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ABSTRACT

This thesis reports on experimental investigation of the
surfate reactions bct@éen human albumin and polyethylene.(medical.
grade}. Radiocactive tracer techniqué wﬁs used in investigating
these reactions. Albgﬁin adgafpfion and turnover.kinetics to
polyethylene were studied under both‘static and -flow conditions.
Shear rafe was not found to affect the kinetics and steady state

‘ _ ,

surface'concentratién levels of protein adsorption within the'rangé
of shear studied(0 - 2500 Sec.”1). Turnover showed dependence on
shear;r;te. Compartmental analysis and non;linear parameter esti-
mation theory were used to esgé?ate the kinetic parameter® of the

turnover process. The study deals with the relation between these

findings. and the problem of thrombogenesls induced by blood-fore1gn

.surface contact.
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CHAPTER. 1

INTRODUCTION -

1.1, PROBLEM OUTLINE ' o -

- pr e b g = o

There is a grOW1ng use of pfﬁgtheses as well as temporary support

devices in the’ medlcal field. Such devices are of a wide variety hq@o-
.‘dialyzers, blood oxjgenators; man-made heart valves, artifiéial organs in °
general.. On using these devices'iq the vascular system théir contact °
Wlth blood causes traumatzc effects like clott1ng, hemolysis and thrombus
formation, \Jh1s is due ma1n1y to the difference in surface structure and
properties .of these dcv1ces from those of the endothellaY~Iining of the
circulatory system. , : E | ' j »-
The present understundlng of the‘complete séquence of events that
follow Qhen a “foreign" surface comes in contact with blood is by no means
complete; hOWever; some-phenomenolog1cally significant events can be des-
cribed such as hemolysis, platelet adhésipn’and protein denaturation, all
of which may be interrelated (7, |
. The interaction between .plasma proteins and polymer surfaces is
be11eved to be of 1mpcrtance in understanding and analyzing those events
mentloned above. {f is establlshed that adsorpt1on of protelns onto the
exposed surfaces of these materials is int1mate1y related to tha compatl-
bility of thes; surfaces with blood(zi’(s)’(4)’(5). .Therefo;a investi-
gatio? of plasma:prbtein—polyﬁer surfages interaétion is believed to give

important information about that problem.

It has been shown that .surfaces have different effects on blood

-

~



A

constituents depcnding on the composition of the layer of protein origl-'

I -

nally adsorbed on them Surfaces ‘coated with albumin tcnd to reduce

" platelet adhesion(ﬁ) (7}, while fig;;nogen and y-globulin tend to enhance
(7) (8) It 1§ also reported that the ‘layers of protcins adsorbed from"
simple soluf10n5 on hydrophobic polym T surfaces con;ist of closa-packed

9),(10)

'monolayers Brash et al. put otward the possibility that in
" blead or plasma the aasorbed inyer,.dhi e remaining 1ndefinite1y'at the
equilibriumtlevel of a close~pa&hed-mo olayer, could be éxagspging mate-
‘rial with the flhid‘and that protein releascd from the surface could be
altered to hh activhted fotm. This form may be decisive in triggering
the subsequent.tfﬁg@atic'gtents that take place at the blood-"'foreign"
material 1nterface | |
The present investigation is directed by the above mentioned in-
forhation and possibilittes. It deals with plasma protein-polymer surface
interattions and isiéimed at'invostigating principally two aspects:
li) studying kinetics of plasma protein adsorption under both
© static and. flow conditions with particular emphasis on the effects
of wall shear rate, sofution céncentrat?on and time on the protein-
surface.eﬁuilibrium state; i
iii investigating the possibilities of turnover and exchange
1between proteins. adsorbed on the polymor 5urface and proteins in
solution under both static and flow conditions. The effects of
solution contentrntion, wall shear rates and time on these pro-
cesses are also of particular,interest.‘ .

Since the problem studied here is of physiological impor-

tance, the range of experimental variables is mainly limited to



~ those conditions met in physiologicn{ instances.

1.2 PROTEIN DESCRIPTION

Proteins are usunlly classified into two major groupstlo);
iy 5295995_9595919§ These are generally insoluble and have
a_structural function. Examples of this group arc keratin, .
myosin ano collagon. o : ' , ‘ ' \7 |
ii) 959?9!92-9!9§9§E§ Theso _tend to be soluble and have com-
pact molecules of ellipsoidal average.shapo. This group 1oc1udeo
tho‘physiologica}ly important plnsmo.protoins. Fig.1 showé a
classification of proteins. bﬁst of the plasma proteins noe
included within the dashed lines. , o o ’

. Globular proteins are further divided into-simple and oonjugnt03§
oypes. Simpf;/proteins are wholly peptidic while conjugated protoins
are more‘complex and possess associations betﬁoen protein and non-protein
material, Plasma proteins generally fall into one of these groupsf

Plasma protainslaro large molecules of:SO,QOO'- 400,000 moieculag

weight with very complex structures. The primary structuré is q_ponmer

-of amino acids(lo)‘(ll). The éoneral formula of an amino acid may be

written as

oz —
I

o —
[

oO— O=20

H {‘ .

where R represents a side chain specific for oach amino aci&. About

twenty-two of more than eighty occurring naturally are found in common -

proteins(1 ). Proteins can bo considered to be formed by the following

reaction(lo)
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in which -C8-NH- or peptide bonds are formed. The polymer chains thus
formeéd are folded back on cach other and in some places chemically cross-

linked by disulphide bridges, thus:

0 Ry H 0 H H 0 R,
20 [N U I I R B
~C—-C-N=C=C—-N-C~—C~—

| : & o
- H |H2 H
R S
| i
|

H Ry Qi H Ry

| |- N

- —~-N-C—C—=N-=C~N-C -
T E |
H 0 H H "H
(12)

' According to Scheraga the structure of a protein molecule.can be con-
“sidered on three levels: primary, seco;da}y and tertiaiy. The primary
structure is concerned with the covalent linkage‘and the sequence of
aﬁino acid residués in the polypeptiﬂe ch%in§ of which the’protein is
constituted; the secﬁndary strﬁcture involves the folding of the poly-
peptide chains, and the tertiary strﬁéture the. interaction bétweén the

(12)

side chaln R groups ~Scheraga ™. points out. that hydrodynamlc studies

S

'show that the fully extended form of chalns in the secondary structure
is rarely, if eVer, encountered, The secondary structure consists of the
 chains taking the a-helix structure with some short segments being in

fully extended form, Interactions betﬁeenéside-chain grouﬁs, which can

=Y
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determine tertiary structure can be of several kinds. They eanvinvolve
formation of disulphidé bonds thch serve as cross-links between téo
differenf_polype?tide,chains or between two parts of the same chain.
There can also be weaker interaction involved‘in the ‘tertiary structure
suchlas hydrOphobic‘boﬁds between nonpolar residues, and hydrogen bonds
between polar side-chain groups. ~

Thé internal structure of the native protein molecule and the
kind of bonds involved in stabilizing its secondary and tertiary struc-
ture ére expected to affect;protein-surface interactions, since they will
determine the reaqtivity and availability of the end groups involved in
the surface jreaction. : | e

Two of the more‘abundanﬁ plasma proteins are now described in
more detail,

Albumin: -

Albumin is quantitatiﬁely the most significant plasma protein,

accounting for 50-60% of the total plasma pool(lo).

According to Put-
namus)

it is the major plasma protein involved in the transport of anions,
cations,'dyes and drugs in the blood. 'Thig activity is of considerable
pharmacological sigﬁificance. Some of the physicochemical characteristics
of albumin are found in Table 1.

(10)

Turner reports that little is known of the structure of the

molecule. Generally it appears to consist of a single polypeptide chain

of 610 amino acid residues held together by numerous disulphide bridges.
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TABLE 1

PHYSICOCHEMICAL CHARACTERISTICS OF ALBUMIN(O»13)
Concentraticn in normal serum (mg/lOO ml) 3500 - 4500
Molecular weight , - 69000
Electrophoretic mobility (em2/vol-1 sec.) | 6.1 x 10-3
Total Carbohydrate . ' ‘ 0.08%
Total lipid . , 10.2%
Partial specific volume at 20°C “0.733
No. of. peptide chains 1
Intrinsic viscosity (100 ml/gm) - | 0.042 '
Diffusion coefficieﬁt-(cmZ/sec) 6.1 x 1077
‘Isoelectric point - 4.7

L A

‘The shape and size of different plasmd proteins have been deter-

mined by physicochemical studies. On the basis of viscosity data, an
ellipsoidai shape has been proposed for albumin(ll)._,However, sedimen-

(14)

tation, diffusion and molecular weight studies. suggest a spherical shape

—— i W

(1,8,

7 Fibrinogen is considered a key protein in blood coagulation
10'13). It is known that the blood clotting enzyme, thfombin, converts
fibrinogen to fibrin, thus .forming the supporting matrix for clotg.‘

Some physicochemical characteristics of fibrinogen are shown in

Table 2. - : . S

a



TABLE 2

PHYSICOCHEMICAL CHARACTERISTICS OF rFreriNogen (10712:13)

Concentration in normal plasma (mg/100 mi) 200 - 600
Molecular weight ] | 341,000
Electrophoretic mobility (cm?/volt.sec) 2.1 x 1075
Total Carbohydrate : T 2.5%
Partial specific volume at 20°C 0.723
Diffusion coefficient (em2/sec) ! _ 1.97 x 1077
Isoelectric point | n 5.8
Intrinsic viscosity (100 ml/g) e | 7 0.25 .

.

o,

Scheraga(lz) reports that electron micrographs show the fibrino-

-

gen molecules és,consisting of a linearsarray of 3 mbdg&es held together
. . 7 ’

by a very thin thread. According\\i atnoff and Davietls] these connec-.

_ ting thin threads contain most of the helical strucfure present in the

molecule.

Table 3 shows the dimensional data for albumin, y-globulin and

fibrinogen reported by Lyman et al;(g) after Oncley et al.(ll)
TABLE 3
DIMENSIONAL DATA-OF PLASMA PROTEInS(®) s
protei Diametef'in Projected Length Projected
n Angstroms { Area; end-on- ° -Area;side-on
. A2 - . A._ AZ:
v, ‘ b - 7 ’ )

Albumin 40 1700 - 115 : 4600 -
"y-Globulin 44 . 2000 23 10300
_Fibrinogen | 65 - 4200 475 ' 13000-30000

. t . ‘




Protein Denaturatlon

_,.‘.._-.___._......_..___

A denatured proteln is one that has lost its three-dlmen51onal(;)
natlve molecular structure. This cah be brought about by a number of
physical and chemical agents, e. g heat h1gh and low pH, shaklng, deter-

gehts, etc. . Scheraga(lz) cgnsiders denaturation of proteln as a phase_
. o g3 .

