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T Thé operat1ng procedure for a Couettg flqw app1ratus

3
hd c,

npablc of evaluat1ng the thronboresxstancc (by exam:nat;on of -
b *
platelo: ndh051on) of mater1als wa's stnndardxzed It wis, :
- / . .~ ' X ,‘ ) - \.. - .u
cstnblxshed that opnratihg at‘room tcmperature 1nstead of at ~.-°
R . . -~
thc normal’ phvﬂlologxcal tcmperature, 37 C d1d not affect )

[ . l - :

platelct adhe510n 1nd that a cont:nued exposure to a shear rate
‘of 19 suc -1 for 40 nxnutes did’ not damage the platelcts The

ad:o:sotope evnlunt:on technluue gavc consxstent results with -
~ -

M 9
thc direct counting method . Lo

»
’ 3 -

Plntclet daffus1vxty in'the‘preséncé.of red Eellé ﬁas found

to be one or two orders of magn1tudc greater thnn thc one predicted. b)
X

.B?ownian motion and to bo dependunt on shear rate and hematocrlt ’

‘A throretical modol for ancplct adhe51on was: developcd

for thc d1ffﬂs1on lxnxtcd case dnd descr1hed thc cxpcrlmcntal

W

o

data for collagcn\coatod glass _ . .

Iy bl

Glasq, polystvrenc, sulphonated polystyrcna and !

¥’

polvurethano réachod euuxllbrium valyes of platelet adh951on after

2-10 minutes. The eau;lbrxqm values of ébcse surfaccs were

a [ .
L

not dis:ihgu}shahlo: Albumin coated glass reaqheﬁian‘eqqilibrium
: e ; - A
. _ ] y
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value-in less than 2“minutcs that
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was substantially lower than the
other surfaces investigated, Platclet adhgsion to collagén,
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CHAPTER 1 . .
o T : I\TRODU(‘TIO‘ ‘ L
' Tens of thousands of pcoﬁfblarc hcnefiftﬁng from . ¥
[ surgil cn1 implants of many tvpes. ‘any hcart valves 1nd hc1rt :
paccmnku%ﬁ_urc,inplanted each vear.,;Aftificialtkidncys, although :
cxteinal o thelbody, _mav bc Con51dercd to act as Jmplnnts Since o
hitod floaq “through tbéqc ﬂs an extcnq10n of thc é1rcu]atorv i
5 : o . ‘ 7
s}'.s't'.‘.':‘..' . ’ :
The co“ﬂllcatxona 1nvol\cd w1th thcse 1mpléﬁts are | .
. enornous  and largely due o thc nroblcm of blood conpat1h111ty
* Platelet adhesion’ rolloued bv thrombus fornataon and thromho- -
\ . . :
echolisn s nne of the noqt qerlouq prohlcms of blood compatlhxlxtv
N and gives -rise to'scriqUﬁ and often fatal complications with

-

L, man¥ vascular iﬁblants. Antlcoagulatlon treatncnt does not

elirinate the ccllulﬂrtintcradtibﬁs_of hlooﬁ with art1f1c1al
“wurfaces and is

a

ofiten responsible for.hemorrhagic disordcrs.

. b}

Neker imnmediate and drastic disfurbancds that arise from blood/

artificial surface, 1nc0n,nt1b111tv are blood coagulation,

] * : ) . .- < o “ }}.

slteration of blood proteins and en:ymes, lysid' of red hlood :

cells and alteration of the phagocytic properties of white "

. t : . ' . ) . S et - ‘ . . ,"; ) .‘
bl cells, o T o T ' .
o Thre hryéncv of finding hiomaxcriﬁls with;hﬁprnprintd
. " K ,’
T lang

yad kﬂﬂﬂttlh‘l]tv PTOpCTtIQH,IS cvﬁdcnt :ﬁ COntancd progrcss

vaqcular xmplant ~and

e

is th be madc in tho pryesent field of



'ckaluat:on tcchnxnuc was’ employcd to dctermlne the

: adhcr:ng platelots

'of platclet adhesion. o a ‘, ) A

future field of artificial organs. : L .

The overall aim of this projoct was to develop a

controllcd flow appnrqtus capable of evaluating the thromho-

L -

resistance of hjomaterials. Tho conccpts of fluid mechan1cs,

mass transfer and chenxcal ‘kinetics must be considered in the
dosign,fOperation and iﬁterpretatibn of résults of these

.- . . ) .. 7 ’ ‘
cxperiments, Preliminarv evaluation of platelet adhesion .to -

a

' mntor:nls was commrncad nftcr estnb11sh1ng the re11ab111tv of

-the exper:nent11 des1gn.. The cxper:mcntnl cqu1pment was des1gned

to porform under wcll defxncd Couctte flow. A radxo:sotope.

~

A

..'- : .I’J."‘ -

lt was also hopod that tho app11cat10n of chem1ca%-

englncpr1ng pr:nC1p1cs would a551st in elucxdatxng }he mechanzsm

Y-
s\

.



CHAPTER '2- ° T S0
LITERATURE REVIEW -
. . ' ' '- ‘ ‘ ' .
2.1 . Physiology o B, ’ﬁ\

2.1.1 Fluid Mechanics and Composition‘of 81o0d

For reasons that. will bccome clear as we proceed, it

is necessarv to be fam111a¢ w1th the constltuents of blood,

thelr fluid mechanical propertles and thexr interactions wzth

»

each other and bounding surfnces in order tb fully understand .
the . phénomcna of plntelet‘adhesxon _ ;'

JBlood,.a suspension of ccliular materials, is-éompGSed_’
of erythrocvtes {red cells), leukoevtes (wh1te cells), and
thromhocvteq (platolcts).ﬁ The per cent volhme of red cells 1;1
.blood is usually referred to as. the hematocrxt and 15 easily
determined by ccntr:fugxng the<blood ?hls produces a straw
coloured supcrnntant and sed1mented red blood cells, The |
normnl hematocr;t in man is approx1mate1v 45% and may Bg iaken
.as an indication of the total celL'conccntration since 99% by

. ’ B v ! . :
Qoiunc of the disperse phase in bloo&'cbnsistshof ervthrocytes.
The normal white cell cbncontrﬁfion i$_l/660th‘the'approximate
concentration of c:ythchytcs, 5.0 x‘loq/mmj. Tho'rﬁmaining

-
-

Eéllhlnr component platelets, number from ZSOhOOO - sno,ong(mm3
and éoﬁpri;c .25% of the volune frac;ibn in wholeyblood. The
tﬁroe types of cel;s arélalllshnpcd asrellipsoids_with
dianetgrs of the brdcr of 8, 12 and 1 micron fof redlcells,'

white cells andiplatelets réspcctively; White Cellizégd
. ) \ H ’ .l\ \ 1 &

3 B ' ’ ar
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pIQtCIOts with their relatively small numbcr:and volumc of

cells compared to crvthrocvtcs cxert negllplhlc effects or

-
a 1
’

tho fluid properties of blood :Howcver 4t is squectcd‘thatl

:‘ 4 K

the notinnxnf crythrocytés will .substantially influence the

.
1 -

fiow behaviour-of platelets (L-6). 7 s Lo
S 6 : . ‘ . Yo . ) T, ' "’
The suspending fluid of blood is .Jenown as plasma,
' B T - . -~
Plasma has the Tollowing'appfnximnte composition-
. -* ' - ' -’ : . ‘
S 90% 5L 1,0 .‘ .
7% . Proteins = -- )
o 1% Organics ° (Other) )
* l.‘\A - . ! l : i
C 1%, _Inorganacs

[ - -
-

1.:-contipog§c at 37° F “and may hc consTdcrcd as -a Ncwtonran
LY > ) . ’ . 1
vtluid {T). ; © A T CoT .
\J \ T | ' e A .._ ' }
- The main plasma. proteins arcsalbumin, fibrinogen,

n ‘. . :

glabulins and lifoprotcins. These proteins maintain osmotic

v !
pres

‘¢ .

hemostasnis of bloou and“also functiﬁn asrhuffers'tol1s lt 1h
;onsrnlllnh thc biood pH :A' ,‘__ . - .. ?_
. C .Anogg the cations 1pd anions existing in blood are
Na, %7, €17, “cat”, _ncns-,' and P07, ,\_O S - -
An iﬁportnnt'macroscopic flu&d prgpergy_of blood is-
-354§§«@;§Q, The relhtivc viscosity'n}‘hlond (v%scdsi%y pf'

-1 " thal -
Ly .

. -~
.

hematocrit of 40 - 50% and a shear ratc)pf ﬂpﬁfoximatclyf

A0l see”? (1).- This relative viscosity’

for a suspendion with acomparable concentration of rigid

sure, serve variously to prevent Qiscascsytrcgulatc thc"

: A
Normal human nlasnn haq a vascoqitv of apprOX1matelv

S~ ., . : . .. o '
suspention/viscosity of suspending phase) is 3-5 for a.normal

is much lower than that



) - 5
.sphcr:cal partxcles (1 8 ). The shﬂpe and deformnb111ty~of
A :
red hlood cell< are important reasons for the low rclatzve
2v15c051ty _For- cxnmplc, the altered shape and deformab111ty

nccnmpnnving sickle cell dxsease or aldehydc treqtment produce

"
-
: .

higher relative viscosities (1). .J *

LA

At low shear rates blood bchaVes as.a non- Newtonian

*

fluxd with a finite v1c1d stress of approx:mately 0.01 dvnes/cm2

'(1,10). Worc SPOC1f1callv blood is referred to ﬁi a pseudo-

plastic as the apparent viscosity decreases wzth increasing
N . . . h \

shear rates (9, 115_\. .': ' I P

- -

. ' Tho non- Newton:an behaviour of blood 15—5trong1y
. 1‘(
uxnfluoncod hy hematocrzt and red cell aggrégat16n or roulcaux

-

'fornatlon. *The apparent v15cos1ty of blood 1ncreaqes in a
. - »

(1
-

-non linear’ fashion wlth increaszng hcmatocrxt and th1s relataon 4
} T
is shear rate dcpendent (3) Red cell 5uspens1ons in saline,’ /’/

. -~

thhout fxbrxnogen to" 1nduce aggregat1on,Aexhrb1t no yield

~

stress;and lower apparent viscositie; than_normal blood (7).

Tho above bulk’ rheological prOpbfticS‘are importanf

- - * . 1

when attcmpting to solvo the fiuid mcchnnxcal equations of motion,

—

However 'as we are 1ntere5tcd in studV1ng the process of .

LD
P
*

platelet adhcsxon which occurs at a cellular level, the’ micro-
AY r) - . N ) s, . . . o,

_rheoldgical properties of blood must be considered in aaditfbng

tb the macrorhoological properties discussed above,
MR ; . o ‘

The deformébilfty of red blood cclls mist he acknowledged
to aéfhrately descr:bc their flow prOpcrties Goldsmxth 2y

has shown thnt red cells. in dilute Suspcn510ns, ‘rotate and that

' PRl

the or1entat1on of their major axis with the dlrectxon‘of flog

" Y . a

~
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*the lall*qhd from the centerline (12).

6
e < ‘ . b
L1

increases - with increasing shear rate. This obscervation is s

censistent with the theory of deformahle liquid drbps. On the |
o b . ‘. ~

ather. hand, for rigid spheres thé orientation distrihution should

i s

N

te indenpendent of shear rate. |

In §$Qw viscous fﬂby (Rcé - IO-h)'with dilute red

cell c¢oncvntrations,ia-finite radial migration vélocity toward "

the centerline is introduced due to'a perturhbation which

’

‘results from the deformability of the rod ceil. (2). At high

& . N : . -
%+ nurmhers, the lateral, migration is due to fluid inertial forces
. . . - . L 1

. -

f12). Rigid sphefcs‘yndergo lateral migration onlyx_at high Re
. . : T

.

L + ' ’ : L
murbers and an eauilibrium is reached between migration on
. - . - (4

. This radial migration'ié.blpod f1;ﬁ15€su1t5 in a
c¢rl free zone at the boundinglﬁhr??;e; This fplashntft':one'
nk-aki;niﬁg Iaycr'vnfic§.310ng'thp length bf’thcufube (é) but
iﬁfblnnd.yith-n nb;pal ﬁenatocrit is_;ot c&pcctcd't; bc-thicker°
:tgn the radius of a ch_Bldod cell (4 uw) (13).° The thfﬁncés
~f this zonc is due to the enorméus’nﬁmhér of particle collisions
L3 - . ' .

thnt nocur nt'con%&ntfntiggs qxéécdinx S; Q&d). quliarglrb (15)
Bas ﬁugpvstcd.gga;-red cells penctrate this Ccl}.frcc léyer

- N

dae 10 the ;og}inuouS'intéractions within blood at a rate that

»

Increases lincarly with” Re number and shear rate (4)..

) . . - &
‘%pldsmith'(Z) has found dispersion cocfficients of
A . - . .

. . 1 :
- a ’ ' ! -
ooin i cn~/sec .in bulk flow and 1.5..x° 10 7 cmg/scc in the

. . : f
.

stcinity of the wall (R = 0.7 Rod. This means increasing
’d:spcr&lon cocffiEicnt5 arc found in regions of inc}easipg shear
rite,  These dLsporsion cocfficients are 10-100 times larger

t . ! ' Y

oy

-



~ . . a .
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- - .

than the diffusion coefficients proedicted by

Brovnian motion

and are 4 result of the continuous sidewavsJfluctuations
. R . ' ) N

) A "; r -
of ervthrocvtes during §low £2). . '( - »
. . ’ { - > .
* The,radial motions. of red cells caused by CCl}lcell

[

v
v

in:cractiujs will lead 1o aconvective Jispersion of.dissolwed™

’

substhnces such as proteins and nlateliegs, The radiail dis- v
- Lo 'l . o

S

SH VR T T e e

- -

.

PR

plaverment of "‘particlesg has been found te be a function of

P

. . -

. A 1. . - - . - ) - v
Sartroele si1Le 'noa nanner snaloypous to Brownian motion (2).
- Y . .

’ . ' '
Sotdimith {25 chas ohserved that 2 ¢ latex particles, the .same -

- I 3 =

cceoas platelets, in 4445 phost (iSe., the henmoglobin has

Been reroved fron the red cells) cell suspension undergo

rad:al displacenents of 15 u, 8 times theéir own diameter and
X ] ;:. - ) \.. “‘ . et -

doubtle the nean frec path of red bloed cells., Therefore, it
. . . - e . - .

-4

15 exnected that platelets will have a much

¥ .

greater collision
\, - . ' .
rate with a boundijfiv-surfage than red cells.. ¢ S

Felier (43} has furtlier deromstrated senmi-theoretically,

. LA . : SRR R :
“ut neot rigourously; that rotation of red cells will, by means

[§

-

s e . v
;. O 4

ny gﬁall'voiumcﬁ of suspending fluid, serve to augment

cie diffusipn.  The resulting increasce in diffusion.is :

. . - ,
anxlogrus to the tperease in diffusion coefficient’'© that arises
. ) : . ’ .

2
-
]
ot
.
,

- B ! i . v

when Yo nunmbers are hipgh enough tao produce turbulent eddies,
. .

Pottowing an analysis simvlar td Praandel nixing length, Xeller
' . K - .\,.'.P . - . .
i

solated spherical red

-

reache . the fnllauving fornula for an

. .o o0 ] .
whiere n - platelet Jiffusion coefficient augmented
. " A .

o : By particle rotation.



., .a = influence of rotat1on field (Approx1mately

equal to radius of a red blood cell)

du ' - B
H? - shoar rate

At 'a shear rate of 100 scc-l, Dp is approximately

-6 . R ' .
3 x 10 cm2/50c whjch again 'is large compared to the Brownian
;ﬂifquion cocfficients for large protein molecules or cells

such as platelets, Molecules with a molecular weight less.

