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As  par t  o f  a  s tudy  employ ing  mode l  sys terns  to
e luc ida te  the  energet ics  and mechan is rns  o f  na t ive
p lasma pro te in  sorp t ion ,  the  adsorp t ive  proper t ies
o f  human 1- (7S) -g fobu l in  (1  -GLB)  were  inves t i -
ga ted  ear l ie r  w i th  g lass ,  one o f  the  s t ronges t  known
procoagu lan ts , [ f ,2 ]  Th is  work  has  been ex tended to
lorrr temperature isotropic (LTI) and si l icon-al loyed
(SLTI )  carbons ,  bo th  o f  wh ich  are  re levant  b ioma-
t e r í a l s .

Mic ropat t i cu la te  adsorbents  composed o f  e i ther
97 .3% pure  LT l -carbon or ,  96 .7% pure  SLTI -
carbon conta in ing  on  the  order  o f  l0% by  wt .  s i l i con ,
were  ob ta ined f rom d iscs  wh ich  were  prepared a t  the
Medica l  Produc ts  D iv . ,  Genera l  A tomic  Co.  bv  de-
pos i t ion  o f  the  cor respond ing  types  o f  carbon on
u l t ra th in  g raph i t íc  subs t ra tes .  A f te r  g r ind ing  over
extended periods of t ime in nonmetal lñ equip-ment
to  avo id  any  contaminat ion ,  bo th  types  o f  d iscs
y ie lded po lyd isperse  par t i c les  measur ing  S lF .  in  the
SEM.  For  bo th  adsorbents ,  B .  E .  T .  mu l t ipo in t  N2
adsorp t ion  a t  - l95oC gave spec i f i c  sur face  areas
(>nf  f  )  l i s ted  in  Tab le  I .  These va lues  are  d ispro-
por t ionate ly  g rea ter  than the  spec i f i c  sur face  areas
which  can be  es t imated ' f rom the  par t i c le  s izes  ob-

1erv9{_ ind ica t ing  the  presence o f  in te rna l  poros i ty .
For  LTI -carbon adsorbent ,  th is  i s  cons is ten t  w i th  

-

i t s  es tab l i shed in te rna l  mic ¡omorpho logy . [3 ]  Based
on the  (a )  hys teres is  be tween i t s  ZEoC *á te t ' r rapo"
adsorp t ion  and desorp t ion  iso therm,  and (b )  merourv
penet ¡a t ion  vo lume techn ique, [a ]  the  pore  s ize  and
shape d is t r ibu t ion  o f  each adsorbent  has  been de ter -
mined,  Ana lyses  o f  these da ta  revea led  tha t  bo th
powders  conta in  t r ink -bo t t le i l  pores ,  and y ie lded the
va lues ,  denoted  as  Zef f  in  Tab le  I ,  as  the  spec i f i c
sur face  areas  exc lus ive  o f  the  in te rna l  sur face  areas
of  ' r ink -bo t t le r r  pores .  These have been taken as  the
areas  e f fec t i ve  in  p ro te in  sorp t ion .  Both  the  LTI -
and SLTI -carbon adsorbents  have been charac ter ized ,
a t  T  =  Z5o or  3?oC,  by  the i r  (a )  heats  o f  immers ion
in to  pure  water ,  h1(SLW)f  ;  6 )  heats  o f  immers ion
into a standardized sodium acetate/HCl buffer whose
compos i t ion  is  g iven  be low,  h ¡ (SLB)1 ;  and (c )  e lec-
t rophore t ic  mob i l i t ies ,  u . (25o)  and uo(370) ,  w i th
the  37oC data  cor rec ted  tó  25oC,  u .  1 ( "370) . '  For  bo th
adsorbents ,  these da ta  a re  g iven i r iTab le  I .