‘transition from a crystalline to an amorphous staté.” Here the orderly
~ - v

a-helix and extended chain in the secondarx strueture of the native pro-
tein are referred to as grystalline while the disorganizéavstructure -
referred to as amorphous is the.rJ;;;;Ty coiled form-tﬂe protein molecule
'takee aftet denateration.‘_According to a model of denatutation cited

by Turner(lo], it is the hyd.qgen boends and disulpHide bridgeelthat are’
most vulnerable to the denatering agents mentioned above. The first_stage
of denaturation is, according te'{his‘quel, revereible, and consists
mainly of rupturing the hydrogen bonds which stabilize.the.tertiary struc-
_-tere (See Fig.2). This leads to random zoiling of the ﬁblypeptide.chain'
with an accompanylng 1ncrease in v1sc051ty and decrease in solublllty

This stage is also characterlzed by either molecular assoc1at1on or dis-
sociation with globular proteins., Continuation of the effect of the de-
‘naturlng agent leads to the second stage which, according to the model,

is u5ua11y irreversible, In thls*gtage, the d1su1ph1de bonds -stabllizlng
the secondary sqructure are ruptured with new - SH groups appear1ng At
‘this stage the protein turns into an ‘amorphous insoluble form and is usu-

(10) L

ally biologieally inactive

Denaturation also takes place at the protein solution - air inter-

face. Brash and Lyman(17] Teport partlal demdturation.at air-water inter-

A\ L]

: face w1th the degree of denaturation dependlng on the £ilm pressure. How-

ever. they mention that denaturation induced exc1u51ve1y by spreadlng at

.

Cp ek e =
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- 4
the air- water interface is not always equivalent to total destructlon of

the secondarydand tertlary structure.

Another aspect of the behavrour of protein films at the air-

(17} -

water 1nterface, described by Brash and Lyman , is LangmulreBlodgett

transfer.) It was observed that on d1pp1ng a’ glass or metal sllde into ,
(or‘withqxawiQf it from) a liquid with a protein film at its air jnterface,
the protein is\ deposited on the slide. It was also found, accordling to |

~ ‘Brash end Lyman, that the number of molecular thiekne§ses deposited is
directly relatedrro the number.of passages through ‘the interface.‘

Baeed on these obserratroné,‘air-solurion—solid comtact during
experlmental runs is avoided since it can lead to- transfer of a partially
denatured layer to the test surface. Also the presence of air<bubb1es_1n-_
side a flow ‘system would give rise to Langmuir—Blodgetr transfe; and
codld lead to erromeous results in neasnring the amount of protein adsor-

w N v

bed on the 'solid surface.

1.3  BLOOD COAGULATION

The mechanism of coagulation of blood is now known to involve the

partLC1pat10n of several blood proteins (factors) which’ according to Olsen

et al. (18) -

1

act alternatively as substrates in the inactive form and as

. . s Lt ‘- ‘ .
enzymes in the active form. Coagulation involves a complex reaction se-

< quence usually represented by the cqscade‘or waterfall mechanism shown in
- Rig.3. ) -
| Tne coeéulation reaction can be initiated extrinsically by extrhcts
of damaged'tissue thetgéain acceés to the blood and acrivape factor X.

Subsequent reactions lead to fibrin formation.

\
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~ The actlvatlon of the intrinsic pathway can take place via con-
tact of blood with a forelgn surface like glass. - This contact glVeS rise
to the act1Vatlon of factor ‘XII (Hageman factor) and the subsequent
enzyme-substrate reactions that lead tojformation of fibrin.

By examining the cascade model in Fig.3.; it can be.seen that the
tissue damage that initiates the extrinsic.pathwey of coagulation is ac-
tua%ly'short—circuiting the first-steps of the intrinsic pathway.

In Fig.3, suffix "a'" indicates the actlve forms of the factors.
According .to Olsen et 31{18],.ph05ph011p1d, p0551b1y of platelet origin,
may be reqeired at the reactione‘noted, while calcium ion is required in
sohe stages. Solid.lines‘in“the figure represent a tran%formetion process

while dashed lines represent an activation process.

1.4 BLOOD - SYNFMETIC POLYMER INTERAQ?IONS.hND SURFACE PROPERTIES

Early studlge of blood clotting showed that paraffln -coated tubes
increased the clott1ng time of blood in vitro. This obserVat1on tog?mher
with the large number of polymers that became available in the last three

decadés, stimulated interest in examining the effect of polymers on blood

. clotting, The problem acquired growxng 1mportance with the 1ncre351ng

prospects of using these materials in life. a551st devices: and art1f1c1al

organs.

-
1

A primary problem 4s the preparation and characterization of the
surface. The problem of preparation is essentlally that of produc:ng d
"pure'" surface. Normal processing makes i 1nevitab1e that the holymer
prhduced.will contdin traces of other materials that may affect the blood-
surface interections in.one way or another, - %hese materials couid be

lasticizers and abilizers, anti-oxidants or catalyst residues.used as
P : . _ Yy :

| J
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proce551ng aids or in ta110r1ng the materlal accordlng to some physical.

) (19)

propertles requ1red Accordlng to Clark et al. these substances

may be leached out in varylng degrees from the material in c0ntact with

. bloqd. The;effect of these substances on blood i's unkgéwn or 1ncomp1e;e1y
. | In this connection; it is noted that a substantial part of the
work involving interactions of blood and polymerg until a few &egrs aéo,
did not consider the complex nature of polymeric materials. ‘Clark_et
al.(lg)'stress the'fact that many authsrs<hse materials described by
generic names like "polyuretbane” 6r "silicone" withott considering the
fact that these naﬁeé cover‘families of materials the membe:s'of whicﬁ
may be different in chemica{ composit%on.

As mentioned abgve protein adsorption appears to be a primary
factor in blood coégulat én and conseqﬁently‘iﬁ surface thrombogenicity.

Usﬁally thelpolymer surfh¢e on which adsorption takes place consists of

crystalline and amorphous argas. The crystalline part can be either
: > :

.orientedror unoriented depen&ing on the nature of the production process.
EQQ;. o Also, high energy sites at lattice defects in crystalg, faces; edges or
| strain points in the material, may be present. The effect of £hese fa;tors
upon thé extent and kind.of prbtein adsorption remains to be ‘thoroughly
studied. o
WIth respect to surface morphology, Peterlin-and Olf( 0) have
studied the effect.of drawlng on sorptlon of water vapour 1nto polyethylene.r
They report that sorption occurs preferentlally into the amorphous areas.
They*also report that sorption decreased upon draw1ng the polymer and re-
lated this to the change in the ratio of the crystalline portion to th
amorphous as well as the changés in the 6rientation of the_cryStalliéSi’

A

—
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portion upon dréwing. .Clark et al.(lg)'put forward the possibility that
. . . 4 .

- such preferential sofption'could cduse local changes in osmolality and

be resﬁonsible for damage to formed elements of the blood, such as ery-

throcf;es (red blood cells).

roperties of Pol ethyléne
-------------- N e —m——— <

In the laﬁoratory in which fhis fesearch was cérfied out, a
varieiy of polymer suffaces.of.interest with regard to surface thrpmbo-
genesis_ﬁas b%Fn and Qill be studied. . However,-this_study_dealg only
.witﬁ pol&ethylene surface, Polyethylehe is essentially an unﬁharged,
~ hydrophobic material. It is a poiyolefin #olYmer having a milkyrtrans-
lucent and wax-like surface. Three densifies,are cémmefciall;‘gvailablé(ZI)
with teﬁs%le strength, hardress and chemical resistance inérea;ing as the
+ density increases. This class of material is resistant to all géids,
_alkaFis-and inorganic chemicals; however, it will dissolve in a number

(21)

of common solvents at 150°F

of.commercialiy available low, medium and high density polyethylgne.

Table 4 shows some typical properties

A aescriptioﬁ of the particular polyethylené;used in this study

will follow in the experimental section.



. TABLE 4
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TYPICAL PROPERTIES OF LOW, MEDIUM AND HIGH DENSITY POLYETHYLENE

-«

[+

Property low density medium high
-a density density
Molecular weight 3-40000 100-200,000 | 500,000
"Specific gravity (g/cc) §.912-0.925 {0.926-0.940 | 0.941-0.965
Tensile strength (psi) 1100-1600 | 1700-1800° { 3400-37000
Ultimate elongation (%) -. 150 125-150 . |  400-500
Impact strength
' (ft.1b/in) no break ‘. 0,7-20
- Resistance to heat (F) 180 230 250
Diglectric strength,

(short time(v/mil) 460-700 460-650 450-500 !
Hardness, Shore D41-D46 'D50-D60 P60-D70
Compressive strength -

(psi) - - 270043600
" Modulus of elasticity S
(x 1075 psi) . 0.14-0.38 ~ 0.25-0.55 0.6-1.8
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CHAPTER II

LITERATURE SURVEY ON PROTEIN ADSORPTI%F_

Studies of protein éurface activity in genefal and ;hg aéédrp—
tion of proteins on‘solid surfaces in pgrficular‘can be traced back as
far as 1905. 'A good review og these early studigs is giveﬁ by Neurath
and Bull(zz). Exfensive and recent reviews are given by Brash and Lyman(17)
and By Dillman(ls)n |

-An attempt will be made ﬁe;é to delineate aspects of recent studies
significant to the problem at Hﬁpd; ‘

There is.agreément that profein adsorpfion isoihe;ms on different
solid surfaces fit the'Langmﬁir modé1(16’17'23). Brash and Lyman(zs) re-
" ported that adsorptioh of plasma proteins‘froﬁ solutions on uncharged |
hydrophobic polymer surfaces (polyéthylene, porystyfene, etc..) wis iden-
- tical for different surfages.‘ Adsorbed protein was reported'to form-
monqléyers from solugions of concgntration'ranges up to normal plasma
levels. Héasuremcnts ;n‘these expériments‘used Infrared Internal Re-
flection Spectroscopy (IRS).