-

than the proteins are unlikely to experibnqe_an'inofﬁase in
‘diffusion &ue to the motions of red blood cells.
Xeller- (4) funther found that incféasing hematocrit -

at low Ro numbers caused the number' of cclls penetrating the

-

plasmatic oT sk1mm1ng laycr to_ 1ncrcase loading to a greater

'collxsion frequency with the wall

A "

o

Keller's hvpothesis oﬁ secondarv flows belng

Iassoc:atod with thoe rotational motion of red cells seenms to be

in sone aucstion as the cells in a 50% ghost suspens1on ;o

longor undcrgo rotatlon (1). However other‘ned qell mot1on§

may account for tho augmcnted platelet diffusivities that

"~ have he'en experinentallv ohserved (2, 16-19). . ' | L
: Barnstein et al. (S) and Blachshear et al. (6) 7}1_

'have prOposad a lineoar dependence for platelet diffus1onﬂ3n |

y
shenr rate duc to the nugmented nass convection assocxnted with

. ) a
red blood coll motions induced by‘flujd shear, h
From the above, it is evident that the experimental .
chuibnont'hust bo designéd with well defined :fluid flow condi-.

tions to elucidate the phenomona of platelet adhesion.
0, - LY g - '

|
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2.1:2 Platelgt Functions.and Definitions . Y 1
.\ o " -
\¥ o Platelets have three prime'fuﬁctions. They are ,
_ N -
rosﬂon51b1 for the format1on of a hemos:at1c plug, accelera-

" tion of the _oagulat10n~proces< and qupport the endothd1al

" cells of the vascular bed (20).

with plasma proteins and boundary surfaces it is necessary to-

define some termino OgY. The literature on platelet accumulation
tO'forfign‘surfaces or subendothelial structures has referred

4l . - . - L™ . :
to this phenomena as adhesion, aggregation, ‘agglutination, cohesion

and agglomeratidh._‘

The following definitidns are made to ¢larify the
.s}tuaijon, A _ Lo ; |

AﬁHESIOR: - The fixation of single platelets on a
surf&ce to“;rodﬁéo a partially complete or a complete monolayer;

t

COHESION: The additional adhesion of single platelets

to platelets alrecadv adhering to the surface. !
» AGGREGATION: The interaction between platelét§ to

.

., produce a ‘clusp of platelets prior to adhesion.

THROMBI: Following Baumgarthor's (25, 26) definition

r

platelet cohesion resulting'in;a layer exceeding 5 u in height

will he‘;ancdﬂa thfonbus. Thronbi'oqcasionali} havekfibrin

n

as well ns platelofs is a constituent (24).
v . The terds akglutination and agglomeration wxll not be

enploved here Agglutlnatton refcrs to platelet aggregat1on

. Pl
which is stinulatcd by antibodies. v 7

. -

G
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Another term that is commonly used in accessing

[

platelet/artificial surface interactions is thromboresistance.
. - 1
This is a relative concept'since alt.artifical 'surfaces, to
. - 1 g -
L grcntcr\orAJeasé; effect, promote thrombus formation. The

onlv true Fhrpmhofcsxstant surface is the endothelial lining

.

;% of hlood vessels, o _ .-

g , I . Lo :

%‘ ; -The first two properties of platclets mentioned p
&'qhove nrc‘of intcr;st here., Th%;hgmostﬁfié_png:formed-by
%7vnshula{ damage is.similar>to the thrombus generated on artifical
R . B . ' .
%_ surfaces in that tHJ adhesion of platelets is the first microé- |
o . o : ' ’ < . .

% scopically identifiable phenomena (21). Platelets also.play '
% in inp;ftant rplejin blood coﬁgﬁlatioq. | 'u t

% : .

& Blood codgulation is broadlyﬁc{assificﬂ.jntq'two _‘
g,.diQtincuwmoc@unisms known 53 the Qintr;niic".:and "extrinsig"’

" . R . ] . .

§ systens (;Q, ZZ}lZQ). The “cxtrinﬁic" clotting mechanisnm is:

E chnrnéterizcd hylthe relehse of tissue théonﬁoplastin f‘;‘(‘)mh‘\“r .

damaged colls which catalvsesathe cascade reactions leading to
o . ‘ ’
’ . .\ . " i . P
coayulation. The "intrinsic® mechanism is initiated by

conponents normally found in hlood and p%?telot lipoprotéins
..- * P ) Q

- -

interact with plasma proteins to activate prothromhin tn';hronhin

t2hy, Thc.pjntclct-lipoprotcin;rbsponsihlc for ihis conversion

- . L - N ~

s cnlicd niatelet factor IIl (20),  As indicatgﬂ in Figure 1,

tte1s unlikely that these two systems are,&omplétd[y independent.

Y

: ‘ ' . C s L, !
"t appears that coagulation . initiated by the extrinsic-system

will reauire thrombin that is formed intrinsically to agsure

9

the mnintgnnncc”of a platelet plug (28).
T : : Y - b .
" . .' R . . \
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\ MASS TRANSFER IN BIOLOGICAL SYSTEMS. -~ )
) . . . . : . [ ’ PR
' PROTEIN QEAc'noi{s . ’
[ EXTRINSIC ACTI\'ATION) , )
. VI, Cov+ S -
Tissue Domoge hum rl'nromboptmnn ey 4 .
' '. ' W .
' . Vi © o VIN® .
. . \platelor Lipidsf*
’ . X v axe B '
. . c ‘\43:)’ . - .
Generolized ' S . — .
Protein=Surface o b X1 ' S ‘
" Interoctions i Xt Flbl'm(polymcf)"—-—-f"'bnn(momt)*——rbrmopon . !
! ° ‘ :
. (INTRINSIC ACTIVATION) FOREIGN SURFACE y ' . .
+ * octivoted cloﬂingnfoclor . X
' Fig. ). Protgin and celiular reacticns in dwoa:bo;cnesi.:.‘ _[From 29.)
a - * ' . . ’ [ . . .
: Tt is clear that platelets accelerate the.cia}ting .
. . . ] : Q
nmechanism and that activation of factorq VIII and .V occur at the

platolct monhranes

of platplcts to surfaccs (30)‘

Vot only do plntelots ‘exert an 1nf1uence on plasma

It.has boen suggestcd that glatclet factor

TIT is a surface cntnlvt1c agent stxmulated by the adhesion'

*~
N

-

Ffom the cascade reaction we sec that thrombin is produced by

-

proteins bhut the proteins also nffect thc functlon of plateletsh



~

"both ¢lotting mechanisms.. Thrombin is known to cause pig

.'piatelots‘to aggregafe (31) and ?urthor' to cause the Telease’
of aden051nc diphosphate (ADP) (32) serotonin and f3§) degrada-
tion of ATP to ADP (28) (hoth known act1vators of platelet
‘aggregntxon (34, 35): Fibrin’, which is also formed in thc

clotting mechnnjsm, may form a fibrous network on sdrfaces_cxpableu

-

of entrapping rved cells and platélets (20).

_ o B . )
At thn same time that the cascade Teactions are

occurring, heterogenebus protein-surface reactions are also

»

bclicved to occur in advanca of platelet adhesion (2 1, 22, 28).-
'Among the surfaCc act1Vc protexns believed to be adserbed is.
flbrlnogqn [28).‘ Georgc (23) has claimed that'fibrinogen,

ca’tand Mg’+ are required for tﬁe‘adhesion-of‘eithcr unwashed _

1 -

-brruiﬁhcd platelcts. Other authors (36) have found fibrinogen

-to enhance the spreading of. .platelets on glass

- L -

: In our expcrlments,platelc; adhe51on occurred without
the presence of freo fibfi&pgon in the suspending mediunm.

Furthermore the platelets.adherent to collagen coated glass

spread nornmally and developed psuedopods. This behaviour may
be sccn-in thO'elcctron ﬁicrognaphs on pages 55, 56.

b ' .
Baumgartner (”S)\hns found " platclet athQ1on w1thout f1br1n';\

deposition for unaltered flow of 10-20 minutes through rabbit

“aortas denuded of endothelium. .
) "-. . . ) [8 - ) ‘ - .
From this ‘it would appear that the platelet function
‘of adhesion is not inhibited by the experimental suspending’
. ‘ " .

"mediun, :

.
E
:
%
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.2 - Biomaterials

i : v
Thc term b10matcr1qls will cover aill materlals

that are used in contact with mnmmallan blOOd 3nd t1ssue. It

“includes b1opolvmers as well as materials made from naturally

5,
o

accuring protein. ' , v ' -

Wn do not h&vo to worry about protcln adsorption .
trxggcrlng thc 1ntr1nsxc élott1ng mechan1sm and hgg&dgfompat1b111ty.
will rcfor solclv to the ccllular interactions between blood and
the b;omatcrxal beginning w1th platelet adhesion and culmlnat-

1ng with thrombus format1on. o0 P

The most difficult problem facing the use of biomaterials
is blddd céhﬁﬁtﬁhility; The’ bzomater1al must also avoxd the
niajor problcms of protein denaturntion and . red cell hemoly51s.

* -

. I'n addition, ~ the character15t1cs of not be1ng tox1c, antlgenxc,

~carcinogenic and nfchted by ster1112§tion are important, . .

- Several criteria have been po'stulated to facilitate

selection of blood conmpatible materials.” These criteria

will be br:eflv reviewed here and ‘utilized, in a later section,
oy

to. asszst xn the choice, of matcr1a15 to bc exam1ne&\“)y—~\\ '
. W i

In 1031,nLanbert (37) found that coatxng glass wlth

paraffin produced longer clottxng t1mcs compared to untreated

glass and conscqucntly formulatcd the gencral1zat10n that :

t Ll
- .‘-"

1ncrcased clotting times could ﬁ% atta1ned with hydroPhobxc
materxals This gcncral1zatxon was the first attenpt to

characterize the properties of mntcrxals that do not.lnltiafe'

1

'CoasuldtiOnzor thronbus formation, , >N

v

Howcvcr recent experimcnts huvc shown hydtophillc mater-

ials to be ns ofALctive as pnraffzn as a- coatxng for glass (38}. -



Moreover, tho intiminﬂ 1tself whxch“1s thfomhogenzc has

»

=

- been found to bo hydrbphxllc (30) Ono is lead to conclude

that surfnca wcttah111ty is not a detlslvc criterion for

d Ed

accessing hlood compatxh;llty i _ r .

i . o |‘
Anothcr enrlv:approach to the problem of bxocompat-

<

4
ibility was to complex hepnr1n on the polymer surface (38) .

o

Heparxn, a natural ant1coagu1cnt existing in the blood stream (40).

has a molccular welght of 1pprox1matc1y 16 000 and is obtalned

, 3 - .
fron hcof lung or hop 1ntcst1nal mucosa. A, sod1um salt is ) v
producod conmercanllv and is comm@nly used to hepar1n1ze a

"

ntor1aﬂc

", , A third principle is to examine thc.electrical-charge

.2t the surface of thc matéri&lf 'Since the natoral'liniﬁg of T

hlood vessols and platclcts are negativelv chnrged iﬁ;hasfbech

5 ]

'suggeqtcd (38) that anv art1f1cal surfacc rn contact wWith

. R

flouxng blood should hnvo a negative surface charge or at loast

.

“be cnpnhle of permxtt1ng fhc dcvoIOpmont of a negatlve chwrgc

in situ.. That an.anxon;c.surfncc gnhﬁﬁaes the pcrformnncE‘of

*

hiomaterials is open to oucstlon as contrad1ctory results may

be found in a- Iitcraturcdrevuew by Ien1nger (38) We:ss (41),

3

for cxamplc, has tnPcn a theorct1ca1 approach to dcmonstrate ?

[

that a rcpulsxon due-to like charges 15 not a’ suff1C1ont

b

_barrlcr to platelot adhcsion. It has 1150 hecn reported (28, -42)

. l
that it is not the net charge that is 1nportant but 1nstcad

L .
- 1

the charge distributxon.‘ ' o )

]

The conccpt of cnhanccd hlood conpat1b111tv due to a’

negative surface charge stlmulated tho in1t1al research into
] . i
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protein lnycr may bc adsorhcd

with the CIECIT‘LEI chargc of

t' .

_Anothcr ﬂppT01Ch to

o o
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™

'irrenﬁrdlés of’qurfacé chargc (63).

has "heen th invcstigation'ofr

F LI

-y .
”

thc qurfncc [#4)

of the LOnfllctxng results regard:ng shrfacc ch1rgc is that a

in a way notfd;rectlyicorrclatcﬁu

v

. ' : . . : ) . . o : L
eldetrets.: Flectrets, insulators with internal electrical
polarization, are found:to favour incrédScd-c]oﬁtimg times,

A p0551blc ekplaﬁ1t10n

.
.

af

the prohlcm of hlood conpatlhilltv‘

inert,surfaccsﬂ

i

!

- T

'Althoﬂgh no

- 1 »
surfices hnvc Becn found wh1ch»are complctelv inert to'hlood, -
this groun does dxffcr from thc oncs preV1ouslv mcntxoned

thﬁ{ftth‘qutﬂin no~highly ncgative*groups or_impoScd electrical
. > " “y N R . .

;hnrgcs., choﬁit: ft al. (45) found littlc thrombus formhtioh- o
aftcr one hcok of 1np1antat10n of hvdrogcls of, hvdroxvethvl-
uothagrvlato in dogs. Othcr materials that have shown é;od

ToE

"cﬁxst1nuc to thromhus Pormat1on arc throph111c ncthacrvlathui

Lo(46j, and pnlycthcr qrethane-elastomcrs pn mcthylcnq'glycol or

y b

ﬁn.\ﬁranIcne glVCGI (df- 48).

"

. ] i 0

S

Ll

Lvnan ‘et al (49) huve alﬁo %tud:cd

-

in the form of unchnrgcd hvdrophohic pélvmers.

o

| H

k)

' -l
s
, -
. v

1ner; surfaces

Thevnaftemptpd
-2 : o

“to churnctcri* lood cIotﬂlnggttncs as'.a function of the

chemigal pature and surfacc free cnorgy of fhc polvmer. These'/ g

PR

u~.\"

N

N nnturc_of the surfnce wxll nffcct coapulntlon through 1nter-'.- PN

. . . ¢ .

mcdiar& substances that are

. —

thc surfacc frce cncrgy by the CTltiCﬂl

fnund this to be inversely propor;1Opql

the surface free enerki of%a material

o

~15 sufflcxcnt to 1nducc

two 1rdnctcrs are 1nporxnnt if-one 1cccpts the hvpo{he515 that

1

¢

Lbu‘013110ﬂ in thc blood/pol)ner svstcm dnd ‘that the chcmxcal_ﬁ:

ndsorbed.' Thc authors apprnx:mntcd

1

3

surfacc tension and ‘ .

El

&

tozhidod.coggulntidn times.

¢
. . v
f - . . ‘-

T o) - “
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! Fellowing this 1ntroducréiy,work, Lyman et al. {50, 51)
studied plateldt interaction with uncharged hydrophobic

pelvmers using a controllod flow ch1mbcr A correlation‘was

.fpund betweon sncreaslng platelet adhesion and increasing
critical surface.tension of thc polymer surface An,'ld;ge}

_exposure tihes, Ffiedman et airﬁflﬁ) found no correlation

between critical surface and plateclet adhesion.

' Tho above discussion indicates that blood compatibility
of biomaterials is not clearly correlated with anv single surface

property.
2.3 Platelet Adhesion -
i L : . . : ’ .
2.3.1 \Uncontrolled Flow Conditions :
‘ ork has been’done studying.-platelet adhesion (23, 24,
52-

59) by medically orientatcd resénrch%rs This work has been
~g

largelv ‘interested in pathological cond1t10ns of platelet

\

“

adhesxon and has thereforc not attcmptcd to take into account

thc 1nportancc of flou paramcters and surface kinetics. The
two' most pron:nent expcrxmcntal d051gn5 of thls group are

tho
rotnt:ng bulb (56,

59) and the glass head column (52, 55). - [i

9

In the original cxporiménts (59) using the rotating
a snmplc of antlcoagulnted blood was placed. in a 5111con1zed
or, vﬁsoline bulb with an uncoated glass window and rotated at

ﬁiﬁw speeds for long pcr1ods of time. This mcthod ‘has several

drawbacks. The flow conditions arg.not well defined.and in
. I . ;

no iway are representative of physidlogical blood flow

w. There
1slno_guargntee that the adhesion is restricted to the uncoated

|
I
|
|
e
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glass snrfnce. and the presence of a continual bload/air | 0
nnterface is bound -to intreduce. unknown compl1cat1ons.

