. l.-1, J,?, and J arcrhe
wa1er, ,rolen. mrcr, teminally atrachcd PEO chains in
water, and solid subsrratc, espedtely. l, ,. and I ae t!€
dislale betwccn PEO sudace and proLein. t[€ wifth of
fie piorein. and rhc layer thicknes of tcminally anachcd
PEO chains. D is rhe dislance betwccn rhe retuinally al
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To calculate the iteric repulsion lree energy
per unii surface area, we used the method of
Patel €l al (24), which is based on the treat
ment by de Gennes (17-20). Two effects, os.
motic and elastic, are considered and the con-
lribution of each etrect is taken as the propor-
tionality constants,tl and k,, respectively,
which are ditrerent for each polymer-solvenl
system. The k1 and k, values ofPEO tu water
arc not available in t}le literature. We have
eslimated the values by using the universal
curve-fitting method of Patcl et al. (24) and
pubLished data ( 8, 9 ) on dircctly measured iirsl
compression forces betwe€n PEO adsorbed on
mica surfaces in 0.1 Maqueous KNO] solvent.
(Although there are now preliminary expen-
mental data on ihe forces belween adsorbed
layers of PEO graft copolymen (,13), the in-
formation availablc is not sumcient lo use in
ahis theoretical trealment; thcrefbre we have
assumed that the values for the adsorbed PEO
chains can also approximate lhe terminal at-
tachmcnt case.) The calculated rcsulas are kr
- 0.021 and&, - 0.23 forPEOwith 1.6 x 105
molecular mass lradius ofgyration Rg = 130
A (8. 9)1, and f t ,  -  0.013 and k? - 0.09 for
PEO with 4.0 x l0a molecular mass (Rg = 65
A (8,9)1. The measured repulsion force ap-
peared at 3Rs djslancc iiom lhe PEO adsorb€d
mica surface ( 8, 9 ) ; the surl-ace concentration
was about 4 mg m '?. irrespective of the two
ditrerent molecular masses of PEO (8, 9)-
Thus the experimcntally dcteimined equilib-
dum layer thickness. 40, is aboul 190 A for
1.6 X 105 molecular mass and about 195 A
for 4.0 X I 0 a molecular mass. The tleoretical
cquilibrium layer thickness of terminally at-
tached chains in a good solvent system (24)
'rs La = Gh/k )tt3aN6t/r. To calculare lhjs
theoretical value. it is necessary io know o,
which can be calculate.d from the PEO surface
concentration. ' is 0.001 I and 0.0047 for 1.6
x l0tand4-0 x 104 moleculaf masses ofPEO.
respectively- The theoretically calculatcd Io
values using tle above-obtained &r and ft, val-
ues are about 420 and 198 A, which are in
relatively good agreemenl with the experi-
mental results (8, 9). Thc &r and k, values in

lhe molecular mass range of interest to us,
-5.0 x l0r, is roughly eslimated as &l
- 0.007 and fr, - 0.02.Inserling these values
of &r and kr, we can calculale the steric re
pulsion free energy pe! unit surface area as a
f'unclion ofNand D. using the equalion (24)

Ourmodeling picture in Fig. 1 is composed
offive different phases: ( I ) water, (2) protein,
(l) water beiween PEO and protein, (,1) ter-
minally atached PEO chains in water solvent,
and ( 5 ) hydrophobic solid substrate. Assuming
the same absorption frequencies in all five
media, thc nonretarded van der Waals inter-
aclion free cnergy per rnn surface area (4'z)
between macroscopic bodies (25-29) is siven

J - 6 "  I  f , . l r t r  ) t 2 )
kT 1r"A1 | ,t' - tJ + n
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.i[(f)"' ']J ",
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jndex, i.c., ra = dpro(+no qr.o) + .",",
wherc .rEo is the dieleclric constant ofPEO,
3.50 (33, 34), and €H.o is the dielectric con-
srant ofH,o, 79.691. and phase 5 [q : 2_25
(31)1, respect ively.

The existence of h,vdrophobic attactivc
lbrccs beaween uncharged hydrophobic sur-
lbccs is senemlh .ecognr/cd (15-40) and .uch
lbrces are 10 to 100 times stronger than the
van der Waals forces at separation dislances
bel$een hldrophobic surface\ belo$ 200 A
(39). This concept can be appued to our sys-
tem. which can have a hydrophobic interac-
tion belween the hydrophobic solid substmte
and an assumed hydrophobic surface on the
protein. We used the hydrophobic intemction
free energy function determined experimen-
tally by Pashley d .ll (36) for thc dihexade-
cvldimethrlammonium acetale monolayer:

= =  o . l l s Y e '  a ( A ' : r  I 4 l
A I  "

where r is ihe distance (A) berween the hy-
drophobic surfaccs.

The individual and combined free encrgy
calculations werc performed using N values
from 80 to 120 and, values ftom 5 10 9 A
( higher than the crystalline PEO value of4.6 3 )
for the va.ialion of distances belween solid
substrate and protein, and PEO surface and
protein.

The proiein is also considered to be influ-
enced by waler. We assume a cenain aveEge
water conlcnl ibr the prolein, which we call
the "di luled prorein. lhc d' lu led prolein ic
assumed to be an inlinjte piate. ln this casc.
thc reliactive index and dielectric consranl of \
dilutcd protein are diflerent from those ofrhe
bJl l  prorein. Onl)  one di lurcJ \  Jue, h" l f  !ol-
umc ftaction, is used for comp:fison.

RESULTS AND DTSCUSSION

Il one cxamines polystyrene (PS) adsorbed
on mica in toluener a diferent force diagram
and adsorbed layer thickness are obtained tlan
in the case of PEO ( 12. 13,41),clear lydem-
onstrating the diferent fr1 and ,t, values for

t 3 l

where ,k is the Bollzmann constant; , is
Plarck's constant; ,. is lhe main elechonic ab-
sorpt ion frequency (3 X l0 'r  sec ' ) :  l (1),
,112).  A(3),  and,4(4) are the nonretarded
Hamaker constants lbr rhe interaction be-
tween bodies 2 and 4 across amcdium 3, bod-
ies I and 4 across media 2 and 3. bodics 2 and
5 across media 3 and 4, and bodies I and 5
across media 2 and 4- respectiveh d, l, and
l' are the distance beiween PEO surface and
protein, the width ofprctein (40 A). and rhc
layer thickness of terminally attached PEO
chains, respectivell rl, ,?2. h. na,and n5 are
thc reftactive indices of phase 1 lnr = 1.333
(30)1, phase 2 [r ,  :  L539 (]1)1, phase I  (rr
= 1.333), phase 4 lzr = dpro(ryeo zn.o)
+ flH:o (32), where dpFn is the dimensionless
PEO volume fraction, ,hEo is the refractive
index of PEO, L456, and /?r rro is the refractive
indcx of water, 1.3331, and phase 5 [r.
= 1.510 (31)1, respect ively;  . , ,  €2, €3, €a. and
E are thc static dielectric constants of phase I
i rr  = 79.69 (30)1, phase 2 [€,  :  2.64 (31):
the inner part ofthe dry protein is p.imanl),
nonpolar and the slatic dielectic constant is
assumed to be equal to thc square ofreftactive
inoexl,-  pnase J tq = /y.oy),  pnase 4 t t4 rs
determined by ahe same method ofrefractive

'The cdse of hydmrcd prolein is discu$ed later
{F ls .4d) .

rurvt qlclbd |nDtqk! si4,,!. \a



PROTEIN SURFACE IN'ERACTIONS- I r53

each system. Th; co[ect values of kr and f,
for each different copolymer system and co-
polymer composition in solvent must be ob-
tained ftom experimental force data. Our es-
timated ,t1 and frz values are based on the ad
sorbed PEO homopolymer data because other
appropriate data are not yet available. Ter-
minally attached polymer surfaces generaly
have longer chain lengths than adsorbed ho-
mopollmer ( 1l-13), so there is the possibility
ofa larger equilibrium layer thickness lor ter-
minally attached PEO. This possibilily is nc-
glected in our paper because of the diliiculty
of direcl comparison. When lbrce data for tcr-
minally attached PEO chainsin waler become
available, ditrerent ,t1 and k, values will be used
to refine the calculaiions.

As the distance between terminally attached
chains decreases. meaning the space belwecn
chains is more timited, then the equilibrium
la_ver thickness. & , increascs. In can be com-
pared with rhe fully etlended layer thickness
(contour lensth), r. : z,'N, I4'/L.: 0.43 to
0.29 for D : 5 io 9 A. Thus the chains are
stretched to about 29 to 439d of their fully ex-
tended length. From the experimentally de-
termined a0 values, the ratio of iayer rhick-
nesses are as follows: tu/r" - 0.04.0.05, and
0.12 for molecular masses of 3.1 x 105. 1.6
x 105, and 4.0 X 104 of adsorbed PEO ho-
mopolymer in loluene, respectively (10);l4/
Z. - 0.03, 0.04, and 0.08 for molecular
m a s s e s o f 3 . l  X  1 0 5 ,  1 . 6  X  l 0 5 . a n d 4 . 0 X  1 0 4
of adsorbed PEO homopolymer in 0.1 M
KNOr aqueous solvent, rcspeclivcly (8)i Zol
a. - 0.20 and 0.23 for the molecular mdss
of l.3i X 10) of terminally attached PS via
thc PEO block and zwitterionic group in tol-
ucne, respectively ( 12, 13 );l{/l," - 0.15 and
0.23 for molecular masses of 1.5 x los and
6.0 X 104 of terminaliy attached PS via the
poly(vinyl-2-pyridine) biock in toluene, rc-
spectively (39). PEO is more extended in tol-
ucne than in aqueous electrol).te solvent and
the ratio of layer lhickncss is increased with
the decrease of molecular mass of polymer.
However, the comparison of fie same poly
mer solveni system in the adsorbed or lcr

minally attached cases is not possible because
ofthe absence of experimental dara.

In thc following discussion of the figures.
fiote the mdgnitude of th e forces (the vetical
axis) and the sign oflhe forces ( positive is re-
pulsive, negative is altractive). Figures 2 and
3 represent the steric exclusion lbrccs (strongly
rcpulsive), Figs. 4 and 5 reprcsenl the van der
Waals interaction beiwecn the protein and the
PEO layer (weakly a1lractive). Fig. 6 is the
very weak attraclive interaction between the
protein and thc underl,ving hydrophobic sub
strale, and Fig. 7 represenrs the steric plus at
traclive hydrophobic forces.

The steric free energies per unit surlace area
were calculaled as a function of PEO la,ver
thickness (Figs. 2 a d 3). Figures 2a and b
show the effec1 ofrhe elastic and osmotic con-
tributions ol PEO to the steric free energtr ar
constanl surface density and chain lenglh. If
the osmotic and elastic contributions arc dou-
bled, the equilibrium layer thickness changcs
by lbctols of 1.26 and l/1.26. respectively.
Thus precise vatues of4r and kz are not crilical

Ftc. 2. ( a ) Slcri. Epuhion free €neryy pe. unit sufacc
dealir)(dividcdbyra) 1eminaly aua.ned PEO taycr
dickne$ pronles for rwo difefcnl clastic coeiicierb ai N

q. (DJ !r.n( repuBion r cc cnlrE! oer
unil sulfaa ma ( A r) (dilided by tl)-teminallr atlachcd
PEO la,v€r thickne$ profrles for nvo difeent osnodc coef-
hcients at N = 120 a.d.D : 5 A.

Ltwt rl.dbr t,r kktu t sd.et, \
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jn Fig. 3 for fti = 0.007 and k, = 0.02. As the
surface densily ofPEO incrcases. the repulsion
starls at longer layer thickncss and lhe curve
stcepcns, a more dcsiruble conditjon to resist
t}lc approaching protein.

Assuming the prctein is floatjng ovcr the
PEO surlace as shown in Fig. I. i1 lirsl ap-
proaches the PEO surfacc by dilTusion. Furlher
approach resulls in comprcssion of the PEO
coil. Theintcraction between thcPEO surfacc
and protein is considered; a possible interac-
lion between tnem across water is van der
Waals interaction. The van der Waals free

Frc.3. (a) Sienc epuhion frce cncr8 pd unit surfacc
area(Ai) (dividedby17 ) temi.allyatrachcdPEola-ver
thicknc$ prcfrles for thrcc ditrernt DvaluesatN = 120
(nr = 0.007 a kr = 0.02). (blsl€nc repulsion lieenegy
per uin surface aEa la) (djvided by tl ) lcrninally
an@hed PEO la_vc. ick.e$ lrofiles for rhree diifeF N
mhes al D : 5 A (lr :0.00t and k: = 0.02).

for tlrese approximate calculations. The
crowding ofpolymer chains in any fixedspace
results in an osmotic prcssure. Il lhe polymer
has a higher osmolic contribulion. il extends
easily into lhe solvent space and has a longer
equilibrium layer thickness. Polymers with
hi8her elastic contributions can shrink !o a
small space. and have a shorter equilibnum
layer lhjckness. To obtain terminally attached
polymer chains with longer equilibrium layer
thickncsscs. which exhibit repulsion ar longer
sepamtion dislances, it is necessary to inffease
ih13 osmotic contribution and to decrease the
ciastic contribution. The extent ofosmotic and
elastic contribulion depends on the combi-
nation of poiymer and solvent, and decreases
with the molecular mass ofpolymer. The steric
repulsion free energy develops as the chaiD is
comprcssed andthe tendency increases as lhc
osmotic and elastic contributions increase
(Fig.2). The steric free energy dcpcndence on
the suface density and chain length is shown
1!nn llLittdd ttd hrcddtcschn!!.\

..

F c.4. (a) Model picluE showirs ive difercnl phascs.
14 is the equilbnun bler thictness of lemin.ltr atached
PEO chains and is invariable al fixed N a D values.
separdion distance is the dislance berween IEO suilace
and Drcrcin and is !an!bb. {Prolein isa$umed tobein-
linitc stc.) (b) vai do weh fiee energy per udt sud:rce
lrea (A/) (dilided by la) sepanlion distane prcliles
for three ditrerent D lalues al ̂  = 120. (c) van der Waals
l|ec cncrsy Def unit surfacc arca (Ar) (divided by tI)
sepanrion dislame profiles fo. two difrercnt N valucs al
, = 5 A. (d) van der waals lree enercy per unit surfa€
arca (Ar) (divided br t7 ) separalion dissne proliles
lor two diflernl , valucs at halflolunc nadion ofprolein
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pfotein is 0.5) is also observed; it results in a
decrease in reftactive index and a large in-
creasc in the stalic dielecrric constant of the
protern, and represents a pronounced decrease
rn van der Waals attraction bctween the PEO
surface and dil uted protein ( Fie. 4d ) . This also
demonstrates thal the exacr value ofthe static
djeleclric constanl used for rhe protein in Eq_
[]l is not critical.