TABLE I

A l l  r , , -GLB used was the  h ighes t  commerc ia l l y
ava i lab le  g rade 95% pure  by  á lec t rophores is .  In  a l l
exper iments ,  y -GLB was a lways  exposed to  the  ad-
sorbents in a standardized sodium acetate/HCl buffer
hav ing  a  pH =  7 .4  wh ich  s imu la ted  p lasma cond i t ions ,
and a  low ion ic  s t rength  o f  0 ,05 .  In  each pro te in  ad-
sorption, a f ixed rat io of total avai lable surface area
to total protein solut ion volume, 2t/!  wa9 used for
each o f  the  adsorbents .  Th iq  was 277 c rn¿/mL fo r
the LTI-carbon, and 178 crn¿/rnl for SLTI-carbon.
The rat io given for LTI-carbon is identical to that
used in human f ibr inogen adsorption studies on that
material,  which have been reported in a companion
paper.[5]

Determinat ion  o f  the  25o and 3?oC r¿-GLB adsorp-
t ion isotherrns of the rnicropart iculate LTI- and
SLTI -carbons  was per fo rmed accord ing  to  es tab l i shed
pro toco ls  descr ibed e lsewhere . I l ,  Z ]  A l l  en tha lpy
changes, iacluding h¡(SLl{ )a rs, hi(SLB)Trs and the
25o and 37oC heats  o f  immers ion  ó f  each o f  the  ad-
sorbents into .y-GLB solut ions containing known
amounts  o f  the  pro te in ,  i .  e . ,  h ¡ (S l ,p )ars  were  d i -
rec t l y  measured us ing  a  cus tom--made l  i so thermal -
jacke ted ,  thermis to r ized  mic roca lo r imeter  svs tem
which ,  as  repor ted  e lsewhe- re , [ t ,  Z ]  i s  rou t iné ly  capa-
ble of r€solving l  l  x t0-5oC in lOb ml of l iqui i  voi-
ume. Al l  electrophoretic mobil i ty determinations
were per{ormed in the standard buffer, using a cal i-
b ra ted  prec is ion-bore  g lass  cap i l la ry  ce l l  w i lh  a
ground optical publ ished f lat.  In each of these mea-
surements ,  the  mob i l i t ies  o f  an  averase o f  lZ -14
par t i c les  were  recorded in  bo th  d i rec t lons ,  A l l  mo-
b i l i t y  va lues  ob ta ined a t  37oC have been cor ¡ec ted
t o  ? 5 o C .

In  the  concent ra t ion  range (O -  2 .0  mg/ml )  s tud ied ,
bo th  the  25o and 37"C adsorp t ion  iso the ims o f  y -GLÉ
on the micropart iculate LTI-carbon indicate mult i_
layer sorption. This is confirmed bv the fact that a
Langmui r  p lo t  o f  each o f  these iso thér rns  sp l i t s  in to
2 l inear segments having dif ferent slopes 

"rrd 
irrtur-

cepts .  Both  iso therms d isp lay  we l l -de f ined ' rkneer l
points which are indist inguishable within the error of
the  measurement ,  and cor ¡espond to  the  comple t ion
of  f i r s t  mono layer  coverages .  Us ing  the  2o¡ ¡  o f  LTI -
c a r b o n , . t h e s e  c o v e r a g e s  c o n v e r t  t o o l ( Z 5 o ) - & - a l  ( 3 7 0 )  =
0. 23 y,g/ crnz . on the 

-micropart iculaÉ 
sl ' i r  - .-"t  torr, '

the  shape o f  the  25oC iso therm o f  y -GLB c lear ly  d is -
plays mult i layer sorption easi ly confirrned by the cor-
respond ing  Langmui r  p lo t .  In  cont ras t ,  the  3?oC iso-
therm does not exhibit  a well-defined rrkneerr point but
the corresponding Langmuir plot veri f ies the inci-
dence of mult i layer sorption at that temperature as
wel l .  Based on  the  Zef f  o f  SLTI -carbon,  adsorbances
at the completion of f i fst y-GLB monolavers are
o I ( 2 5 o )  r y  0 . 2 8  V g / c r n z  a n d  o - 1  ( 3 z o ¡  =  o . 2 4 ¡ r g / c m } ,
which are indist inguishable f-rom each other as well
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as f rom the  o l rs  ob ta ined fo r  the  pure  LTI -carbon.
Thus,  no  apprec iab le  d i f fe rences  in  1 -GLB adsorp-
t i v i t y  appear  be tween the  LTI -  and SLTI -carbons .