Hellenm {52) has measured plaeelet éﬂhes1on in citrated
whole blood usxng a glass head column. In thxs exper1ment
1 ml. of cxtragad blood is pumped ‘to a plastic tubing and
contacted uxth hpproxlmately 5 -grams of glass- beads for 30
seconds. Vnr1ous problens make “data us1ng this technique d:ffi—

cult to in:erpret. The presence of an apticoagulent, an air

interface and undeterm1ned surface arca avaiiable for thé

A v

adhesion process are problems common to the"rotating bulb method.
This method also mnkes no allowance for the p0551b111tv of platelet

entrnpment‘” Fxnally it has ‘been suggisted ¢55) that th type

of plast:c used to mako “the column .can play a sig Aficant role

'in determining the level of platelet adhesion.

Hirsh,ed al. (60) compared these two methods and

found that while the absvlute number of adhor1ng platelets

&L \
_varied with the metho& emploved overall trends were distingu1sh-

ahle. -As the packed red ccll volumc 1ncreased from 12% to 67%

the . pintelet adhosxveness (ns measufed by a percentage decrease
]
.in"platelet concentgatxon) was found to 1ncrease from 12% to

66%.  Also increasing the level of the ant1coagulcnt citrate

_decrenscd thc levels. of adhc51on.

-
- -

Besidcs tho 6hortcom1ngs alroady mentioned in
connection with tbeso desxgns_xhe naJor rensqn for not using
them to determinc the thromborcs15tance of surfaces is their
heglect of or 1nahil1ty to estimatc, the 1mpqrtance of flow

pnraneters and surface k:netics.

B
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'6ne-of the most important papers on platelot adhesion

w:th uncontrolled flow condxtlons is Jby Cazcnave et al. (58). ' °

-

In this work ono milliliter of platclet suspenszon was added

to a collaﬁcn coatcd tube and rotated at, 15 T.p.m. for 10 ‘ :
“*m&nutes at 22%, Apyrase, known to degﬂade'ADP was added .
t'to tho suspcnding modlum to inhibit aggregat1on and thereby

permltted the evaluation.of adhosion in the absence of platelet

aggrcgation. Tho‘number of adherent platclets was found to
‘1ncroasc wzth platelet bulk concentrat1on. * These 1nvest¢gators

found platolct adh051on 1ncr035ﬁf~«fgézexposure time up to

approx1mately 20 mrnutcs after whlch 1t remained constant

.Tho authors further detallcd the cffect of apyrase concentration,

~ . -

pH of susponding med1um, temperature and d1valent ,cations on.

& : .
platelot adhosion. More descriptlbn about these variables will

.- : .- x. ‘
be given in thc-next chapter. This work is instrumental as

it 1nd1cates tho pos§1b111ty of quantxfyxng platelct adhes1on

withéut aggregatxon and presents the Optimal conditions for
/ ' .
‘many of the parnmetcrs 1nvolvcd e
. - . . . I RS
‘ . - . . b - . . \

o , S . .y
{

. v

2.3.2. - Controllod Flow Conditions
©a) Effects of Fluid Mechanics. .

More roccntly tho importanca of flow, convective
A\
diffusion-and chemical k1h0t1cs in platelet adhe51on has been

dononstrated (16 19 25, 26, S50, 51, 61, ). Platelct adhes1on
\u s .
and subsequont thrombus formation occurs in arter1o venous

shunts ‘in laboratory animals (16- 10 61) and has been shdun to

form .’'n regions of,flowdisturbances. separation and stagnatian
N 1 . epa ! :

-
Y

’



GSEE

_—
Bl

=%

[EYTERPLTH

T TR A S R TR AT e TR AL

s

‘und elovated

_imxcroscopyl ‘ o -

(61, 63}.. In each case, an extracorporeal circuit was used

-

w}th‘ei her canine oy hdman hlodd and care wa%‘taken‘to eliminate

any air/ 1ood 1nterf1ceq which may cause prote1n donaturatxon

evels of platelct adhesion (50, 51). N

F)

- }ympn et al, 150,.51) and Fricdman et al. (16) conducted
their expcriﬁents in extfacorporcal flow chambers. Lymaﬁ's
. - . : . } " .

cell, constructed of Pyrex with a-molume'of'LO ml., was connected

to a_humnn vein by means of silastic tubing. The ceil,was.

designed -so that polymer surfaces could either replace the glass ™

‘suffﬁce or be administered to glass and thén'positionea in the
. .,, Py | - - . A o ‘
cell..sAfter the experiment, the cell was rinsed and fixed with

-

ahsolute methanol The surfaces- were then stained and

ropresentative flOldS of 20 onn u2 were examined by oil,immérsion
= ~ ,

. LY.
i -

-
.

N . ‘
. . %
- Frledman s (16) flow chamber, connected from a canine

fenoral artery, had a "U-shapcd" cross section.,  This cross

section was derived by placing a glass cover slip in'contact

with a 0. l”S“ﬁtcflon tubing. This des1gn possessed the same T

/flox1b111ty as Lvman s and adhc51on was determined hv averag1ng

-
W

the platclot counts fron five dlffcrqnt 900«u2 areas from each
o oo

mxcrophotogrﬂph !

"

in contrast to the flow chambers of Friedman (16) and

L

‘Lyman (50, 51], PDutton (62) andh??tschek_(6lfgusing a technique

of stagnntion point flow allowed bloed . from a'canine artery or

ot

veln to 1mp1nge directly upon a microscope cover sl1de. The

anlesis of platelet adhes;on was determined using reflectcd

* .

llght microscopy. A window placcd over the microscope slide

1 ‘.
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pcrmitted continuous observation of thrombus ?ormatidn. Different

qurfuccs were examined by coat1na the glass microscope SlldBS

Baumgnrtner (2;~ 26) haes performed exper1mcnts in vivo

)

uqing rabhit- aortns denuded of-endothelium by a balloqxcatheter

¥

thus cxpos1ng the subendothel1a1 surface. He also performed 5

platelet adh051on exper1ments in vitro uszng a perfusion chamber

~ ]

and subcndothel1um. The levels of platelet adhes1on and

presence of mural thrcmb1 Nerc cvaluated quant1tat1vcly by

cmploving morphombtr:c moasu¢ements

Turitto and,Leonard (191 mqésurcd platele; adhesion

to a spinning surface., In these experiments either a canine -

-

femoral artery and wein or the carotid artery and jugular

vein ;eré cannulated wit% teflon tubing (OVD = ,125"), By means

of a thrce way stOpcock blood was able to ‘flow cont1nuously
between arteryland veinm or be d1vertcd to tho flow chanmber.

A glass cover slip yas attached to ‘a dlSC face on the end of

a supporting shéft in the flow chndher.- ThlS shaft 'was driven
hv an e%ectr1c motor which had a var1ublc specd range. An 31r/

o

blood 1ntcrfaca was avo1dcd by. havxngﬁthe disc placed in a

slxght recess in the flow chamber
f% ‘-Baumgartncr 125), Petschek et al, (61) and Friedmdn
et ‘al. (16) obﬁorved 1ncreuses in platelet adhesion w1th
1ncrcnsxng shear rates, Th:s indigates the 1mgo;tance of
-convoCtidn and diffusion inprntclct adhesiod As pointed out
by Grabowski (17), if su'face kinetics alone domlnated we would
/

expect platelet adhesion ta be 1ndependcnt of shear rate.

-Turjtto and Loonard‘(lg) also wltnosscd‘an increase in platelet

. ' . L. ot . . k



apparently tho scatter of measured values of bulk concentrat1on

suspension, foupd a nonlinear incrcase in platelet adhc(ion'with

- - 21 -

-

oo = . N (]

adhesion with increassing shearfrntc Thls effcct was only

ohsefvahle for cxposurc 61mcq excccdlng 120 'sec. and suggested.

-

‘the possibilxty that platelct adhcsion is governed by both

’

'd1ffus10n and chom1cgl k1nct1cs.. B . '

* .

If the d1ffu51on pfoccss u§ 1nstrumental in platelet

4

ndhcs1on, WO wou}d cxpect the lavcls of adhe51on/to be a function
Y .
of bulk pFatelct concentration Lyman et al, SI)/dld not fi ;7
e
such a dcpcndencc but thoir expcrlmental platclet concentrat1on

dxd ngt vary over a sxgnifxcant ranye. Frxedman was also
LY 1
unable to dotermxne an effect of platclet bulk concentrat1on but

' could have hidden any fundamontal relationship (17) However,

. . L]
Cazenave ot al. (58) using a rotating bulb w1th pla;elet R

4

[}

increasing bulk concentration,

All the above inveétigatorS‘GIG:IQ 50, 51, 58, 61,
62) obsorvcd that platolet adhesion 1ncrc§?§$ with longer
exposu;c tines. The experimonts of Turitto and Leonard (19)
and Lynan ct'al..(SO, 51) only" lasted for & maximum time of
foQ; ninutes,whi%s a;-lcaﬁt'some ‘of those of.Dutton (62) and
Pctsfheki(ﬁl) lasted 15 minutes., .Friedman et'al. (16) and -
Baumgartﬁor (25)‘fepdrtod platelct.adh§éion reaching an eq;jiiﬁfium
value at appfoximat¢1§ Zq minutes. . )

\ Lyman ot'ﬁl. (50, 51) reported that platelot adhesion
. . . . . b \

'hniﬁalroédy‘commonced by 30 seconds, In’ag;egmont with this

o

”~

observation, Turitto an yeonard (19) have maa§ured levels:
of adhesion after 10 seconds: Petschek (61), on the 6ther;haﬂd,

observed no ﬁlatblot_ééhbSion for Eﬁb first minute of blood f}ohr

- N . . . 4 N N . .
N - 1~ <
. g / . ¢ pER .
. “ - . X Lot
. . .
i . ’ 1 . - .
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goes from 2-to 75 p11tclcts/1000 Luo.

22

Despite the controversy over the exact onset of
pLatelct adhesion' a unlforn op:nlon exists that the adhesion
process. 15 randon nnd forms a partlallv comp]cte monolayer. on

artifical surfaces (16-19, 50, 51, 61, 62). On

- .
s

-subendothblium surfaces, tho platcleis form afdontinuous mono-~

L

-laver (25)7 The rnnpe of radhesion ICVOIG for art1f1ca1 surfacgs,

- >

\ i

Fr:adman et al. (16) furthér found” that using heparin

as an ant1coagu1ent dzd not affect the level of platelet adhesion

1

and the effcct of increasing hematocrit produced a slight

'decronso in platelot adhesion._ However, Baumgartner (25) found

little platelet adhesion using platelet rich plaqma (PRP) and
Hifsch et al [{60). as mentioned bcfdre, found 1ncreas1ng amounts.

of platelet/adhesion thh 1ncreaszng‘h0ﬂatagﬁdt
4:

L r-
Lo ur

b) The Effect of Surface - N

The preceeding section has illustratcd‘thefimporfancc

of cons1dcr1ng tho cffoct of convective diffusion when nttcnpt:ng

-

to quantify platelet "adhesion. For tr\:ng to assess the role
of chcmical'surgpcq in platelet adhesipnrthc flow par;ﬁeters
olst bc\cdn;rollod or erroneous conclusions goncerning the
thromﬂorcsistnhcclﬁf matafiﬁls ﬁay be re;&hcd.

{‘-p With thé advcnt af‘vnsculhf impkﬁnts, in¥est§gator5
(17, 50, 51) becane csncéfﬂcd with i%e innycn;e'of fiuid
. . . . . % : :
mechanics on platelet adhcsién and consequently most of the

lxicrature on pintclet adhcsion to p@lynar surfaces has bheen

'perforncd in. wcll defined fluid flow. [xperzments that investi-

[

gatod the cffect of surface on.plntelct adhesion withopt considera-
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"tion of fluid mechanics will not hé reviewed here.

Lyman et al., (50, 51) observed that.platclet adhesion
. . o

ﬁﬁl . de&rensud“with decreasing criticél surface tension as stated
E?? in the section on ﬂioﬁa}eri1ls Thcse 1nvest1gators also

e

’gg found that coat1ng surfaces with albumin rcduccd platelet

%% ndhcsxon. .Thls_tesult has also been reported by other authors
gg '-QSB;'64). Lyman et al, further iIluStratcd the iﬁportance

of 011min1t1ng the~Lnngmu1r Blodgctt transfer of a denatured

1

prote1n layer from the blood/axr 1nterface to thc polymer
1 v

G E

3

EP

A

sunfnce.: .Failure to do so, reSultcd:in inflated values of

. : . . C e . A

platelet adhesion and a lack of distinction between different
A ' : ‘ .

‘surfaces. . L ’ S
Petschek has made a-preliminary comparison between

the offeoct of glass and polyurethane on p%atelét‘ﬁdhesion and.
thrombus formation. -Canihé blood, without an anticoagulent,

was used and both surfaces experienced platélct-adhosion fo;%owed
by thfombus formation. Although no quantative comparisog was

made, it was noticed that nmore platelet aggregates and quicker
formation of these-aggregates were characteristic of glass,

. _ ]
Rriedman et al, (17) have measured platelet adhe51?n

Lo on 16 differont surfnces and found no appreciable dlfferences.

In all cases, the platelct adhos:on 1ncrcased with exposure

tinc, up to approximatcly 20 minutcdljand then experienced a

slight decrease. It should be noted that this.experiment was

run at a high shear rate of approximately 1000 sec! cdrrgspbnding

to érthrial'fioﬁ. These investigators also did ﬁét find an?

b

-thmr.nﬂxm?"m =2r
.

correlation botween critical surface tension and platelet

- . )

- adhesion and cdncluded gither.that the platelet adhesion proceés
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‘Friednan's finding of surface 1nconsenucntnllty at Ionger times.,

. \ + . ]
. . v . 3 -

is diffusion controllcd and thcrcfore 1ndcpendcnt of the

eurface involved or that all the surfaces have bccome klnetxcally

* .

cqu1valcnt by adsorbing some substancc prior to platelet adhesion.

4 -

These uxperxments contrast with Iyman s f1nd1ng that platelet

adhesion does dopond on the surface iuvolved. e

. . . &
‘ Turlrtq and Leonard (19) have attempted fgzreconcilo
ihcsc seeningly contradiﬁtorv r&sults The classi&al theory for

+

analv51ng the rotatxng disc cqu1pment used by these authmrs predxcts

~ L}

3 linear 1ncrea$e in platelect adhe510n thh time. ~Since a.non-
- -~ .
linearity was observed, compluxlsurfacc kinetics were assumed

‘to be present’. The experimental data was in good agreement

R - . . £
with theoretical predictions when the platelet adhesion rate -

was assumed p}0pro;ionaﬁ to the surface¢ concentrations of both,

adherent protein and platelets adjacent to the surface.

o

The authors then bostulate.that.if protéinm adsorption is
dcpendent on the chom1ca1 nature of RPE surface and subsequent d

platclat adhesion is- not, Lvman s result of surface dcpendence

at short tinmes does not have "to be vxewcd as antagonlstlc to

- -
-
.
- . - .
-
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CHAPTER 3
METHODS AND PROCEDURE . -

4

3 Fnuxpment Desxgn

Thc equ1pmcnt used ‘throughout the cxperlmental
‘ . ’ *
work is shown in Figure 3.1, Two 5 cm. "rods made.of,or
coated with the material to be tested’ are secured onto the two
oo w1 .. : .

- . b P .
probos bv means of a2 perspex threaded fastener This fastener

15 3/4" in length/%o thnt the presence of end effects w111 not

. &

sxgn1f1§antlv contrlbuto to platelet adhe51on on the rods. The

‘“internal diameter of the rods is only sllghtly larger than the

1 L}

diamoter of the probe ennbllng a close fit to be obta1ned The

fittzngs are scaled by O)rxngs and only the outer- surface area

of the rod is avallable for platelet adhesion.