It is valuable to consider other rerminallv
attached polymer $'siems in water and to
compare them with PEO. The nature ofpoly-
mer is considered al lwo separation distances
(20 and 50 A) (Fig. 5a). The composiijon of
the teiminally attached polymer chain allects
tbe refiaclive index and slatic dielecrric con-
stant ol the polymer layer. The dependence of
van der Waals free energies on the refractive
indices is calculated and shown in Figs. 5b and
c. The reftactive index of t}le relatively low
molecular weight PEO which we are consid-
er ingis 1.456 (31),  which isthelowest ofany
common water-soluble synthetic polymer
(31). Polymcrs with a rcfractive index bctow
I.456 are Ruoropolymers. Although rlrcy
would have a lower van der Waals free energy
than PEO. they are not waler soluble and thus
are nol considered here. Therefore PEO er-
hibits the wcakest van der Waats atrraclion to
protein among the common water-soluble
synthetic polymcrs- We think that the protein
resistance property of PEo is due in part ro
this facl. The protein resistance propertjes of
PEO irnprove as the surlhce densiry of PEO

Wc assume thal the protein can approach
thc PEO surface by diffusion because of the
lack of long-range repulsion lbrces_ ti is as-
surned that the prctein is nonadsorptive ro
PEO and that thc distance between the prolein
and the PEO surface is I A, which is stightly
longer than the monome. size of PEO. 2.78
A. The continuous approach ofthc protein to
the PEO surface, while maintaining this dis-
tance (l A), induces a continuous contraction
ofterminally attached PEO chains-

The van der Waals interaction between the
underlying solid substrate and prorein acrcss

ridd .,lt:trhia rn1 ttnttu( s'iq!: \a

F

FIG.5 (a) Model pidure shorvi.g 6ve diiterent ph.ses.
SepratioD dislanc$ are seleded as 20 aid i0 A. (lrotcin
n a$uned ro be inliniF ste.) (b) va. dr w.als fre
cncrgy bet**n prorern andpolyDer chains p..uni!sur,
fac arca( A) (dnided by 17 ) relradiveindiccsofpoly-
D€. pronlcs for lpo diilercnr , lalues ar eacn scplorion
d$iancc an<l I = 120. (c) Van der Waals f.ee cncrsr per
utu surfacc ar€ (Ar) (dividcd bt iI) refradive i.dices
of pol,\,ner pfofrlcs lor 1$o ditrernt .{ values dr each $p-
ara l rond is ianceandD =  5A.

cnergies between a PEO surface and protein
m water a.e calculated as a funcrion of the
distance between them (Fig. 4). Our modeling
picturc is given in Fig.4a. As lhe surface den
sl1y rncreases: the PEO volume ftaclion of
phase 4 ofFig. 1 increases.the refractive index
increases, and the static dielectric consrant de
crcases, resulting in an increase in van dcr
Waals free energi, (Fjg. 4b). On rhe other
hand, variation ofdegree ofpolymerization at
constanl surface density has no cFecr on tlle
van der Waals free energy ( Fig. 4c ) . Note that
the magnilude ofthe attractive van der Waals
force is small in comparison to the rcpuhile
steric interactjons (Figs. 2 and 3). The effect
ofdiluljon ofprotein (the volume fiaction of
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thc contraoeA PEO layer must be considered.
(Fig. 6a). The dependence of van der Waals
attraction on surface density at constant chain
length is shown in Figs. 6b and c, and can be
compared with thc van der Waals attraction
inwaterinthe absence ofrhe PEOphase. The
refmctive index of the PEo-water region in-
creascs with increasing PEO contert, and the
static dielectric constant iherefore decreases.
This tendcncy is morc pronounced as tle PEO
chail becomes compressed or as more chains

a.e attached to substrale, and the van der
Waals attmction between substrate and pro-
lein is tius diminished, which is another com-
ponent to the protein resjstance. The efi'ecl of
surface densily on van dcl Waals attraction is
pronounced a1 lower chain lenglh and lower
surface density. So Ionger chain lengths and
higher surface densities are desirable for pro-
tein resistance from the point of view of pro-
tein interaction with the PE $rbst|at€, which
is opposite to the results for the resislance of
protein to thc PEO surl-ace (Fig. 4b). The effect
ofdilution ofprotein is also shown in Fig.6d.
As the protein is diluted, the van der Waals
allraction is decreascd and the change to van
der Waals repulsion occurs al shortcr scpara-
tion distances. because ofthe higher dielectric
constant of the prolein region than of the ter,
minally altached PEO region. The magnilude
of lhe n det Wtldls all lclion belwee sub-
slrule and ptolei anoss PEO ls neglieible
comprcd 10 the steic rcpulsion ,hich is de
yeloped as tue PEO chain k comprcssed.
However the hydrophobic atimction between
proiein and underlying PE substrate is no1
neslisible ( not shown).

Ignoring the weak van der Waals interac-
tions, the combined free energies ofsteric re-
pulsion (Eq- ll) and hydrophobjc allraction
( Eq. [ 4 ] ) as a function of separation dislances
between substrate and proiein, at constanl
PEO chain length. are shown in Figs. 7a, b.
and c- PEO wilh lhe hjgher surlbce dcnsily
cxhibits thc slrongest repulsion due to the
compression of PEO chains. As the chain
lenslh increases, tlrcn PEO surfaces with lower
surface density begin to erihibit repulsion. The
h-vdrophobic attraction between the substrate
and protein is exaggerated, as the assumed hy.
drophobic surface on the protein in reality
would not necessarily be directed toward the
hydrophobic substrate and would nol be in-
linile in ex1en1. Hydrophobic areas or patches
on globular proleins arc generally small and
limiled in area. Also the hydrcphobic inler
action between substrate and protein across
water may be decreased by the gradual re-

a

Frc . 6. ( a) Model pjcrure showing th€e diniren phNs.
Separdiion dista!.! is lhe laler lhic*ne$ ol lerninally
rtiached PEO chains due lo comprcsion. (Prolcin is as
slmed 10 be ininilc sizc.) (b) Van der WMls free energl
betwccn pfotcin and HDPE subslRle pe. u l surface aEa
( A | (dividcd b! rl)-spaErion disllnct proiles for thEe
diFcrcnr , values and only water insre.d of PEO al ,l
= 120. ( c ) van dcr Wels ftee eneey per unil sunice aea
( A r) (dividcd by nlFepa.atior dnknc! proliles lor lhee
ditrcrcnr D lalu€s and only Baler inslead oI PEO at ,e
: 80. ( d ) Van der waals liee energy per unil surliice rEa
1A'?) ( divided by lr)ieDadio. disrancc proiles for bulk
and half volumc fraclion of proiein ai l' = 120 a -D

rlnwt .,1.!ntu ant ,tl|tu s,krt?, \
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Irrc. ?. ( a ) Conbined neric Fpulsion and hvdrophobr.
anradion free enersy ler unil sudace ar* (Ar) (divided
br kr) septralion dislance p.oliles lor rhfte difcreni D
values ar N = 120 (b) Cobbincd slenc rep sio! and
hydrcphobic atlraclion liee eneEy per unn sudrce arca
( A:) {divided bt kl)-spardion dislans prolils lor thfte
difcreni D valucs ai N = 100. (c) Combiftd sleric t-
pulsion and h-vdrophobic ailaction frcc enelg) Der unir
sufac ae! (,{:) (diidcd by tr) $parddon disrance
pronles for rhre diFeenl D vdlues ar N = 80

placemcnt ofthc water with the terminally at-
tached PEO chains, and this decrease mav b€
more pronounced as the surface density and
chain lengtb increase. The van der Waals and
hydrophobic interactions exhibjt strong al-
traction below about 100 A (21, 26, 29) The
choice of a slightly higher equilibrium laver
thickness than 100 A is suncieni and the vari-
ation ofsuface density and chain length must
be considered under this condilion The van-
ation of surface density rather than that ot
chain ienglh has a great efecl on the steric
repulsion.

ln this paper. we lreated the "protcin" as
an infinite plate. Ptoteins of finite size are
considered in the next Paper (42)

CONCLUSION

This study is based on the assumption of
PEO chains terminally attached to a hldro-
phobic substrate in water, interacting with a
"protein" ofjnfinite size. Steric rep lsion, van
der Waals altraction, and hydrophobic atlrac'
tion are calculated as a function of surface
density and chain length ofPEO. The osmotic
and elastic contributions of steric rcpulsion for
our PEO system arc rougbly estimated using
kr - 0.007 and k, - 0.02, deduced ftom ex-
perimental force data ofPEO adsorbed to mica
in water. The approach of protein to a PEO
surfacc is considered. The good protein resie
tance properties ofPEO are related to the facl
thal its relractive index is thc lowesl among
i ' ,c *arer-"otut re l  nrneric pol)  mer ' .  rc\ul ! in;
in d lo$ \rn der \  ralc iDlera, l ion hirh lhr
prolern. l f  the prolern col l ides wi lh lhc Pl O
.unace, ,he lerminal l \  dl lachcd PTO (hain'
are comprc.sed and slcr ic -epul ' ion anJ \an
dcr \ \aals ar lracLiL'n helween lhe sol id sub-
* lrare and proLein acro.s PfO musl he con-
j ,dered. I  he ran der $ aals alrracl ion is smal l
in,ompJri 'on wrrh lbe \ tcnc repu\ron. I \e
hydrophobic intcraciion between the protein
and lhe h:drophobrc sub\trrre i '  con' ideled
and competes with the steric repulsion.

Higl .  suf lsce den.rt \  3nd long chaiD lenglh
ol Pl O are de'irable for prorein -e.i'!ance The
surface densily has a greater cllect than chain
lenglh on rhc sleric repulsion.

Allhough a number ofassumptions and es-
timations have had to be made to permit the
.dlculalrons rcponed. lhc qual iLal i \e l rends
and conclusions should remain valid.
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Protein-Surface lnteractions in the Presence of Polyethylene Oxide

ll. Effeci of Protein Size
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Polyethylene oxide ( PEO) sufacs €xhibit lo* protein adsoDtion. PEO sudace-proiein intenclions
d€ exanined lheorelicall! as a funciion ofsudace densil-v and chain lcnslh ofPEO and vanalion in lhe
ste of the protein (asuncd ro b. a sphere). Rcccnt stndies susgest thal the PEo suriace nay havc a
smdl hydfophobic character. we sludy lhc efled of sudace d€nsiry of PEO lnd protcin sizc and deduce
ihc PEO surfae density condilions for optnnal protein .esislance For snall prolcins (,4 - 20 A). ,
should be snall l -10 A), shile for lree prcteins 1n -' 60 80 A), D should be laryer (- 15 A). whee
n is the piotein ndius and , is rhe arerage distancc bcl$ccn end-atrached PEO chairs. Thee resulls
evolve lron the ladc-ofs berwen steic rpulsion and thc assum€d wak hydrophobic intd&lion bclwen
de IEO layer and rhc proiein. The longen clain lcneth ofPEO ar optinun surlace densily appcaN
bes! lor protein rcsklance. As a numbe. ofrsumprions and esdnal.s are invohed in the modcl, rhe
resllls can bc rak€n only as qualiBlilc 1rcnds at dris rine. The ftnds should be hclDful in rhe desisD
a  . . \ d l r d r i o ' u , . ' r l 4 ! . . e , \ L n  n  p  o r e i o  d J \ J r p r  u n .

l
I
I

INTRODUCTION

Polyethylene oxide (PEO) surlhces are
becoming recognized as exhibiting strongly
reduced protein adsortlion ( l-5). Thc pro_
tcin-resistant charactct of PEO is gcncrally
rccognized as a steric slabilization effccl (6
9 ) . Besides this stcnc exclusion characler, we
must consider the van der Waals attraction
betwccn PEO and protein, although t}le van
der waals altmction force is generally much
smaller tllan the steric repulsion force (9).
Recent studies ( l0 13) suggest that PEO sur-
fhces have a h,vdrophobic character (11),
which may induce a weak hydrophobic inter-
action between PEO and protein whcn an as_
sumed h)drophobic palch on ihe prolein is
oriented to PEO. Hcr€ we assume a hydro_

'On teave lrcr lhc Departnenr ol Chemislry, Kan-
sreung Nalonal Uni!enil,\,, Kangreung. Kan8wondo 210-

phobic charactcr to PEO and include this as-
sumed h,vdrophobic inleraction in the analysis.

Al l  ol  lhe forces ( .rer ic.  ran der \ \  aJs. and
hydrophobic) are considercd as functions of
ihe s;e ofthe protein (prolein is assumed to
oe a \phere) rnd 'urface denc,r)  Jnd ch"rn
lenstl of PEO.

MODELINC

We usea model similaf lo ihat in our pfe-
vious paper (9) excepi that the protein has a
l in  c .phcncal  \hdpe.  Our model ing prdurc
is shown in Fig. L Wc assumc that thc PEO
sufla(e (an bc rcpre\cnlcd r\ r llal plal( lb'
s impl i . r iL) ,  c \cn shen Ih(  \pher iLdl  pro lcrn
approaches and aft-ccts the PEO suri-ace. The
\- ! r iab les are pro le in s i /e  t radrus ofspher i id l
protein, R) and the surface densit] and charn
lergrh o lPl  O.  rbe d isrance D bet$een rhe re-
minally attached PEO chains, and the deglee
of polymerization. fl, respectively. Only the
' 'bru.h ca.e i .  considered l6) .  meaning lhar

002r-979?/91$1.00

! r n J ' .  r p d  o ' i ' '  b '  e " " oLwtut al.rndd @t kk.4tu tn4. !
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FIG. L Our model piclure lbr bminally artached PEO
chains 10 a solid subsmte wilh a 6ni1e sizc of sDherl@l
tiotein in saier solven1. R, d, and D ae rhe rddius of
sph{ic.l prct€in, the distanc bctsccn the ilal PEO sun:E
and a prctein, and the distana berw€cn the teminally
atrached PEOchains, respectively.

the distance, is less than the Flory radius, R!

METHOD

The nonretarded van der Waals inlemction
free energies (divided by kZ) between the flat
PEO surface and spberical protein across watcr
media, and between the solid substmte and
spherical protein across the lerminally at
tached PEO media, are given as ( 14)
D ^  A  l R ,  R
k r '  6 k r \ A - , t + 2 R

+h;h)  ru
.1 thv, (ni - nl)(n) ni)

B\5 (n1 + nlttz@3 + ni)t l '1
I

I \  l + n l l / ' + v 3 + n j ) 1 / ' 1 1

, 1 p , (€r  -  q X€,  €r )
4  (€1  +  €3 ) (€r  +  €3 )

where ,4 is t}te Hamaker constant between
bodies I and 2 across a medium 3 (water or
PEO in water); R is the radius of spherical
protein; dis ihe distance belween the flat PEO

renqt alc oaatu tdulirckbt \

t2l

surface and spherical proteint l' js Planck's
constanq ye is the main electronic absorption
frequency (3 X l0 '5sec 1);r , ,nr,andn3are
th€ refractive indices ( 15, 16) of phases 1, 2,
and 3, respectively, which are determined by
the same method as in our previous paper (9):
and er, €2, and q are the static dielectric con-
stants ( 15, 16) of phases l, 2, and 3, respec-
rively, which are also determined by the same
melhod ds ir our previous paper (9).

The steric rcpulsion free energy of termi-
nally attached PEO chains under the eflect of
spherical protein is calculated as the steric re-
pulsion fre€ energy per unit surface area. which
is treated as in our previous paper (9), Inul-
tiplied by rR'? for simplicity, where R is the
radius ofthe spherical protein. The kr and tr,
values used for PEO are 0.007 and 0.02, re-
spectively. which were developed in our prc-
vious paper (9).