A measure  o f  the  in tens i ty  o f  in te rac t ion  be tween
a native protein and a given adsorbent is the inte-
gra l  ne t  heat  o f  p ro te in  sorp t ion  wh ich ,  a t  a  T  tem-
pg¡ 'a tu re ,  i s  AH'=  h I (SLP)T -  h ¡ (SLB)a .  In  genera l ,
AH ' is  a  func t ion  o f  the  mean number  o f  b ind ing  s i tes
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 .  S ince  the  te rm
frl(SLP)1' measures the enthalpy change of protein
attachment in the presence of buffer ions and since
h¡(SLB)1 measures that of the buffer alone, both
p r o c e s s e s  a r e  e x o t h e r m i c  a n d  h e n c e ,  t h e . s i g n  o f

!o!t- '  qo.r, t i t ies is negative. I f  lhi(SLP)Tl>l hr-(SLB)Tl,
A H '  i s  a l s o  n e g a t i v e .

For  bo th  rn ic ropar t i cu la te  LTI -  and ST. ,T I -carbons ,
the  ca lo r imet r i ca l l y  measured va lues  o i ln ¡1Sf ,e ¡ t l<

I t r ¡ 1 S l n ¡ a l w h e n  t h e s e  a d s o r b e n t s  
" r .  

e * p o " . d ,  a t '
e i ther  25o or  3?oC,  to  y -GLB so lu t ions  wh ich  have
bu lk  p ro te in  concent ra t ions  (Cq)  up  to  0 .  l0  rng / rnL .
and^g ive  r i se  to  coverages  rang ing  up  to  -  0 ,ZOp.g /
cm¿ (or  re la t i ve  1 -GLB sur face  coverages  g¿to
0  -  0 . 7 5 ) .  U n d e r  t h e s e  c o n d i t i o n s ,  p o s i t i v e  A H '
va lues  are  ob ta ined wh ich  wou ld  seeming ly  ind ica te
that the protein attachment in i tself  would be endo-
thermic .  However ,  d i rec t  a t tachment  o f  the  pro te in
involves the displacement of water and ions from the
sur face ,  and the  en tha lpy  change assoc ia ted  w i th
pro te in  a t tachment  can,  in  cer ta in  cases ,  be  smal le r
than the enthalpy change that is associated with the
water  and ion  d isp lacement .  In  these cases ,  a t tach-
ment of protein molecules is attained i f  the entropy
change o f  the  overa l l  adsorp t ion  process  is  pos i t i ve .
I t  can  be  shown tha t .  in  cases  where  nomina l l v  pos i -
t ive of ÁE' have been obtained at submorrolayer cov-
erages  on  bo th  LTI -  and S lT l -carbons ,  the  in tegra l
ne t  heats  o f  y -GLB sorp t ion  are  negat ive .  ( i .e . ,  exo-
thermic ) ,  .and can be  computed us ing  AH'  =  ¡ t15¡p¡ t  -
hy(SLB)a  ( I  -  0> . ¡ ¡ /  >BET) .

At Cots >q-1-0 rng/rnL,lttl1Sle¡"f > lrrl1Sr.n)al ana
hence,  a l l  AH '  va lues  are  negat ive  fo r  bo th  adsor -
bents .  Wi th in  the  en t i re  concent ra t ion  range s tud ied ,
the magnitude of al l  integral ne^t heats of sorption
are  in  ih .  ta t rge  o f  - (Z-  J  x  l }ZKca l /per  mo le  o f
s o r b e d  1 - G L B .  A t  9 = 1 ,  t h e  3 ? o C  i n t e g r a l  n e t  h e a t s
o f  r ¡ -GLB sorp t ion  on  the  LTI -  and SLTI -carbons

" re ,  
re .pec t ive ly ,  -356 and -328KcaL/ rno le .  A t

comparab le  sur face  coverages ,  these heats  a re
somewhat  smal le r  fo r  the  SLTI -carbon,  cons is ten t
w i th  the  fac t  tha t ,  as  descr ibed in  a  compan ion  pa-
per , [6 ]  the  SLTI  sur face  is  re la t i ve ly  "hydrophob ic "
as  compared to  tha t  o f  the  LTI -carbon.  Th is  i s  a lso
re f lec ted  by  the i r  respec t ive  h1(SLW)1 va lues  l i s ted
in  Tab le  I .