/./V

/

The platelet suspensxon is placed.in glass tubes ‘who'se

dxanctor is-22.6 m&. The two test tubes are attached to the

supports by means. of metal clnmps -Thesg¢ supports are adjustable->

2
by the screws shown on Figure 3.1. , in order that the test

tube may be centerod with regard to- the probe. A diameter of
22,6 nm. was chosen on the criteria of minimizing wall>effects,

variition in centering the probe nndw&bo amount of platelet
sﬁsponsion used, o .
) S I d . ] o A

The notor is a 115 volt, .35 anmperes, D.C. electric

motor capablo of 400 revolutions por minute. Thié hds been

- goared down to 200 revolutions per minute to provide smoother

6perqtjon at low speeds. When the motor is switched on, the
- .

. : , 2y i o Y

o
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shaft wh{ch 15 connected to the driver causes the movement

of a rubber belr. The \notion of this belt rothtes the tﬂo"'

nrobes. A tachometer is conﬁccted to ngcshagt of the motor ,,

}nd thc rotetional Sp ed is meagsured. Speed is controlled by

a variablo voltage D. C " power supply.

hhen the probe is aligned with the Center lxnowﬁf the

.
A

tuhc,and no- eccontr1c1t\ is preseit, the motion of the fluid

mayv bo roferred to as Coudtte flow, This implies that no

'seCOndarv flows exist 1nd that tho veIOC1tv componcnts in the

-

longltudznal and rad1ar d1rect10n are zero. Pre11m1narv v1sual

LY

1ﬁvest1gatxon of the flow pattern us1ng anisole as tracing-

partlclcs hnve ‘shown no secondary flows. to Jhe! prescnt
. ~ .
In thlS systen, the inner. clender is rotating and

o

the ccntrzfugal force tends to.introduce flow instability. As

a result 'tho trﬂnsit?on to turbﬁlent flow occurs at a lower

.

Rcvnolds nunbor than for the case of.a stat1onary inner cvlinder
. *3
and rotating'outer cylindor Thc stablllty of &hc systcm w1th

an 1nncr rotatlng CV11ndcr uas first invebtigated by - Tavlor (65).

The conditions for unstable flow c1n be. expr)ssed with thc aid

. ~

o

of the Taylor,numhcr as shown . in Schlxcht1ng (66)

-]
ud o 172 Lot e -
T = —=— (£33, . > 41.3 (viscous instability) - (3.1)
a v o R1 - _ e
where .~ d“ . ‘the width of annulus o :
. ’ A - ' ) : T .
Rl'" radius of inner cylinder - .

u; - 'péripherq1‘§élocity of inner cvlinder -

v -~ kinematic viscosity
, .~ =




Even if-the T, numbcr exceeds ‘the ! stah:llty Ixmlt

‘this does not 1np1v turhulcnt flow Thrce different flow

v .

irchmcs def:ned by regxons of the- Tavlor number are as follows

(86)
. : : : -
Ta < 41.3: laminar Couette flow - | o <\\“ ’
41,3 < T, Q_fOO:. '{nmihﬁr flow with Taylorlvorticeg )
-Ta.>=J06:, 'gurbulent-flow. | ks
. '

. Taking tho following average values for the paramcters

1n Enumt:on (3 1)

~ ) . . H

—
-
L]

3.66 ¢cn./sec. o .l E S <
% v = .04 poise/1,0 g/cc.

~

.43 c¢n, C - o . . - .o

(=9
]

CRpe 23wl o

Ne obtain T_ = 39.4. - ;

from the above it mav be concluded that the cquipment
‘operates in fhc lahinar Couette flow regime, At higher rotational

speeds Or using lcss viscous susp0ns1on< thc possibility of .

‘Tavlor vortices docqpcx1<t ' Howcvqr, in all cases, the -flow’

-will :cna:n.lanxnar;

3.2 " Platelet Suspension _ _ o
o o I | SN
"Pig platelets were used in all experiments. The pig .

7blo§d.was ohtained from Canada Packers Ltd,  (Toronto). The use .
" of pig platelets should not prejudice the applicability of
) p : ' . [} o

&3




rcsults to hhmnn platclcts as véfy iittlc'difference has'hcﬁnn‘
}(nortcd th cxncrzmont%gcompﬁrlng ddhOHlon hctwccn pxg, rabbit

nnd huhan nlatelct% (58). . The platclet suspcnsion‘prcpﬁfation/[f
. K i N
fwl1ou5 that of Ca:enpvc ct al, (58).- ° ‘;,,“'
N . . o . o o L
Blood is collected from the carotid artery into plastic '
v ) -_ 1; . ) . i - . ] .
fottles containing the danticoagulant acid citrate dextrose -
L o 1 . i N C .

fACDS) . The hlood is cent'rifuge(? at 1600 r.p.m. for 15 minutes

to .en1rntc the plaqnn tron tho Ted bHlood cells. ‘The nlqshh is

‘fur:her cntrtfuged at 3’00 r.p.n. for ls.minutes to permit ) :
» . . .

the scnﬁratzoﬂ of the plntelct from tho qupernatant. The

h a;clctq are thon suspended in 10 ml Tyrodcs Albun1n solutlon

: I3
+ .

with 0.2 m1~hcpnr1n and 0.1 nl apyrasc.

- ', ° FTH
. .

Apvrase is added to the suspending medium to“"degrade
N . . ’ ? L ) Y + ’ 1
any ADR present--therchby preventing aggrcpation from this source.

“
.

“",uﬁvrasc concentration of-%-pl/ml was tcrmcd’suffiticnt (58).

"; At tth 5tngc aSﬂ,u'Ci of rrSI.

(sodium chromate,

activity Cl/uu) are added to the suspension. .The test tube _

.
‘o - »

. . . . : T ’ _0 .
containing the Suspcnsnon.xs then scaled and lept gt 37°C. This

3

tnﬂncrature 4110hs opt1nun chronite trahsfem to the nl1tclcts {67,

‘“Furthcrnorc.'chronxun lnbclllnp at thc levcl uscd here” &ocs

w '

ﬂﬁf appear to nffect plntelct \1abllztv (68) Kattlovc and

.
-

Hnnct (68). fnund that while chromxun 1nh1h1tcd connecctive tissue

induééu,nggrcgatxon,'by 1nhwuxt1ng thc relecase of platelct
' = q;~ . N
& . ‘ .
aucleotrides, :sg:otoniqfand platelot fnC?Qr‘IIW. it "had no effect
o R ' & : :

on platclct—conncctivc‘tiﬁsuc adhesion.. These investigators
! « : ! ) a . -
' . h . ) o

. S B . _ .
. X . ] -' L ) ¥ e .
s The combhosition.of this solution may be found in Appendix A.

T . - . . 9
.. : “ o,
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;~also found that ADP induced aggregation was onlv sl1ghtly

3 l -
affected while thronhln ihduced: nggrayatqon was unaffcctcd by

,chromium. In conclus:on,thcv report that the amount of’
)

chromxun which nust be bound to platelets to 1nhihit thcir
funct;ons is lﬂ 100 ‘tines groater than that bound under normal

lnbellxng conditxons and thmt thc site of chromtum hlndxng to

platelcts is probablv 1ntrncellular

&

Tsukadafcb al. (69) repnrt that Cro! untnke-bv platclcfﬁ

v

is nediated by a bimodal transport ncchanlsm with a dlffuqlonal

:

nnd a snturnble transport component. At the levels of chromium.

concentration used in the present work Chromiunm docq not b:nd G
-

preforontlnllv to any subpopul1t10n of plabe]ets{ﬁﬂ 70).

o

Further information on the k1net1cq of isotopically, labclled

platelets mav be found in the art:cle by Aster (71). Lahcllxng

with e;s? is therefore seen not to. nffect platclet viability
or to. bind preferentially, "

A o '
‘The labelled spsp;nsiop is now centrifuged at 2900 r:p.mL

)

for 16 ninutes. Tho platclets are sepnrntcd fgpm the supernatant
<

and resquendcd in the same amount of Turode Albumin and

‘e

apyrase used carlxcr., Tho supernatant which contains~tné free'
cr®! s discarded. o | |

.. , AfterAuniti;g-lS‘minuten so that thd pautclcts.reﬁain
$h01r normal 4hapo, tho suspension is cennrlfuped again and phe
nlatelcts sopurated from tho qupcrnatant The platele;§ are
'thcn rcsuspendné in thc_same concentratxons:qf Tvrodes ‘Albumin

and apvrase. Tho platelet concentration is then counted using
. - - i .

a honocytonotcr and ammonium oxalate for a counting solution.” ¢

-

. i .- : . 7
;o ' . i ‘g..h
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. After th1s tho pla;elet suspensxon may be diluted thh.Tyrodoo

Albumin to the desired platelet” conccntratlon. o A

+

Approxxmatelv 200 ‘ml of packed Ted blood cells are

vremoved from the centrxfugcd pig blood
’” - .
are.carefully separated from the plasma and centrifuged at

\\\*\3600 r.p.n. for 12 minutes to remove any remaining plasha?andn

Tﬁo red blood cells

white blood cells, After the supernatant has been removed, - -

the red b;ood'celisquc suSponded in -4 ml of Tyrodes Albumin

soldtion nhd 1 ml ACDS. Thls wnshlng procedure of centr1fuglng

4 !

and rcsuspendxng is ropeatcd three times, The hematocrlt is. ‘

. | .
then dotorm:ned and a specified volume of ‘the red blood suspensionn

I
y wadded to the platelct suspon51on to produce # final su5pen51on‘
'r,q.\-l- . .
T

h a predetermined platcrct count and -hematocrit.

{ " Duo to the compigx and largely undegermlnca interactions
‘ S A b
- hetween platclefs‘an@“plasmn protcinsciscc Chaptcr 2) the

Q .

suspond:ng nodxun used throughout th1s‘Mork conta1ned no plasma

,proto1ns except albun:n; The prcscnce of albumin maxntalned

-
3

the desired oshotic pressure. ' .- ) oo [ °
. ‘e
Soveral ndvantagcs ex:st with this suspcndxng medium.

5

It pcrnlts a. w;de range of platelct concentrat10n5 and hematocr:ts,
.to he ohqorved and the protein composxtlon may also be controlled.

Rccondlf,fthh the removal of. f1br1nogen from the su5ponding
5
ncd:un ‘there is 11ttle chanco of stimulating the E}g platelets

o

to ngprcgate hecause f1hr1no§en -is necessary for the aggregut1on
~tof pig platolcts (72 73). Finally, our cxp@r1mbnts,u51ng

this susponsion nay 'be Tun for long periods of tiQo without

Eal

hnv:ng to’ add .an anticongulent ThiSfis impdrtant as the effegt S

o . T

»
.
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- of anticoagulents on platelet adhcsion:has noy been Elearlx

established. For c;dmplc, EDTA (cthVIcncdinmihc:étraaCctate);

an anticoagulent, has beeon showw‘to 1nh1h1t platelet adhesion

(23, 24, 55, 58). The suspcctad cause of thﬂ\ inhibition 15 the
cbelnting of the divalont cat1on Ca f. On‘the-other hand, . a

there. i8 some- cvxdcncc that heparln ‘docs not affect platclct

9

adhesxon (17 23, 55).K Free Ca f i1# present in our platelet

: » .
.susppndxng nedium,

A The viability 6ﬁ platelets and ted cells were checked

t - -

by morphological examination both before and after an experiment

and no irregularitios were observed. After all thc'cxperiment§

usinz a glvon aliquot have hccn perfotncﬁibz ml of*the al1auot

\ -
-

are centrlfugcd to rcnovc the red- cells 1nd platelets} Investi-

‘gation. of th1s supernatant can provxd\ motre . informafion:aboﬁt
the c0nd1t1on of the.cellular constituents’

The 1ntac1ness of the red eell nembrane uﬁq exan1ncd e
gy testing the suPeInqtnnt for hcmoplobxn by +\ spectrophdtometr\
'Since_onjy tracecanounts (<1 ng .) of hCﬂoglob1n were dc;cctcd

L

it may be concluded that no substantinl amount'of hemolysis has

occurrod,

- +

- In the plakclcr preparatign free o removed,

though 1-5% rcmhins, and thc radionc of the supernatant

1ndicatcs the amount of 1y515 that the platelets have undergone.

o
Thg nverugo supernntant values for {5randohl\ choscn davs-

are shown in Table 3.2. 1, I ' e

. R.J'
"This data demonstratcs that the platelets dxd not

release thoir grannulc contents nor,wcrc‘thexr nembranes

-
. -~
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v v . ' 4o
Nd.,gflSupeYnathnts o ,#v.: S.D.. (% of Total
Examined on 1. Day = . Solution Counts) ’
8 . - 2.8 1.6 -
R < . . _' _'._- .
3, a2 T2
4 a.9 1 7

. . » .
Y - s . . - . -

~Table 3.2.1 ;Supernatant:Radiﬁactivfty.

-, .
0 ‘.

significantly ‘damaged. The supernatant rad1oactiv1ty never _
v ‘ L4

excecdod 7% of the total solution radzoact1v1tv
Before each experiment, pla&elet funttion was exam¥ned

by an aﬁg}egation<test Thc aggrngt1on of pig platelets

upon the addztxon of 100 'y1. of 5 x 10 Sm ADP and 50 M1, Cof "

2% human fxbrinogan suggcsted no loss of platelet.funqtion. v

.-

The chart output from one aggregation tesr'qay be found in

a . . " . N -

Appendix D, . : L . .

Qb__ - - ' . (“:—-_'_- A . '

PR . '

3.3 Selection and Preparation of Biomaterials
3.3.1° Seclection
Lo S . e :
: The mater:als that were selected for examination, were

chosen e:thor as_control surfaces oT as possible thrombo~
Y,

¢

resistant surfncesi”‘“—“*“— _t_“f“_‘_“;—th—T;___M_ o

. - . - . ’ - \
' To check Yhe Operatxng charactcrxstxcs of“thc experi- .

noental apparatus, platelet adhesion \to gtass and collagen

e

coated glass were cdmpared. It is known}fhaf platelets have
a strong affinity for collagen (74) and/it is therefore expectedf

that platelet adhesion to colingan would exceed adhosibﬁ to .

t
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élass (58). A qupntitntive ana rcproéucibde‘differencelﬁould'
indicafa. to a first approxxmat;on, a SU1tah1e and reliable
desigﬁ. These two surféces may also be uscd as control
surfaces with which to compare other biomaterials since platelet

act1v1tv var1es daily, An abundanc& of adhoqlon data et1sts

- ~

, ‘l ) _
for collagen and glass in undefined flow Tegimes and it was

hopcd that by c0ntroll¢ng flow parameters’ any fun&amenbﬂ

differopces-would bc oluc1datcd - . 'L
SR

folvmorg havo bccn preferent1n11y selected over other
materinls for vascular implants hccause of their access1h111ty,
rolative igertness, nnd w1de range of ﬁechan1ca1 propert1es
}._’“ It must be dec1ded whxch criteria (sce preceeding
chapter) wxll be chosen to prov1de surfaces for qunnt1tat1ve" o
exnminatxon of platolet adhesxon. Foflow1ng the work of Lyman

.r

et al (49 51), indxcanxnx low™ levcls of platclet adhes1on to‘

¥

. unchargod hvdrophoblc polvmcrs, polystyrene and polyurethane

v

were selected Sulphonated pOIVQtyrene was chosen because of its

knoun thromborcsistnnt prOpertxes (48).

3.3.2 . Pr aratlon of Blomntcr1als o 3 ,(,—
a) AR Glass . ' . ' K

]
Pl
-

Glass rods (0.P, = 7 mm.), qut.info 5 cm. lengths
F;}re'wnshcd'in HCl'(IN)'aﬁd alcoholic potassium hydroxide (IN)

_and dr1od nt 100 C for not Ioss than 2 hours in a dust free

e e 1

,0 ven., ' ey ) N%\ ————

b)  Collagen Coated Glass

The Edllagén'coating was applied to clean, dry glass
\

rods (see -above). The acid solublﬁ colldtpn solution- was preparcd

.J



by the tcghnidue of Cazenave et al. (55) nnd'is known to

retain its nctivitv'for 3-4 months. The glass rods were

- 4 -

71nmcrscd in the collagcn solution for 5 minutes at 22°C
) ‘ .

subsoquontly removed and rinsed bykﬁxpp1ng four«txmes'1n plaiﬂ
_ _ .