The existence of hydrophobic attractive
forces are generally recognized, and such forces
may be l0 to 100 times stronger than the van
der Waals forces ( 17 2l ). The hydrophobic
character ofPEO in water has been discussed
(10 l3 ); the nearly linear increases in protein
adsorption on PEO surfaces with tempemtule
have been discussed in terms ofthe increasing
hydrophobic jnteraction between PEO and
prctein ( 13 ) , perhaps due to an increasing hy-
drophobicity of PEOwitb temperature, i.e..It
.r l/ lo, whe.e 1/ is the relative hydrophobiciry
of PEO, I is the syslem temperature, and to is
the reference tempemture ('C). The thickness
ofadsorbed PEO appears to increase linearly
wlth t€mperature (11),4/La ' t  t / to,$,here
l, is the thickness of PEO and ao is the thick-
ness at the refercnce tempemture. We estimate
a relationship between hydrophobicity and
thickness of PEO from the Unear relationship
b€tweer the experimenlal data and tempem-
ture ( I I, l3). i.e.,1/ - L98l,/la. The scaling
theory relation betweer , and a for a brush
model is a ,:. D 2/r. A decrease in Dinduc€s
an increase in volume fraction of PEO (6),
dptro cc , a/r, wh€re .rr Lo is the votume fmc,
tion of PEO. Thus we can relate an increase
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in volume fraciion of PEO to the increased
hydrophobicity of PEO from the above con-
cepts: 11 - 1.98[dpEol(dpEo)o]'/:, where
(dpEo)o is the reference volume fiaction of
PEO ("reference" wil be defined in the next
section ) . As tlle hydrophobicity of PEO is in
creased, the hydrophobic interaclion between
the PEO surface and protein is also increased.
Thc hydrophobic intemction free energy (4 )
{divided by tZ) was determined by Pashley
el ai. ( I 8 ) for the case of dihexadecyldimeth-
ylammonium acetate (DHDAA) monolayers.
For the case ofa sphere ofmdius n nearaflat
surface ( l7),

EH
KT 1.90JR. ' i  r i r l

where d is tlre distance between a sphere and
flat surface. The hydrophobic interaction bc-
tween the PEO surface and an assumed un;
form hydrophobic surface on the protcjn is
treated as 1, 27., etc., ofthe hydrophobic in
lcradion (given by Eq. [ 3 ] ) between DHDAA
monolayer surfaces. ln this manner we can
very roughly incorporate the effect of possible
hydrophobic interactions between PEO and
protein in the overall analysis.

The , valuc derived from an adsorption
e)iperiment (ll) (for PEO with molecular
mass 1900) is 17 A, which wc choose as the
experimental value. Each dillerenl degrcc of
hydrophobjc intemclion betwccn the PEO
surface and hydrophobic patch on the protein
is combined with the steric repulsion at various
layer thicknesses of PEO for ditrerent , and
N values. These calculations were also per-
formed as a function of proiein size. "Opti-
mum", and N values for each different pro-
tein size were thus obtained.

Frc. 2. (a) van de. waals anncrion frcc cnelgy (dnided
bykl) EdiLs ofsphend protein prcfles for four dille@L
./ valu€s at .usrant surlae deisn) (D = lr A). (b) van
dc. w@ls auraction frft enerey (divided by tl)-Rdius
ofsphoical protein proliles for four difrcrcn! surlace den-
srly valEs fi conslant di$ance berween rhc PEO surfae
and a prcleii (d = 20 A). (c) van der waals a1lr&Lion
ftee enerEy (dilidcd bt i7) radius of sphe.ical prorein
profles for four ditrcrcnl surlae demity vlues al co.stanl

the PEO su hce and protein at constant ex-
perimentally oblainable surface densitl' (,
: 17 A). As thc spherical protein approaches
the PEO suface, the effec1 of the size of the
protejn becomes greater. Similar behavior re-
sults al conslant distance, d, with the variarion
ofsurface density (Figs.2b and c). As tlle sur-
thce densjty incredses, the el]ect ofprotein size
inoeases and the t€ndency js greater at smaller
r/ values. We choose d = 3 A as the least dis-
tance beiween the PEO suface and a protein
under the condition ofno adsorption between
them [d : 3 A is almost same as thc PEO
monomer size (2.78 A)1. If the atiraclion is
greatcr than the repulsion at this disrance, at-

h!4d ll.iltut tu tf,ltIc s,tu. !

RESULTS AND DISCUSSTON

The van dcr Waals attmction free energy
(divided by kZ) between the flat PEO sudace
and a spherical protein is obtained as a func-
tion oflhe radius (J?) ofprotcin ( Fig. 2). Fig-
ure 2a shows the effecl ofdjstance (d) between
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lraction is aasumed, ard t}le reverse situation
is assumed for the reverse case (repulsion).

To cxamire the etrect of van der Waals at,
traction toward steric repulsion, these lwo frcc
energies are combined as a function of PEO
layer thickness at d - 3 A ancl shown in Fig.
3 atN= 120 and, :  17 A for R = 20 and
40 A, respectively. ln this figure, the van der
Waals atlraction between the solid subslrate
and a protein across the terminally attached
PEO medium is also added, but it does rot
play a significanl rolc. The addition of any
van der Waals attraction to the steric repulsion
energy changes the curve only slightly, wjlh
no significanl change in attraclion or repul-
sion. Therefore, van dcr Waals attraclion be-
tween the PEO surfac€ and prolein is Deglected
in our further consid€rations.

As mentioned above, the hydrophobic in-
teraction between hydrophobic species is
much stronger than the van der Waals attmc-
tion. Ii we asrrr?? that the PEO surface and
the hydrophobic patch on the protein have the

same hydrophobicity as DHDAA, and the
sphcrical protein approaches with its hydro-
phobic surface oriented loward the PEO sur-
facc, the hydrophobic jnteraction ftee energy
(divided by kZ) between the llat PEO surface
and spherical prolein is calculated by Eq. [ 3 ] .
The results are shown in Fig. 4 for four dif-
ferent .l values as a ftrnction ofthe spherical
protein size. The same trend is obtained as for
the van der Waals attmction case, and only d
: 3 A is chosen for our fufher consideraiion.

We can obtajn the basic hydrcphobic in-
teraction licc energy (divided by tZ) at 11 = 3
A for each d:ffercnt R value of prorcin. We
assume the PEO protein interaction to be
some small percentage of the DHDAA pro-
tein interaction and compare witl tie sleric
repulsion free energy at different surface den-
sily and chain lcngth as a function of PEO
layer thickness. Because tle va.iation of sur-
face density atfects the volDme fraction ofPEO
and tlus i1s possible hydrophobicily, the ex-
perimentally oblainable suface density, l)
= 1 7 A, js chosen as a rcference at equilibrium
chain lenSth lin this case, the volume fraction
of PEO at equilibrium chain length, (dpEo)o
= 0.141.Ifthe protein contitrues its approach
to the PEO surfacc without adsorption. the
thickness ofthe PEO layer decreases. the vol-
ume fraction of PEO incredses, the hydropho-
bicity of PEO increases, and the hydrcphobic
intemction between the flat PEO sDrface and
a spherical prolein increases. One, two, and
three percenl hydrophobicity is considcred and
the hydrophobic interaction free cnergies are
calculated for these three assumed hydropho-
bicity values of PEO. The combined steric ft-
pulsion aDd hydrophobic jnteraction free
energics (divided bykl) are given inFigs.4b,
c, and d for two ditrerenl protein sizes, assum-
ing l,2, and 3% hydrophobjcity ofDHDAA
for PEO (N = 120, , = 17 A), respecrively,
as a function of the PEO layer tlickness. For
comparisonl the pure steric repulsion frce en-
ersy (divided by kI) is siven in Fig. 4a.

As the hydrophobicity ofPEO increases, rhe
attractioD increases and no overall repulsion

i

nc . 3. ( a) Stenc repulsion and conbined steic repul-
sion and var de. w&ls at@tlon fre eneryis {divided
by tI) PEO layer rhicknc$ prohles for,R = 20 A at N
= 120 and t = 17 A. (b) Sieric rcpulsion a.d codbiftd
slenc .epDhlon and van der Waals aftncrion fN cnersies
(divide.d bykl) PEO laye. uliclles p.onles for 1l : ,14
A a t I  =  120 and D:  l r  A .

rorad d cdLid tu tfllrJa( suIt!. !
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PROTEIN'SURFACE INTERACTIONS' II

I

**,*xm**';r'l*mmmffigiffi
occurs, regatdLess ot the size ot pforein -FoJ
larger prcteins. the attmction between thc Pl:u
surface and protein occurs preclomrnantlv ln
an early srage ot approach asthe hJdropno
hrcit! of PEO iDcrerses The elpenmenully
obtainable PEO sudace with D = i7 A,has a

Drope(y of protern resistance ( Il ) we teel
that the assumpbotr that the hldrophobrcrr)
ofPEO is l% ofthat ofa DHDAA monolaler
is morc prohable than lhe higher ascumed hy-
dfophobici l )  f iguIe' .  lhe l% hldrophobrcr l)"
assumplion is coDsidered for theremarnoer oI
the PaPer.' lo obsene lhe el lef l  ol \ur lace { lensrr)  or
the rcDUlsioD and arl'aflroD pallefn het$eer
lhe Pio surface and a proLern is inlcreslrng
fhe rariatron of qurface dens't) al con\Lanr
chain lengrh ret lect '  lbc equi l ibr ium laler
lhic lness ol  PLO and Induce\ di l l -erenr valu€'
o l  Layer lhic lDe\s ol  PEo ac lhe prolern aP
proaches. Thc calculaled free energv plo$ as

a functioR of laler thrckness of PEO f-not
sho$n herel show that rhe efi-ect ot surtace
deosrr)  r :  \eD (omplei  fhe la)er Ihrcknes'
of PEO is a funclion of volume lmclron. oI
PEO, aoalthe plol offtee energ) as a tunfiron
of \olume fractron of PEO (instead or layer
thicknes5)shows the laristion ot surface den_
ir \ .  $tuch i5 \ery ' imple dnd meanjngful  Tbc
combrned lrce eDergie\ as a funclion ol-\olum<
iraoron of PFo ar conqanl chain lenglb (  V
- 120 ) for \  ar iou\ ,  values 3re sr len ' t r  I  rg
5 for R - )0.40.60 and 80 A respccb\er\ '
it'. plo oi,t' lo$ sudace densrr) I high n
lalueJ staff the curve at low volume li'ac11on
ol Pl  O (d,p, u I  and lhc repulsion again\r  al-
rtucLion increa\e. a5 lbc cbain hds been com-
D.ess€d (as the protein approaches wilhoui
aA.orpr ion r '  A'  lhe prolein conl inuet lo ap
oroach $i lhour adqorpl ion. lhe prolern res's-
r :rnL propen) detelops at an) volume lraf l ron
of PEO. as sletu telulsion dL\ek)ps more rap'

hvrat ol.abi,l ont latola? &i'<re \

rE:t:as6j'
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Frc. 5. (a) Conbined stenc Epulsion and hrdrcphobic inleracrion free endgy (divided by t?) rolume
fncrion of PEO proliles for vdous D values ar consladt ndius of sphe.icat protejn (n = 20 Al and N
= 120. {b) Combined stedc Epulsion ald hrdrophobic intericlion fte€ encryy (diided by tl)-rolume
Aa.dor of PEO proliles for rdious , valu6 at conslant F = 40 ,i and N = I 20. ( c ) Conbin€d stcnc
repulsion and hydroDnobic inleraclion Iift eftrsy (divided by i?)-volunc fmclion ofpEo Drcil€s for
\a .  our  D \a l re \  r '  con i .a i l  n  oO 4roJ  \  t ' 0 ,d , ,ombrneJ \ t ,  ,  F ru \ io i  1dd h ;d 'ophohr
inte@tion li€e enercy (dividcd by &?-) voluDe ftactior of PEO Droiles for vdious D varues al constdr
R = 80A and rr'= 120.

t

idb tha hydtophobic aurudion. Th"- pre-
dominance of repulsion over athaction at
lower volume fractions of PEO is better for
protein resistance. The existence of rcpulsion
at lower volume fraction of PEO mcalls that
the repulsion occurs as soon as the protein ap-
proaches the PEO surface. We can obtain the
optimum surface deNity, which starts the re-
pulsion at lowest volume fraclion ofPEO, for
each dilierent R value. Bur the dilterence be
twee[ the surface densities is small. Thus the
approximate optimum surface density for dif-
ferent R valucs becomes, : 9 ll A for R
= 20 A, 11,15 A for 40 A, and 13-17 A for
60 and 80 A (Figs. 5a, b, c, and d, respec-
tively). Frcm thjs result, a relat ell high sur-
face densit! o[ PEO i: best to resist small pro-
tein$ a lowef surface density of PEO is better
Jbt laryer ones: and the hiehest surface de sity
(Ior etumple, D : 5 or 7 i) nq) ot be efrirtire
Jot uotein resistance.

To investigate the effect of chain length of
PEO on protein resistanc€, the combined free

ttuut af.dldd 4d ht4q. sdor, y

1

energies as a function of volume fraction of
PEO at constant surface density (, = l0 A)
and conslant size of protein (R = 20 A) for
three different N values are calculated and
glven in Fig. 6. For these three diFerent Nval-
ues, the attraction has the same magnitude
because ofthe same surface density. For PEO
vrilh longer chain length, the repulsion sta(s

P ,

!

FIG. 6. Combined $encrcpulsionand hydrophobic in-
tencnon freeeneryy(dilided by lI) volnne lacrion of
PEO prciit$ for thrce difcrcnt /f values at constant R

II
I
Ir
III

I
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at the lower volume fraction of PEO after the
compression of PEO begins- From Fig. 6, we
know that the magnitude of repulsion is the
greatest for the longesl chain length of PEo.
PEO wilh the longesl chain lenglh (highesl N
value), al the optimum.\urface density, is best
lbr protein rcsistancE. ln ihe attachment of
ionger-chain PEO molecules to substrate, tlle
decrease in suface density occun naturally
(22 24);i.e., ihe smaller chain lenstl results
in higher surface densjty of attached PEO, al-
though it is dimcult to have a very higb surface
density ftom the end attachment of a hig!-
molecular-weiglrt PEO. The optimum condi-
tion for protein resistancc is to produce PEO
surfaces with the longesl chain length while
maintaining the above-mentioned , values for
each different size ofprolein.

CONCLUSION

This study is based on the assumption of
PEO chains, terminally attached to a solid
substrate in water, interacting with a linite
spherical protein. Steric repulsion is compared
with van der Waals attraclion. showing thal
the van der Waals attraction has lilde ellecl,
We tlen considered hydrophobic interaction
between the flat PEO surfac€ and sphericdl
protein under lhe'r$rnprid, tlat PEO has a
low hydrophobicity and that the protein has
a hydrophobic sudace. The more realistic case
ofa sma[, hydrophobic "patch" on ihe protein
remains to be studied.

As the PEO chains are compressed, the sur-
face densjty ofPEO is incresed gadually; thus
the "hydrcphobicity" of the PEO layer in
creascs. This concepl is applied to seek an op-
timum surface densily for each different size
of protein. The study of the effec1 of chain
lenglh of PEO on protein rcsislance suggests
that the longest chain length of PEO is best,
assuming constant suface density. The vari-
ation in chain length ofPEO induces a va.i-
ation in PEO surface density. So tlle optimum
condition of PEO for protein resistance is to
obtain the PEO surface with longer chain

lenglh, rnaintaining the "optimal" D values
for eacb difi'erent protein size range.

