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Low tempera ture  iso t rop ic  (LTI )  carbon sur faces
which  have been d iamond-po l i shed accord ing  to  spec-
i f ied  to le rances ,  d isp lay  a  favorab le  degree o f  non-
thrombogenicity not only in vitro and ex vivo but,
most importantly, in vivo as parts of various pros -
thetic devices chronical ly implanted in man. As the
primary event of their interaction with native blood,
fo re ign  sur faces  acqu i re  w i th in  very  shor t  per iods  o f
t jme a rrcondit ioning'r layer that is a few hundred
Ats  th ick  and composed o f  sorbed p lasma p lo te ins ,
This layer mit igates the effects of the original con-
tac t  sur face  on  o ther  b lood components  and hence,
the state of protein molecules in i t  (viz. ,  native,
part ial ly or irreversibly denatured) can inf luence
the incidence of potential ly ensuing thromboernbolic
phenomena.  Based on  exper imenta l  ev idence I  l l
cons is ten t  w i th  d i f fus ion  k ine t ic  theory ,  IZ l  f ib r inogen
F GN)  wh ich  has  been s t rong ly  imp l ica ted  in  th rornbo-
embol ic  phenomena,  can be  expec ted  to  be  a  major
cons t i tuent  o f  the  r rcond i t ion ingr r  p ro te in  layer .  Wi th
respec t  o f  these fac to rs ,  the  s tud ies  repor ted  here
have been undertaken to elucidate the specif ics ofthe
mechan ism and energet ics  o f  in te rac t ion  be tween na-
t i ve  FGN and LTI -carbon sur faces .

Mic ropar t i cu la te  LTI -carbon adsorbent  was ob-
ta ined f rom d iscs ,  p repared a t  the  Med ica l  Produc ts
Div . ,  Genera l  A tomic  Co. ,  by  the  depos i t ion  o f  th is
type of carbon on ultrathin graphite substrates. After
the grinding of these discs in nonmetal l ic equipment
over  ex tended per iods  o f  t ime,  the  powder  co l lec ted
cons is ted  o f .  po lyd isperse  par t i c les  wh ich  S lp ,  con-
ta ined 97 .3 Ío  pure  LTI -carbon,  and gave a  spec i f i c
s u r f a c e  a r e a  o f  L O ) . Z r n ¿ / g  a s  d e _ t e r m i n e d  b y  B . E .  T ,
mul t ipo in t  N2 adsorp t ion  a t  - l95oC,  Th is  a rea  was
incons is ten t  w i th  the  par t i c le  s ize  observed in  SEMts ,
and ind ica ted  the  presence o f  poros i ty  wh ich  was con-
s is ten t  w i th  the  es tab l i shed in te rna l  mic romorpho logy
of  LTI -carbon.^ [ f ]  Us ing  (a )  the  measured hys ie res is
between the  25oC water  vapor  adsorp t ion  

"ná  
d . "o rp-

t ion  iso therms o f  the  LTI -carbon adsorbent ,  and (b )
the  pressur ized  mercury  penet ra t ion  techn ique,  [+ ]
the  pore  s ize  and shape d is t r ibu t ion  was de termined
r e v e a l i n g  t h e  p r e s e n c e  o f  I t i n k - b o t t l e r t t y p e  p o r e s .
Ana lys is  o f  these da ta  gave 27 .7  rnz /g  as- thé  spec i f i c
sur face  area  o f  the  LTI -carbon adsorbent ,  wh ich  is
exc lus ive  o f  the  in te rna l  sur face  area  cons t i tu ted  by
" ink-bo t t le i l  pores  and is  un¡es t r i c ted ly  access ib le
to  a l l  t ypes  o f  mo lecu les ,  regard les  s  o f  the i r  s ize
and shape.  Th is  a rea  is  commensura te  w i th  the  par -
t i c le  s ize  observed,  and has  been taken as  the  e f iec t -
i ve  spec i f i c  sur face  area  fo r  p ro te in  sorp t ion .  As
descr ibed in  a  compan ion  paper [5 ]  the  LTI -carbon
adsorbent  was a lso  charac ter ized  by  i t s  (a )  Z50and
37oC heats  o f  immers ion  in to  a  s tandard  bu f fe r ,
h ¡ (SLB)a ,  whose compos i t ion  is  spec i f ied  be low,
and (b )  e lec t rophore t ic  mob i l i t ies  de termined in  the
same buf fe r  a t  the  same tempera ture .

'FTh is  work  was per fo rmed w i th  suppor t  f ro .n  t l re
B iomater ia ls  P¡eg¡¿¡ ¡ ,  Dev ices  and Techno logy
Branch,  D iv is ion  o f  Hear t  and Vascu la r  D iseaées,
National Heart,  Lung, and Blood Inst i tute, under
C o n t r a c t  N I H - N 0 l  - I l V  - 3 - 2 9 L 7 .