Tyrodes solution. The rinse treatment also raises the pH to

7:4 and allews reconstitution of the collagen fibers. K After

ka 15 minute drying tinme, the collagcn'coa%ed'rods were ready

’

: . . . . ' ! . )
for use, This anplxcatlon procedure closely follows.thaf of

Cn:dnavo'et.al; (58) and rélults in collagcn belng polymcrlzcd

in a fxbrous nanner on glaqs. H1croqcop1c ohservat1on%

/ s 3 i
revealed an evean coating of collagen (see pages 55, §6).
. 1 “ . .-‘ A
S or
“¢) °  Albumin Coated’Glass

' , L ' R
) Glass rods were predipped for 2 minutes in Tria f

bufferannd then immers;a in a,50 mg.5% soigtﬂon of albumin in
Tris bhuffer -for at least 2 hours. The albunmin coated rods were

then rinsed for 15 minutes. in Tris buffcr._ The Tris buffer

was changed and the'rfnsc’ﬁtoccdur repcated .

1 ot . . '

d) . Polynor Coated Dclrxn

Sample. rods constructcd ent1rc1v of polxurethane were

' ~
too flexz)le to be qccured to the prohcc nnd polvmcr coatings
would 'not adhere f:rmlv to glwqq - Thcrcforp, delrin was used
4 ‘ - .
4s a carrdier substnnco for tho various polymers., .

. . . . - )‘. b -'
The polyurethanes used were synthesized in this

fabofﬁtdry (75). The sulphbna;cd poLysfyrcnc and polystyrene

e

were obtained elsewhere (76, 77). —

AN b

+ The comp051t10n of Tris buffcr may be . found in- Appcndlx A.
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Thé sulphonated-polystvrene and polystyrene coatlngs

r

are appliod bv tw1ce dlpplng the dclrin rods into solutions .
of the polvmcrs in dlmethylsulph0x1devand allou1ng them to drf

at roon tempcrature for onc hour Thc polyurcthanc coatlng is

o

ndmxnxstarcd bv d1pp1ng foar tires in the: prcpared solut1on

A Y

-and allowing to dry overnight at 60°cC,

The dolr1n carrxor Tpds were reused Ahfter removing
the polymer coating nnd were checked~cont1nuallv for re51dual p
 rad1oact1v1tv. Tho applxcat:on of a uniform coat is zmportant-
to av01d-cc11ular destruct:on, Jncreased surface are® ‘and

-

platclet entrapnment.,

3;4; Operational Procédurc-

'Béfbréﬂthe”ﬁrobcs'areéplncedwinnthe,pla;elpt suspension,

’ t .
they are predipped for 2 minutes in Wyrodes solution, This is
? [ '
to prchnt Langmu1r-Blodgett transfer of a part1al monolaver

-

of denaturod protein and platelets ns the probe-is placed 1n‘

the squensxon. The 1mpqrtancc.of this transfer haq been
recogni:ed (51) and chdipping Tepresents a means of reducing
thi effect of the aﬁf/suSpension interface,

After the ‘probes have hecen rotated in the plaielet

susponsion fbr the desirted pbfiod of';imc'and cxcess fluid
:reﬁoved by shaking, they are rinsed in Tyrodes solution -for 30

sec. at 100 r.p.m. _ ' o | -

- The surface to be tested is ‘then put in'a piast}c‘

e . . . -

" vial and placed "in a Beckman Biogamma. Counting System. - This-is

a ganma radiation counter which has a variable discriminator

0
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moduluq ennblxng the selective countxng of the’ desxred 1sotop0.

The countxng txme can also be varied. Since rqd1oactive decdy

with a short hnlf‘life-follows,a Poisson distribution (78),

- . _ ‘ . DR . | ) 3

ncreased counting times uill ‘rcducg the fractfonal error., '
\ Lia

_counting. e ' ' ’

Sufficient- counts vere. obtained by 8110w1ng ?wd ménutes for

. . ) o

¢

At




CHAPTER 4
.

° ' - THEORETICAL MODEL

In this chapter,a theoretical model will be discbssqd
to describe platelot adhesion in-a Couctte flow environment.

The nodel will have to account for the possibilities of surfaces

having(diffaront reactivities toward. the adhesion ﬁrocess and
of a diffusion coefficient much larger than the-one predicted llﬁg
bY:BFowniaﬁ‘métion. | |

In.the next chapter, the model will bhe compared with

the cxporimental data to try and clucidate the mechanism of

H

platelet adhésion& Nonlinear least squares will be used to .

estimate an effoctive platelet diffusion coefficient and to

deternine if this diffusivity is a function of shear rates and
. 4 - - . ‘ ‘ . . e -

henmatocrit,

Ke will.bcgin'ths'annlysié by stating the assumptions

-~ hd . -

and simplifications used.

-~

1, “The platelect/red plng cell 5u5pensioﬁ will be assuﬁhd_

. to be incompreséib1e-nhd,hombgéﬁpoys. _ O

This assumptioﬂ implies that a continuum approach
mﬁy'be.tnkhn and that the ce1lu1ar nﬁtyre of blood may be ignored. -
_if; ;f will be ;hoﬁn later; the concentation boundary layer is

muéh thicﬁpr than a red ccll diameter the assumption is valid.

2, Tho flow is laminar. o

3. There is ﬁoléccené;icity of the probe.-

. 4. . There are no Taylor:vortices.

- 4

o - 38 R : ) ﬂ!.
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Assumptions 2-4 ensure that\no secondary flows-are

“

present and are justified by the 'calculated Tavlor %umber.and
” \ v

visual ohservations (refer.to Chapter Bi:

5. nPlatclct bulk conccntratibn is “Uniform. ’ ¢
- 6. Platclcts are noxthcr crecated or dcstrovcd
. 7. Platelet adh&51on is not a funcn:on of ‘age, size

‘-~ _or radioact1vc label. .,

‘~‘b- The Just1f1cathn of - tho assumptzon that platelet Lo
.adhcsxon is uniform throughéut the popu11t1on is g1vén in
Chapter 5., 7 -'“j' i - . !
‘ B. The sttem-day be approximafcd'éy rectiﬁgular

-

co-ordinates,

This assumption may be ‘justified if the. concentration.

~

houndary 'layar . 1s small compared to the radius of the rod.

- 9, Therc' are no convective flows presént, since this

is a Couette flow apparatus,

10, The flow is sfcddy:

-

& il. The platclét/rcd cclL-suEpcnsion will he assumed to

behave in a Newmonxan fash:on. -

4

This assunptxon is Juqt1fxed as it has heen reported that
[ - .

red- ccll 5uspcnsiohs in normal saline arc negrly'Newtonian
"without any measUrablo vield value (3). A possible explanation of

this phenomenon  is the absence of fibrinogen which reduces

-
- '

red cell aggregation and thereby climinates a major contribution

I > ST R ‘ . A R - .
to the non-Newtonian behaviotdr of hlood (3).
e o .o ~ ‘ ‘ .
12;. ' At the surface, the platelet arrival rate will be

/lqﬁatéd to platelet adhesion which is assumed to be first order

with respoct to platelet concentration and independent of the g

.l v"u a ‘ — . . oF . - m
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surface "area available. Obviously this boundary cofdition is

-

only exact initially and becomes igcreasingly inmvalid as the-
level of adhesion increases. At high levels of adhesion, ot

the process is selective and is not descrihed by the above
- . N ’ o - . :
boundary condition which -predicts random behaviour. The

boundary condition-is probﬁhly adequate for low levels of

adhesion, - .

»

\ C The gcnopal-ﬁnss balance.for platelet conservation ’
. b ' »
* is given as (79) . : . o . -7
, . . " - .
De . . ‘ ‘
N — = - . 4.1
Dt v. (DPVC) . . ( )
where ) ’ s . . - e
f . . b K . .
D ‘ C . et ‘ . i
pt ~-Raterial derivative
- * * *
D, - platelet diffusivity- . .

¢ =« platelet concentration,

" Equation {4.1) reduces to

2 . ' . . .

3¢ 3a7¢ : ‘ .
—— a2 p = ) . - (4.2)
.3t Tp 3x2 . B ' o o _ 7 k

for the one dimensional case of Couette flow in Cartesian‘co-ordinates.
The boundary conditions 'are as .follows,

l.f The bulk. .platelet concentration will be taken to be

<
[

= C,att ='0 for all x . ' _ .

- ”,

where - Co, = initial concentration (platelets/cm™)

-

2; The boundary gpnditisn.dpscribcd“tn assumption #12

is given mathematically as ..
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A : w °
3c ¢ o : :
-p 2& . s . =
p BX\= k¢ - | at x = 0 ',_'
‘ . N
where k = apparent wall adhesion constant (cm./sec.)
3. te=C di'x = w far t > 0. h d

'Cipq;’_ The solut10n to Equnt1on fd 2) Wwith boundary conditions

1-3 is ngen bv Cnrslaw and Jaeger (80)

L k k2t
) s ) D_' X + D i . .
- c . . "‘. " M
T erf —2 + g. P Rf{crfc-( X + XD t)}
o . 2/h.t . o o2xs U P
T - . (4. 3)
wherc erf is wrxtten for the error functiong d“d 1s expreSSed ‘1
'fmathenatxcaily as”
= : . .
oy o
orf (z) T J. . . ;
;g 0 ’ 7 '
w?fh the following properties - - S
| ‘erfe (23 = 17 f(‘)' o B
erfc (z) = 1 - er z - : ’ /,‘
erf (-z) = - orf (z),.erf (0) = 0, erf (=) = 1 a

. - The platclct conccntratxon adjacent to thc surface-

is ?1von by evaluating Equation (4.3) at x = 0

_ . k2t
Sl Co e erfe (g f‘“x R SRR

o
. . . . {
)
. N -~

To find the flux to the wall we could procced by
differantiating (4.4).° A simpicr approach is to usc.goundary A
condition (2).

o, o : : . ‘ S ' \
; | - v .o : N

- . . -

s
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. ' '

.Flux‘to wall = kc'¥=0 ) - : - (4,5)'_‘
‘ R - B

The flux to the wall is equiil’to the rate of change
of surface concgntfatign{' - - L \ .
. ‘) 2 ‘_l:a " . /
- 4--—.--k t T
- Dp B N '- _(.- .
B ds s . ] . k [ \:I-_
- J g7 = k C, e (1 - erf (- /np:)) S (4 ;&)
- ’ - S T p o ‘ ‘
. i . ., . L .
. ) - ' 2 R |
where J =- flux to the wall (pl/em®.sec.) -
s = platelot suffade density (platelcts/cmzz) ;
- ‘ . . 4
Integrating Equation (4,6) with time )
Lt S .
. t - ) IR s ' ’.
o P . B A - o
S = . C,e- - (1 - erf (5~ VDPP))dt . (4.7
. : ) ‘ p - 7
0 - . . . . .\ . . -
' - Y "
At large values of ﬁi Y Dpté;-cof%e%ponding to the
diffusion controlled case, the following asymptotic formula.
‘ ‘ - A ' .
nny'bc usedT(Bl). o ' y s .
. 'f . _
: 2 R S 1 1.3 ..oy o
exp (2°) erfc () = (= - -+ — } (4.8)
N N ;g z r2:3‘ x22’ zs E
e L . ‘
SﬁbstitUting!onlﬁftho_first‘terh'of'thd‘right hand -
side of Equation (4.8) into Equation (4.7) tolobtajﬁ“ :
. IO . B L | j'V;,
j B - R - 0
'S R —T : S (4.9)
n°k/D T : . C vy
o .- P ... . ]
or. ; o i -{lén . - SR . |
‘ . D t ‘5 ' .> . . - “"
se2¢C, (_{]’_) B o o . (4.10)



i - ’ ) . .

The equation axprcsseé-the'cumulativc plaiﬁlet - “e
—-‘) - o ' . ] . ot
‘surfnce dcnsity forothu diffusion limited case and is plotted - .,

in Figure 4.1.1 for various dxffusxvxtlcq

"\

- For tho othcr l1m1t1ng casc whcn surface and bulk
conc:n;ratxons are not slgnxf:cantlv dlffcrent Equatlon t4. 6)

bccomcs . ey PR _ . o .

J =:k Cy ° - S p (4.11)

v Thc platclet d:ffu51v1tv may bc cst1mated bv-fxtt1ng a

thc oxporlmOntal data to Equatlon (4.10) u51ng nonl1near least

. *

squares. Before this is done thc validity of using rectangular
- . " ‘ o . ! o

- co-ordinates must be tested.  For tho diffusion linited case

FgBarion (4.3) reduces .to -

rT . . -

e omC_ erf —X— ' - (4.12)
. - 2/Dpt:‘ CRE ~

This cquntion is used towplot the concentration
— e " I3

profxlcs for threc d1ffu<1v1t1cs as shown in Flgurcs 4.1.2-

v

+

4.1.4, '.‘ .- <

b

:From'tthp plofs.thc baundary layer (thickness at

h o

thch‘.QS?df the bulk-concéntratiqn is rcachcd) is largest at

a diffusivity of 1.0 x 10 -7 cﬁz fscc. and a time'of 0 minutes.

- 3

This maxxnun valuc is approxzmntcly 250 microns and is shall . -

Q
-

_compared to the 3500 micron radius of the rod Therefore, thé

J
-

error involved in approxxmat:ng the svstcm by rectangular cp=

:ordlnnpes will be smnll.- T o ’ ' !

The COnccntratlon profilcs also show the minimum | .

boundnry laver th1ckncss to bc approx1matc1) 25. mxcron5\'_T is ‘!
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tion ‘for using the contipuum approach.

\ . i

The solutyon for Equation (4.2) in cylindrical’

.co-gzﬁ)naﬂcs_uith b0uﬁzz?}\&iii}tions-l-3 is givenﬁin terms Co

of Bessel functions (80). ; - ' ,
The adhesion data for all surfaceé, except collagen,

npqgaré to reach a limiting plitelet surface density. -Bbundary

' . - ¢ N\ . .
condition.(2) .does not take account of thhs phenomena. A more

. appropriate boundary condition is given by

dc o o ' . o
-.Dp 3§7°'ka .qt x 0 t»>0 B (4T13)-
where - f = fractional surface area not yet covered
by platelets. ST : ' \
s . L . <j | |
.Furthermore ' ’ «
- $‘t . v -
£ = 1\ 1 k =D ac I£ dt t>0 . . (4o14)
r X ::p _. o
p } - . ) .
o
_where . 'Sp"= cqailibrjﬁﬁ platelot surface dénsity.

1

Grabowski (17) has qupstiohed tho validity of boundary
Equation (4.13) and concludéd that it is probably valid only

for low dcgrees of surface coverage. .

o

“For the reaction limited case

J éf‘kcf"'
or - . ) ) ‘ . o .

88 _ .l o, S ' |

‘ ac = ke (-5 |
‘ .p H“‘.‘Hk

, ?'a:__\\. )
\\..
4 - Tl
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. N ¥
.which nay bc‘iniegrated to give
_-kcr/Sp
ses, (1 -e ) % (4.15),
! ' - . N '

, .The Brownian diffusivity for large spherical barticlcs :

may be calculatéd from the following equation (79). R

kBT . ' ’ . ‘. R

Dy * Ey . T
.o ~ 5 - :. ‘ ) . ) o ,l
\’*. where -kB = Bolt man's constant (l 38 x 10~ 16 5——5—5—)
' _ . , -sec
T = tempcratufc'KZQSOK)‘ , ' - ,
M = viscosity (LESﬁx 10'3 gﬁ/cm-séc.)
‘ . \ ’ 1
b = particle radius- (1.0 x 10 é cm. )
P, = 1.4 x 10197cm2./scc; o : o °

0 -

J
{

H

1

e

. (4.6} have proposod 4 lxncar dcpendcncc bctwccn plntclet

. B ) \

"Red hlood cells arc known ‘to undergo translation, rota-

o

. tion agd. dc£qrﬁati6n when subjected to A shear force (1-3, 14).