It is hoped and expected that these predic
tions may be experimentally tested in the rear
future. For the time being, those investigaton
applying PEO surfaces to minimize protein
adsorption or to enhance biocompatibilit
should be awarc that their results may be sen-
sitive to the details of their PEO sufaces, that
is, surface density and chain length, and to the
detalled protein composition and nature oftlte
solutlon.
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The Steric Repulsion Properdes of Polyethylene Oxtde
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Polyethylene oxide (PEO) surfaces de reorgn'zed 6 havirg an etf€cti/e steric stabilization chdacter' A thsretical
scaling analysis involves the osnotic dd elastic mefficients oI the polvmei as a function of molecula! weight itr
a good solvent. The calorlated results shos that PEO in water mav exhibit the Sreatest flexibilitv among Mter
soluble polymers, plobably due to its lowest elastic cottnbulion

Intoduc,fon

Polyrners adsorbed on solid surfaces imnersed in a liquid
medium are considerably protected against aeslesation, a
phenomenon teiined steric siabilization. There exist tons-
range repulsion forces betwee' two surfaces bearins such
adsorbed layers, and these .epulsive forces overcome tne
attractive van der Waals forces actins between the bare sur-

Pobelhylene oride rPEO) adsorbed surface! are recosnir-
ed as etrective in minimiring protein adsorptionr 5, probably
due to a steric stabiliration effecf?. Direct force neasure-
menisr t0 between $,'o adsorbed PEO surfaces onto mica
in a good aqueous 0.1 M KNO3 solvent by the Isra€lachvili
force methodrr show that the repulsion lorc€s develop at
certain separation distanc€s due to the steric repulsion phe-

A s.aling rnodel of chains adsorbed onto a sur{ace in a
good solvent was proposed by Alexandel and turther ex-
tended by de Gennest3 to give a form for the sterc repulsion
force profile. The force is analyzed in terns of a repulsive

osmotic term, which comes from the increased polymer con-
centration in the intersurhc€ gap as the surfac€s apptoach,
and an eiastic term in which the reduction in free enerey,
on compressio! of the over-extended chains, is taken into
accounl The Alexander-de Gennes model has been develo-
ped into a theory of the forces between two such adsorbed
layers by Patel .l .Jra. Their resrit is that the force ,s sepa-
ration distance between two adsorbed surfaces can be
expressed as a universal dime'siorless fim.{ion wNch con-
taitrs two unknown proportioffility constmts resulting from
the osmotic and elastic contributions.

In this pap€r, the more etrective charact€r of PEO Jor pro-
tein-resistant surfaces was studied by comparison of the os-
motic and elastic coefficients ol PEO of several nolecular
weights in good aqueous electrobte ,nd toluene solvents.
The osnotic and elastic coefficients of PEO in aqueous elec-
trolyte and toluene solvents were estimated by the universal
curve-fitting method of Patel et al.t' adsorbed on mica sur-
faces in 0.1 M aqueous KNO3esss and toluene solventslotct,
using a least-squares cufl/e fitting rnethod. The data for poly-
st,'rene (PS) adsorbed on mica surtuce in toluenexa is also
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T.ble l. The Caldlat€d Osmotic and Elastic C@fficients o{ PEO end PS in Aqu@us 0.1 M KNq ed Tolu€ne Solv€nts with
the Vdiation ol Molecular Weight of Polyhs

PEO in aq. KNq PEO in toluene

M"
r ( n g . m 1
r" Gxp) d)

L (A)

3.1X1ff
4.0
:100
0.004
0.u
397

4.0x lcr.
4.0
225
0.m2
0.025
218

3.txts
2.0
7fi
ou
1.06
7G5

t.6x lff
15
55{)
o.n
0.68
64t)

!t 0x ld
1.0
N
0 1 6
o.u
274

3.75X l{P
3.0
1100
0.64
0.07
1170

1.81X ltr
1.6
750
lt.M
0.75
690

1.41X 1f
3.0
650
1.50
0.16
616

consid€red for comparison.

Method

The universal dimensionless tunction relating the dimen-
sionless enersy (€) dd dimensionless sepanlion distarce
(a) in a Cood solvent was obtained by Patel e, aLra as foliows:

e:+ak, x,t' ll(ta\ sr 1l+15/7)L(ta)11' lll (1)

t = (7 /s\(k,lk\), d =D/(zttia'1,

e = (F / R )(d / h BT)(1 / N 61 \ 6 )
In these formulas, two unknown proportionality coefficients,
h and i,, are referred to as the osmotic and elastic contribu-
tions to the force, respectively, , is the separation distanc€
between the two adsorb€d surfaces, d is the size of a.ses-
ment of the pol!,rner chain 12.7A A. for PEO ̂ d 2.22 L for
PS from crystallographic datar'g '?r), ,fr' is the number of seg-
ments in the nonadsorbins part of the chain, ,s? is the ther-
mal enersy, a/R is the force between crcssd cylinders ha-
vins radius R, which is 2n times the eDerg per unit area
of interaction between parauel platesz, and o is a dimen-
sionless surface density of chains emanatins from the sur-
fae, o:d/6', where 6 is the average spacing bet'reen chains

The surface density (d) can be calculated from the data
of adsorbed amounts by assumins hercsonal packins of
spheres of polynerb. , and a/R re given by the published
exp€rimentally deteri:rined force ,s separalion distance plots,
which tre redu.ed to the dimensionles dista.e (d) ard
dimensionless enersy (€) based on o. The coefficients h and
r are then caldlated from Eq. (t) by using the least-
squares cure Efting method, giving the final i, and *, mlues
for PEO and PS of several molecutar weights in good
aqueous electrovte and toluene solvents.

Force ,s sepaiaiion prohes? i0r5 s repres€nt ihe onset
of repulsions as a tunction of separation distance, \t/hich is
the basis of the experinedally detefrined efieclive layer
thickness of the adsorbed chains, Z0 (exp), as measued by
half the rang€ for onset of r€pulsive interactions. The the-
oretically efiective sinsle layer thickn€ss of the adsorbed
chains, Zo, is given by consideration of the osmotic and elas-
tic contributions, Lo=L6/7).(k'/h")ltu.Na6n, wh,ch is also
ompared with the Ia (expl

Rerults and Dl6cu6sloir

The mlctrlated resulis from the published dataT 1ot5 { are
giv€n in Table 1. To some extent, a consistencJ of er-
perimental and theoretical iayer thickness vaiues of adsorbed
chaiDs (t0 (exp) ad Z!) tells that the theory is about corect
and suitabJe to study the steric repulsion prop€rties of PEO
in water. The remaining alata except Z! de inconsistent dd
are not easily cmparable with each other, which rnay be
largely due to the lack of cenainties of ei?erinentally deter-
nined-adsorbed amounts (the adsorbed amounts affect the
degree of osmotic and elastic contributions to the force). The
adsorbed amounts in the literat'rre are rough values, which
is verfied by the experimental facCettr6 that aI direct forc€
measurements betweer two adsorbed polymer surfaces show
difierent fcrce values. even for measurements at the same
nolecular weight and solvent conditions, i.e., ditr€rent inea-
sur€ments for the sarne sample produc€ the different results
(in part due to ditrerence in the adsorbed amounts of poly-
ner on the surface).

The r€Dulsive osmotic coefficient is increased due to in-
creased polymer concentntion in the intenudace sap as the
surfaces approach. The osmotic etre.t will dominate at very
hish conpressions?s and is expressed in Eq. (1). r Table
1 is looked at as a rough estimate, the osmotic coefiicients
&J are nearly similar for each different polymer-solvent sys-
tem in spite of the ditrerence of nolecular weight, which
means that the osnotic pressure is about the same for the
$me polymer-solveni systerns. The comparison of h values
for each difiereBt polymer-solvent system (about>l for PS

. toluene. 0.1{.5 fo{ PEo'toluene. and 0.002{.01 for PEO-
aqueous KNO3) show that toluene is a good soh€nt for PS
and PEO and the aqueous 0.1 M KNq solution is a solvdt
(not good) for PEO. Toluene is a bettei solvent for PS than
PEO which is also supported by ihe exp€rimental fact that
the PEO biock is adsorbed onto the mi@ and PS des not,
for PSPEO diblock copolymers in toluenerT. To have appro-
xiinately the same value of t1 for different molecular weight
PEo-water systerns, it is necessary to control the adsorH
amounts. It is also a prior condition that the adsorbed amounts
generally increase with adsorption of longer chainsro. The
same proc€dures are also applied for PDGtolune and
P9toluene systems. The results ale shown in Table 2. Com-
paring the Z0 lalues, PEO is less skectched in aqueous 0.1
M KNO3 solevent than in toleuene, which could be due in
part to a greater decrease in h in aqueous solvent. The
lower l?lue oI I, of PEO in aqueous ele.tro\te than in orga-
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M,
r ( m s  m , )

Lt/L, (Eo)

3.1x1$
4.0
0.004
0.12
3.95

4rx lcr'
3.2
0.004
0.03
8,6

3.1x1tr
t.6
0.2
1.43
3.6

1.6xltr
1.6
o.?
0.51
6.3

4.0x lcr
0 9
0.2
0.23
70.7

3.75x10
2.1
1.5
0.72
14.6

1.8X1rI
3.9
1.5
0.25
17.9

lll x lff
3.0
1.5
0.16
20.5

I.ble 2. The Revised Osnotic ed Elastic Coefficients of PEO ed PS in God Sohents with the Correction ol the Adsorba-

'tha Stmt Rctukitu Ptolcna ol Poltahtk te Ud'

nic solven! is also supported by the polymer-elvent interac-
iion pzrameter I (0.39 aDd 0.48 for PEo-toluenets and PEO
0.1 M KNG', lespectively). Values of I up to 0.5 are found
Ior systems showing complete miscibjlity, while for 1>0.5
the systelns are characterized by only limited miscibjlity,
with higher wlues of r correspondins to decreasing extert
of interaction of the two componentsl. In our preYious study",
the osmotic contribution has the nore effect on lhe chain
extension lhan the elastic contibudon. The vaiatiot of the
er value has the more elfect on the change of the layer
thickness of the chain in a good soivent.

The etrects of iL and l' values on the ste.ic for.e are
oppositei the increa* of osmotic contlibulion (lJ gives rise
to an increase of the spacits between chains in solvent, stre
tchirg them. On the other hand the elastic contriblfion (r:)
is a stiffness factor; its increase makes the chain more stilf
and less flexible, and harder to stretch. PEO i! water has
lower h and E, values than in other solvent syslems The
lower the h value, ihe less stretch (i.e., it is less etrective
for steric repulsion) of the cluin. On the other hand, the
lower the i, value, the more flexible the chain. The l, value
ol PEO in aqueous solvent is lowet than in any other investi'
gated polymer-solvent systems.

PEO is very flexible and nomllle. Lons fler.ible PEO
chains on the surlace have been called "molecular cilia" by
Nagaoka and coworkersr. Thus the prominent ster;. repul'
sion properties of PEO in water are nainly conlribuied by
rhF f le \ ibr l i ry .  whr l -  i "  probdbl)  .arsed by rhp lzr .e dcc-
rease in ,2 in spite of the decrease of h. On the other hand,
'hp reaar lable nre lchrns o(  lhe Pc cfa l  n  ,o luene is  main
ly attributed lo the large increase in the csmotic contribution
in spite of the increase of the elastic contribution. Table
2 shows that chanse of molecular weight has sreat iniuenc€
on the degree of ihe elastic contribution 10 ihe force and
also on the layer thickness (t0) (the osmotjc contribulion
is assumed to be constant for the same polymer-solvent sys'
ten, even if the molecular weight of polymer is varied). t0
can be compared with the fully extended layer thickness
(contour lensth)6, L,=aN. klL, values are shown in last
row of Table 2. The chains are stretched to about 3 1{) 209c
ol then fuly extended length accordins to their moiecular
weight. Considering the effect of sohent on PEO, fcr a siven
nass oi polymer the tolr. ralues are similar for each PEO-
solvent systems in spite of the larger decrease n) tr value
in aqueous electrolyte, which could be due to a decrease
in l? value and the difl€rence in the .onformation of the
PEO in organic solvents and in water PEO in orsanic sol-
vents €xists as a random coil, whereas in water its confornu-
tion is helicalryr3. As the moiecular weisht of the polymer
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is decreased, rhe nti,o, Lr/L,, is increaesed, mainly due to
the larger decrease of the elastic contribution. The chair
is actually more flexible and stretched, as ihe chain is shod-
ended. Thirs lhe longest chai. of PEO in water without any
flexibility may not be eflective for stenc repulsion, which
is supported experimentallt' and theoreticalb}s by some
investisaiors. A suitable length of PEO with higher flexibility
(hisher I04" value) is appropriate for steric repulsion, i.e.,

Conclusion

We examined the nain factors in the prominent stenc
repulsion prop€lties of PEO adsorbed surfaces in water, con'
sidering the osnoiic and elastic contributions to the steric
repulsion force. As the elastic contribution of the polyner
chain in a go,)d solvent is lowered, lhe stiffness is low€red,
and the fletibility is ilcreased. PEO in water has the highest
flexibility, probablr' .aused by haUng the lowest elastic cont-
ribltion. The proninent steric repulsion properties of PEO
adsorbed surlaces in i',ater may be mainly due to the greater
contribution of an elastic factor lhan an osmotic one. Compar-
ing the osmotic conlributions of various polymer-solvent sys-
tems, water may not be a very good solvent for PEO, and
toluene is a good solvent for both PEO and PS, but it is
a berter one for PS. The layer thickness of the chains is
mainly contlolled by the osmotic factor, so longer chains
are obsened in Ps-toluen€ than in any other polyme.-sol"
ven! system because of higher osmotic contributio. to the
steric repulsion force. As lhe moiecular weight of the poly-
mer js lorered, the chain is more stretched io its fully ex-
tended state and is nrore flexible. Thus a noderate lenglh
of PEO with hisher fletibility shoutd be mote suitable for

Acknowledgcmenr. This work was suplorted by the
research fund lrom the Kansnuns NatiDnal University, 1991.

Relerences

L D. E. Cresonis, D. E. Buerger, R. A- Van Wageten, S.
K. Huntea and J. D. Andrade, Bionaterials 84, Tmr
56. Bionater., 't, 76 (lg8l.:).

2. J. D. Andrate (Ed), "Surface ad Interfacial Aspects of
Biomedical Polymers", Ch. 1, Plenun Press, New York,
1985.

3. J. D. Andrate, S, Nagaoka, S. Cooper, T. Okano, and S.
W. Kin,,4S,4IO l, r0, 75 (1987).

4. J. H. L€e, "Intera.tions of PEo'Containins Poiymeric Su-
rfactants with Hydropbobic Surfaces", Ph. D. Thesis,



218 Bdl. Kotdn Chen. S@., vol tZ No.3, 1992

University of Utah, r98€.
5. W. R Gornbotz, A" S. Hofiman, J. M. Harris, B. Hovanes,

G. H. Wang: and A SaFanj, "ItiPAC Macrornoiecules Sy-
mposium", Seoul, Korea, June, 1989.

6. P G. de Gennes, Ann. Chi,,t" Tl, Xg (1987).
7. H. J. Taunton, C. Toprakcioglu, L J. Fetters, and J. Klein,

Nat re (Indot), 33Z 7r2 0988).
8. J. Klein and P. L\ckhalx., Nature (tn'dor). 30s, 429

(1982).
9. J. Klein and P. Luckharn, Maemnohe.les, r7, 1041 (1984).