| . Similar res@lts,were reported by Dillman(lﬁ), however maximuﬁ
adsorbed quantity in the:wofk.of'Brash and L}man was aboyt 6 times larger
than that reported by Dillman. Dillman.explains the difference in terms
of the electrostatic charges of polyefhylene used by Brash and Lyman,

compared with th;se of the membranes used by himself "(polyethylene back-

* bone with polystyrene sulphonic acid grafted to.the matrix). Also. the

-17 -
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' pH of the protein solutions used in these two studies was different.
Many authors report_that the pH has a large effect on the extent of ad-

sbrption(24’25’26). Lee et al.(27) studied protein adsorption on a variety
of surfaces from| simple and multiple solutions. They found the rate of

adsorption and the amount adsorbed to depend on both the ptotein and the

[}
o

surface. . - , ‘ 2
There 1s agreement that equilibriun between protein solutions and
surfaces is established in a relntively short time. Leininger(ZB -29)

from measurements of zeta-potential as a function of time, suggests ad-
sorption reaches equ1librium within one hour.  Pearce and Bhbby(so)
port that casein,. Y globulin, g-globulin, serum and egg albumin adsorbed
on bovine enamel all reached equilibrium in less than two hours. In
mixture systems Lee at al.(2 ), found that the amount edsorbed.is less
thanfthet adsorbed from simple selutiqns. They eléo found that the
plateau (equilibrium) time for fibrinogen und~y-globulin adsorption is
less than one minute, while for albumin it eitends ﬁp to 150 minutes.
~Les and Kim(SI) using I.ﬁ.Si for studying nrétein ndsorption on
nydrophobic surfaces found results consistent with & Langmuir model..
Their time curves showed equilibrium plateau concentrations depending on
the polymer substrate. Plateau times ranged from 10 to 60 minutes under
static condition and 10 to 250 minutes underAflew conditioniwith.the
highest plateau time corresponding to the highest flow rate used (12 ml/-
sec). However, thef dornot mention the shear rates or.shear stresses..
-corresponding to these flow rates. 'Obviouely wall shear rate is the

. pertinent parnmeter in correlation of flow effects with adsorption on

the surface.
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Brash and Lyman(17) report resultsAof adsorption under flow
éxpressed in terms of Reynolds number. Although they used I:R.S. for
measurement, it is difficult to compéré tﬁeir findings with the findings
of Lee and Kim because aside from the unknown shear range of the lattef's
wérk, their studies use differeﬁ; solution concentration as wéll as
different surfaces. Nerem et a1, 32) studied 1311—}_\1bumin uptake from
Ulood.to the arteriél wall both in vitro and in vivo. Their experiments were
done’ under both steady flow and oscillétory flow with zero average flow
rate. Their results demonstrate a weak correlation between albumin uptake
and wall shear stress, rule out a_diffusioﬁ controlled model for adsorp-

.

tion and suggest an interfacial control mechanism,

(33}

Dependence of protein transport to the wall on thq shear stress
is also_reported by Caro , greater shear stress corres

ding to
greater uptake |

An interfacial control mechanism, with the fluid-wall interface

L

uptake as the controliing step is also found by Caro and Neremt34), How-~
ever the lafter_study was doﬁe on cholesterol ta 1ipid) while the work;of
Nérem‘et al.(sz) was doné on albumin, Evidence is available from both
studies that albumin and cholesterol Kave virtually the same level of ﬁp-
take for:similar conditions, which is interesting considering the gross
diffgrencés in size and structure of thé maleculcs: In the study of

Nerem et al., measurements were taken during the initial transient phase and
. ; .

”ﬁgiéf.Eb'équilibfﬁiiaﬁrbfTihé'trdnspéft7ﬁf6€éé§:w”'

- (35)

Vroman and Adams studied adsorption of plasma proteins frdm

¥ n .

plasma by ellipsometry. Pdlymers, silicon oxide and tantalum oxide were

t

among the surfaces studied. They found that fibrinogen adsorbs on sili-
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con oxide surface within 2 secqnds; they also found the fibriﬁogeh
adsorbed uﬁﬂergoes "coﬁVersion", i.e. exch;nges with factor XII and other
-constitueéts when exposed to intact plasma. The process was found to be
rapid. Flow seems to be én important factor in plasma protein-surface
interaction. Thrombus formation was found tohbe affected markedly by
shear rate, and since protein adsorption is a step £elieved QO'affect
thrombus formation and struc;ur?, flow effects appear to be relevant in
analxzing the protein—surfacé fhterac;ipn problem.

Dintenfass(36) from rotational viscosity found fhrohbﬁs structure
to vary mérkedly with shear rate. On the other hand, Downie et al.(37)
found thrombus formation in a Y-shaped chamber in which blood' is fléwing
towards a bifurcation to be relatively independent of shear raté.

(38)

- Grabowski suggests the necessity of convective diffusion for
the transport of clotting protéins as well as platelets to the vicinity
of_an artificial surface, if initiél interactions leadi?g to_thrombuslb
growth are to take place. He further suggests that the initiation of .
adsorption of '"surface active" protein, as.well as the subsequent relea§!‘“
ofléurféce active "proteins" may depend on flow rate. Howéver, such a
flow rate dependence may not have been previoﬁsly observed because the

. chargcteristic time for‘protéih surface interaction is very‘short, l.e. .
on the order of‘seconds.‘ Several studies have been done to investigate
the effect of chemical structure and surface pr0pert1es on adsorptlon

as. well. as’ the. type of bond that. is. formed between- the proteln and the
surface._ Sawyer(3 3 and Falb et al. (40) studled many- surface characteri-

stics in connection with thrombus format1on and proteln adsorptlon.

Lyman et al, ®) found adsorptlon of -plasma proteins on hydrophoblc
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polymer‘surféces, of low surfé;e energy, to be irreversible. They also
; , | R K :
found critical surface gension which is related to surface free energy.

to correlate with-clotting time. Dillman and Miller(dl) studied the ad-
- sorption and desorption of plasma proteins on a variety of polymer mem-

branes. They report that adsorption takes place in two separate and

distinct ways simultaneously. Both_types of adsorption are reported ﬁo
follow the Langmuir isotherm. They represent separate membrane sites and
are non-interacting.

. Studying protein adsorption to hydrogels from watér, buffered

saline and protein mixtures-and plasma,.Hoffman(42)

observed that the
monomer purity has a large effect on protein adsorption to hydrogels.

He reports different adsorption behaviour between buffered solutions and

'plasma, relating\fhis to unknown plasma, factors that modify fibrinogen ad-

sorption of some of the hydrogel surfaces studied.

(43}

Morrisséy and Stromberg studied conformat{ion and conformational

changes of adsorbed plasma protein on a silica surface. They report that

thelinternal.bonding of,thesg proteins is suffirient to maintain their

native strufture while adsofbed. They,also report that the conformation'

of adsorbeq!prétein‘was found to be independent of the time of adsorpti9n.
Lumber et al(dd) studied elution of proteins adsorbed from plasma

onto glass, silicone-cpated:glass and cuprophane. They found that most

of the adsorbed proteins are loosely adherent to all three surfaces with
Yy .

lceftain'plasma proteins strongly adsorbed to glass; less strongly to

silicone-coated glass and least strongly ro cuprophane;~
Many types of bond have been suggeﬁted to describe the agsorption

behaviour of‘proteins to surfaces, They include hydrogen bonds and

N



hydrophobic bonds,electrostatic bonds and combinations of thesé

¢

(16)
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CHAPTER IY1

el

EXPER IMENTAL

"3.1  ANALYTICAL TECHNIQUE

Protein adsorption has been studied by several methods such as
as: reduction of solution protein concentration; measurement of nitrogen
L - D ' \"‘
content, intdznal reflection specttomet&y (IRS), and ellipsometry, as well

. . . ’ B | . . . - . ’
as countingcthe individual molecules with the use of an electron micro-o
(16) ' |

_scope

Of these methods, IRS and ellipsometry are most frequently used.
Howe&er,'there are some limitations on their use, For example, ellipso-
metry would pot be feasible if the adsorbed fiilm and the substrate have

comparable refractive indices. On the othér'hénd, IRS‘caantﬂbe used for

-

competitive adsorptioﬁ studies because of the similarity in the infrared

1 D

spectra of different proteins.

In this study the radio tracer method is used. When experimental

conditions'are de;igned adequately to assure the pr0por£ionality between
the mass and the fraction that is dabellea(4s), ‘this method provides data
re1a£ed directly to the mass of labelled substance with ﬂigh gécuragy.

In the present work protein fractions ;re labelled with 1251 or 1311, and -

by monitoring radio activity on the surface, full information can be ob-

tained about adsorption to, or release from the surface. -

Advantages of this metfiod over the others mentioned above are:

1 =~ It gives direct measurement of the mass on the surface with

P P S L LS
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accuracy comparable to that of a micro-balance 437,

2 - It is'net_based on ‘measuring certain‘physical properiies}of:prpteins.
This is an important advantaée, since the propertiesqu‘preeeins )
may be undistingudehable from those of the substrate.

3 - It is an ideal method for studying competitive p;déein adsorption
from multi-component solutions or plasma,

4 - It is the onlyiway to study turnover and eXehange between adsorbed‘

and dissolved protein. - _ , T

3.2 MATERIALS

Hdman albumin, 100% electrophoretlcally pure, and in drled form,
o
was obtalned from Canadian H8chst Ltd., Montreal, it was used with no °

further pur1f1cat10n. Na- 1251 and 1311 was obtained from New England

Nuclear, Boston, U.S.A. Albumin (10 to 50 mg portions) was labelled with

(46)

1257 and 1317 using the iodine nonochloride method of McFarlane . In-

this reactlon 1odine substitutes malnly in the aromat1c rlngs of tyrosine

(47)

re51dues » and the degrees of substltutlon can he carefully controlled

24

by regulation of st01ch10metry and m1x1ng technique. At a level of substi-

tution not exceedlng one iodine atom per molecule of proteln, it has been

(48)-

shown that biological activity is not altered Solutlons of albumin-

were made up to the proper concentration in a solution of 0.2 Molar of

tris [hydroxymethyl) amino methane of pH 7.4 in distilled deionized water,

Polyethylene was 1n the form of tublng (Intramedic PE 320) manufactured

by Clay ‘Adams, New Jerscy, U.S.A. and supplied in a pure form containing ...

no additives or plasticizers. It has a Specif{c gre&ity of 0.92 (low

" density, Table 4). §Figure 4 shows .a transmission electron mierograph of "
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FIGJRE 4

TRANSMISSION ELECTRON MICROGRAPH OF THE POLYETHYLENE SURFACE

~SHOWING™ THE MOLECULAR - DIMENSIONS OF NATIVE ALBUMIN, =

45 'A : Projectic'»n of end-on disposition
o
115 A : Projection of side-on dispositioni:

25
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_of the polyethylene surface. The electron micrograph shows the surfa;e :
is rough when compared with the molectriar dimensions of albumin. The

v

tubes, of 0.106 inch I.D. were cleaned immediately before use by rinsing

"with methanol for 10 minutes followed by two changes of distilled, de-

. ionized water eadh\ggf 10 minutes. : .

‘3.3  PROCEDURE AND METHODOLOGY

e .7

. Experiments were-perfé}med under both static and flow conditions.
Segmcnts of Eg?ing 45 cﬁ long were fille¢¥initially with solqgﬁt and the
solvent was diéplaced wit&EPrStein solution using a syringe. - With three-
way valves at each end'ofthe tube'iﬁtervening air bubbles could be : «\ﬂ“\
flashed 6&1 through a sidearm and congaét of the test surface with the ‘

_ air~§olutiﬁn'interface avoiaed. Fo; Ehg flow‘pxperiments fhree pumps

were used: a‘ﬂgrvard automatic infﬁsionlﬁump (model 600950), a Redy 7
~ roller pump (Bfader-John Inc.,model 6-50Q) and a Wétson—Marlbw {model

MHRE 200). .The polyethylene tubing was.conneﬁted to the pump using
silastic tubtng. A_sghematic diagram of the legﬁEEElem'is shown in

Fig.5. In'géneral an experimental'”ruﬁ" involved about 15 lengths of

tubing in series. Each tubing lengtﬁ has a 3-way valve at ‘both ends. .