It has-bccﬁ'pOSfﬁlhtcd thnt-tho diffusivity_of°plathlet%_will bhe '

1Ugmentcd by thxs addxtgonal mot:on (5, 6). chéfﬁl authors

\

diffusivity pnd shcar nnrc.':crahqusk; et al. (18) have nssumed
: - T o 5
a power law reoclationship to shcntlrﬂte which is e;presscd .

h

m1themat1callv as o
u( ,——3--3—(3_) S L ._% N _(4;1-6?

where ;hc“exponant m is expectod to take on some value between
zéro and one . (18).

" . .' | | ‘ /

[

3

L

\



interactions is expressed mathematically as o

<
3= S

Grabowski et al. (18) have found platelet diffus

to bhe .shear rate dependent while Turitto and Loond:d'(19)

suggest that any dependence on flow conditions is "very we

The initial model assumed, in this work, to acco

.fpr the possibilities of a shear rate dependence and cell-

-

B -1
D = nP
p- T

E.

where. y = shear rate (sec-l) o
U - "H = - h@wocrit .
r .

B .= ~tonstant e
n'.= constant c .

. . - ¢
, .

b2l

. Equa;joﬁ‘(d.l?) ﬁf{{_be fitbby-lquffsquares to'determiné

-what, if any, effect shear rate and hematocrit have on

.

a

» ‘y

platelet -adhesion.

o

. per minute®to shear rate aro shown in Appendix B.

"
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CHAPTER 5

EXPERIMENTAL RESULTS

-

5.1 Sclection of Operating Conditions

x

. In order (1) to ensure the presence of Couctte:

flow, (2) .to determine a suitable operating iéﬁperatu¥e, (3}
. ' - . ) ' A:‘ . o . e
. to oxaninc platelet viability with Tespoct to the duration of

' g : . ' R .
whear and (4) to check the validity of the radioactive counting
method the following ‘sets of éxpcrimcnts~wcfé”pcrformed.”'

5.1.1 "Establishment of Couctte Flow Conditions

‘Table 5.1.1 contains data on platelet surface density

as 'a function of shear Tate and test tube diameter.
Al . # +* “ "‘ [E— . -+ ..l
i _ . Av - S5.D. ; AV S 8D, Av - % .n,
i Shear Rate _ - — :
L see™ty "Pia. 214 mm{ Dia. = 15.8 mm Pia. = 22.6 nm
E 0 _ 2.05 % .45 | 1.67 I .38 5.45 1 .28
; . o ‘!, . N . k
: 9.5 - . 6,49 - 1,16 4,52 - .17 o 4,190 -7 22 !
. _ R , T , _
SRR 12.5 2,70 ) 72091 .87 414 33T
; ' ; . l ‘Qt“' * - - . - . ) b ‘
‘f. = - ‘ T " , - .
L N -, - . R .
Table 5.1.1. Platelot Surface Density ~as a Function
. of Shear Rate and Test Tube Diancter
[} t : . ._ . ) ’ . . A
"= Each result in Tahle 5.1.1 is the average value of .

]

four ohscrvations with the accompanying -standard deviation.

¢

"

: - 2
* Expressed as platelets per 1000 u™.

-

s
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t

Each observation was obtained fron a'collngen'coated rod that

was exposed for 15 minutes to red cell free plateiet suspension,
3 . . - Rt : o
The platelot bulk concentration fof the experiments in

_—

Table 5.1.1 was 750,000 pl/mm;. " This concentration was used

in all suhsequ0nt cxp@rimentnl work unless otheruisc noted, Each

column rcprcsonts rcsults from a diffcrcnt batch of platelet

.

suspension and due to thc da11v variathn 1n the physical and
chemical prOpcrt:es of pig platelcts must stand”on its own merit,

It is not valid to compnro thc absolute values of platelct

adh051on fron day to day. Qualxtatxvc comparisons may be nade

.

botwecn cxpor1m0nts of different days by using a control,
Using diamecters of 14 mm., and 15.8 mm., platelet

adhesion increasod-with increasing shear rate.” This is not the

expucted hchaviour of a Couctta flow- apparatus and may be

accountod for by a platelet diffusivity dcpcndcnce Bn shear rate
or;hy an increase in secondary flows, due to poor alzgnment-
of thé_pfobé. and wall effdcts}

‘f

Platclct d]ffusivitv 1s not 11kelv to bc shear rato

- -

dependent as this cxpar?ment wis pcrforned in the absence of

" rod cal}s. Platclct adhesiOn appears- to be 1ndcpendent of shear_

P e e s

rate for thc 2,.6 mm. diancter. ThlS justifies the 355umpt1on

- N

made- in Fhap?nx(i\ihnf the effoct of cccentr1c1ty can be "

. .

neglé;tE@. The smaller varianccs asqéqxatpdwi:h the 22.6 mm.

diamcter‘tubc sugpest"thit?alignmont'and-uall cffccts'are’nof o
- i *

longor as critical as uith the- smnller diameter tubes.

.



5.1,2 Fffoct of Temperature

Although plntclcts in vivo function at-. 37 c it 15‘
cxporzmontallv convenient to operate at room temperature,

Howevor it ‘was considared ncces§3r9 to cs;ablish that significant

The'éata in Tabie 5.1.2°

temperntureq investigated. -

gt

Surface Hemat. Exposure Shear Rate 1% | av. X s.D.
Lollagen o\, 10 min. | 19 sec”! 22 { 7.9 % 1.9
Lollagen 0% | 10 min. 19 sec™! . 37 |["7.22 e

Table §.1.2. Effeét of Tenperature on , ' '
‘ ‘ Platelet Adhesiop®

1

5.1.3 " PFlatelet’ V1ah1i1tv with Rcspoct to
Duratxon of . thnrg :

Al

Due to the fact thag only. a smali volune tga.,lSO'nL)
of plntclét.SUSpbnsﬁon is avai@able'on a'giveﬁféif; it is
nccéssary to use an B{igydt of- sugpcpsion more than pqcc;
Thoroforelcxpcrimﬁﬁgg dealing with_tﬁc éffect of dpfation of”
shear ;H\plntcictzqdhcsidn were performed. Since the longest
total duratiqn‘of shear caq;gd"h§ rc-usg'qf alrquots was*35

ninutes, tho study was confined to this interval,

‘

- ’ . - . " 2 .
"+ _Reprosent average of four observations (plﬁtclcts/looo 1)




A

danage with‘a shcgr.ratc of 19 sec -1 and an cxposure time of

. . . ’ + a ' 2 ‘l-
fotal Time (Min.)l Av. - S.D. (PL/1000 u®)

1+

0 | | 40,1 3,18

10 _ 41,4 2 :52
* 20 o ' '33.1ﬂ1 2.17
30 4 38.6 © .89

Tahle §5.1.3. Effect of Duratxon of Shear
", ~on Platelet Adhesion to
v .Collngen

Table 5.1.3 contains: the data for an experiment -

in which collagcn-coated'élass was ei}oscd to a platelet/red

biodﬂ~ccll;{RBC) suspension.of 20% hematocrit for 3 minutes. at

a shear rate of 19 sec'l. This bxperiment was repeated four

‘times with the same - suspen51on at 10 minute ihtervals to

datermxnu if there is “change in plntclct react1;Ety uzth

duration’of shear. Hy takszs testing of the means in. Tabla

'5.1.3 rcvoaled no stntxstzcal d1fferenccs at a as5% confldence

Y

lcvel 1nd1cat1ng thnt plntelets suffer no, or very llttle,

40 'minutes. * - . L

5.1.4 Conpnrzson of Radioisotaope Fvaluatlon chhnxque
and Wicrosconxc Direct Countxng .

It is necassary to confirm that the rad1oact1v1ty

on the oxanincé surfaCe $s due to the adherence of Cr51

platelets and not to the adherence of ‘free CrSI.' The elebtfon

labelled

_\" .
-

nicrographs on pagos 55 and 56 not only: demonstrate platelet—

‘adhesion but also provide an: indcpgndgnt check_of—ou% surface

o : |
b P e
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'Figure 5.1.1. This is an electron micrograph of a-collagen
' - . conted glass rod .which, was exposed to platelet/
.red."cell suspension (hematocrit = 10§) for 2 min.
. The .plateict bulk concentration is 750,000/mm3.
: 40,000 magnification. . - B
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; .
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This is an clectron nmicrograph of a collagen
coated glass rod which -was exposed to platelet/.
‘red cell suspension (hematocrit = 10%) for -
30 minutes. The platelet bulk concentration

‘«is 750,000/mn>, 40,000 magnification.
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el ' . . . ¢ .
evaluatidn method. Knowing the magnifidation of the electron
v . . ’ WL : ‘ '
micrographs, the humber of adherent platelets per "1000 u2
: ‘ . A . i . '
mav-he ostimated. ' o 3 .. ' C o,
. B . K 'J: - R
. Figure. . - _ Radioisotope* . Electron Micrograph* ’
o - ' ] e ? -
#5011 7N 15 . 200 . %
- o A \ ’
5.1.2 «  L.BO : 1n0
*. Expressed as platelets/r00D wl .
. . . 1] -
S ‘Table 5.1.4. Conparison.of Counting Procedure.,
. R ' 14
3 i T . - : o

Table 5.1.4 and Figures 5.1.1 and 5.1.2 indicate " -

_that the radﬁoacgivity on the:surface is due to the adhesion

of‘Cr::,)1 labelled platelets, -%C;fdrphqr‘invcst{gape the

] .
- e —u

bossibilfty of'frceJCrbllndhosibn, a 100 ml. aiidﬁot of ﬁlatelek/"

.Ted cell suspension was centrifuged after an experiment and the

. -
.

R : . . L . A N Lo o 3 )
supernatant retained.. The same experiment was performed. again

-

> ~ ~

- with -the supernatant used in place of the cellular suspension,

——

Surface radioactivity was reduced to about 5% of its normal
’ . , . | 3 . . [ .
v#lue when supernatant was used instead of suspension. It is

no more than 5% of the radioactivity on
.' ) R : . ’ .- 51
1 tvpical surface is a consequence of the adhesion of free Cr™".

3

.

therefore inferred that

L]
[ ’
>

- .

5.2 Effect of'Shehr R&tc.nnd Hematocrit . : L T

¢

o Platelot ﬁﬁfEﬁjonﬂto g1ass and‘tollagén coated glass =
. : ’ . : . . ,,d - '
. : . L. /
has been found in this worh to bhe augmented by the addition of

- . .t . T - LS



red cells. This increasc'mnv be %écn i ngurcq S 2 1 5 2.3

and may bhe accounted for by ono of the two followlng mechan1sms

-

_Flthcr rcd hlood- ccllq ha\c rcle1<ed their adhesion pr0m0t1ng

-

-chcmzcnl compononts (eg., ADP) and thcr%py increased adhesion

or thev have augmentqd the platelet di?fusiVity‘thTough their -
{ . ) - s -_,-,_‘, e

radial fluctua;ions wndTTotwtbens ’ons}j The first hypathesis
was iﬁitiailv brcsentcd by Gaarder et al. (34}, who suggested
_ghat .the ndh051on of platelets .from whole blood, to glass depeﬂds
on tho releass of ADP.from-Ted blood cells. Thc sccond hypoth951s

—H—*_‘——-—.._
asqocxatas the 1ncreaqe¢‘hﬁnﬁﬁ—o$ platelct adhesioh with the.

i

'nhv51ca1 properties: of the bYood cell This concept ‘has

been diScussod in deta11 chaptdr 2./

a
I

To investigate the posq1h111tugof xncrcased adh0510n

due to a chamxcal rcleasc from red cells, a glass surface was -
: ' .8

',rotatcd for 5 mlﬁutcs'at 19 sec, { in a red blood cell suspen51on

Yo

(without plntelcts) and then-immersed and;rotated under the
sane conditibns in a red-cell- frce platolet suspens1on -This

procadurc d1d not 1ncrcase plateletqndh951on 1nd1cat1ng that = *

Ty

"if a chcmlcal stxmulu3.1s prcscnt 1t.4s not mcdla;cd by the

surface. The following additipnal facts also minimize  the
’ I . } .- .o X . . 4

~

E -

ppssibilfty of the presohcq of c¢hemical stjmulants, Apyrage
‘s addod‘fovthe,platelct §usécnsion and i§\¥esponsib1e'£of,
degrading any free ADP, - Arso; tﬁémqotpholdg} of :he fed'cell;
_‘uas‘found'to bé‘normal, -lt'nppear; uhiikcly_ﬁhat'a chemical’
rcieaso-is'responsiblc,f&r tﬁe’?;ireasgd‘keVEls.of_plate}et:f

' adhcsion. _-‘ o : . I ' ‘ Lo

.'»
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Figure 5.2. 1'illhstrntcs that addition of“red cells»
up to a hcmatocflt of 20% :ncreascs platclet adhesion to glass °
by. a factér of 2 and that further 1ncrcasg in hcmatocrlt
does not alter the level Ofﬁplateleé adhcsédn.' The fact that

g

platelet 5urfnce'dcdsity is independent of hematocrit above

R

3h% “is consistent with the hypothesis that the phys@;gl'prbpertiés
of red blodd cclls are rcsponsible for'increa;ed pl%?éict
adhc510n. Thls is expquncd by crowd:ng of red blood cclls
at h1ghor hemdtocrits, resulting in more multlbOdy collxsxons
and,a reduction in red cell motions. ‘ \

The rate of increase of p{atclct-adhesion to collagén

L3 t .

coated glnss uxth;hcm1tocr1t dccreaqed at henatocr1ts greatf

than 20% (Scc Fxgurcs 5, 2.2- 5.2. 3). At a ‘hematocrit-of 45%, .

platelet adhosion had fallcn below the values assoc1ated with
\ . i

=

a_ 30% hematocrlt and was- not“dxsttnguashable«fron rusultm

obtained with a IStuhematbcr1t (see “Figure 5.2.4).

The ,data -of Figurés 5. 2 2 and §.2.3-are cross plotted
1n Fxgurcs 5.2.5 and §“?‘6“—~ﬁ%—0w_hnngggcr1t platclct

ahthIPH 1s 1ndcpcndcnt of shcar,ratg as,cxpccted from the fluid

'mochanics»of a Couctte flow device. The addition of-red blood

.fluxd shoar, 19 a functlon of shear ratc.;

. - : S e f vendent
cells to the*platelct suspcn51on causes adhesion to be dependent

"on ahcur rate. Thxs dopendcncc Suggests that platelet dlffu51v1ty,_

uchh is gOVcrned by thc rcd blood cell not1ons 1nduced bv N ' \

Sone earllor cxpor1monts to dctermxne 1f platelet ) T

4

diffusx»1ty is 3 funct1on ‘of shear rate and henntocr1t have

1

“proved inconglus1vo (16, isj. Howcver thélcoucttc flow_,

;‘{. . .

.
A. ldl" . l'
. : Sy
- &
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Plot of'platelet qurfacc den51ty (pl/1000 u ) on

shear rate.
henatocrits 1nve<t:ga
designated as 0,

‘Efoss plot of F:gurc 5...3(

“

ted werc 0%,
v, and i respect1velv

The. thTee different
5% and 30% and are.
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\ A : . PN . i
apparatus is 05pec:allv suited to this task as. ‘there are no .

convective terms if the p]atclct mass halance cquatxon ‘desorib-

% ——

1np flow 1n thxs dav1¢c. Tho presence of increased levels
of adhos:on nay thcn be at%{1butcd to platclet d1ffus1v1tv be1n5
éia fupctxon of shear rate.’ . L f

.. N, The initial assumed model to dxﬁrgss platelet

“diffusivity as a function of shear rate and hematocrit was

given in Chapter 4:as : - , - /

ST (4.17)"

(
. ) N
- As we wish to quantify the relationship between

(2

-~

) N L N . ._; . . . 9
shear yato,'hema;ocrﬁk and diffusivity, all experiments related

.tO-Ghis'questionbmugt be performed on the sanme day. ’ I

The'best csfimage of Dp'is'ohtnincd from a nonlinear -

regrcss1on of Equat:on (4 10) and c0n5equcnt1y to satxsfv the ' .

5

inplic1t }jsumptio?ﬁp{dxffusxon 11n1tcd mass transfer) in -
Equation (4 10) a1l Tods were collagen coated. In order to
-prpvjdc the best astxnatc of Dp'at a glvcn shcar rate and hcma— .

tocrit, expor:ments shouId bc pcrformed at 2, 5, 10 and 15

L .

minutes. Tho total durat1on of thesge expcrzmcnts would be -

v 4 .