10. P. Luckham and J. Kein, MarMale&la| rE, 721 (1985).
11. J. N. Israelachviii and G.l. Ldans,I. Cha,n. Soc., Farodar

Trans. 1, 79, 975 (\578).
12 S. J- Alemdea I Phts. (12: U;s -p/.) 38, 983 (1977).
r3. P. G. de Gennes Acad Sci. Para, 100, 839 (1985).
14. S. Patel, M. Tinell, a d G. Il.adziioaano\ Co oids Sut,

3r, 157 (1988).
15. P. F. Luckham and J. KleiJ:,,J. Chen. Soc. Farana! Trdhs.,

' 86, 1363 (1990).
16. I Klein and P. F. Luckham, Ma$omolea!1es, 19, 2..n7

(1986).
l?. H. J. Taunton, C. Toprakctd!, ar]d I. rJe;n, Mac,onotear

lrs 2r, $33 (1988).
18. H. J. Taunton, C. Topracioslu, L J. Fetters, and J. Klein,

ACS: Di". ol Polln. Chen. (PoUn. herintg, 30, 3ffi

(r989).
19. H. Tadokoro, Y. Chat"ni, T. Yoshihara S. Tahara, and

M. M]Jfah?shi, Mahrc,,'ot. ChrnL, 13, \ffi \1fi4).
20. }l Takhashi and H. Tadokoro, Maeftnoledb:, 6,672

(1973).
2r. J. Brandrup and E. H. Immeaut (Eds.), 'Pobmer Hard-

book", 3rd ed., Willey'Irterscience, New Yorl, 1989.
22. J. N. Israelachvili, 'Intermolecular and Surface Forces",

Aqdemic Press, New York, 1985.
23. n J. Ansorena, M. J. Fernrndez-Berridi, M. J. Bardndia-

ran, G. M. Guzman, and J. I Iruin, Polrn. B1tIl., 4,25
($8r).

24. B. Vincent, P. F. Luckham, and F. A. Vlaite, J. Colloid
Iktdue Sc;., ?3, 508 (1980).

25. S. L Jeon, J. H. I€e, J. D. Andrade, and P. G de Gennes,
L CoUoid Ikterla.a Sr:, r42, 149 (1991)-

26. G Hadziioannou, S. Patel, S. Granick, and M. Tineil,
J. An. Che,n. Soc, 106, 2869 (1986).

27. S. H. Meon and F. E. Filisko, L Ma.TonoL Sci., R6, 57
(1972).

28. S. H. Maron and n E. Filisko,l Maoonol Sci., 86, 79
11972).

29. S. L,Jeon and J. D. A\dfttq J. Cauoid l"da& Sci., r42,
159 (1991).

I

*



352 hl|. K@?at Chm. SN., vol. u. Na 3. 1993 Sakc It lenh od J6eth D. Andnd.

Analysls of Steric Bepulsion Forces in Atomic Force Mlcroscope
with Polyethylene Oxide in Aqueous Media

Sans Il Jeon' and Jeseph D. Andrader

Derartt eht of Ch4nitrr, Kansnuns Natbnal Unirerit!, Kansm.ns 210-7A2
l Depannenb ol B;reftCinehkg 611d Mdtetkls Science, Uni"erciu af Uttl.

Salt l"'ke City, Utah 84112, U.S.A., Receired October 2Z 1992

We p.esent a theoreti.al dalysis for the use of long trge intenolecular steric repulsion forces for imaging by
atomic force mido$ope (AIM). Polyethylene oxide (PEO) is assuDed to be leiminally attaching to a spheri.al AIM
tip in aqueous media. Only two long{ange intemolecular forces (van der Waals attmction &d steric reprlsion) de
considered. All slculated lorces are rear 10 11 N, which should not produce defomation ol th€ soft protein surface.
Calculations are p.esented as a lunction of surface density ed chain lergtfi of terminally attached PEO, and other
vdiables. lrnge. chair leneth dd ndimal surface density of terminally atLached PEO to a snaUer sized spheriol
AFM tip (modilied A-FM system) is appropriale io obtain optimum images ol proieins on the surface.

Inlroducllon

The atomic force nicroscope (AIM) can be used to obtain
atonic smle images of observable surfaces' '. The imasing
contrast origjnates trom intermolecular forces between the
tip and the surface. The sample need not be a conductor
to be imaged. The surfaces to b€ imaged can also be in
an aqu€ous environment3!, which enables one to realistically
iMse biologicl systems dd monitor biological processes
in real time. Most AFM research is performed in an air
nedia1z56 using short-mnge intermol€drlar forces". Long
ranse intermol€cular forces can reduce the risk of danase
of the soft protein surface- Long-range intermolecular forc€s
thai have been utilized with the AFM are van der Wels
force' in air and va der Waals dd electrostatic forcesro

Polymers attached on solid surfaces immersed in a liquid
medium are protected asainst assresation by steric stabiliza-
tionn u. There exist long-range steric repulsion forc€s be-
tween two surfac€s bearing such adsorbed polymer layers.
These repulsive forces often exceed the long-ranse van der
Waals and electrostatic fofces acting between the bare sur-
fac€s'g. Polyethylene oxide (PEO) surfaces are becoming rec'
ognized as exhibiting strongly reduced protein adsorptionr' h.
The protein-resistant character of PEO is generally recosni-
zed as a sieric siabilization effect. The origin of these repul'
sive forces is attributed io two componenis?r a: the osmotic
and elasiic comlonents. Th€ osmotic cornponent aris€s from

the local increase in chain se$ent conc€nlration upon com-
pression resulting in the developnent of an osmotic pres'
sure. The elastic component arises from the chain sesments
that have a tendency to etend themselves upon compres-

PEO can be attach€d to AFM tips of different sizes. The
attached PEO can vary in molecular weisht (chain length)
and in number of chains per unit surface area (surface den-
sity), the 2 major molecular factors in steric repulsionr"0.
ln this paper we present a qualiiative theoretical analysis
of the steric retulsion forces of PEO attached to a spheri€l
AFM tip intemcting with a sofl protein sample surface as
a function of the slrface density and chain lensth of PEO
with the variation of the sizes ol tip and sample surface.

Modeling

The shape oI the tip is pyramidal and terminates in a
point; the apex of the pyramid is approximated as a sphere'".
PEO is assumed to be a neutral homopolyner with linear
ad flexible chains teminally attached to a spherical AFM
tip (Ficure 1(a)). The su:face is assumed to be a hlpotheti€l
cylindrical protei! adsorH on mica Although there can be
vanous cylindrical shapes on the surface. onl) one unique
cylindrical surface is considered (Figures 1(a)). It has a shap€
of circle from a top viey'. The surface is treated as one
circle because that the assumed cylindrical surface is posi
tioned under the PEO attached AIM tip and we consider
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Figur€ r. (a) Our model Eeometry, consisting of a spherical
tip with teminally attached PEO chains and snple surface of
cylind.iel shapes. (b) One circular surlace is moved lateralb
while ihe noditied tip is fixed G€nring). The inrefrolecula!
rorces beLween them de calculated as a function of the degree
oi rateral displacenent oI the circular s\tfue, ,, shete r
is the dist&.e lron the orisinal circular center to the disptaced
.ircular center and d, is the radius of sanple suface or assuneo
circdar shape. a, a|d , is the radius of assuned sphericjl tip
and the distance between the terminally attached PEO chains,

only the long-rang€ inte.molecular forces berween rhem
(Figure 1(b)). The attached PEO chains exhibir steric reputs-
ion folce upon conpression',i0.

The @cial parameters are the distece , Derween the
teminally attached PEO chains to the AfM tjp, a measure
of ib€ sudace chain density, the degee of pollraerizarion,
N, a measure of the chain length, tie radius of crcular sur-
face, d,, a measure of the size of adsorbed protern on mu,
and the radius of spherical tip, a1, a m€asur€ of the AIM
tip size (Figu.e 1(b)). Only the "brush" case is consideredrr.

Method

Considercd longirnse intemole.ular forces in aqueou,
nedia for our modified AFM system are van der Waats and
steric repulsion (electrostatic forces are isnored because
of the atiached neuhal PEO chains',io). The non-retarded
l,n der Waals force between the large spherical AIM tip
a.d one small circle surface across the tenninally attached
PEO med;a is given as,:
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F(rn@: m", . j-

where ,4 is ihe Hamai<er constanr',& between the AIM tip
and protein adsorbed circle surface across a medium (pEO
in water)r d, is the radius of circular protein ('al is the
area); Z is the separation distance between the spherial
AIM tip and circular protein surface. The long-ranse rep1]t-
sive steric force of the PEo,modified tip under lhe effeci
of cilcular protein is calculated as the sreric repulsion force
per unit sudace areaH'g multipl;ed by Id,?:

r  s t - " , '  e f : ( 7  i  l ' - N " r " r  5 I ' l r L " , '  r ! i 's h  "  4 L o L L  l "
(2)

where , is ihe Boltzman constanti 7 is ihe absolute tem,
perature; a is the mononer size of PEO (2.78 ili6; X is
the degree of polymerization; d is the surface density of
PEO (6:a'/Ij)i Lr ;s rhe th€oretical equilibrium layer thick-
ness of terminally attached chains in a good solvent systen,
La=(5l7.htk,J1/JaN6r3t and the f, and i2 are tne osmonc
and elastic contributio! of PEO chains and siven as 0.004
dd 0.03. rcspe.tnel). wfrch rre dtsus*d rr our pre\roL,:

We assume a minimun detectable force of 10 ,1 N,s,
thus minimiring sample damase. To obtain the AIM derecF
able real long'range force, the attractive van der Waals force
is added to _!he steric repulsion force. The individual and
combined force (F:FIVDW)+F(S)) calculations were per,
formed usins ?r' mlues from 50 to 150 and , values irom
5 to 11 A for the varhtiofl of separation distances between
lhe spheriol tip and one circular protein surfac€.

AFM scanning involves the lateral novement of the sain-
ple with respect to the tiplrr,. If the separation distance
between rwo centers increases, the interaction force be-
tween them is decr€s€d (Fisure 1(b)) (cantant "height" meth-
od,a 'F.  Tne .a 'e o l  rhc de(reale of  thc lorce our ing d \on
can affect the @ntilever deflection, and the "resolution" of
the imase of one circular surface.

Results and Dlscu3slon

Th€ larser steric repulsion forces are reduced by the at-
tractive wn der Waals forces. The combined force must be
considered in the following text (the torce means the com-
bined force if without any remark). The conbined force is
also compded with tbe attractive van der Waals iorce (re,
sultjng from our bare AFM tip without any attached polymer
chains). The increase of the forces above 10 Lr N can damage
the protein surface!23. Maintxining the forces at aboui 10 '1
N is imlortant in AIM neasurements without the danage
of sample.

Separation distances betwe€n the tip and one circular sur,
face, maintainins a force of 10 rrrV, are calculated as a furc-
tion of the circular surface area for diftelent surface density
and chain lensth of terminally attached PEO (Iisure 2). To
hav€ the meit of using the steric repulsion forces of the
modilied AFM system compared v,/ith the unmodified ones,
the spearation distances with maintaining the combined force
at 10 r! }{ must be longer than those with the van der Waals
force ol l0 rr N (the tip must closely approach io the sorface

353

(1)

O *

f-D-l, ' , ,%
€€

(b)

oltrD_,
l.-.1 l



354 Bull. KMar ChenL Sac, VoL 14, No. 3, 199: Sa,s 11 JeM and lserh D Andnde

t 0 5

9 0

1 5

'3

JO

1 5

1 0  1 5
., (n)

20 2-.

Ftsure 2. The spdation distance, ,, plotted asainsl vdious
sizes of circular surfac€s ror 2 different , vaiues (5 and 6 A)
2r N=50, 3 differenr, values (5, ?, ̂ and 9 i) at N= 100, dd
4 rlilferen! D elues (5, 7, 9, and u A) at N=150, maintaininc
a constei combined lorce of 10 I'M The sepdation distances
with maintainins a conslant absolute €lue ol vm der Wa2ls fore
oi 10 'r N are also inserted tor conpanson.

of sample to detect the van der Waals force of 10 1't{,

and then the tip can damage the surface4)- It can be achiev_
ed by the increase of surface density and chain leneth of
PEO attached to the AFM tip. The dislanc€ between the
terninally attached PEO chains, D, above 5 A must be con
sidered beouse the surface density of crl,sta.lline PEO is
036Lce5' The distatcesr ,, lonser than 6 A for rV=50
9 A for = 100. and 11 A for N:150 produce a combined
force lower than the absolute value of van der Waals force
in our studied range of circular surlace size, meanins the
loss of steric repulsion concept under the assumption of only
two long-range forces (steric and lan der Waals) The dis
lance betweer the terminally attached chains must be shor-
ter (bisher density) than the above criticzl values to have
the conbined force detectable at 10 Lr]{ The sePeation
distances b€tween the modified AIM tip and the sample
surface increase with increase of obsenable protein surface
size and the exlent is greater at longer chain length of PEO.
Maintaining lorces of 10 'r N at longer separation distances
can be obtained by higher surface density and longer chain
lensth oI PEO. This is desirable for AFM measurements
because operation of AIM at shorter sepamtion distanc€s
between the AIM tjp and !h€ ciicular surface can induce
abrupt attraction of the'tip to the subskate (the tip adheres
strongly to the substrate end can be withdrawn only with
difficulty), and can deform and distort the adsorbed protein
suiface*or. The higher surface density of attached PEO
is very difficult to obtain experimentallyt'?w. Itnger chains
with expernnentally obtainable higher sutface densiry of PEO
must be attached io the AIM tip to get the larger steric
repulsron fore5 ar longer .epararion drstances.

As lhe scan is made, the larger spherical tip with PEO
is fixed and the smaller circular surface is moved laterally

0 0

t /2a,
Flgur€ 3. {a) The conbined force a, and (b), its relative value,
F,f", plotted against the lateral displacement oI one circle, /24,,
foi 3 different separation distances (L=20, 22, aad U L) ar
,Y:100 and r=5 A, 3 different chain lensths (N= 100' 120' and
L4o) ar L:n A aa o=s A, dd 3 diffeteni surlace densitv
(r=5, 6, and 7 A) at Z=20 A and,v=100 as the scan is made.
u, and u, are fixed at 100 A dd 10 A, respectivelv. a the lorce
between tip and one cirtuld surface at dv lateral movement
of the surface (during senning) ditided by, ro, the starting ior@
beiween tip dd assumed center circular surface jtrr nnder the
tip O€fore wnnind, t:a, l',f0, sives the relaiive value ol the
combined fo.ce.

under it, exhibiting gradually declining lory-range internole-
cular forces between them (Figure 1(b)). The combined long-
range intermolecular forces are calculated as a funclion oi
the lateral movement of ihe circular surface from the tip,
represented as d2,, where / is the distance irom the orisi-
nal circular center to the displaced circular center and a,
is the radius ol assumed single circrnar surface. First' we
exanine the efiect of variation of the separation distance
between the constant sires of tip and circular surface' and
the desree of polyinerization and the surface densitv of at-
rached PEO, to the combined intermolecular force (Figure

- 0



Aiatrsis al Steric Retubiot FNes in AFM

1 . 0

o oo'
r /2. ,

Ftgqt€ 4. The relative ralue, ar, plotted against /2u, fo. 4
d"rerent sizes of assumed .ircular surface (a?=7,8, 9, and 10
A) at a,=100 A and a different s;es oI assumed sphenal 6p
(@,=100, 120, 140, and 160 A) at a?=ro A. t,,q and D de
fixed at 20 A, 100, ed 5 A, resp.ctively.

3(a)). The force is sradually decreased as the scan is made
Ior all of our examined cases. To conpare the e\tent of
decreasing fo.ce for the lateral molemen! of the circular
sudace, the calculated force is expressed as a relative mltre,
which affects ihe degree of cantilever defledion and gives
a roush estimate of the 'resolution" oI surface imase (Fisure
3(b)). The diference of slopes is slisht. The interested one
is that lhe increase oI chain lensth and surface density of
PEO induc€s a Iarger increase of the lorce (Fisure 3(a)),
but the relative force has no profoud difference (Fisure
3{b)). Thus "resolution" is not affected, but the force is
easier to detect by AIM. If the un,modilied AFM cannot
detect the sftaller intermolecuiar force at some longer sep
aration distance because of instrumental limitations, one
must increase the detectable force by deciease of separation
distance. Th€ AIM can detect the larser force, but the closer
approach of two surfaces (tip and sanple surlace) can induce
attraction between them; perhaps deforning the surface'z3r3r.
Ali of these problems are alleviated with the nodified AFM,
obtained by increasing chain length and surface density of
the attached PEO, allowing longer separ:tion d'stances to

A larger circular surface decleases the intermorecuEr
force more steeply and can sive a finer circle image (Fisure
4), which may be a naturally occurring consequence. AFM
tip sire has aLs to be deqreased at a fixed chain lensth
and surface density of PEO to obtain a finer surhce image
.:a, the smaller the lip size, the better the 'resolution" (Fig-
ure 4).