The adsorp t ive  proper t ies  d isp layed by  y -GLB on
LTI -  and SLTI -carbons  are  in  sharp  cont ras t  to
those d isp layed by  the  same pro te in  under  ident ica l
cond i t ions  bu t  on  a  mic ropar t i cu la te  g lass .  As  de-
scr ibed e lsewhere ,  I t ,  Z ]  t f re  25o and 37o in tegra l
ne t  heats  o f  y -GLB on the  g lass  ads .orbent  a re  re -
s p e c t i v e l y ,  - 1 , 7 0 0  a n d  - l , Z o l K c a l / r n o l e  a t  c o m -
p le t ion  o f  f i r s t  mono layer  coverages ,  wh ich  are  an
order of magnitude greater than those obtained on
the  LTI -  and SLTI -carbons .  Th is  ind ica tes ,  a t
leas t ,  tha t  r ¡ -GLB undergoes  an  en t i re ly  d i f fe ren t
in te rac t ion  mechan is rn  w i th  g lass .
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The e lec t rophore t ic  mob i l i t ies  o f  LTI -  and SLTI -
carbon par t i c les  were  measured a t  25o and 37oC a
they  were  coated  w i th  known amounts  o f  1 -GLB ad-
sorbed under  the  cond i t ions  spec i f ied  ear l ie r .  The
mobil i t ies of both types of protein-coated carbon pa¡-
t i c les  remained equa l  to  those o f  the  cor respond ing
uncoated  par t i c les  up  to  I  -  0 .85 ,  and leve l led  o f f  to
a  s teady-s ta te  va lue  a t  0=1.  In  cont ras t ,  par t i c les  o f
the  s t rong ly  p rocoagu lan t  g lass ,  wh ich  were  a lso
coated  w i th  y -GLB under  ident ica l  cond i t ions ,  rap id -
ly  changed the i r  mob i l i t ies  in  a  pos i t i ve  d i rec t ion  a t
re la t i ve ly  smal l  sur face  coverages  (9=0.  l ) ,  ind icaü-
ing that srnal l  amounts of the sorbed protein are al-
ready  su f f i c ien t  to  neut ra l i ze  negat ive  charges  on  the
q l a s s  s u r f a c e .

The t rend o f  change in  the  mob i l i t ies  o f  y -GLB-
coated  LTI -  and SLTI -carbon par t i c les  as  we l l  as  the
compara t ive ly  smal l  va lues  o f  the  in tegra l  ne t  heats
o f  y -GLB sorp t ion  on  these carbons  are  cons is ten t
with each other. In addit ion, both sets of data indi-
ca te  tha t ,  a t  leas t  a t  submono layer  coverages ,  y -
GLB undergoes  a  s ign i f i can t ly  smal le r  degree o f
adsorp t ion- induced res t ruc tur ing  on  bo th  carbon sur -
faces .  Wi th  respec t  to  the  de f in i t ion  o f  the  in tegra l
ne t  heat  o f  p ro te in  sorp t ion ,  re la t i ve ly  smal le r  va l
of this enthalpy quanti ty are indicative of less intense
interabtions which occur between a part icular native
pro te in  and var ious  adsorbents .  As  descr ibed ear -
l ie r , [1 ,  Z ]  the  work ing  hypothes is  o f  the  s tud ies  re -
por ted  here  ho lds  tha t ,  in  cont ras t  to  p rocoagu lan ts ,
nonthrombogen ic  sur faces  g ive  r i se  to  less  severe
adsorp t ion- induced s t ruc tu ra l  a l te ra t ions  in  sorbed
p lasma p¡o te ins .  As  charac ter ized  in  te rms o f  the
mic¡ocalorimetr ic and electrophoretic mobil i ty data
g iven above,  the  adsorp t ive  proper t ies  o f  r ¡ -GLB on
LTI -  and SLTI  sur faces  are  in  concer t  w i th  the  es-
tab l i shed nonthrombogen ic  p roper t ies  o f  these ca¡ -
bons ,  and suppor t  our  work ing  hypothes is .
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