32 m;nutcs nnd in’ ordcr that platclet damage due to fluid shear

A}

be eliminatcd, a frcsh allquot (70 ml ) of suspcn$1on would be

]
t.

-requ;rcd for cach cstlmate of the dxffuslvxtv . To investigate

[

dxffusivxtxcs at the nccessa{y nu ber of dlffcrcnt shear rates
&4

and hcnatocrits to obtnln _ suffic1ent po1ngs to perform a

regression of . Equatlon (4. 17) would requxrc a volumc of
M -

platolot suspenszon well in excess of the 200 ' ml, thnt we are ’

\
-

’ d " - N
. ! -, i
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‘able to prepare du:lv Because of these experimental limifa-
_tions, diffusivities are calculated dxrcctly from Equatiou

=

(Jij) at g1v;£;20ndit10ns of hematocrlt and shear rnte.f

Equation (4. 17] predxcte platelet d1foS1v1ty to be
1ndcpcndent of thar rate at 0% hcmatotr;t and this hns been
establishcd expcrxpcntall\ as may bc secn by referrxng to
Fxgurcs 5.2.5 and S 2. 6. g

Eff1c1§nt ¢stimates of 8 and . ' have been madc by
applylng a logarlthmxc tr1ns?ormat10n of Equation. (4. 17) and
then u;1n9 linear least squares.’ Th1s appr;ach 15 Just1f1ed
since the resxduals of the transformod cquation w111lbg shoyn‘
to be 1ndopendont and normally distributed with constant
vnr1an¢os¢\\\‘ T;e regrossxon analysis was porformcd on tho

"data in Figures 5.2.2 and S 2.3 using hxomedlcal computcr

package BMDO2R (82). The results of this regr¢351on are shown'

in TaBle 5.2.1. - o
Figure g . S.D n S.D
: . L ‘ . Lt&l
5.2.7 1.48 .20 1.74, | .27 )
$.2.8 1.16 .'.-}5 1.41 724

ot

Table 5.2;1. Effcct of, Shear Rate and Hematocr1t
- on Platclet szfu51vit) (Assumed’ °
‘Model D = ™)

"The results of Tahle 5.2.1 appear to put the askumad

-

éiffusivity model in Jcopardy, The shear rate dependence of

= .

-~

J.

+ See Appendix C.
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) ' . "’l o . . ) » ’
platelet diffusivity is grdater than one... This can not’'be
interpreted physically as multibody_colljsonﬁﬂEnd:croyding
ire cxpected to result in a shear rate'dcpcﬁdkncc less than
One_(ls). ) ’ ) .' . -‘ ) ) "‘ - .
~. o Furthermore for constint homatocrir;;Equation.(4,45)
. . . ’ .. ¢ : e 9 ‘ e o
predicts : S e 1
log [Dp)'u n log ¥ - .o C(5.1F
Table 5.2.2 shows the results of 4 regressions of -
log [Up) and log ¥ for different hematocrits. The results |
. . . . N
from this table illustrate that n fs not a constant. as
originally assumed' but is anfunctlnnﬁof hematocrit.
. . P ' . N o . .J
-~ - 'HcmaLE (%) n .
. , : ] -
— — - ;
0 . .38 L .
” _' : ' ) . . - b : - 3
. 5" . L N 1_99 ‘ P . ‘ . "
O 1) Y IR - -1
r . .' ‘n - * ‘ ‘,. e Ls ‘ -
e o 1.00~
" Table 5;;‘2 Dependence -of Shear Rate . - - o .
- ‘ " Exponent in the Diffusivity -
Yodel on HematocTit'. .
;f“’:, N
e ‘Data obtained from Figure 5.2.2, .
. . ! - . . " © . . * o "/ '
Since the motions of red cells are depondenttan both

L ~

__“he shear‘rnté and the cellular concentration and in _view of
the data in Table 5.3.2,3 more appropriate model for thg d

i v




. 3
dgpondencc of platclet d1ffu51v1tv on shear Tate and hematocr1t

mlght‘%c given by | | o . .
o p = nb oM - L S

Yo ' - . ‘ . . . s ; e

. A'model of this form was TeETTsTed—wi-th—the dath_‘)

This regre5510n gave a value of 8 not

frmijigurc 5.2.2
significantlv-different from,zcrU and n cqual -to 06 with a
qtundard'er}dr.bf 0.01.. Thxs modcl ag&)n pred1ctq platelct

d1f:uwlv1ty to’ be 1ndependqnt of 9huar rate at 0% hematocrit.
[} ﬂ ’ »

The nodcl prcd:cts that thc pfntelet dlfquIVItV depcndence;

~.

] . A

on shcar rate w:ll 1ncrcasc klth the add1t10n~of red cells.
. . \

”OheVQT the model does not 1tcount for the decre

se in.red

cell nothns accnmp1nv1np multibody c0111 ions at hi h .hemato-

A

0
%

crits (sec Flgure S 2, 4)..‘ -"' L - ‘

: Horc exper1ncnts are needed to dctcrmxn& the c;\ét-A

* RS

=
functlonnl form of the relat10nqh1p hcthecn dlfFUS1v1t : fih

i

Henatocrxt and shear ratc over 1 hlde rnngc ‘of shear. ratcs an;H\\
N\

1 -

'_hcnato&}its. Howevor at low. valucs of <hear rntc and henatocr1t

. “ . . . Ve o . . Y
n nodel of the fornm o o ‘ - =

o . | o |

e -
D a :{n}l - . S (5.3

..r——‘::;f/ oy . - \
d“DLdrb To dgscrxbc the dqtaﬁ\ o e
5.3 Fonnarlqon with thc Thcorctlcql Modcl o ,': L

e .

Collngen 15 a Vcrv reactLVc qurfdce with tegard ‘'to

lﬂtclct adheq1on and doeq not appear to rcach a sat urafion .

[

level hcforc formqtlon of a qpmnlcte monolawer sxmllar ﬂo
~ - . -
. . A s, . . X . . .

KR X ! x

B
b



. Y, : e o o | N
<ubendothelium (25 S R3). Dntu'fhr‘CGIIagcn'cbatcd'glass in

X

the Jr1\|stagcw of adhcslon should be rcprcucntcd hy the

gV

jiffusion controlled modcl which 1is CXPTCHde as
N | Doty SN
s = 2 C. (-7 -

6- - N

Eaquation. (4.10) is nonlinear Githhrespeqt ﬁo the

. e

t!IfUHl\ltV pﬁ(i?etcr.- The progr m uqed to ca lculatc the non-.

linear . least sau ares eStlﬂﬂtC of the d1ffu51v1tv operates on

.
\

-'ﬂUlrdt s LOHPTOHISL betwcen the method of stcepest de@cent

¢ B N

and Gauss1an 11near1-at1on (84) The rchlduals from the

-

rcrrvaexon were 1ndcpendcnt and normallv d1str1buted wlth mean

¢

Eoro and a constagpt var11nCc Just1fv1ng the use of least

. € O
- ) .

SUUATES)

Figurc 5.3.1*is ,a.plot . of the.surfaCQ platelet .
dgnaxL\ on collagen coated glass on twodeffctent days. These
. . Th o
cxperiments were run at 0% hcmatocrlt and it 15 therefore

L\wthLd that ﬂla;clct dlffus1v1tv would bé equal to the

di'rna1V1:\ prcdlcted by Brounlan motion. Thc rcsults in .

h. e

. . - -g_.
;fnhic“S.S.i ngrcc very hcll w1th the di ffusivi ty of 1. 10
e N - ) ) ‘_ "' .
cn"/secy predicred by Brownian_motlon. k .
ety LT - . B T v . 3
- | oo, , :
. - . ' . . N ! : ‘ " + -
Taw o T Expected (Diffusivity)“ Confidence Intcrvals-ul
B . P . o . ' i
B ' ~ ' - g -9 .
nooo 1.0 x 1077 8 x 1072 - 103 x 1077
. . . - L -0
T .9, x 10'9- 6 x 1072 - 1)1 x 10
) ’ . ) Lo 5 X
‘_ ) ' W ! . . -
! [ - ‘, : .
« piffusivify Units (cn /5cc ) + 8t 95 . . ..

4

Table 5.§.I Estimates of;P11tclct Dxffusxv;tv 1t’
S 0% Hematocrit. o :

. N . P
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of collagen coated glnss in the presence of red cells.

74
e

Figures 5.3.2 - 5.3. 4 show additional time studiés

In all

'experlmcnts the hOmatocr1t _was kcpt coustant at 20‘ and the

shear rate was ‘19 - sec

Tabla 5.3. 2 shoWs tho nonllnear least

squares gstimates.df'thc diffusiv;ties and the 95% -confidence

interval based on linear analysis of variance,

.3,

‘100 times greater than th

'motion.

Th1s is in agreement w1th the theorv“ﬁf a

platelet d1ffus1v1tv due” to the ¢

ce}ls.\

‘indicating that the sara is in good agre

A

Secondly,

¢ d1fFUS1v1txcs prcdzcted by Brown1an

n augmentcd

omplex motions of the red blood

the 95% conf1dencc 1ntervals are. small,

!

P

e o o rarmpa e o o ke g e ARy T L L St

n

ement w1th the d1ffus1on

A i
Figure Expected (Diffusivity)™® Confidencé Intervals | Date
: . _ . . 7
5.2.2 1.1 x 1077 8 x 1077 - 1.4 x 1077 | 14/8
5.2.2 1.0 x 1077, 82x. 1077 - 1.3 x 1077 1 16/8
I - . -8 P
$.2.2 60x 10 4.5 x 10 - 7.de 10 20/8'
512.3 s1x 1077 4.5 x 1078 5.6 x 107°. | 20/6
15.2.3 .82x 1077 7.0 x 1678 - 9.3 x 107° | 21/6
5.2.4 42x 1077 5.6 x 1078 2 a8 x 1070 | 24/7
: : \ v _ S o '
* Diffusivify‘Units'(cmzlsec.)
Tahle 5.3.2. Estimates of Pluteios Diffusivity .
at 20% Hematocriz.. -
Threc p01nt5 should he -made wilh ;égnrd“to Table
"5 2. Flrst the cst1matcd d:ffus~\1t1e for eath day "are 10 -~

1)

A

PARGINIY O
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is 111ustrated in F;gure 5. 3 5. Thxs shows that the’ platelet'V

5.4/ . Fffoct of leferent Surfaces | . L -
'platelot 1dhe51on are observed on ‘glass, polvurethane and

‘collagcn coated gldss. This is 111uqtrat9d by compar1ng

5 pl .telets/loo

'very well with the pfed1ctcd values of platelet adhe51on ' .f

l1m1ted model Finally, the-ﬁifferences from day to:day are.

due- to the de11v plntelet varxah111ty and make numer1cal

R v

e

comparlsons uncertaln. ' . ‘ -

— '—u—-_;__.___l -

A further 1nd1cat10n of the va11d1ty of the d1fﬁd§1on_ T

.

limited model for plﬁtelet adhcs1on to collagen coated glasE B

~
u P . ~2

surface density vaties.approxlmatelv linearly with tho platelet ST

F T Sra

bulk concentrat19n ‘as pred1cted by Equat10n (4.10). . The

dxff 510n controllcd model predlcts a d1ffu51v1ty of 10- 100

time larger than the-ono due to Brownlan notion alone nnd is
, -

-

in a reement thh other investigators (2- 6)

-

.~

e

In ‘the nhseniﬁ of red blood cglls, low &@Vels of

A

‘F1gure 5. 4 l 1nd F1gure ‘5. 3.1. Both glass and collagen ceated . ;.‘\

JL\

glass appear tfgreach an equilibrium valee offhetwcenfz and

2 in 1css than 2am1nutes. Further;~the

.lovels of adhesxon on the var10u5 surfmces aré. not 5tat1st1cally

diffcrent at 50% confxdence level. Aga1n da1ly var1at1ons
Q .
in plntelet nctxv:tv are ‘viyible.
Tty
The curves in. Tlgure 5.3 l and P1gure 5 4.1 compare

LY

-9
for the dxffus1on 11m1ted case’ u51ng\a diffusivity of 1.0 x 10

cn /sec) plotted in F1gure 4.1.1 Since it has heen establ:shed

that collagen 1s more reactlve than glass it mppears that a

- 0 M [
o

. . . - . °
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. data’ still appears to follow the d1ffu51on 11m1ted model while

w - p

blatelet adhesion is diffusion controlled at 0% hematocrit.
R L [\ ) ‘.. ‘ ) n" , ’ . i
« = =~._.As.shown in Figures 5. 4.2-5.4.6 a1l surfaces studied

<
-

1nnth15 work exh1b1t hlgher levels of platelet adhe51on upon’

:

.

.

the addiz;on of red blood cells. The elevated Layels %f .

adhesion ould be exp1a1ned in terms of 1ncreased energy of

Y " . r—
platelet surface 1nte:nct10n caused hy red cell mot1on.

-

AIn Flgure 5.472 w1th an-11% hematocrl platelet

‘,‘ A T €

adhesion on collagen 15 contlnuallv 1ncrea51ng w1th time and.
N
after 15 minutes the surface dcn51tv is 1pprox1mapelv 40

! R [“ -

; platelets/lOOO uz. Glass. appears to reach an equfllbrlum

"

value of apprOX1mately 15 platelets/lOOO u2 af%er an, exposure

time of 2 mlnutes. Polyurethane, after a pcr1od of about 10

mxnutes, haq reachcd an eqU111br1um value not stat15t1cally

dtfferent (at 95% c0nf1denCe) from that of glaqs. The collagen

the data for glnss and polxurethane has reached a saturatlon

1

\alue For thcse two ﬁurfnceﬁ it 1ppears that Fquatlon (4. 2)

' A \

5iJhould be oolved usxng tho folloumng boundarv cond1t10n..5

;

-

: dc - Y : o s o .

=N — = : f \ R . : . (4-13)
~[P-31';7kcm o8 . . T : .
‘where £ is the frhctionel area not Yet cdvered'hy plaieletsf“
{ - T ! . .- ! N . L. ' .

o
-
] W
py ¢
e

ST A selution for. the differential equation (4.2)

hnth Equat;on (4.13) has,not been carried out as vet. A numerical.

-

solut10n is necessarv due to the non11near1tv of boundary

,conditidn'(d,lS). ‘ ' ‘ : . - -

.

e Lonnmu st

R
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\\\\.!ncrcas1ng the hcnatourxt-to ’n%

-

Figure 5.4.3 di

[y =5

not a!to' the trcnds-seen in Figure 5.4,2. Tﬁo artifi¢ial
- Tl - ) [ ' )

‘ N . L ‘
~urfacas including polvstvrene as well an thos
\.\ . .‘ . R -

studied ’
X B . . - . h . ’ ~ .
previously again reachequilibrium values of 'hc‘t:\...'v::cn'15"ll 5

* -

.~

platelotk/lOOO'u' and no statrgtically reliable differonces

can be reported. The level of adhesion to collagen coated glass

- *

in. Figure 5.4.3 hds,incrcascd.bvcr=thaf?of.Figurc 5.4.2. HWe

v
kS

(—f- ' - . . « . .y . .. - . - ) . ) -
canpot distinguish hetween the possibilities that this intrease
- | o ] R : I ;

‘

-

-

N

.3 due to the increase ih hematocrit or to the daily varia-

'tions in platelet activity., - e .
: )

Tho'dﬁxn presented "in Figurc 5.4.4 were obtained

h:th an approx:nntcl\ phv<1olog1c11 hcnqkocrlt of 43 ? The : .
ovcrnll trcnds are again consgstcnt‘w;th thc ‘data for- dxffercnt
surfaces gencrated at 11% and 20%. ;Prcliminary invcstigntiom\\ ‘

‘ . - . . . ’ v ! . .
of & differont surfaces thus shows that platclet adhesion

tn these surfaces does. not vary as the red cell concentration
‘ . - R . j - - '

', . "

- &

varies frog 11% to 43%.