[y

After an appropriate contact time with ‘either adsorbate or exchange solu-

tion, a length'of,tubing was disconnec

from the circuit, rinsed and

counted while the remainder of the run ¢

time per experiment, for-both adsorpti

tinu?d{ In generéi rurining

n and éxchange was iSD-ZOOlhours.
For the flow experiﬁents turﬂOVe was carried -out at the same flow réte-

as adsorption so as to elimin;fe "apparent" turhdverrdqe to shear-énduded
desorpgion.,'Rinsing procedure was established b}adetgzzzniné thé treat- S\\\“-_;,

ment required to-obtain a constant surface concentration. In general

three aliquéts of solvent.were used. The tdtal rifge time was 24 hours.



FIGURE 5

——

SCHEMATIC DIAGRAM OF THE FLOW CIRCUIT.

Roller Pump
Bubble Trap  °
Three-way Valve

)

1
2
3
4

1

Polyethylene Test Sections ~
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An éxchange experimenf consisted of adsorption of labelled pro;
tgin teither 1257-Albumin or 1311-A1bum;n).t§ steady state.'-Adsorption
time ranged between 24 to 40 hgurs, thls was followed by rinsing and
fillingd the system with proteln solutlon of the same concentration as
that of the adsorbate solution and labelled with the other isotope (1251
or 1311y, With test sections of 45 cm ienéth an entrance of l% cm, about
" 8.5 cm lenéph_of the tube at each‘énd'w;:\allgwe& for flow development.
Samples for counting were about 14 cﬁ iong (11.4 cm?) and at the levels

'of adsorption expérienced, initial counting

tes of 2000 to 4500 CPM
were usually obtained. For both 1251 and 1313 sample counts per minute_
.encountered were usually at least 4 5 times the baskground nois?_level. 5
-There was no limitation on preC151on from this source. All experiments
were performed at Toom temperature (22°C}. Sémplgs were c0un£éd in a8 well
type solid scintillation counter (Be;kman Biogamma.&.M. Counting System).
.Thls is a three channel gamma counter of 200- sample capacity. The de-
tector consists of a three-inch sodium iodide crystal doped with thallium
iod&de encased in an'alhminum housing with a thin élu;inum window which-
ﬁermits efficient Cdunting of gamma emitters. The couﬁting system iq— A
.cludes a teletypewrlter.
The half-life of the isotopes used are 60 days for 1251 and 8
~
days for 13! I. Duration of the kinetics and turnover experiments
(100 - 150 hours) was.within these half-life per;ods. To avoid correc-
tion for decay in counting the ra tﬁ%ctivity level in the samples all

end of the experimental run. Counting time per run never exceeded 150

minutes, this period is short enough to exclude radioactive decay as a




-
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variable affecting the~récorded-readings in the course of unting;

In the turnover experiments; the two isotopes were simul-
taneously used, and cpunting was carried out by adjusting two chénnels of
the gaﬁma counter on the peak radiation level of the-tWO isotopes. In
this-situatiﬁn there is usually @ count spill-over from the'éhanﬁei‘set
with a wider range {in this‘cage the 131I-channel) to the channelrset
) with a ﬁargpﬁer range. This was corrected, after effective counts were

obtainédljkf sﬁbtracting backgrouﬁd counts fro@ recorded ﬁounts, by

means of a formula supplied by the manufacturer.

- : I\
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there is now an extensive literature concerned with it

CHAPTER IV .
" ANALYSIS
4.1  THEORY

4,1.1 Intrdductigﬁ

Biological studies have been greatly facilitated by'the use ‘of
' LW Y

.

ghdioactive tracer materials. .One of the‘mathematical;coqcepts used to

- .

describe biological‘gad biochemical processes by means of tracers is

called compartment analysis. ' Mathematically speaking, comparﬁmentrtheory

is the representation of the processes mentioned above by a system of
first-order linear differential equations with constant coefficients;

these equations are called compartment equations. “The subjeét has a
much wider range of applicability{in chemical‘engineefing, electrical

engineering, economics, etc. With respect to application in biology,

(49,50) .
(51)

According to Jacquez , & compartmental system is made~uﬁ of

a finite number efjmacroscopic subsystems, called compartments or pools,

each of which is homogeneous and well mixed, and the compartment§3interl
act by exchanging material. There may be inputs from the environment

into\Qge or more compartmentsand there may be outputs from one or more

compartments into the environment. If there are no exchanges with théf

" ‘environment the system is said to be closed, otherwise it is an open

systém.
In this study, during exéhange,“material (albumin) moves from the

| : J
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‘solutionto the polyethylene surface, while adsorbed albumin leaves the

surface to the bulk solution. The surface may have crystélline and

amorphous regions, with possibly different kinetic beRaviour vis-a-vis

protein adsorption and exchange. It may have high energy sites or v

‘strain'points. In other words, the'surfacg may not-be kinetically uni-

form. ‘In this siudy, these "types">b£'surfaCe sites will be treated

as distinct, non-interacting and homogeneous compgrtments interacting

with the solution compartment. The first order differential equations describ-

ing labelled protein transport between the surface and the solution will
be the compgrtment equations of the system. Description of these equa-

tions and their solution follows.

4,1.2 Mathematical.descfiptioﬁ of a system of compartments.

sConsider a system of n distinct, hombgeneaus compartmentsf; it
is assumed that the traﬁsport of a labelled species between these com-
partment may be deécribed as a first 955;} process. Consequently the’
n c0mpartmenf§ are governed by a sysgem\of linear ordinary differential
equétioﬁs with constﬁnt coefficients that is written in matrix notation
as

pat Y l | [1]
dt -

u
1>

where: Y is a colum vector whose generic elements Yi represent

the total amount of labelled material in .the ith compartment.
«r .

“A is an ﬁhx_m matrix, the elements of which are ajj. For i ¢33,

aij.is the material transport rate from compartment j to com-
partment i per unit amount'of material in the jth compartment.

ajj is also referred to as the fractional turnover rate of com-

i)

31




" partment is said to be closed if not it is said to_be. open.

32
partment j with reSpoct to i. (_aii) is ‘the rate at which the
‘total amount of material in the ith compartment is replaced.

Implicit in equation [1] is the assumption‘that the transit time for mat-

erial flux between any two compartments'is nbgligible-._ ~ Accordingly,

‘only Y is time dependent and A is constant.

In view of their phy51cal significance, the clements -ef the matrix

A must satisfy the conditions : N L '

+-

3y 2.0  i,j=1,2,---n, it] : 2]

(3]

e~
A
. o
]
"
pt
2t
t
1
f
1
|
|
-

ai.‘
i=1 )

‘Equation (3] follows from the definition of_aij and the requirement that

\

no compartment is a material sink.

From equatlon [2] aﬁﬁs[s] it can be deduced that

17,8

a 0 1= 1,2,y 4]

il

and the equality sign holds only if aij = 0 for all ijith i fixed.

To differentiate between closed and open systems, the excretion

rate per unit volume for ‘the ith compartment is defined as . p

e 18]

aoi
b

/\“/

From equation [3] it follows that as ? 0. aoi_represents the -fractional

~13
jot
]
ot
-
[\
-
=]
-

rate at which material is”lost from compartment i to the exterior but not

to other oompartments. If 8. = 0, 1=1,2,----- n, the system of n com-

SOlUthH of the set of ordlnary differential equation repgesented

& 2)

vectorially by equation [1] was obtained using Laplace transforms
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E Another more concise method of solution'is that of matrix diagonaliza-

: : . (53 ' : :
i tlon( ’55), the solution is .
. - Byt:
T
and [61

=
1]
lj <

A 6!
where A 1is the diagonal matrix of the n eigenvalues Bj of the matrix A
and g? is a matrix function of fractional turnover rates and initial dis-
| tribution of tracer.

1 . ' '

i It was shown that conditions (2) and (o] guarantee that the Bj

haVe negative or zgro rcal parts and that no pure imaginary Bl existstsa)

<

f_
f © When the set of cquatlons describes a closed system, such as the

Qne'ﬂealt with in this study, A is a singular matrlx and thus one of its

eigenvalues is zero(ss), such a system is unconditionally stable, all

T

eigenvalues ‘having non-positive real parts.

The concepts of compar{ment analysis outlined above will be used

s T

to analyse the data collected in this study Ths;purpose~of the analysis is
_to find the fract10na1 turnover rates that describe the exchange between
a species tprotein) adsorbed on the test surface (polyethylene} and the
same species in the brilk solu#ion. Investigat;gn is exténded to study

the effect of bpth shear rate and solution concentration on these frac-

T

tional turnover rates under steady state (surface-solution) equilibrium

"conditions. | . .-

Experimental'cvidence'in this study suggests the presence of more
than one "typc" of surface 1nv01ved in adsorption. Turnover curves - show

that there is a fractloﬁ\of the adsorbed protein that is unexchangeable with

the bulk solution. In.other words a fractlon of the adsorbed proteln is .

-~




bound to the surface in such a way as to allow it to exchange position
with the free bulk solution protein, while another fraction is bound to

the surfgce in such a way that this éxchange process at equilibrium con-

ditiong is now allowed.

STATISTICS

4.2

~As shown above, the solution of a set of linear ordinary differ-

i . . - s fes /
ential equations with constant coefficients describing mass.-transport /

. . . /
among n compartment can be expressed in the vectorial form [6]. * ’

Bt
= G (el
A G

| =

/,'4--._
and

. (6]

>
0
fle

£ .
. .

with the elements of G and B; being related to the fractional turnover

rates oy’fﬂ;/¥ate,constants of the system. The rélation depends on the "

.
BRI -

arrangement of the compartménts in the system and their pair-wise inter-

action..

‘To solve the problem estimates of B;'s and elements of G are

required from the data collected. In other words the problem is to fit

the data to a function of the form

-,

.‘ n ’
- fft) =.y=] g,

S

to determine the 'g;'s, the B;\s and the number of compartments n. In

systems that tend to reach an equilibrium state equation [7] appears

with an eiponcntial free term. In this study the exponential free term

would account for the part of the surface with non-exchangeable adsorbed

protein,’

Several methods have been described for the analySis of multi-

ey



exponential decay curves such as:

1 - The graph1ca1 technique, which may be perfdrmed by hand by.
] ®
curve -peeling on semi- logarithmic coordlnatestsej. It can
(57)
also bé doné on a digital computer .
2 . - An algebraic method in which the exponential identification

problem is formulated'in the form of a set of linear equa-

tions. The solutlon of these equatlons determines a poly-

nomial whose roots indlcate the value of the exponents( )
3 _  Transform methods such as solutions based on deconvolution
(52)

for Fourier transforms .