Modified AFM tips to p€rmit detectable force at relatively
Ionger separation distances and with minimal sample sudace
deformation require the followins conditions: longer chain
length and maximal surface density of terminally a$ached
PEO to the smallest poss;ble AFM tip. The surlace density
is more important than chain length in maximizins the steric
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Conclusion

This study is based on the assumption of PEO chains ter-
minally atached to a spherical AIM tip in aqueous media,
interacting with one linite circular "protein" surtace (ie, mo-
dified AFM system). Only two lonsjanse intermolecular
forces betweer the tr,!'o surfaces are assumed: van der Waals
altraction and steric repulsion. To obtain an estimate of lhe
total force detected by the AIM, the two individual lorces
are combined. The combined forces are calculated as a func
tion of surface density and chain lensth of PEO, as well
as other variables, and compared with the absolute values
of the En der Waals force io oblain the use of long-range
steric repulsion force. To get the AFM detectable combined
force of 10 " N at relatively longer separation distance, an
increase in surface density and chain length oI PEO is neces
sary. The best conditions for N=50, lr'= 100, and N=150
require the chains on the surface to be less lhan 6, 9, and
11 A apart, respeclively. The intemolecular forces between
the spheriol AFM tip and one circular protein surface de-
crease with an increase in separaiion distance. The longer
separation distances, while mairtainins forces of 10 " 1{
(which mininally deform the "protein" surface dd are more
desirable for AFM), @n be obtain€d by higher surface den'
sity and longer chain length of PEO. The variation of surface
density and chain length of PEO affects the masnitude of
the sleric repulsion force, but does not significantly ajfect
the "resolution". "Resolution" is improved by the decrease
of tip size.
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Abstract

One of the most widely used analytical techniques for sensitive detection of biologically and clinically significant analytes is
the immunoassay. In recent years direct immunoprobes allowing label-free detection of the interaction between the antibody
and the target analyte have proved their capabilities as fast, simple, and nevertheless highly sensitive methods. Cloned enzyme
donor immunoassay (CEDIA) homogeneous assay is based on the bacterial enzyme b-galactosidase, which has been genetically
engineered into two inactive fragments, enzyme donor and enzyme acceptor. Reassociation of the fragments in the assay forms
active enzyme, which acts on substrate to generate a colored product. A comprehensive kinetic model of CEDIA is developed
to aid in understanding this method and to facilitate development of a truly homogeneous version, potentially applicable to a
dipstick-type multianalyte point of care analytical device (ChemChip). Although the standard assay involves a two-step process,
we also chose to model a single-combined process, which would be simpler to apply in a ChemChip device. From the modeling
simulation, we obtain the time courses of the amounts of product and active enzyme, from which the dynamic ranges can be
obtained as 10!6–10!7 and 10!5–10!7M analyte concentration for two-step and single-combined processes under the conditions
of the assumed parameters, respectively. A simple one-step immunoassay has the merit of reducing time and cost and has an
improved dynamic range.
! 2004 Elsevier Inc. All rights reserved.

Keywords: CEDIA immunoassay; Modeling; Analyte; Enzyme acceptor; Analyte-conjugated enzyme donor; Primary antibody; Secondary antibody;
Association and dissociation rate constant; Affinity constant; Dynamic range

Immunoassay has become one of the most widely
used analytical techniques for sensitive detection of
analytes, such as hormones, drugs, tumor markers,
specific proteins, viral antigens, etc. Point of care test-
ing applications have also been developed. Improve-
ments in both antibodies and detection systems have
resulted in increased sensitivity of immunoassays.
For many years radioactive isotopes were used as la-
bels. However, concerns with regard to safety and dis-
posal resulted in the move toward nonradioactive

labels [1]. Fluorescent, luminescent, and enzyme labels
are now frequently used in commercially available as-
says. Of these labels the most commonly used reporter
molecule is the enzyme, because it introduces signal
amplification through turnover of an appropriate sub-
strate to detectable products [2]. In recent years direct
immunoprobes allowing label-free detection of the in-
teraction between the antibody and the target analyte
have proved their capabilities as fast, simple, and
highly sensitive methods. A major breakthrough in im-
munoassay technology was the introduction of the ho-
mogeneous immunoassay, which did not require a
physical separation of the bound and unbound frac-
tions, much simplifying the assay and allowing it to
be potentially applicable to a simple, quantitative
‘‘dipstick’’ format.
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Cloned enzyme donor immunoassay (CEDIA)2 ho-
mogeneous assay (Figs. 1–3) allows highly sensitive
detection of low-molecular-mass analytes without sepa-
ration steps. It is based on the bacterial enzyme b-galac-
tosidase, which has been genetically engineered into two
inactive fragments, enzyme donor (ED) and enzyme ac-
ceptor (EA) [3–5]. Complementation of ED and EA
forms an active enzyme. The covalent attachment of an-
alyte or ligand to ED does not affect the ability of EA
and ED to form active enzyme. Analyte present in a
sample competes for binding to the limited number of
antibody sites, making ED–ligand conjugate available
for enzyme formation. Thus, the amount of enzyme
formed is directly proportional to the analyte concentra-
tion in the sample.

We have chosen to develop a comprehensive kinetic
model of CEDIA [3,4] to aid our understanding of this
method and to facilitate development of a truly homoge-
neous version potentially applicable to a dipstick-type
multianalyte point of care analytical device (ChemChip)
[6]. This model simulates all the parameters used in the

experiment, modeling the association and dissociation
rate constants for each reaction taking place in the CE-
DIA. The model allows for optimizing conditions in the
real experiment, helping determine the detection limit of
analyte in the sample, and in estimating dynamic range
of the assay. It is understood that the commercial kit
likely includes a variety of additives and/or excipients
which are not considered in the model to follow.

Modeling

Modeling is based on the Microgenics valproic acid
(VPA) CEDIA kit experiment [7] (www.microgen-
ics.com). This commercial CEDIA kit is designed to per-
form the procedure in two steps.

2 Abbreviations used: A, primary antibody or antibody; Ab,
secondary antibody; CEDIA, cloned enzyme donor immunoassay; E,
active enzyme; EA, enzyme acceptor; L–E, analyte-conjugated enzyme
donor; E–L : A, binding complex between analyte-conjugated enzyme
donor and antibody; ES, enzyme–substrate complex; L, analyte,
ligand, or antigen; L : A, binding complex between one antibody and
one analyte; L : A : L, binding complex between one antibody and two
analytes; E–L : A : L, binding complex between antibody, analyte, and
analyte-conjugated enzyme donor; E–L : A : L–E, binding complex
between antibody and two analyte-conjugated enzyme donors; Bab,
binding complex between primary and secondary antibodies; P,
product; R1, reagent 1; R2, reagent 2; S, substrate; VPA, valproic
acid; ED, enzyme donor.

Fig. 1. Schematic representation of step 1 of CEDIA kit experiment
[7].

Fig. 2. Schematic representation of step 2 of CEDIA kit experiment
[7].
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Step 1. Sample with analyte (valproic acid) is incubat-
ed with reagent 1 (Fig. 1), containing anti-analyte
(anti-VPA) mouse monoclonal antibody (mAb) and an
enzyme acceptor. L, A, and EA in Fig. 1 represent
analyte, anti-analyte antibody, and enzyme acceptor,
respectively.

Step 2. After incubation of sample with reagent 1 in
step 1, reagent 2 (upper part of Fig. 2) is added. Reagent
2 is a liquid mixture containing VPA-conjugated enzyme
donor, secondary antibody (goat anti-mouse IgG second-
ary antibody), and substrate for b-galactosidase, which is
also pictured in Fig. 2. L–E, Ab, and S in Fig. 2 represent
the VPA-conjugated enzyme donor, secondary antibody,
and substrate forb-galactosidase, respectively.

After addition of reagent 2, colored product of catal-
ysis by b-galactosidase is monitored as a function of
time via absorbance (standard spectrophotometric as-
say). Fig. 3 briefly describes the generalization of the
two-step CEDIA procedure.

Methods

The Scatchard model is the most widely used mathe-
matical approach to the quantitative description of the
multiple equilibriums taking place when an antibody
binds reversibly to an analyte molecule [4]. The Scat-
chard model focuses on the individual binding sites of
the antibody and applies the law of mass action for each
site, defining the affinity constant (association constant)
Ki and assuming that the affinity of each particular site
for the ligand is not influenced by the extent of occupan-
cy of the other sites (independent and noninteracting
binding sites). The reaction between antibody and ana-
lyte may be simplistically described:

AntibodyþAnalyte

$ki
k"i

Binding complex between antibody and analyte:

Here, ki is the association rate constant and k"i is the
dissociation rate constant. The ratio of the two rate con-

stants gives the equilibrium constant Ki, which repre-
sents the final ratio of bound to unbound analyte and
antibody. It is also known as the affinity constant,

K i ¼
ki
k"i

¼ ½binding complex between antibody and analyte%
½antibody%½analyte%

:

Step 1

Step 1 involves antibody (A) reversibly binding to a
ligand molecule (L, antigen or analyte; depicted as n
in (Fig. 1). The antibodies are assumed to have two
equivalent binding sites, i.e., they are divalent. The reac-
tions are

LþA$K1
L : A ð1Þ

and

L : Aþ L$K2
L : A : L ð2Þ

All of the parameters (symbols) and rate constants of
step 1 are given in Table 1.

The rates of reaction are represented as four differen-
tial equations with four unknown parameters: L, A,
L : A, and L : A : L.

Fig. 3. Simple description of two-step CEDIA homogeneous immunoassay.

Table 1
Rate constants and parameters in Step 1 of CEDIA

Rate constants

K1: affinity constant
for reaction (1)

k1: association rate constant for reaction (1)
k"1: dissociation rate constant for reaction (1)

K2: affinity constant
for reaction (2)

k2: association rate constant for reaction (2)
k"2: dissociation rate constant for reaction (2)

Parameters (symbols); L ( ): analyte in reactions (1) and (2); A ( ):

antibody for the analyte in reaction (1); L : A ( ): binding complex

between one antibody and one analyte in reactions (1) and (2);

L : A : L ( ): binding complex between one antibody and two ana-

lytes in reaction (2).
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d½L"
dt

¼ k$1½L : A" $ k1½L"½A" þ k$2½L : A : L"

$ k2½L : A"½L": ð3Þ

d½A"
dt

¼ k$1½L : A" $ k1½L"½A": ð4Þ

d½L : A"
dt

¼ k1½L"½A" $ k$1½L : A" þ k$2½L : A : L"

$ k2½L : A"½L": ð5Þ

d½L : A : L"
dt

¼ k2½L : A"½L" $ k$2½L : A : L": ð6Þ

Step 2

In the standard CEDIA kit [7], first the analyte and
antibody are mixed and incubated for a fixed time (step
1), and second the analyte-conjugated enzyme donor
(L–E), the second antibody (Ab), and the substrate (S)
are added (step 2) (Fig. 2). All of the reacting species
participating in the reactions are involved in step 2.
The possible interaction and reaction schemes of step
2 are:

LþA$K1
L : A ; ð7Þ

L : Aþ L$K2
L : A : L ; ð8Þ

L–EþA$K3
E–L : A ; ð9Þ

E–L : Aþ L$K4
E$ L : A : L ;

ð10Þ

E–L : Aþ L–E$K5
E–L : A : L$ E

; ð11Þ

L : Aþ L–E$K6
E–L : A : L ;

ð12Þ

L : A : LþAb$K7
BAb ;

ð13Þ

E–L : A : LþAb$K8
BAb

; ð14Þ

E–L : A : L–EþAb$K9
BAb

; ð15Þ

L–Eþ EA$K10
E ; ð16Þ

Eþ S$K11
ES ; ð17Þ

and

ES$K12
Eþ P ð18Þ

All of the parameters (symbols) and rate constants
used in reactions (7)–(18) are summarized in Table 2.

The rates of reaction are represented as 15 differential
equations with 15 unknown parameters:

d½L : A"
dt

¼ k1½L"½A" $ k$1½L : A" þ k$2½L : A : L"

$ k2½L : A"½L" þ k$6½E–L : A : L"
$ k6½L : A"½L–E"; ð19Þ

d½E–L : A"
dt

¼ k3½L–E"½A" $ k$3½E–L : A"

þ k$4½E–L : A : L" $ k4½E–L : A"½L"
þ k$5½E–L : A : L–E" $ k5½E–L : A"½L–E";

ð20Þ

d½L"
dt

¼ k$1½L : A" $ k1½L"½A" þ k$2½L : A : L"

$ k2½L : A"½L" þ k$4½E–L : A : L"
$ k4½E–L : A"½L"; ð21Þ

d½L–E"
dt

¼ k$3½E–L : A" $ k3½L–E"½A"

þ k$5½E–L : A : L–E" $ k5½E–L : A"½L–E"
þ k$6½E–L : A : L" $ k6½L : A"½L–E"
$ k$10½E" $ k10½L–E"½EA"; ð22Þ

d½A"
dt

¼ k$1½L : A" $ k1½L"½A" $ k$3½E–L : A"

$ k3½L–E"½A"; ð23Þ

d½L : A : L"
dt

¼ k2½L : A"½L" þ k$2½L : A : L" þ k$7½BAb"

$ k7½L : A : L"½Ab"; ð24Þ
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d½E " L : A : L#
dt

¼ k4½E–L : A#½L# " k"4½E–L : A : L#

þ k6½L : A#½L–E# " k"6½E–L : A : L#
þ k"8½BAb# " k8½E–L : A : L#½Ab#;

ð25Þ

d½E–L : A : L–E#
dt

¼ k5½E–L : A#½L–E#

" k"5½E–L : A : L–E# þ k"9½BAb#
þ k9½E–L : A : L–E#½Ab#; ð26Þ

d½EA#
dt

¼ k"10½E# " k10½L–E#½EA#; ð27Þ

d½E#
dt

¼ k10½L–E#½EA# " k"10½E# þ k"11½ES#

" k11½E#½S# þ k12½ES#; ð28Þ

d½Ab#
dt

¼ k"7½BAb# " k7½L : A : L#½Ab# þ k"8½BAb#

" k8½E–L : A : L#½Ab# þ k"9½BAb#
" k9½E–L : A : L–E#½Ab#; ð29Þ

d½BAb#
dt

¼ k7½L :A :L#½Ab#" k"7½BAb#

þ k8½L–E :A :L#½Ab#" k"8½BAb#
þ k9½E–L :A :L–E#½Ab#" k"9½BAb#; ð30Þ

d½S#
dt

¼ k"11½ES# " k11½E#½S#; ð31Þ

d½ES#
dt

¼ k11½E#½S# " k"11½ES# " k12½ES#; ð32Þ

and

d½P#
dt

¼ k12½ES#: ð33Þ

Table 2
Rate constants and parameters in step 2 of CEDIA

Rate constants

K1: affinity constant for reaction (7) k1: association rate constant for reaction (7)
k"1: dissociation rate constant for reaction (7)

K2: affinity constant for reaction (8) k2: association rate constant for reaction (8)
k"2: dissociation rate constant for reaction (8)