Y

The artificial surfaces recach an cquilibrium value . -

nftbr fevs than 10 niﬁntcs cxpoesure. In most cases, the
* ¢quilibrium value ha s becn ‘Tea ached in 2 ninutes, -Friednman ot
T PN . -
a1, (lb)‘rcportcd that plu wlet adhesion lcvcllcd off at
: -]

: ~
approxinately 20 minutes 1nd was independent of the surface

:nvolved. In our,cxpcfiméntﬁ glasﬁ, polyurethnnc, polvstvrene

LY

“
, - \ -«
and sulphonated P°1V5t}T°n° ‘11 QQU1llhrJtcd at 15-25 pl/lODO ¥

“ Figure;s 4.5 and s 4~G 111u5tratc that albunln coated

‘ . NI T S -JLn gthey 1
gla%s rcncﬁos a nuch TOwWET EWUIILUz.uM y-f-t-ibe—t-hah -

surfaces, Thc oqu1libr:um value is reached in leéss than 2.
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Ainutes. AL/ynin has beon rcportcd c15cuhcrc to 1nh1h1t DA
i .

\} - _ Lo
plntplct adhdsion 58, .64). . : ‘ '

. ) ) ~ - .
‘ j%'!n conclusion, it appears that platclet adhesion, to.

-
‘ﬂ

' collngen‘folldwiqa diffusion limited process while the other
- pr ’ L .
-surfaces invostigated nrc chnrncteri ed by the 5dditional

» .

pnranotcr of suff&;c kxnetica qxth the prcsencc of qaturatxon

;cffects.'  \i . ' f' s S

. . | 3
- .
.
- - .
[ : . . . - -
" .
. - ] - ] - .
v, ; o .
= ¢ . ’ .
L) - v B 1-
N -
’ .
. 13 ) - - + - -ﬁ
s -
. . .
A N - .,
N . ] - -
- . = .
. . .
. ' t a ]
hd " - - * * ¥
-
. - - 1 . - . *
+ -
n . . ) .. ] . ' N
- ., o N
| - k . .
. .
S , L : H “
- . . o
i
ll j‘ ' L4
- . <
' . A } - v
. b ] .
.). - : -
- a h r
N " y
- -
Ly
- . ' - -]
4 -
. -
- B . .
X .
“ -
-
o -
-
. . . . -
g——— . '
- e - “
- [
-, .
" L]
. e L »
R -
' M .
- v . : - ¢
N — - -
- 3 ' {
J . " - \
. " , — .
L »
. - ’ -
R R ~ _ -
T AR o
4 A}
-
’
* . ot
- a .o
. . !l y ;
' -
£} | ,
T 7
. N « D
t . 1
r [ L
. “ o
-
. S
- - -
f <




A stnndnrd opcratxng pronedurc has_nlao bccn dcflncd and g&;

i T ST CHAPTER & RS |

- SUMMARY AND CONCEUSTONS : C
'Tﬁm-purposc‘of'thﬁs work has heen to d¢vclbp'wn'/ _—

oo - . . . .ol

cxperizenzal . flow syster which will allow the thromboresistunce

gf, various: h:onaterxal to bhe cxnnincd undér.wcll defined flow v

. ; .
“ . . . . , } P

condjitions and uxth wcll dcf:ncd hzolog:cnl ﬁcdia.,rThc : |
'- ..". s “‘—_'-__‘____:::
thronborc5i&t3nc¢‘has bccn evaluatcd-hy ncssuring'thc'adhesion,

e . ‘ LI N . - . . , .
‘levels of radioactive lnbellod~plaxeleti.i~] L 2 .

. .
. . . 4

Eioctrén nlcroyraphs havc rcxcnlcd that fibrrnogen i¥

not necessary for ‘the ndhes:on of pig pL&&clets and. that thc'
N ) .

i

radioactive counting procpdure is-valid. Tbc effect of: thc

pnfnactbrs;'t{ne; ‘shear ratc. hcnatocr:t, tcnpcraturc and’ bulk“~'

! " [a3

. : -

nlatoldt ooncontratmnn an plwtelct 1dhﬁ<rnn h1»c hccn 1ﬁvv<t}pa£ed

- | . .
cxncrxncntal deviee 15 dcstgned tO opcrmtc ““dcr C°“°t‘° low = - =
A o . : . synf»fi‘w‘/ o
cond:t:ons. - ; - ' - ‘ .:;f' A

A thcorctical mndcl ‘hascd on the continuuh .thcorv
S . ; -

of nmass t*an<nort, has heen dcvclopcd for the adhcslon of platclets'

.y

to highly reactive natcrxals in thc nhscncc of <aturntxon

effacts.” Collagen has’ ticqo appropr:ate prapcrtxcs,and thc

-andetuls rcfcrrcd to a< dlffuq1on lxmitcd U51ng the experi- .

-

mental . data for collagen contod glasﬁ in platclct suspcnslons .

.

(0% hematocrit) the thcorctical moucl predicts a plltdlcti o .
‘..- .[ ‘. - o 7 . T e .. !

diffusivity very cloac to e One n¢suu oy w.gnn;q“.

bDifferont surfnccs exhxbzt sin:lar IOVolﬂ ‘of plateclet adhc;iqp
_ . ' f . T  ‘__. . _ o
.o %1f -89 .

S P, e e e e et S
e e e i Y T !,—- ot yy R ATIRT A T ,.._,L-nn- .




‘_;hcro aro 1nd1cutlons thnt the’ platelct d:ffusivlty.ls a

"rcduccd and this d:fforonce in ndhe%ion lovcls fron the othcr ';;

N

E

hgrecncnt with previous lnvost:gators (’ 6) Furthernore. o

'.the nrcSﬂncc of rod klood cells. , v

¢

»hen red blood cells are not present..” -+ . - .

. -

= fﬁelnddition of red cells*hns bccn Eound 10 1ncrcase

platolot dlffusivltJ'Bv a factor of 10- 100 rcsultxng ln close

h [ .~

1 . Ld
4.
i

funct;on o.f. hcnatocr1t nnd shcar rute.

A theorexicnl>model has not bheen brcsented'for the .

L - . T

.

Sther nrttfxcxnl surfnccs because of a nonllncnr boundarv‘coné:-ﬁ'”

* L]

- .

tiom nssociated uith thc satur1tzon cffccts that thﬁje surfaccs.

-exhibit, A1l ;ha nrt1f1C1nl surfaccs sqem 10" reach ‘their .

e ,

cquilibriun valuc aftar less‘;;;;\HO m1nutc oxposurcs ClassJ

h\dronhoh1c pd1vurcthnno. polvstvrenc and sulphonnted polvstyrenc"
all equllzbrate at approxinately. thc same value of - platclet

A .
ndhcsion Plntolct ddhesion on” 31buu1n coatcd glass i?’greatly

,urfnccf—wupgeer'that both platulct and surface renctxv;nv are

R

1nport1nt in. plntclct adhesion to thcsc artxfxc:al sutfaces in..
V The cxcellcnt 1grccncnt of .the cnlculated dszUSlvltxes
© B .

with thé prcdictod vnlucs, thc hxgh and low levels of plateloti

o

- ndhesxon to collnpon contcd glass and albumin coatod glass

M ) -

rospccx:vclv and the onhnnced plntelet diffusxvityﬁduc to the

- -,

prqscnce of red calls as predic:qd in tho literature indicate a

[

.rcliablb expérincntal-dosign. The differences in pla:elet

T

' adhosion to glass, collagen coatod glass and albumxn coated

(al .

..;J" T . . ‘. o, ot . -
. to evaluate platelet adhesion on other surfaces under well



( .

/. er;b‘r cnough to allow :nLluq:on nf any prot01n5 {%nt are Lo

: & 91
.l‘l :;. , ‘o -
défined fluid flow. ]
o . . : : . -
o : Presently, work is beinp carried out in.this'lahoratory.

d invEstigate the interactions between plasma proteins and
L e : . ' . .
artificigT surfnCcs. The platelet suswcnsion nrcpﬁratxon is.

-

/;onsluercd 1npor:ant in nlatilct adhc<1on and thrombus fornat:on.

A .

The 1ntepr1txnn ~of the pluqn1 protc1n ‘work hlth the cxperlmcntal

‘Jori on platelct hesion .hould fu*rhcr nlucxdntc the -mechanisns

of plntclct adhcn:oa and 355111 in cVﬂluit:ﬂP the blﬂod compat-.

. . .
N A - . -

ibility of dateria]s

e, 3 : '
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—— . APPENDTXC A T : BN
.y ) . R . - . ’ M . .h. .‘
PREPARATINY NF STOCK SOLITIONS o
: : T : ' .
“ . -— ) _‘ -~ . h '.- 3
.. The Trrodes Atbumin suspendingfmedium is prepared - -+ '
.P. ‘n . ', .' N "‘;: . . . ‘ B .. R
Lv oaddiag 3 oml. of stock-solution 1, i ml.-of.stock solution :
. , Tty e [ S
12,2 =5l of stock ﬂolukiqn #3, '35 gm. of bovine albumin and
.iowe. Jdextrose to Y2 ml. of distilled water. .Next the ‘pit .
vy oadrusted to Y035 and L6 gl of 30% Na€l is added to, produce $T
"the appropriate osnolariby. .The composition of the stock - o .
. _ . : i | : L
wrlut:ions are as follows, 2 e o -
L . . ’ (’. -
Stoch Solution 21: q R
Nall ~ I S S Sy . oot
KE] I , A
. . . - . . . & . -
. v . . . .
NaHCO , 20 gme L . ¢
3 .- " . e ° . v

‘s

~..'5_anzpné . REFLN R o
) . 0 X

«Make up to 1.0 liter with =« . o .
deionized distilled water, . . : "

4,

. .o o o . )

'\ Speck Solution 2@ o N\
_o . - Y .- . . l-. . . '
} 10 1 m. MpCl., .0 H,O 20.33 gnm, . s )
Dissalve in 000 nls, of dimineralized ’
Fl R o o p . . ‘ . ,‘ ' B} . | ) . - -
witer. “Kring to a total volune of 1.0 .

o l:ter. ’ - '-, ' . . . .




,,Svoék Solution ¢3: : .
- , £ |
07t a. cach,. em,0 21.91 gn. .

K

Dis%blvq’ih 900 nls. of deminernlized

watqr“nﬁd bring up to a total volume
of 1.0sliter. -
Ji#*
v ‘Q‘
¢

The plain Tyrodes solution is prcpagcd'ﬁy'dilutihg

.50 al. of stock solution Al with 950 ml. deionized distilled.

water.

The Tris buffer solufion is prepared by adding

~500 =1. of 0.2 n. Tris (hydroxymcthyl);amindﬁcthaﬁcf 414 ml.’

. 0f 0.2 N HC1 .and 1086:-nl, of distilled water.
4 o ) .

ot -
P -
)

% q
[ . y
- \ '
1
.
- n
~
"
A
D
-
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. -
o
\
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. [
2 ¢ !
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g I APPENDIX B

- i -
-

DETERMINATION DF SHEAK STRESS

OUTER
‘ CYLINDER
. . STATIOSARY
. \ -
CINNER i
CYLINDER ) j "
ROTATING k
. B p
- XA ' g,

- - X

p— =
Tipure B.1.  Velocity Profile for Couette Flow with Rotating Inner -
Cvlinder and StationaTry Outer Cylinder.

qu'thc case Lf steady state inconpressible laminar
flow, the fluid moves in concentric circles about the axis .

of the vertical cylinders and there are no velocity ‘components
in the vertical and lonpitudinal dircctions. : -

'
~
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Thc cquatxon of motion in the 0 d1rcct10n may be ’
written for the above case in cvl:ndr1cal to- 0rd1nate5 as ' '5
d(rv_) Lo ° - o
d 1. f e . \ ‘
R R N (8.1)
. - . - L4 i ‘ . '-'
with the following boundary conditions . ’\\
¢ 0 at rer ' (.23
" v, . = (KR) o at r = KR . ' " Y(B.3)
- - . * * ' iy
whore is the angular vcloc:t\ expressed in fad/éec.
Intcgratxng Equation (B,1) twice uxth respcct to T
'we obthin ) ' ) ) - -
S eyr e, - I i . ‘
R e T - (B.4) _
Now ue'sol§c for €y1r Cy by using ;hc boundary conditions to
obtain - ) ) o .
. _=2rK 7 : . (B‘.S)'
| SRS B e TS VA B |
: /‘“ ) 2 - :‘ '-~. -
- . rKi . ) St (8.6)‘ ‘a
7 " T-%+17%] g '
.. ! - - ‘7 . _-&"
Substituting into Equatiord (B.4) to obtain
) : 0}12 _(r . lJ o EB 7j
Vg " T3 " T . R
5 e1/x% RZ o S :
The stress tensor‘for Newtonian fluids in qylindri;al
' - R

co-ordinates is given by (79)




- ) E -"_.[1:' .E;__- (....-_] - ;1-_ ;.'r] . . A | ‘.' D(-B_S)

£ . .. q.. . . N . . :

* hut for Couectie flow, voo© 0 and : . - : ‘
, . - . ) ‘. ’
- . - \.;‘ " "'ju : ) .
T, o=ulr — (—1))] . . (B
- . o [ ar. (-‘,r 1‘-] - . (B 9]
- o . . h “t : . ' ’ .

c - ) . | : 4

.
[

Therviore, the shear rate, ’ : & ;
: + - . . ' .
' \ ; v .t .
- - . ‘ M N - “‘
Sy LA ; , (BL10)
.3ar - r 4 : T ' ;
; N ;
: . e . - . . .
. i - e
‘ 3 SR LiE . {B.11)
r=KR T KTl ’ - s
., . ‘ [ )
. B i ) N o Yy ) . ) p
~For our cxperimental conditions . - ® -
’ . ' . - . .
j . . . I
. 2 . - » ] ‘ ' .
KT = 095 .
- ‘ .. v ..

6T i . : ‘ : - )
. .{) ) -{)’ - . - N , * ’ T -
iy = (1.82)(21) (RPW)/60° 7. L e (B
. _ r=KR ' S ' .
' . . ‘ l - * \ ! k .ll \' ' .
- [’: ) »~ ,
. ! . . LY '..
N ] . " :
- ' * )



u

' R.P.M, - T (scc-l) '
8 . ' '
L 50 3 9,55
S} !
1 75 : 14,39
100 19,11 .
‘ 125, 23.8" ’ ~
_ 150 28,66 R
i =
175 . 33.4%
200 ;) 38.22
. X ) o~
{-J’_'
_Table B.1. Cordversion of R,P.M, ‘to
- Shear Rate. ~ ‘ .
- ' : . r - i {;}J
N
f . »
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K ~ ARPENDIX C -
< . ‘ ’ .. . . . +
~JUSTIFICATION FOR LINEAR LEAST SQUARES
. . v o . i ;

t diffusivity
: L . ' RS - -
to shear rate and hematorrit is expressed mathenatically-.as
S A J . .

‘The Q?gboscd.nodbl Tcﬁatfﬂé_plntclé

O,

wa

p o=yl 3" S L RN (- S

* Equation (C.1) was transformed using.logarithns ‘

tO -‘ : . ) L . Vi

o

+

. . And a linecar fegreésién was performed to ‘obtain the -

hest lipear loast'ghunre'estimétes of -n and 8. o -
) L N C . ., -

This procedure is justified pfoviding that the

- -

; L . : . . i
_rcsxdunls_as;ocxntca with the .transformation are normally
. N ‘\ . . .

distributed with mean zero and & constant variance. Referring _

‘to Figures(C.1 and ,C.2 we see that this assumption is valid

. R : » .. . r - . L ' "
and thorefore the use of lincar ;oast\afuarcs is justified. :
e , .
o : . &
Y - ’ :
103
i “ . >
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log D = o' log .4+ 8 log H - X \\\‘NHH;' (C.Z)'.h
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, ¢ CAPPENDIN D :
. . AGGREGATION CURVE., N
Figure DLl ois the ;har:,nutpun from a standard
ApgTeghtion test.  The initial increase in the curve reprevents
: . pHe k]

the increase in light transmission due to platclet gppregation.

e

. . . - & N
The later 2hase of the curve shows-a gradual deaggregation

. ‘ - st .
af the platelets, This curve illustrates the Viability of

» h &
the platelets, :
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