4 -(//;2erative methods based on non-linear least squares methods
(59,60) ’ - -

5 - The Bayesian estimation of parameters by multivariate ana-

lysi S(55 61) | .

" .
In.this study a non-linear least squares program is used to fit

the data to the proposed mode! and estimate the parameters of the model
S

(the By's and g;'s in equatlozszilr “The program is based on Lhrquardt s

met:hod(6 ) which is a compromise between Gauss- Se1de1 and the steepest

a2

descent method. According to Himmelblau( 0) Marquardt's method combines
the best features of both methods. S TN

A problem usually encountered in models involving sums of expo-

4

nentials is that the parametric covariance matrix 15 ill- condltloned

(5

This leads to large parameter estimation confldence limits How«

I

ever, to be able to assess the signlficance of any change where condi-

tions are varied, precise parameter values are important.

. ot LT e e ratk ,..__..' s o et
PTY- ;....-'..:..-.;.‘.n-'.;.x;a-;-?-‘-—""
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It has been reported that obtaining more than one response from

the system studied would .diminish the 'size of the confrdonce regions of

parameter estimates (SS) .

-

In compartment analjsis one resoonse is protzded By the measure-
ment of the amount of one tracer in one eompartment-over'time. Further
responses can be obtaiﬁed by;measurement of the same rracer-in a. diffe-
rent coﬁpertment. When other’ compartments are inaccessible another
tracer can be used and the measuremenr of botl} tracers from the same
compartment made 1ndependently f) X

There are different approaches to the 51multaneous ana1y51s of
multiple re5ponses-depend1ng on the kind of criteria used ;n the analy;ie.
One approach is the least sum»f squares method discussed by éeoochamp‘

and Conne1l(®?). 1n this method, the sum of eqoarcs of deviations of

igﬁted by the inverse of the
55)

model from data for each response mus

variance of the observations of that response

When replicates are not available toliive estimates of the variance

of observatlons, least squares analy51s of 1/ 1v1dual responses could be

used for parameter estimation. Accordlng to Allen et al, (55)

(61)

the Bayesian
multivariate analysis technique.of Box § Draper could also‘be used
when replicates are not available. This method is'reported to posséﬁs
superior properties with respect to t%ghtening theAconfidenoe limits of

parameter estimates.

In this study, the experimente dealing'with the turnover kinetics

' are de51gned to groduce two Tesponses obtained from mon1tor1ng the poly-

f
ethylene Surface with time. "This is achieved through the use of two iso- =

'
i

topes as described in the experimental part above. In the course bfﬁihe
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process, the tracer used.originally in adsorption shows the multi-
exponentiel decay pattern described above, while the surface concehtration
of the other tracer (in the exchange solutlon) bullds up, unt11 ‘both
reach an equilibrium. value Both responses are obtalned by 1ndependent
rad10act1V1ty measurements from the polyethylene surface and thus lend
themselves to the‘multlre5ponse analysis discussed above. This method
will be briéfly outlined here. LB

Details of the theory for this method are given by Box § Draper
(61). The method relaxes _the assumptions on which the ordlnary leastl
Squeres method is based. These assumptions are:
(a) Errors are all uncorrelated
(h)_ﬁrcors all have equal voriaoce.
Even an improved least equareslmethod iike similtaneous least squares
analysisnof multiresponse probleme cannot account for correlations between
Tesponses. |
B The technique of Box § Drapef provides the Bayesian estimate of
“ parametcrs‘which'have che highesc posterior prooability. It assumes that
the errors are distributed according to a muitivaoiate'normal'distribu-“
tion with unkoown Variance-covariance'matrix By ue1ng a "non- 1nformn—
tive" prior distribution, it was found that estimates of parameters B y1e1-~
ding maximum posterior den51ty are those obtained by minimizing the deter-
minant.’ ‘ | : | ' i

E()rlu-ylu zy2u y2u)(ylu ylu)-__—z vu u)(ylu_ylu)

L (y ;' Hy -y ) {y'-y )2---Yly -y Iy y )
|VJF{Vij}_= ) ?u 1u Zd 2u _2u. 2u vu “vu’ *72u 7 2u (8]

Z(Ylu';’lu)(y\ru'yvu """" z(yzu YZuJ(YVu'yvu)" E(YVU'YVU)Z



where all /sums range fromu = 1"to u.= n observatlons yvu is the obser-

‘vation for the vth.\g5ponse at the uth set of cond1t1ons and y is the-

corresponding value from the model to be fitted. A more concise'form

of this objective function is
- ' ' ° 2 ; " ) *
: ]VI = {Vl_]} Whe.rervij = Z (Yiu - Yiu) (y_]u - yJU) [9]

for the ith and jth response.

For a two-response probleh, v = 2 and the parameters B would best be
estlmated by m1n1m1zlng the 2%x?2 determlnant of equatlonx[S] It is
noted here that for the’ partlcular case of a 51nglc response, thlS pro-

Ta i

cedure leads to the method of least squares.

38

i



by = e ——

CHAPTER V

RESULTS

5.1 REPRODUCIBILITY OF SURFACE CONCENTRATION MEASUREMENTS .

Surface concéntration tweight/unit area) of albumin was calcu-
lated by comparing the radioactifity of an aliquot of solution 6f known
concentration with that of a known areé qf surface. The surface concen-
tration thus obtéined was independent of the reiative amount of labeled
and unlabeled protein in solution, as shown by the data in Table 5. This
indicates that there was no preferentlal selection of labeled or unlabeled
molecules by the surface . The TQPIOdUClblllty of the surface concentra-
tion measurement Qaﬁégggut +5% at fhg level of radioactivity most frequen-

tly used.

TABLE -5
§ § o .
Relative content of labeled : Surface Concentration
protein in adsorbate solution. pg/cm? £ S.D.,
10 mg%concentratlon
10 | 0.170 + 0,004 ..
7.1 . - - 0.188 + 0,005 -
12.1 - 0.161 + 0.004
8.0 : 0.151 + Q.004
© 38.4 | oares &004

-39 -
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5.2 ° ALBUMIN ADSORPTION KINETICS AND ISOTHERMS

5.2.1 Adsorption Kinetics . -

Figures 6 and 7- show surface concentration-time curves £or -two
sdlution concentrations and four shear rates. Table 6 shows the plateau .
surface contentrations for all cpnditions studied. Adsorption times

for these plateaux are 24 hours.

The adsorption kinetics experlmenf§ show that steady state sur-

face concenpration ) reached in a short time with respect to the dura-

tion of the kinetie runs. Kinetic runs were extended to beyond a hun-

" Results \show that the steady state surface concentration is
reached within 2 hours and is maintained thereafter. This behaviour
holds for ®oth static’and flow experiments. Steady state levels of the

time-concentration data show the expected depeﬂdence on solution con-

" centration, i.e. these levels increase with increase in solution con-
- wo¢ . .

)

centration. However, these steady state levels do not show a dependence

‘on shear rate within the range investigated (0 to 2500 sec™1).

5.2.2 Adsorption Isotherms

Data;for the adsorption isofherms at various shear rates are
showﬁ‘in Table 6. The igotherhs constructed for thefalbumin-polyethy-
lene system are shown in Figs.8, 9, 10, 11. They appedr to have a shage
_tYpicai of.tha Langmuir isotherm which can be fepresenfed by the rela-

tion:
yo. b - T
Y 1+ be . 7 . r ‘ (0]

y = amount of protein in the adsorbed monolayer in equilibrium with

solution of concentration c,
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TABLE 6 I

ADSORPTION OF ALBUMIN TO POLYETHYLENE - DEPENDENCE | " '
- N " ON SHEAR RATE :

o -

Solution B Equilibrium Surface Concentration ug/cm?
Concentration : - _
mg% . | 0.Sec.”l. | 250 Sec.”l | 1250 Sec.”! | 2500 Sec.”!
s
5 1 oo7  0.047 0.04 0.045
“ 10 | 0.1 0.09 0.085 , 0.095
20 0.135 .0.135 0.1 0.13
Val 30 0.155-/_f\\~*"0.i45 0.14° 0.15
) 60 0.17 1 0.175 0.19 0.18
- 8o 0.175 0.17 0.22 0. 225
| 140 © 0.21 027 | 0.24 0.285
200 N 0;215 0.26 030 0.34
2000 | o:zss : 0.2 | 0.285 - 0,31
380 0.33 0.39 0.34 " 0.375
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Yo © amount of protein in compleie ronolayer.

+

Strlctly speaking the activity rather thanfthe concentration should be

-3

used. However, ‘in the case of dllute Solutions we can use the concen-
tration in the above expression with reasonable accuracy.

_The term b according to Langmu1r includes various constants and is depen-

dent upon temperature( 3,64}, E
b = '-N ﬂE/RT . : | . : [11]
PR ‘
‘N = Avogadro's-number -
E = Activation energy of removal of the solute from the substrate
[On‘the assumption that the adsorption has ;ero aéti;ation
energy at low coverage for solutes or gases).
;ym = The nﬁmber of'adsérbate molecul?s per square!centimetey of
complete monolayer. . . _';
v, = The frequency of oscillation of the‘a&sorbate molecules per-
pepdicular to the-surface. '
R. = The gas constant. )
T Q; Absolute témperature . ]
Langmuir c;uation can be expressed in ihe following alternate L
rn 65) S
Lo, Lo, L B 12
y bey, Ym _
b= KL= oKy | SRR ¢t
: E; . .
where: .

k; and kp ere rate constants.of adsorption and desorption respectively.

U S
This relation is linear with respect to = and .



VAR

N | . a9

"~ Figures 12 and 13 show plots of‘%-v.s. %—for the isotherms correspondiﬁ%b

to no flow and 2500 sec”!

shear rate respectively. The plots show the

linear relation oxpected-in'Langmuif adsorogion systems.

5.3  TURNOVER RESULTS

&

The results of the turnover study conducted appear to conflrm

the possibillty put forward by Brash et al. (65) that whlle_the protein

layer adsorbed on a polymer surface.may remain indefinitely at the steady

state level of a close;packed monolayer, it may be exchanging material

with the fluid, in contact with the surface. It was observed, as shown"

-

in Figs. 14 - 17; that the albumin adsorbed on the surface, tagged with
one radioactive isotope (1251) is released from the surface in_an,expo-"
nentlal decay pattern, while albumin present 4in the bulk solution -tagged
with another iqotope(lall) moves on to the surface to replace the released

—_—

protein. The process continues with time until the two species (with re-

.. "\
spect to radio-labeling} reach an equilibrium value. on the surface.