K3: affinity constant for reaction (9) k3: association rate constant for reaction (9)
k"3: dissociation rate constant for reaction (9)

K4: affinity constant for reaction (10) k4: association rate constant for reaction (10)
k"4: dissociation rate constant for reaction (10)

K5: affinity constant for reaction (11) k5: association rate constant for reaction (11)
k"5: dissociation rate constant for reaction (11)

K6: affinity constant for reaction (12) k6: association rate constant for reaction (12)
k"6: dissociation rate constant for reaction (12)

K7: affinity constant for reaction (13) k7: association rate constant for reaction (13)
k"7: dissociation rate constant for reaction (13)

K8: affinity constant for reaction (14) k8: association rate constant for reaction (14)
k"8: dissociation rate constant for reaction (14)

K9: affinity constant for reaction (15) k9: association rate constant for reaction (15)
k"9: dissociation rate constant for reaction (15)

K10: affinity constant for reaction (16) k10: association rate constant for reaction (16)
k"10: dissociation rate constant for reaction (16)

K11: affinity constant for reaction (17) k11: association rate constant for reaction (17)
k"11: dissociation rate constant for reaction (17)

K12: association rate constant for reaction (18)

Parameters (symbols). L ( ): analyte in reactions (7), (8) and (10); A ( ): antibody for the analyte in reactions (7) and (9); L : A ( ): binding

complex between one antibody and one analyte in reactions (7), (8) and (12); L : A : L ( ): binding complex between one antibody and two analytes

in reactions (8) and (13); L–E ( ): analyte-conjugated enzyme donor in reactions (9), (11), (12), and (16); E–L : A ( ): binding complex between

analyte-conjugated enzyme donor and antibody in reactions (9)–(11); EA ( ): enzyme acceptor in reaction (16); E ( ): active enzyme in reaction

(16); Ab ( ): secondary antibody in reactions (13)–(15); Bab ( ): binding complex between primary and secondary antibody

in reactions (13)–(15); S ( ): substrate in reaction (17); ES ( ): enzyme–substrate complex in reaction (17); P ( ): product in reaction (18); E–

L : A : L ( ): binding complex between one antibody and one analyte and analyte-conjugated enzyme donor in reactions (10), (12) and (14);E–

L : A : L–E ( ): binding complex between one antibody and two analyte-conjugated enzymes in reactions (11) and (15).
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Combined step

Although the standard assay involves a two-step pro-
cess, we also chose to model a single-combined-step pro-
cess, which should be simpler to apply in a ChemChip
device [6]. All reacting species are assumed to be simul-
taneously mixed in the same vessel at the same time; this
concept is simply pictured in Fig. 4.

Procedures

The differential equations were numerically integrat-
ed using MatLab software, specifying the initial concen-
trations of each component and estimates of the rate
constants. The time course of the materials for various
concentrations were obtained.

Study of the kinetics of the CEDIA system allows the
derivation of equations which predict the concentrations
of reactants and products at any time, even if the system
has not yet reached equilibrium. The assumptions of the
model are: (1) all of the analytes and antibodies are in
the same homogeneous conditions, (2) second-order
reversible kinetics are considered for the interaction be-
tween analytes and antibodies, (3) analytes are consid-
ered monovalent with regard to each antibody, (4) the
affinity of each particular site for the analytes is not
influenced by the extent of occupancy of other sites
(binding should be uniform with no positive or negative
allosteric effects), and (5) no nonspecific binding occurs.
Although it is impossible for all of these assumptions to
be completely met in practice, the law of mass action
does provide a useful framework on which to base a
theoretical appreciation of the kinetic principles.

Results and discussion

Step 1

The affinity constant consists of association and dis-
sociation rate constants. The knowledge of these rate
constants is very important to perform the modeling.
The advent of biosensor technology has generated con-
siderable interest in its use to characterize high-affinity
interactions between antigens and antibodies [8–12].
Many studies have employed the Biacore instrument

(Pharmacia Biosensor, Uppsala, Sweden), in which
one reactant flows through a microchannel over the bio-
sensor surface on which the secondary reactant is immo-
bilized to form an affinity matrix, which is detected by
surface plasma resonance. The IAsys instrument (Affin-
ity Sensors, Cambridge, UK) has also been employed to
study the affinity matrix between a reactant on the bio-
sensor surface forming the base of a stirred cuvette and a
flowing secondary reactant; the refractive index change
associated with matrix formation is monitored by reso-
nant mirror technology. These investigations have em-
ployed expressions developed for the analysis of the
association and dissociation kinetics derived from the
time course of the biosensor response. Many values of
rate constants are generated with these methods and
analyzed by pseudo first-order kinetics, based on the
assumption of 1:1 stoichiometry and constant concen-
tration of one of the reactants [8–12]. The diffusion-con-
trolled association rate constant is assumed to be 106 or
107M!1 s!1 [13]. But, the analyzed values of ki from ex-
periments are about 105M!1s!1; some authors explain
this lower value as being due to the stagnant layer [13].
On the other hand, the dissociation rate constants de-
pend on the binding strengths between reactants (in this
case, the antigen and antibody). This affinity constant of
the order of 107 order is a typical value for ordinary an-
tigen–antibody systems determined by biosensor tech-
nology [14]. We assume this value for the high-affinity
case [15]. We adopted the association and dissociation
rate constant as 105M!1 s!1 and 10!2 s!1 for our calcu-
lations. Table 3 shows the values of rate constants and
parameters used in step 1 of the CEDIA.

The concentration changes of each component with
time were calculated by integration of the differential
equations under the conditions noted in Table 3. Time
0 is when the antibody is mixed with the ligand, analyte.
A plateau is reached at equilibrium. Three cases, de-
pending on the concentration of analyte at a fixed anti-
body concentration (10!7M), are considered for the first
step. The values chosen are appropriate to the CEDIA
kit experiment [7]. The zero concentration case, i.e., only
antibody is present in the reaction vessel, is shown in
Fig. 5A. There is no reaction. Next is the case of low an-
alyte concentration; the analyte and antibody react to
form a complex. The complex is formed in a small
amount in the presence of low analyte concentration,
shown in Fig. 5B. If more analyte is added to react with

Fig. 4. Simple description of a one-step truly homogeneous process.
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antibody, the amount of free antibody is decreased,
as the binding complex is produced in considerable
amounts; this case is shown in Fig. 5C.

While the amounts of binding complex between one
antibody and two analytes (L : A : L) can be greatly
increased with time at the higher concentrations of
analyte, no variation of it is observed in the lower con-
centration case. The consumption of antibody or the
production of binding complex between analyte and an-
tibody affects the assay. More binding complex means
more free analyte-conjugated enzyme donor, which
can produce more active enzyme.

Step 2

The analyte-conjugated enzyme donor, L–E ( ), is
added to the mixture of the first step of the CEDIA
kit method; antibody binds to the analyte and analyte-

conjugated enzyme donor as L : A : L ( ), E–L : A : L

( ), and E–L : A : L–E ( ). Here, we have a sequen-

tial immunoassay where one of the two competing com-

ponents (i.e., the analyte and analyte-conjugated enzyme
donor) reaches the antibody first to initiate the interac-
tion that culminates in the equilibrium state (reactions
7,9). When the analyte-conjugated enzyme donor and
antibody are present together in the sample, the ana-
lyte-conjugated enzyme donor is capable of binding, in
a competitive fashion, either to antibody or to the
enzyme acceptor (reactions 9,16). The active enzyme is
involved in the conversion of substrate into product (sig-
nal); the active enzyme is produced by the binding of
free analyte-conjugated enzyme donor and enzyme
acceptor (reaction (16)). As the amount of analyte is
increased, it binds to antibody, leaving more free ana-
lyte-conjugated enzyme to combine with the enzyme ac-
ceptor and produce more active enzyme. The secondary
antibody, Ab, function is to bind to the primary anti-
body (reactions (13)–(15)) and improve the sensitivity
of the analysis by inhibiting complementation [4]. The
coupling of antibody to the ligand (analyte)-conjugated
enzyme donor (reaction (9)) slows the rate of comple-
mentation of enzyme acceptor (EA) ( ) and analyte-
conjugated enzyme donor (L–E) ( ) (reaction (16)).

Table 3
Rate constants and parameters used to derive Fig. 5

Rate constants Parameters

k1 = 105M!1 s!1 and k!1 = 10!2 s!1 (K1 = 1.0 · 107) [L] = 0, 10!8, and 10!6M
k2 = 105M!1 s!1 and k!2 = 10!2 s!1 (K2 = 1.0 · 107) [A] = 10!7M

Fig. 5. Time courses of the binding reaction assuming divalent antibody for three analyte concentrations: (A) [L] = 0M (blank), (B) [L] = 10!8M
(low concentration), and (C) [L] = 10!6M (high concentration). Antibody concentration is fixed as 10!7M, and ki and k!i are chosen as 105M!1 s!1

and 10!2 s!1. The calculated molar concentrations of each species (depicted in figure) are shown on the y axes.
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Such coupling, however, does not completely prevent
complementation. If the secondary antibody (Ab) ( )
is coupled to the primary antibody-ligand-conjugated
enzyme donor, it enhances steric interference of the pri-
mary antibody and may completely prevent complemen-
tation by that enzyme-donor population which is
bound. The reactions (17) and (18) constitute the cata-
lyzed enzyme reaction.

From the interaction of analyte and antibody of step
1, we can calculate [L], [A], [L : A], and [L : A : L] at the
equilibrium condition. With these values and the added
concentration of analyte-conjugated enzyme donor, en-
zyme acceptor, substrate, and secondary antibody as
an initial condition, the concentrations of each constitu-
ent with time can be calculated by solution of the differ-
ential equations. The enzyme acceptor is originally
inserted in step 1, but it remains in an unbound form
and participates in an interaction of step 2. The values
of the affinity constants and the accompanied rate con-
stants of reactions (7) through (18) (Table 4) are based
on the considerations for ordinary antigen–antibody sys-
tems; a 107 affinity constant is used for all antibody–an-
tigen systems (reactions (7)–(15)). The rate constants of
formation of active enzyme from the binding of free an-
alyte-conjugated enzyme donor and enzyme acceptor
(reaction (16)) are estimated from the folding and associ-
ation of b-galactosidase [16], neglecting the detailed di-
mer–tetramer reaction mechanism. The rate constants
of catalyzed enzyme reactions (reactions (17) and (18))
are also roughly estimated from information of ordinary
Michaelis–Menten treatment for several enzymes [17].

The initial concentrations of each species are [A] =
1.0 · 10!7M, [L–E] = 1.0 · 10!8M, [EA] = 1.0 · 10!6M,
[Ab] = 1.0 · 10!5M, and [S] = 1.0 · 10!4M for each ana-
lyte concentration. Table 4 summarizes the rate constants
and parameters in step 2 of the CEDIA. The results ob-
tained (only the concentrations of active enzyme and the
final product are depicted) are given in Fig. 6, using the
values suggested by Table 4. Fig. 6 has three pictures cor-

responding to the amounts of analytes. The shape of the
time curves are similar, but their magnitudes are different.
E and P produced are dependent on the added amounts of
analytes, and the equilibration time becomes longer for
higher amounts of analytes (Fig. 6C), which can be seen
from the time course of E. If we add more analyte to the
reagents, more time is needed to achieve equilibrium.
The light signal increases steeply until the experimental
condition reaches equilibrium (Fig. 6C).

The final product P is directly related to the light absor-
bance signal (accumulated amounts of product), which
corresponds to the experimental signal. The calculated
time courses at several analyte concentrations ([L] = 0,
10!8, 10!7, 10!6, and 10!5M) are shown in Fig. 7A as a
function of analyte concentration. The amount of P in-
creases with time.Reactions (17) and (18) are enzyme-cat-
alyzed reactions and the final colored product (P) is
entirely dependent on the amounts of active enzyme (E).

Many immunoassays employ chemiluminescence as
the measured signal [4]. We are interested in modifying
CEDIA to utilize chemiluminescence output. Chemilu-
minescence intensity is directly proportional to the en-
zyme activity (photons do not accumulate, as do
chromophores in conventional CEDIA systems). There-
fore, it is important to know the calculated amount of
active enzyme and its variation with the change of con-
centrations of any other species. To illustrate this phe-
nomenon, the time courses of the active enzyme
concentrations at several analyte concentrations are giv-
en in Fig. 7B. The active enzyme concentration reaches
equilibrium within 200s at lower analyte concentrations
and continues to increase at higher analyte concentra-
tions. Fig. 7 is a kind of immunoassay dose–response
curve. The response curve shows two groups, i.e., lower
concentrations of analytes and higher concentrations of
analytes. The discrimination of responses for the change
of analyte concentrations in ranges of low concentration
of analyte is slight; i.e., it is very difficult to discriminate
the responses with the change of analyte concentration

Table 4
Rate constants and parameters used to derive Figs. 6 and 7

Rate constants Parameters

k1 = 105M!1 s!1 and k!1 = 10!2 s!1 (K1 = 1.0 · 107) Step 1
k2 = 105M!1 s!1 and k!2 = 10!2 s!1 (K2 = 1.0 · 107) [L] = 0 and [A] = 10!7M
k3 = 105M!1 s!1 and k!3 = 10!2 s!1 (K3 = 1.0 · 107) fi[L] = 0, [A] = 10!7, [L : A] = 0, and [L : A : L] = 0M
k4 = 105M!1 s!1 and k!4 = 10!2 s!1 (K4 = 1.0 · 107) [L] = 10!8 and [A] = 10!7M
k5 = 105M!1 s!1 and k!5 = 10!2 s!1 (K5 = 1.0 · 107) fi[L] = 5.10 · 10!9, [A] = 9.51 · 10!8, [L : A] = 4.85 · 10!9,

and [L : A : L] = 2.43 · 10!11M
k6 = 105M!1 s!1 and k!6 = 10!2 s!1 (K6 = 1.0 · 107) [L] = 10!6 and [A] = 10!7M
k7 = 105M!1 s!1 and k!7 = 10!2 s!1 (K7 = 1.0 · 107) fi[L] = 8.62 · 10!7, [A] = 5.86 · 10!9, [L : A] = 5.06 · 10!8,

and [L : A : L] = 4.35 · 10!8M
k8 = 105M!1 s!1 and k!8 = 10!2 s!1 (K8 = 1.0 · 107) Step 2
k9 = 105M!1 s!1 and k!9 = 10!2 s!1 (K9 = 1.0 · 107) [L–E] = 1.0 · 10!8M
k10 = 103M!1 s!1 and k!10 = 10!2 s!1 (K10 = 1.0 · 105) [13] [EA] = 1.0 · 10!6M
k11 = 103M!1 s!1 and k!11 = 1s!1 (K11 = 1.0 · 103) [14] [Ab] = 1.0 · 10!5M
k12 = 0.1M!1 s!1 [14] [S] = 1.0 · 10!4M
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Fig. 6. Time courses of production of E (reaction (16)) and P (reaction (18)) assuming divalent antibody for three analyte concentrations: (A)
[L] = 0M (blank), (B) [L] = 10!8M (low concentration), and (C) [L] = 10!6M (high concentration). The calculated molar concentrations of final
product, P (reaction (18)), and active enzyme, E (reaction (16)), are shown on the y axes. The initial concentrations of L, A, L : A, and L : A : L for
three cases are obtained from the calculations of step 1 and are given in Table 4. The concentrations of the other species and the rate constants used
are given in Table 4.