A l l  FGN used in  these exper iments  was f resh ly  pu-

1 i f i9a  accord ing  to  the  method o f  Lak i , [6 ]  had a  c lo t -
tabi l i ty of > gZTo; and displayed upon sodium dodecyl
su l fa te  (SDS) /po lyacry lamide ge l  e lec t rophores is
on ly  3  bands,  as  requ i red ,  cor respond ing  to  the  o- ,
p -  and r ¡ -cha ins  o f  the  molecu le  wh ich  were  de tec t -
ab le  by  s ta in ing  w i th  Coomass ie -b lue .  In  a l l  exper i_
ments  repor ted  here ,  FGN was (a )  adsorbed f ro 'm a
standardized sodium acetaie/Hel buffer having a pH=
7.4  wh ich  s imu la ted  p lasma cond i t ions ,  and a  low-
ionic strength of 0.05; and (b) at a f ixed rat io of total
avai lable adso¡bent surface areq to total protein
so lu t ion  vo lume,  Z t /y  =  277 cmz/mL.

The 25o and 3?oC adsorp t ion  iso therms o f  FGN on
the  mic ropar t i cu la te  LTI -carbon adsorbent  were  de-
te rmined accord ing  to  exper imenta l  p ro toco ls  de-
scr ibed e lsewhere . [2 ,  ? ]  Both  iso therms have ind i -
c,ated mult i layer sorption with FGN adsorptivi t ies at
the completion of f i rst monolayer coverage, which
were found to be identical within the error of the
measurement  a t  bo th  tempera tures ,  Based on  the
specif ic protein sorption area given above,_the f irst
¡ :ono layer  coverages  ob ta i ¡ed  conver t  to  o1(25o)=
oI  (37o)=  0 .  52p.g /  c rn¿ .

In  another  ser ies  o f  exper iments  a lso  employ ing
the^ experimental condit ions specif ied earl ier, t t  J
25"  and 37"C heats  o f  FGN sorp t ion  on  the  LTI -
carbon powder  adsorbent  were  d i rec t l y  measured
as a function of increasing bulk protein concentra-
t ions .  Th is  was per fo rmed w i th  a  cus tom-made,
iso the¡mal - jacke ted ,  thermis to r ized  mic roca lo r im-
eter systern routinely capable of resolving
*  I  x  l 0 - 5 o C  i n  1 0 0  m I  o f  l i q u i d  v o l u m e . [ 2 , 2 ]  A s
i  f -unc t ion  o f  inc reas ing  sur fáce  coverages ,  the
25oC in tegra l  ne t  heats -  re leased per  mó le  o f  sorbed
FGN have remained approx imate ly  cons tan t  where-
as  those ob ta ined a t  37oC have shown a  modera te
decrease w i th in  the  concent ra t ion  range s tud ied .
At  the  comple t ion  o f  f i r s t  mono layer  coverages ,  the
in tegra l  ne t  heats  o f  FGN sorp t ion  on  the  mic ro-
par t i cu la te  LT l -carbon are  -  3 .6  x  103 and
- 2 . 4  x  I O 3 K c a L / r n o l e  a t  2 5 o  a n d  3 ? o C ,  r e s p e c t i v e l y .
These quant i t ies  a re  smal le r ,  by  a  fac to r  o f  about  

-

5 ,  than the  in tegra l  ne t  heats  o f  sorp t ion  o f  FGN
repor ted  e lsewhere ,  [A ]  wf r i c f r  have üeen de termined
under identical condit ions but on a micropart iculate
glass ads.orbent, In addit ion, the inverse holds for
the  FGN/g lass  sys tem inasmuch as  i t s  3?oC in te -
gra l  ne t  heats  o f  sorp t ion  are  grea ter  than those ob-
ta ined a t  25oC.  Thus ,  the  d i f fe ren t  t rends  in  the
ternpera ture-dependence o f  FGN sorp t ion  as  we l l
as the large dif ference between the magnitudes of
the heats of sorption of that protein at comparable
surface coverages indicate an entirely dif ferent
s t ruc tu r ing  and in te rac t ion  mechan ism o f  FGN
sorbed on to  LTI -carbon sur faces .