120 hours eichange time, the turnover took place within the steady state

condition of a constant surface conoentrotigo, as reported in the adsorp:
tion kinetics rosults‘above. |

}he two Tesponses collectedjkor different combinaefons of shear
rate and solution concentration were used to estimate the invariants of
the’ turnover process. These invariants are used to!estimate the speci-
fic rate constants of the surface reaction and to examine the dependence

of these rate constants on both the shear rate and solution concentrﬁ-

tion.

~—

‘Four solution concentrations were used in the turnover study:

It was observed that within the range of time Sthdled, up to 100 -

RS
=

U

Ca A

B e
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10, 80, 200 and 380 mg/100 ml under static conditions as well as under
flow rates corresponding to 2§b, 1250, 2500 reciprocal seconds wall shear
rate, ' . .

The static runs did ngt show detectable turnover'between the

surfacé albumin and the solution albumin for the 10 and 80 mg% solution, -
') . T

Slight turnover was observed with the 200 mg% solution where the extent
of exchange was about 5% of thé steady state surface éoncéntration in a
span of 120 hours. {5% turnover was observed under static conditionsj
wifh the 380 mé% solution after 120 hours. When flow_was inéro&uced,

T

much higher turnover was observed at comparable éxchange time (Figs.l14,’
. ' -+

- i

17). : - :
e s N e .
Non-linear parameter estimation was used to find estimates of the
parameters of the proposed model to describe the turnover process under
flow conditions. For the decay curve describing the species originally

on the surface the model proposed is:

T . -B.t : -
y, = 1 g e i +g [14]

 With the steady state condition of constant surface concentration holding .
and with the concentration of the species present on the surface during
the turnover process expressed as a fraction of the steady state concen-

tration, the .expected madel of the other response is
‘ n -B:t
- ‘ = - i
y; = 1oy = - § g;e 1+ gy) [15]
where Y, = fraction of_thejstéady state concentration attributed to -

-original species on the surface.
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Yy = fraction of the plateau concentration attributed to

-

' protein species in solution.

1]

t time.
The data were fitted to the models with a digital computer subroutlne
based on Marquardt s non- llnear 1east squares parameter estlmatlon
method(ss) | "

Forms of the model with different numbers of exponentialltermg ,
- were used for fitting the data. The gdodness-of fit for parameter esti-

mation for the different model forms was chgcked by examining the ratio

of residual sum of squares of each form fit according to the formula:

-~ ' [

S AP | - m

- >1 + 28 ___ ¢ (6]

n i pk+1_ AP,n-Pk4L
where Sk = residual sum of squares corresponding to a model form

of k exponential terms.

Sk+1 = residhal sum of squares correspondin ‘a model'form -
of k+1 éxponential‘te?ﬁﬁh

n = number of points fitted.

AP = .incréase in the number of parameters due to the inclu-

sion of the extra.exponential term (=2).

- Py, = number of parameters corresponding to k+l exponential terms.

AP,n-Pk-+1 =.The value of the F-distribution. functlon with AP and

k 1 degrees of freedom at 95% confidence level ob-
- tained from F- distr1but10n table.
If the addition of one more exponential temmn signlflcantly 1mproves

the goodness of fit, .the inquallty aboverhqlds.
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- Using the above criterion for each response independently, it
was found that the data fit reasonably well to the model form haVing‘
one exponential -term:

-Bt

Yy Tge T +g, [17]
- -Bt .. '
y,=gll-e ") (18]
.wherg g; =1.0 -g - o | o ' [19]

when‘yl‘and y, are expressed as fractions of the steady state surface

concentration.

Estimates -of the parameters obtained from fitting data to this
model for different solution concentrations and shear rates for each
re5ponsé are shown in Tébles 7 and 8. Figures‘14'- 17 show-the t§o‘-
fitted responses as well as the data for the turnover process‘at difée—

-~ rent shear rates and solution conceritrations. |

Somg experimental runs were performed in which albumin was édr
sorbed on‘the'polyetﬁylené surface until steady étate sdrfaée concen{ra-
tion was reached for a certain shear rate. Pure solven; was thén circu-
lated in the systeﬁ at the same shear rate.’ If_waﬁ observed that the
surface concentration remainéd-constant and fhat ”pure'shear"‘femqﬁal

- 4 of adsorbed élbumiﬁ from the surface within the range of sheaf rates
uged_iﬁ this study did not take piace.

.After it was foﬁﬁd that the data fit reasonably we11 tb the.pro-
pdsed model for eath response by the érdinéry'least'squares method, and
that the individual confidence 1ntervalsfor each parameter estimate

r

ove;&%ps for both responSes (see Tables 7 anpd 8), the Bayesian- multl-
~ (s5,61)

variate analys1s techn1que of Box and Draper WS used to obtain

uy

KT TS SIS PRI N Lot G o 2 YT HT D ) ] AT P A SRR e v et el R S R YD T T ST e v 1 Ty
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better estimates of "the paraﬁéters. According to that technique, the

Bayesian estimate ofhparﬁMeters for two respdnses'is-that whi¢h minimizes -

the determinant of tbn\fgtrix V where vij’ the element of that matrix
- . . [ = . s

resulting from the twd- responses is

. . . . -
W . ' . -
n . e
~ - ~ .

Yij = uzl SATIRATY (qu.':yzu)
where n = numbef of -observations . »
Yig = the uth oésefvation of th first respbpse | ' .
;lu = the cnr{eSponding value of FHQ‘deél'F response : |
yiu = the'uth %bservationkof the second response o - °
;Zu = the corresponding value of the-ﬁodel's fesponﬁe.

A grid search method was used to minimize the determ1nant of V being the
obJect1ve functlon, and find estimates for the parameters J‘Estlmates of

parameters by thlS method are shown in Tables 9 and 10

TABLE - .
ESTIMATES OF PARAMETER B BY MULTIVARIATE ANALYSIS
Solution Concen- 5 Shear‘ Rate .
trat;on mg3 250 sec~! 4 1250 sec™! 2500 sec~!
1w ~0.0176 0.0435 ° 0.0369
D T  (0.017-0.0179) (0.0426-0.044) | (0.036-0.0372)
g0 f{% .08 0.03 0.0383
- (0.0273-0.029) | - (0.029-0.0313) | (0.0378-0.039)
200 0.0325 0.035 0.0435
.| (0.031-0.0328)| (0.0328-0.0358) | (0.043-0.0441)
80 ° | 0.,019° 0.0267 - 0.0403’
a (0.018-0.0201)]  (0.025-0:028) | (0.0385-0.041),

.
.
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" TABLE 10

3 =~
k4

ESTIMATES OF PARAMETER ¢’ BY MULTIVARIATE ANALYSIS

Solution

62

' Shear Rate
Concent- - -
ration " 250 sec”! 1250 sec™! 2500 sec™!
mg$
10 0.223 . . 0.331 0.522
(0-203f0.231) (0.315—0.342) (0.517-0;533)
80 0,304 0.664 . .0.810
' (0.283-0.315) {0.649-0.678) (0.801—9.821)
200 ' 0,263 0.413 . O0.5@8
) (0.249-0.274) (0.039-0.0425 ) '(0.493—0.517)
380 "0 .456 - 0.601 - 0.721 _
(0.435-0.47 ) (0.596-0.612) (0.717-0.733)
=

R

Tr e e b
TSR S M M
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CHAPTER VI

DISCUSSION

- 6.1 KINETICS OF ADSORPTION AND ISOTHERMS.

(27,28,29:31); it was found

In agfeement with previoue studies
hat a steady state surface concentratlon is reached within a short time
of exposing the polymer surface to the albumln solutlons usually in tﬁ/” o
‘first two hours. Similar behaV1our has been observed for mixtures of

(31)

proteins by Lee and Kim These authors studying protein adsorptlon.

on hydrophobic surfaces,found times required to reéch steady state rang-
ing from 10 to 60 minutes under spatic conditions and 10 to 250 minutes
‘under flow conditions with the highest time corfesponding to the highest
flow rate. In the present study, steady stete‘coneentration was reached
‘within the first two hours at all shear rates used from zero to 2500 sec”l,
However, the timerscale of the kinetic runs here was much longer than
that of. Lee and Kim. On the other hand they.reoort the flow in terms of
milliliters per second-withou; mentioning the wall‘ehear rates, which
‘ makes the comparison difficult.
The dependence of steady state concentrat1on on flow rate found
by Lee and Kim euggests that protein adsorption is dlffusion dependent.
Of the surfices used in their study, only. segmented copo;yether-upethane-
urea d1d not show this flow dependence. Lee and Kim explain this in

terms of the roughness of the polyurethane surface compared with other

surfaces that do show flow dependence. . ' .

1
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'In.the:oresenr gﬁldy steady state surface concentration was not
..found to show regular éependence on wall shear rate and there was no Spatial
change of albumin coéientratlon along the tube axis, . This suggests that,
with respect to polyefhxlene, convectrve transport does not play a major
"role in albumln adsorption, contrary to the findings of Lee and Kim.
Nerem et a1, %) giq not find albunin uptake by an arterial wall both in
.vivo_and'in vitro to he dlffuslon dependent, which is in agreement'with_
the findings reported here. |

The adsorptlon 1sotherms.were found to fit the Langmuir model of
adsorptlon Thls is_in agreement with the f1nd1ngs of many authors(16 17,
. 23’27'3;). The Langmu1r equation describes well a lot of gas-solid’ ad-
.sorption data and can be derived from the kinet1c theory as well as from

(63) However, it was also shown to Ffit some solute ad-

thermodynamics
sorption processes on solid substrate, since solute adsorption is very
similar to that in gas adsorption the difference being in the free path
Vof the molecules(64 66) |

The Langmu1r treatment takes into account only the forces between
" adsorbate and substrate and is confined to monolayer coverage In other
words . the Langmuir model 1mplies that there is no lateral 1nteraction be-
tween the adsorbate molecules. Furthermore, tho Langmulr model ass?mes
.an ecnergetically homogeneous surface. _The shape of the lsotherms obtained

»

‘at different flow conditions, as well es the fact thar it can be shown

that a monolayEr has not been exceeded (lmplying no solute- solute interac- '
tion that could ldnd to multilayer formation) provides additional confir-

_ _matlon that the system can be described fairly well ] y a Langouir model. "

“Howaver there are other factors to be eonsidere N o. g- ‘observations by

Peterlin and Olf( 0) regarding the surface morphology of polyethylene,

. B
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These authors have shswn that the ratio snd.Spatial distributisn of
crystalline and amorphous ragzons-depénd'on factors such as dfawing and
annealing conditions. The amorphous crystalline balance in turn was
found to affect the sorption of water vapour. TheSe findings plus the ‘
possibility of having some chemical inhomogeneity in the polyethylene
surface, for example the presence of curbonyl groups (| C = = 0) in some
oxidized spots on the surface capable of forming hydrogen bonds, make
the assumption of an energetically ‘homogeneous surfnce somewhai simplis-
tic. The presence of 2 part of the adsorbed protein that is unexchange--.
able wlth tho bulk protcin in the turnover expariments may be seen as
‘an indication of the presence of such factors. Since the Langmuir model
ideally implies complete reversibility, which was not found to hold in -
"this study. ;