Fig. 7. Time courses of the production of P (reaction (18), (A)) and E (reaction (16), (B)) assuming divalent antibody for several analyte
concentrations. The calculated molar concentrations of final product P (reaction (18)) and active enzyme E (reaction (16)) are shown on the y axes.
The initial concentrations of L, A, L : A, and L : A : L for five different analyte concentrations are obtained from the calculations of step 1. The
concentrations of the other species and the rate constants used are given in Table 4.
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at any reaction time, so it has necessarily lower sensitiv-
ity. The responses in high concentration ranges of ana-
lytes (10!5 and 10!6M) can be differentiated slightly.
The reason for the difference of discrimination at low
and high analyte concentrations is that we have 12 equa-
tions describing step 2 of the CEDIA. L and L–E com-
pete for A. As the concentration of L increases, more
L : A will be produced and the concentration of A will
be necessarily reduced (reaction (7)). If the concentra-
tion of A is reduced, the amount of L–E will be reduced
slightly (reaction (9)) and this effects the final concentra-
tion of active enzyme (reaction (16)); i.e., the concentra-
tion of active enzyme increases with the increase in L.
But the reaction (12) will complicate the above reac-
tions. More amounts of L : A produced with L will bind
to L–E (reaction (12)), so the concentration of L–E de-
creases profoundly with the increase in L. In the case of
very low analyte concentrations such as L = 0, 10!8,
and 10!7M under the conditions of our assumed pa-
rameters, the model cannot be simulated as accurately
as the high analyte concentrations. The dynamic range
is the range in concentrations which can be distin-
guished and is not necessarily linear. Appropriate cali-
bration is always used [18,19]. Concentration between
10!6 and 10!7M (Fig. 7) can be readily detected—this
range is indeed linear. In this case, the dynamic range
might be estimated as 10!6–10!7M. If one requires
an extended dynamic range, it can be 10!5–10!7M,
although the coverage over this wider range is not
completely linear.

The binding affinities between antibody and antigen
were assumed to be the same. Secondary antibody is
added to improve the sensitivity of CEDIA analysis by
binding to the primary antibody [7], forming a complex.
The binding affinities between them may be different
from the binding between antigen and antibody. If we
assume stronger binding affinities between primary and
secondary antibodies, the calculation results represent-
ing responses are further improved (although the values
are slightly lowered), which is shown in Fig. 8 assuming

the affinity constant for reactions (13)–(15) to be
1.0 · 108. Only the association rate constant is 10 times
increased (k7 = k8 = k9 = 1.0 · 106M!1 s!1), resulting in
a 10 times increase in affinity constant. One can see
the dynamic range of 10!5–10!8M from Fig. 8. If the as-
sumed parameters and rate constants are further revised,
the responses may be further improved.

We assumed that the antibody has a divalent charac-
ter and can bind up to two analytes. In the above calcu-
lations, the same rate constant values between analyte
and antibody are used, regardless of the kind of
analytes. The affinity constants of 107 (association rate
constant of 105 and dissociation rate constant of 10!2)
are used for the reactions between any kinds of analyte
(L and L–E) and antibody (A). Assuming the affinity
constant of 108 (association rate constant of 106 and dis-
sociation rate constant of 10!2) between primary and
secondary antibodies will expand the dynamic range.
Thus the choice and nature of Ab is obviously critical
to the analysis and the analytical behavior.

Combined step

In a one-step CEDIA, all of the reactants (L, A, L–E,
S, Ab, and EA) are mixed simultaneously in the same
vessel; the primary incubation step between analyte
and antibody is omitted, reducing the time and cost
(Fig. 4). Such a one-step assay would be simpler and eas-
ier to apply in our developing multianalyte ChemChip
device [6]. The calculated results are similar to that of
the two-step CEDIA method and are shown in Fig. 9.
The results in the ranges of higher concentrations of an-
alyte give better discrimination of responses than the
two-step method. The distinction of the responses in
the lower range is also not clear. The calculated rates
of product formation vs analyte concentration show
that the range of 10!5–10!7M analyte concentration is
simply linear from the view of calibration. A dynamic
range of 10!5–10!7M analyte concentration is clearly
shown, which means that a one-step assay actually re-

Fig. 8. Time courses of the production of P (reaction (18), (A)) and E (reaction (16), (B)) assuming divalent antibody for several analyte
concentrations and stronger binding affinities between primary and secondary antibodies (K7 = K8 = K9 = 1. 0 · 108 for reactions (13)–(15)). The
calculated molar concentrations of final product P (reaction (18)) and active enzyme E (reaction (16)) are shown on the y axes. The initial
concentrations of L, A, L : A, and L : A : L for five different analyte concentrations are obtained from the calculations of step 1. The concentrations
of the other species and the rate constants used are given in Table 4 except for the reactions (13)–(15).
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sults in a wider measurable dynamic range than the two-
step assay. The calculated rate of product formation vs
analyte concentration shows that the range of 10!5–
10!7M is simply linear from the view of calibration. Ta-
ble 5 lists the rate constants and parameters used to ob-
tain Fig. 9. This situation must be more fully considered
and tested.

Chemiluminescent assay methods are simple, inexpen-
sive, and generally more sensitive than standard spectro-
photometric assays [19] and can be applied to a one-step
CEDIA,with greater simplicity and reduced time and cost
[20]. To accomplish a luminescent read-out for ourChem-
Chip purposes, it is necessary to replace the substrate,
currently present in the Reagent 2 of Fig. 2, with a chemi-
luminescent substrate. This application is now underway
in our laboratory. Chemiluminescent assay uses a chemi-
luminescent substrate, all the other reactants in the CE-
DIA are unchanged. So the results should be same as
the color substrate modeled in the paper.

Conclusion

We obtained time course curves of the major reac-
tants and products using a model of CEDIA by integra-
tion of the relevant differential kinetic equations. We

conclude the following: (1) the obtained time course
curve of the production of P (Fig. 7A) can be compared
with the light absorption signal of the CEDIA kit exper-
iment [15]. The E time course curve (Fig. 7B) is being
tested with a modified chemiluminescent assay method
[15]. (2) Using assumed parameters, the analyte concen-
tration response curve can be obtained. In a two-step
case, a dynamic range of 10!6–10!7M is obtained. If
we assume stronger binding affinities between primary
and secondary antibodies, the dynamic range can be ex-
panded (10!5–10!8M). (3) Simulation of a one-step CE-
DIA produces Fig. 9, a dynamic range of 10!5–10!7M
analyte concentration. (4) From this theoretical consid-
eration, a simple one-step immunoassay has the merit of
potentially reducing time and cost and has an improved
dynamic range.
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(Jdrml of tLe Kore$ Clehi@r S@ieiy)

Pinied il ReFhlic oi Kord

EJ.Fq+C 5EI +ElE! oleel F!l+E EJ+ilg
o! 9ts1,r lzjor1 +,E! ts+

+**8" *;E+ll'- €&+ Joseph D An&ade
!t+ +r+4;+i 7N s+il4

(1976. Z 13 4i)

tron Permeability, Dehydration and Relaxation Times
of trIydrateil Ions Through Membranes

Mu Shik fton*, Hai Barg L€e**, Sung Wnn Itin and Joseph D. Andrade

D.paftMflt of Materials Scichce and EneiMrins. Uflintitr of Utah

I

t

Sal, LaIz Citt, Utdh 84112

G€eiYcd Juiy 13, 1976)

e E. 4+d -Fd q i+4 *Bg ^l-S +3lg olsr-g eJrt.^t+, tJ+!].-! E +,Ji+" qt"J:t, e
++g 5+ rl{n}q+. +*+ nodel oI e]i}C i!+q :+ e+4sJ E +9 q€++, €-dl
++ 4lLJil BJ, 7++ species 7,Iet +"+ factc E.l .5-"ti'+.

.l++ Aee + *: A!+= edlr gEl.
sqiJ dlgol r-lii+ilg 9lq9 €!+5- ol+el =E'61i4.
ABSTRACT. A sinpli{ied statistical ncchanical nethod was developed {or the calculation of rhe

dehydration ftaction, activation ftee cnogy o{ dehydretior, and the relastion rimes of hydrated

The nodel used includes &e eqlilibriun consLart be*vcen hydrated and dehydrated water, a va-
terion ioteraction poteniial energy term. and a nixhg {actor {or rhe spccies lresent. The agree-
Fent betw€etr theory and experinent is good.

The pressure dependence of ion dehydretion is also di$used.

INTRODUCTION

Tler"  lave be""  c  r rmo r  or  prper  shic |
indicate that the dehydration of hydrated ions

pl .vs a s isa l  ,  d  , ,  ro l "  in  ion i  d i l .u .o hroueh
! io l  s i . r l  *mbreres.  por ,  u.  r ' rwork. ,  md tJ , "
specific adsorption of ions at the metal solution
slrface 1-3. Recently Kin and Rubina evahated
'b,  r lpore ' ; . ! '  lFe eners)  o l  rcr iv , r lon .or  de-
hydiation of hydrated ions usins an early par-
tition Iunction sihilar ro thar o{ Eley and

*To s lom.or '6pord ! ' , "  s t ro ' ld  b (  mdrc . r l :  1o , . ,
Ailvmced l.sriturc of scGtre, sedl, Korea.

**Premt addrcs: Doral Resarch Cdrd, U vdsirl,
or \onh CrolidJ. .lapel Hill, \o r\ clro ina 2i5 0

& a -



^&
,]+49 F;J l+9 q$et F++e C+rlg 9 +*t,lol +;J €+ 44s

Evanss.
ln our study, a 'ioplified m.thod is u"ed Ior

the calculation of the dehydration of hydiated
ions in telm of the equilibrim conslant be
tween hydrated water and frce water (i. e. , de-
llydEted water), siace liquid patition tmctions
Jor ionic solutions are not well developed 6 ?.

We also discuss the corelations between the
activatioD enersy for ion dehydEtion and the
rela-ration times ol hydmted ions rangiry fron
several seconds to 10 n seonds. The pressrre
depsndence on the dehy&ation oI hydrated
ions is dplicitly inchded in this !a!€r and
evaiuted for certair systemsl

THEORY

Assumiry that the patial dehydraiion o{ ions
a'  rhe metub'$e qorut ior  r terr rce t  the rsr"
de,ermiDins srep in ioo ditt-sion rhroueh roed-
blaeB, the lErtition {uction of the initial
srare. /. vhicb .om;s,s of N, ioos wirl, N,.
hyd-ared werer  mole.uh. .  i ,  $  r inen a.  lo l lows:

"  t l )

where i. md i., are the partition functioDs
of  hyd.ated o '  bound pater  aod Jra '  o f  ioD.
reslectively, and N=}Ir-FNa. Sinilarly, the

lartition fuction of the activation state for de-
nrdoLior  / ' ,  sh i .q corq isr .  o l  N,  iobs,  Nr .+
ly&ated water nolecuies and rVJ.* fiee water
oolecules is given by

N: -
Nj t  N, . ' :  N_": :

where /7. is the partition function of hee water.
SiD@ the total nunbe. of watei moleules fur
rhe ln i  ia l  od ac i 'arpd qa 'e are the srme,
]r'r.=Na-+*Nr,+. Thercforc, the equilibrim
ronsrdl  Kr  belween io: r is '$d act iva led. l rLe i .

Aiven by

vor. m, r,ro. ;d re?o

K"  \ I ' t I )  v  v " ' r ) \ ,  13 )

where Vo L rhe acdvsr:o! enersy barrier tor

rhe hyd16' ioo.  *  i .  rh"  Bolzmard const .1r ,
and ? rhe abrc lu.e temp"rctue \ \ ih  t le  u.
ot  Equr;ons ' I )  ard /2) .  fq ls l  no rJ l  can b.

Ft Nb-l I fb.tvtu+l Jn)NB-' - 
N-'1 1gr.*1 (fb-)N!.

. (e vftr)N

To sinplify Eqution (4) by eliminatins the
explicit expreNion for partition fmctions, the
lollowins procedures were considered Let 16
dd J/ be thp ProbalrrrLY oi
boud to wster  mohculee and oDro rhe :odr  ar
ihe inierface. Thd, Nr,*:,rNr-, Nr""
- l r N b . .  a 1 d  r ,  I J ,  l .  T h e  ' q u i U b r i u m

constant ]( betwee! the ftee water state and the

K ,t!h- It. !* '.s)

ar=111+K, "r=Kl1+L 
(5b)

Conbinins (5a), (5b), and (a), one obtains

-*- Nr.l+ Nr4*rNr'*r
( f hur G K ( f ,!K) r ^+x) N t "-c,.Y-
tP-, .  r f rN.  16)

ReafaDsirs Equation (6), K* is given by:

" Na+! Nr,*l
(Kk^+K)Ntu(e 1tt/Lt)N (7)

The . rarda 'd f rce ene€j  o t  acr ivar i^n lor
h3qi ls  N/ . '  I r *e qa." ,  f rom hydra,ed ion '  is

76*=-fo t" r*. (8)
The rcaluar ion l i le t i re .  : .  o f  a hydra,ed water
nolecule for iom is also wrtten as (4)

- 4--'"., " ,q\

lc t  and t  can be obta i ied ' f  rhe la lLa of  K.

(4)



4sc airE . +JiJ! +r.ii
Vo and rLe rnixidg facto4 in Equation (7) arc porcnuat, respectively; p, ,, and a are rhe da

wc,.k:.\ as.{vcsadro.s nnn,,€i: i.,issi!.n l::.:TTl;lJ':;""';iff:"ff:ilj
by, The subsdiprs and o denote ion and Mru,

X I',."+It.--tl_ .(X,.,x,,.). (10r rlspecti'-ly. The repursrve comtsnt A can be

Herc. n6. is thc h'drarion nrntrer of i.n' in_ 
obtrrrcJ using the ',ait,o" {19' ). .,.,- o,

the btlk solurion dd ca! trc obrailed fron which is siven as
F x . e - i  , ' .  l , - a  : ' -  ,  -  . 1 .  - r  3  T t  r  : \  .  / - t - ^ A  . : Z  0  r c ! 0 _ l
: D s  f . .  . i i  E q u . : o ,  . 7  . 1 .  h - ^ , . r i - . . .  i . . . ,  . '  I
Nr. {rcn EqrarDn (10) an.i N,.+ and ^,, . , 4f"P_ stl: :!", 12Ar_rr_0.I ro-  .  q  . ion t  l ,  l -  "

Since erlerirncntal v.lu.r i.i ,( ar. Dor era (13)
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rquathn (11) irdicar.s r,ie tota, poiEntia, iiilil;ii?,?lliiii:"lll"1il","#,ju",T;
enetgy dilfercnce of thc trt.lqLed ion clusrer in wat.r, r.specijv€lr. If p_t atn, rhe eff.cr ir
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r ' i n  r " . r ' .  s  5 , a , . .  P  \ P . " \ l
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B.  R€,arat ion Time ol  Dehxd'a l io^ of
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. - h e  o o , e  ! J  , , u . ,  a r c  . h e  . n e "  " t  t . ,  ,

seconds to several seconds. Ilodever, verv few

experituental data are availaue {or ihc relara

tion tin. .i h:dr.ted Natei r'i an iit.rla.e i Li

I  . , j  f .  ,o i  .  , i .  -1  i  r in  J

hrdrltc.1 joD, r, ai d1e inte acc is obtaiied
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sered at the niercuryr'elcctroltte solution inter
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pressures. ?4rld4 list the cal.xlated taLu.s o{
aa ard K values ior K; ion sith ch.r:je in

p ' .  J f  u . o  .  0  r r ' l ^  !  ,  "  1 '

thc Jl' ltiLre Fgs asuneC to '.e zcc re

In T,rlc1, one s..s t5at Cehldrtion ol h)-

drated ions is qr;r: slo* up to ior .tin, but
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