The 25o and 3?oC e lec t rophore t ic  mob i l i t ies  o f
LTI -carbon adsorbent  par t i c les  were  measured,
which were coated with known amounts of FGN ad-
sorbed a t  the  cor respond ing  tempera tures  under
the  cond i t ions  spec i f ied  ea¡ l ie r .  A t  bo th  tempera-
tu res ,  these mob i l i t ies  have remained prac t ica l l y
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c o n s t a n t ,  a t  a b o u t  - 1 . 5 p , - s e c - 1 - V - l  c m ,  u p  t o  a  r e l -
a t i ve  sur face  coverage,  0  -  0 ,  7 ,  and leve l led  o f f  to
a  s teady-s ta te  va lue  a t  about  f i r s t  mono laye¡  com-
p le t ion .  Th is  t rend o f  change in  the  mob i l i t ies  o f
F G N - c o a t e d  L T I - c a r b o n  p a r t i c l e s  i s  i n  s h a r p  c o n -
t ras t  to  tha t  d isp layed by  par t i c les  o f  the  s t rong ly
procoagu lan t  g lass ,  [8 ]  w t t i c t r  were  a lso  coated  w i th
the  same pro te in  under  ident ica l  cond i t ions  bu t  rap-
id ly  sh i f ted  the i r  mob i l i t ies  in  a  pos i t i ve  d i rec t ion
w i t h  i n c r e a s i n g  0 t s .  T h e  r a p i d  p o s i t i v e  s h i f t  i n d i -
ca tes  tha t  sorbed FGN molecu les  e f fec t i ve ly  cance l
n e g a t i v e  c h a r g e s  o n  t h e  g l a s s  s u r f a c e .  T h i s ,  i n
tu rn ,  imp l ies  tha t  FGN molecu les  undergo res t ruc-
tu r ing  on  g lass ,  in  cont ras t  to  tha t  observed on  LTI -
carbon on  wh ich  the  or ig ina l  charge is  p reserved
s u g g e s t i n g ,  a t  l e a s t ,  a  l e s s  s e v e r e  r e s t r u c t u r i n g  o f
the  sorbed pro te in .  Thus ,  the  e lec t rophore t ic  rno-
b i l i t y  da ta  o f  FGN-coated  LTI -carbon par t i c les  a re
in  concer t  w i th  the  t rend shown by  the  in tegra l  ne t
heats  o f  so tp t ion  o f  tha t  p ro te in  on  the  same adsor -
bent ,

The in tens i ty  o f  in te rac t ion  ar is ing  be tween a  na-
t i ve  p ro te in  and an  adsorbent ,  as  measured in  te rms
of  the  in tegra l  ne t  heat  o f  p ro te in  sorp t ion ,  i s  gen-
erál ly a function of the mean number of binding sites
es tab l i shed per  sorbed pro te in  mo lecu le ,  and the
mean net  b ind ing  energy  per  s i te .  Re la t i ve ly  smal le r
in tegra l  ne t  heats  o f  sorp t ion  o f  a  g iven  pro te in  a t
submono layer  coverages  ind ica te ,  as  a  min imum,
either a relat ively smaller nurnber of attachment
s i tes  o r  smal le r  mean b ind ing  energ ies  per  s i te ,  o r
bo th .  Accord ing  to  the  work ing  hypothes is  under -
ly ing  these s tud ies ,  wh ich  was pu t  fo rward  ear l i -
e r ,  [Z ]  na t ive  p lasma pro te ins  may re ta in  the i r  con-
fo rmat ion  or ,  undergo re la t i ve ly  less  ex tens ive
ads  orp t ion-  induced s t ruc tu ra l  re  a r  ran  gements  on
nonthrombogen ic  sur faces  than on  th rombogen ic  ones ,
Th is  imp l ies  tha t ,  under  ident ica l  exper imenta l  con-
d i t ions ,  the  ca lo r imet r i ca l l y  de terminab le  in te rac t ion
energy  be tween a  g iven na t ive  pro te in  and d i f fe ren t
sur faces  shou ld  be  smal le r  fo r  the  less  th rombogen ic
m a t e r i a l s .  I n  c o m p a r i s o n  t o  t h e  F G N / g 1 " . s  

" y " ltem, [8 ]  bo th  the  mic roca lo r imet r i c  and e lec t ropho-
re t i c  mob i l i t y  da ta  descr ibed above cons is ten t ly  in -
d ica te  tha t  na t ive  FGN undergoes ,  a t  leas t  a t  sub-
mono layer  coverages ,  a  cons iderab ly  less  in tense
in te rac t ion  w i th  the  re la t i ve ly  nonthrombogen ic  sur -
face  o f  LTI -carbon.  The da ta  ob ta ined fo r  the  mic ro-
par t i cu la te  LTI -carbon and g lass  adsorp t ion  sys terns
a lso  ind ica te  tha t ,  a t  leas t  these Z  sys tems,  suppor t
the  pos tu la t ions  o f  our  work ing  hypothes is  and imp ly
a  s ign i f i can t ly  smal le r  degree o f  adsorp t ion- induced
res t ruc tur ing  o f  na t ive  FGN on LTI -carbon sur faces .
The same data  wh ich  per ta in  to  in te rac t ions  occur -
r ing  a t  the  molecu la r  leve1,  appear  to  be  cons is ten t
w i th  the  nonthrombogen ic  p roper t ies  o f  LTI -carbon
s u r f a c e s  d i s p l a y e d  o n  a  m a c r o s c o p i c  s c a l e .
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