Observed suffass concentration fevels of the isotherms are within
the monolayer sdsorption range, values.for a close-packed monolayof_being
in the range of 0.25 to D 68 pg/cm2 Eor globular molecules based on the
) ,dnta of Oncley ot al( ) and using a rolecular Weight of 69, 000. Theso
data are in agreement with infra red results obtnined by Brash and Lyman
‘(23) The data obtained here suggest that thé adsorbed layer is at the
lower end of the range for o close-packed c0nfiguration indicating a side-
on disposition. However, the transmission electron micrograph shown in
Fih;; shows that the molcculsr dimcnsions of albumin are smaller than
the roughness scale of the surfacoe. This implies.that the adsorption —
area is larger than the geometric surface area of the test tubes used

for'obfaininé the‘obserVed surface concentration. So the real surfoce
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concentration is expected to be lower than that reported in.the isotherm
data. This difference does not affoct the quantltative analysis of the
data since the error is constant for all the experimental results repor-
ted. l )
The concentration isotherms for static and flow conditions are
constructed over the concentfa#ion range 0'- 380 mg%, the upper limit
beiﬁg aboutrlo%'from thé_albumin ;oncentrhtion in plasma. Adsorption time

was 24 hours,

The results found here are different from those previously repor-

ted by Brash and Lyman(zs), Under static conditions it was found that

the isotherm rises continuouslf through the concentratiop raggo used
with a change of slopc-betwqen ib‘and 50 'mg$. The slope at concentra-
tions greater than 50 mgg is ﬁuch'émallpr than the initial slope and
even if éx;rapola;ed~to ﬁhysiolog%cal concentration, tﬁe surface layer is
only nbéut twice £h0 upper limit for c;ose;packed monolayer(GS).

While Brash et'alcﬁsj suggest that it is prpbable that the iso-
thdrmvauld decrease in slope and become asymptotic to thé'upper limil
‘of the range for a close-packed monolayer, Hoffman(dz) reports that the
isotherm continues to haye an prafd trend until phyéiological concen-
tration'rﬁnge, the corresponding platgau concentration Eeing morq than
1.5 pg/cm? which.is about twice the upper 1imit of monolayer range.- Hoff.-
man attributes ;ﬁis to the presence of traces of fntfy acids in albumin,
he reports that coﬁplete defntting of albumin appears to normalize the

appearance with a plateau levol attained at a concentration of about

SOO mg%. The form of the isotherms in this work is more similar to that

7
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expected for physical ‘adsorption than for chemical adsorptiOn(67)

‘ showing a small but significant increaso with solution concentration.

f

6.2  TURNOVER KINETICS

f.ﬁesul;s of the_iurnover process reported'in Tab1e§'9 and 10,
and shown in Figs.14-17, show dependence of'tne_parametors desoribing
the process on shear rate. Results also show‘that‘a part of tho‘pro-
tein odsorbed on_thelsurfaco ;s non~exchanéoable with the bulk solution
protein; It is also found‘that the decay dato can be described adoquaf
tely by a model of the form:

' -Bt : o .
y=get+so - - | . [17]

when surfaco‘COncentrations aro normalized to a value of 1.0.7-‘ This‘
model can. be derived from first order kinetics as follons. During the
turnover process there are two reactions taking place oimultoneouslyi
'dooorption, in which albumin originally'adsorbed on the surface moves
out to the solution nith a rate constant ki, and'adsorption_onto the sites va-
- cated by the desorbed albumin with a rate constant ks, Becauso of the
small surface to volume ratio of the system which makes the total amount
of protein on the surface very smail compared to the protein contont of
ého solution, it can be assumed that the solution concentration remains
.constant dur{ng_tho experiment. This implies that
k1 > ke |
If we asoumo that:

N s The number of originallyvodsorbod albumin molecules remaining

i
on the surface per cm2 at time t during exchange. .

N The number of albumin molecules incapable of exchanging with



the solution alﬁumin per cm?,

N. = The total number of albumin molecules on the surface at -steady state.

T.

-,

‘Assuming first order kinetics we can express the desorption process by

s

the following equatxon

d(N; - N )
gt

-

- - STCRERS) ) {20}
" The solution of this differential equation is

_ l?.n(N.1 - ﬂo) = - kjt + const.

rsince at t = 0, Ni = NT
N, - N -
i o -kt
i e 1 o [21]
T. o
Normalizing the number of molecules to steady state level’
N - . N N : S
Loaa-@etg . ‘ 22}
Ny T N o

Comparing'fhis result with the modeluequation f17] we\find that
B = k; = the desorption rate constant hy-} -
= the fractional turnover rate
(1.0-g)= %2 = the‘ﬁnegchangeable pﬁft of albumin as a fraction of
s teady 5tate|n.go
g = (1 - gﬂq nl.thej exchaﬁgoable f;aétiod of "the .steady state
' surface concéﬁt}ntioq.
Examining Table 9 it can be. seen that the fractional Furnoverlrate B:doos
not show a correlation with solution concentration. This may be explained

by the fact that even at the lowest-solution concontration (10 mg%) the

:5olut1on albumin content is much lnrger than the total albumin ad-



68

éorbéd on the surface;” Therefore, increﬁsé in so}u;ion:conceﬁtration‘

is.not- expected to- affect the turnover rate. Increase in sﬁear-rate,l
on the other hand, seems to 1ncrqase the Eract1onal turnover rate._ It "is
also noted ;hat'shear.forcés of pure solvent do not brlng about detec-

table removal of adsorBed albumin from the surface. .Thesé two obser-
vations suggest that a main factor hehind dé#orption, and spbséquéntly
exchange with the bulk solution protein, is the continuous "bombﬁrd- ‘
ment" of the adsorbed albumin with:sqlut1on albuﬁin.under flow condi-,

‘tions. The energy acquired by solution albumin molecules at higher
- shear rates would increase the rate of molecular colllslons, ng1ng
rise to faster removal of exchangeable adsorbed albumin and conse-
qgently higher fractional turnover rate as observed.

‘ | It is also noted that ﬂhiie there is no détectable exchange
under static cenditiﬁns at fhe low range'of soiuti;n_concéntraﬁibns
studied very slight exchange is observed with the 200 mgh solutions,
and slightly greater exchangg with the 380 mg%. This may suggest that as
the solution concentration increases, protgin-protein interaction plays
a larger role in the turnover process. 756 it is probable that with
_Aalbumln concentrat1on reaching physiological level ‘substantial turn-
over would be observed under static conditions. The parameter g (Table
10) which is'a measure of the exchangeaﬁle part of the ‘adsorbed albumin,
appears to be dependent, solely, on the shear rate, with no apparent
‘ dcpendence on solution concentration under flow conditlions. However,

" the effect of ;olution coucentration on the unexchangeabla part of the

adsorbed protein may be more apparent at concentratlons approaching the
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physiological level whencexchange is.expected to be more substaniiall
under static conditioes B
' There is more than one possibility to account for the nen-~

exchangeacle part ef adsorbed albumin repcesented by parameter g'. A
) p0551b111ty is the presence of sites on the polyethylene surface
capable of formzng ‘bonds with albumin stronger than the usual Van.der
Waa;‘s bonds involved in physical adsorption (e.g. hydrogen bonds). Tce
presence of carbonyl groups.(;;c = 0) at oxidized spote\on the surface-
would provide sites for possib1e¥hydrbgcn bonding. |

The idea that adsocbed pfoteiﬁ'is bqucd to a solid substrate in
more than one way is not new. Vroman(gs)has suggested that h&drochobic
and hydrophilic bondihg occcr in proceiﬁ adsdrptiou. This concept wes :
used to explain wh} fibrinogen adsofptidn reﬁders glass more, and‘lucite~
less hydrophobic. Earlier Lindau and Rﬁodiuscsg) noticed that qua:tz:
acquired hydrophobic character by adsorbing aibumin, indicating that the
polar side chains of the proteih are directed‘towafd the quartz with the
hYdTOPhOblc side chains pointing toward water. ‘

Dillman and Mlller(41)] studying protein adsorption on.cation
exchange and non-ion nge polymer membranes, found evidence to sup-
port_the‘presence oftwo types of bonding sites giving rise to two tyﬁes
of preteiﬁ bonding‘to the surface: However they do not prOV1de a phy-
sical explanation for the presence of these dlfferent sites. The pre-
sence of more than one type of protein bonding is relevant in exp1a1ning

- reports that prqte1n adsorption can be irreversible, partly irreversible

or réversible, since reversiﬁility can then be dependent on the fatios



of the dlfferent types of bondlng present.
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Another possibility that could account for the presence of a

non- exchangeable part of adsorbed albumin

is that part of the protexn

n the early stages of adsorption is denntured in the process of binding

-with the surface. This would lead to uncoiling of the albumin molecule

on the surface exposing additional side chains which_could‘provide hydro-

gen bonding sites for attachment. The average binding forces would then

be greater than for native protein.

A third possibility is the difference in behaviour of the crystal-

line and amorphous parts of the polyethylene §urface as described by

Peterlin and Olf(zg).

They found that sorption of.water vapour takes

‘place preferentially into the amorphous part, It is possible that a

similar preference mey exist in protein adsorption.

One of these poss1b111tles or a combination of them may be res-

ponsible for the presence of a nomn- —exchangeable portion of the albumin

adsorbed'to polyethylene surfaces.

6.3 RELATION TO THROMBOGENICITY

. There is almost unanimous agreement that plasma protein‘polymer

‘'surface interactions are intimately linked

thrombus formetion that take place when bl
surfaces. In this study interectlons betw

examined. Albumin is the most abundant pr

‘sively used clinically and investigated in

studies of prote1n adsorption on hydrophob

to traumetlc effects such as
ood comes in contact with these
een albumin and polyethylene were

otein in plasma while poly-

' “ethylene is one of a wide group of uncharged hydrophobic polymers exten—

biomedical research. Pnevious

(9,23)

ic surfaces . showed that

the layers formed from simple solutions ‘consisted of ¢lose “packed mono-

b P e ok s
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layers, while no alteration in shepeﬂoccurred, suggesting‘no denatura-
_tion. If this mode of interaction cou;d be taken as characteristic of
proteins in general, including c¢lotting factors, then it was felt that

" a contact activation mechanisn of clotting could not apply to these

surfaces. "It seems p0551b1e, however,’ that in blood or plasma ‘the -
adsorbed layer, thle remaining at the steady state level of close- .

packed monolayer, could be exchanging material with the fluid and that

protein released from the surface could be altered. If the protein were .

a clotting factor ;ne.alteretibn-might tege the form of actination. If
exchange is occurring to eny extent,_as p;oved_true in this study, the
composition of tHe:layer then-may alter with.time. Thus, 2 layer of
albumln, formed 1n1tlally and furnishing protection agalnst platelet ad-

he51on, might exchange with fibrinogen and become hlghly adhe51ve to

platelets.

The present study shows that exchange of adsorbed proteln with

dissoived protein does take placg. A relation between shear rate in a

i

flow situation (normally met in clinical assist devices and artificial

organs), and protein turnover rate was also found. However, exchange
was not found to be complete for the surface studied and the.ehear rates
~used. | _

In a recent ‘study of in V1;o adsorptlon of proteins on polymer
surfaces,’ Lyman et 31(69) concluded that for a hydrophoblc %olymer to
be non thrombogenlc, it must preferentially adsorb album1n in vivo.

In their study, surface specimens were examined for protein adsorption

after maximum exposure time of 45 minutes. This duration was chosen as

R
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_a'sultable time interval for reach1rg steady state surface concentratlon.
The present study suggests that this hypothe51s is not tenable as a
cr1ter1on of non- thrombogen1c1ty for hydrqphoblc polymer surfaces. Thé
exchange process observed here suggests that an albumin coated surface

may become - thrombogen1c by exchanglng its albumln w1th fibrinogen or

£

y-globul1n. Moreover a 45-m1nute exposure time is not enough to de--
. teét this exchange, since it was found to be a slow process extending
over a span. of over 40 hours.

| Thus d1fferences in the thrombogen1c1ty of polymers must relate
"to changes that may occur 1n the composition of- the adsorbed prOteLn

layer after long exposure tlme, as well as to the overall composition.

6.4 | DATA FITTING AND PARAMETER ESTIMATION

Two methods were used to data fitting and parameter estimation in

this study. The ordinary least sum of squares method(sg’60)

(55,61)

, and the

'.Baye51an mult1var1ate method
(62)

According to Beauchamp and Cornell

u

s the method of least sum of squares can be.used for the analysis
and - f1tt1ng qumultITGSPOHSE data.‘aﬂowever, it is only valid if the

sum of squares of deV1at1ons of the modgl from the data for each res-

ponse is weighted by the inverse of the variance of the measurements

P

of that response.

When replxcates of experlments are not available snd the co- .
var1ance matrlx of the data- 15 unknown, then least squares analysis’
of ind1V1dual responsas or the Bayesian mult1var1ate ana1y51s should

(55)

be resorted to. Accord1ng to Allen et al , 1t is essent1al that

the model should glve a qpalltative f1t to  each respunse 1nd1v1dua11y




before the Bayesian multivariate analysis is used for paramcter esti-

mation. The Bayesian multivariate method is superior to the least

squares method in two respects.

1) While the weighted least squares method can be used for

simultaneous analysis of mu1t1p1e response problems, wlth

the weight1ng factor being the inverse of the varlance of

ek, J ‘ ) M :
' observations, 1t does not account for correlatlons ‘between
responses. The multivariate technlque recognizes and accounts

for the correlation of error between responses. This situa-
pling when Tesponses are measured

tion might arise from sam
in this study.

e sample which is the case

: ‘ ?
te technique greatly reduces thc size of the joint

from the sam

2) Mul tivaria

conf1dence reg1on5 of parameter estimates =

| In this study, the two responses obtalned from monitor n

nt of album1n from and onto the surface were fltted indi

check the goodness of f1t a

moveme
nd adequpcy

by the least squares .method, to

arameters by this method as well as j

of the model. Est1mates of pa

or each parameter for each response a

vidual conf1dence 11m1ts f

d adequate apd confi-

found in Tables 7 and 8. After the model was foun

ameter estimates. were found to overlap/from each

) ' dence intervals of par
e ana1y51 was used.

y, the method of multivariat

response 1nd1V1dua11
is method are found in

- -
S Results of the estimatlon of parameters by th

r
"

Tables 9 and 10.
s found that the mu1t1var1ate techniqueiiﬁprovas estima-

g the joint - confldence reg

'It wa
jons of

tion of paraheters by greatly reducln
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Fu,[P,(n—p)]= value of the F-distribution function at confidence’

i
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parameter estimates. Fig.18 shows the jpint confidence regions of

g, and B obtalned from multivariate analysis as well as those obtalned

from each response 1nd1v1dually by the ordlnary least squares method

For the least squares method the joint confidence reglon of parameter

”estlmates is obtained from th‘ followlng equation: (702
S . P ;
S-u-;:o * Smin. * %ﬁ"a.tp,(n—pn | (23]

where_él- = the sum of squares on the 100(1-uj¥ coqfidence

, contour |
} Spin - the minimum falug of the residugl.sum‘of squares

) of deviatibﬁs of data from model after data ére

adequately fit to the model -
P =: ;mecr.of pafameters
n = number of observations

- . -

level o, and degrees of freedom P, (n-p) respectively,

This equation gives the rigorous confidence contour for nonlinear models.

.Only the confidence level, a, associated with this contour is approximated,

The confldence region- for the- parameters obtalned'ﬂk\multlvarlate analysis
f

' (61}

can be computed, accordlng to Box and Draper , from the general formila.

,]vl(l_a) = kﬁ}mxn exp. p(l-n)/n where _ [24]
: T 3 ] . "
jv](l-u) = the valuexqf.the determinant of .Eqn.[ B] on the 100(1-a)%
. confidence,congour,. . o
Jvlmih = the m1n;ygm4§;1ueoﬁ5|v1 -

L4

Y 7

Y

?rﬁ‘—-—
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xzp(l-u) = Chi;équare value for p degrees ef freedom and.

100 (1-a)% probab111ty level
_Joint confidence regions plotted in F1g 18 are those for the 380 mg% -
2500 sec'1 exchange:results.

Since the effect of shear rate on the’ fract10na1 ‘tiurnover rate is
of 1nterest multivariate analysis provides a powerful tool to examine
this effect by yielding more precise estimates for the parameters de- "

'termieed. Precise parameter estimates are negesaary also becausefpara—
meter values do not thaage.over a wide range: Prec1se parameter esti-
.matlon by mult1var1ate analysis is also necessary: because the confi-
dence intervals of parameter estimate obtained by the least square method
. shown iﬁ“Table;7 sometimes overlap for two diffcrent'shear rates, thus
making the effect ef shear on:the propess'parameterruncertain.- Figure
18 shows the joint confidence intervals at the three shear rates used
for 380 e % solutlon obtained by multivar1ate analy51sl; Exam1n1ng
this figure shows that the overlap of individual confidence intervals for
parameter estimates that is seen in Table 7 is eliminated, thus the
certa1nty about the s1gn1f1cance of the change of parameter estimates
wid#Xhear rates is increased.
Thus, it can more confidently be concluded that the fractionalu

turnover rate and exchangeable fraction of the surfice both increase with

s

increasing shear rate.

1
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CHAPTER VII

CONCLUSIONS

Surfnce reaction between human plasma albumin and polyothylcno

surface is fast. Steady stnte surface concentration is roached

within two hours exposure time under both .static and'flow con-

ditions of shear rate up to 2500 sec!.

Plateau surface concentration does not show dependence on flow

within the range of shoar studied. It was also found that the
time to reach steady state concentration did not show dopendence
on flow, which supports the view ofrothcr investigators thnf

proitein adsoibtion is not diffusion-controlled.

Albumin adsorption isotherms for both static and flow conditions

show that albumin adsorption follows a Langmuir model.

Whilo cquilibrium betwoen the surface and solution is maintained

with concentration remaining constant, adsorbed protein is ox-

changed with protoin in the bulk solution. This turnover procoss
shows depondence on flow conditions with fractional ‘turnover rate

increasing with increase in shear reate.

While part of the adsorbed albumin exchanges with the soluti

another part is.hncxchangcablc. This suggests that thoro is more

~ than one type of bond involved in albumin adsorption on polyethy-

" lent surfaces, or that the unexchangenblo‘pnrt of albumin is

-9 -0
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denatured and spread on the surface thus exposing more side

chains for bindiﬁg thni_thc native globular exchangeable molc-

cules of albumin.

Under static cdﬁditibﬁs no exchange was observed at thé lower
ond of the sblution‘concenttations studied. However, at the
upper ond ofrtho range (380 hg%) soﬁe exchange was obsarvod.-
This suﬁ?qststhat'at higher ﬁroteip/;;ncontrations'approaphing
the physiological level, turnover é&ll be gfc%tor ﬁnd faster.
While a ﬁ;drophobic sﬁrface cdatcd with albumin may show resis-
tance to thrombus formation, it can in the course of'fiwe ox-

’

change its albumin with a pfbtein thut‘catalyzcs thrombus forma-

" tion like fibrinogen and thus could become eventually thrombo-

genic.

The exponential kinetic model

-Bt
y = 8¢9 + 8

, o
was found to describe reasonably well the exchange process with:
y = surface concentration

o

B = fractional turnover rate, hr’l,

g+g = yo' = stoady state surfaco concentration

t ‘= time

_ With regard to parsmetor ostimation for kinetlc modol;, the Baye-

sian multivariate snalysis was found superior to tho minimum

. least squaro method with respect to precision of ostimates and

tightoning of the joint confidence region of paramoter estimates.



CHAPTER VIII

SUGGESTIONS FOR FUTURE RESEARCH

Kinetics of adsorption from complex solutions of plasma broteins
shoﬁld.be lnvostigated under both static and flow conditions,
This would bring the model of experimentation closer to .the roal
situation of interactions betwebn plasma or whole blood and-

foreign surfacos.

Kinetics of adsorption of profoins shodid bo studied in the pre- .
senco of formed clements bf blood, like rod blood cells. Since

the presence of rcd'cclls in a shear field has beon found to aug-

ment platelet diffusion and possibly energy of yntcruction with the

(38)

surface , it is possible that their presence may have comparable

lbfchts on protein adsorption especially wlith protein moleculos

larger than dlbumin, llke firbinogon and y-globulin. - i

Kinetics of exchange in solutions of mixtures of plasma proteins
should be investigﬂted. This should give mofo information about -
tho Ehnpges that occur in tho composition of tho surfaco layer of
adsorbed -proteln, and consequently about tho ability of the sur-
face to_éuuso-or resist thrombus formation in the coursec of timq.

Kinotics of exchange in complox solutions should alse bo studled \

| in the prosence of the formed clemonts of blood. - — Qf;

-81‘-
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o

'The‘profein'released from the-surface dufing'the exchange proceﬁs
should be inﬁestigated for possjbic alteration that may have
“occurred to it. This is relevant to tho ihi;iationlpf blood‘conguf
lﬁtion'feactlon and thrombus formation if the profein is & ciotting ;

factor.
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