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The various physical  and chemical propert ies of
Ion Beam Deposited diamond-l ike carbon were studied' in order to determine the factors related to im-
proved b lood compat ib i l i t y .  The ins igh t  ga ined can
contr ibute to the development of a "unif ied theory
o f  b lood compat ib i l  i t y . "

Ion Beam Deposited Carbon (IBDC) is produced by
means of an energet ic beam of carbon ions derived
f rc rn  a  p lasma o f  iner t  gas  and carbon a toms (1 ,2 ) .
This carbon ion beam is extracted into a low Dres-
sure deposit ion chamber and accelerated to the de-
posit ion substrate wjth an energy of 50-. |00 electron
vo l  ts .

As a result  of  the high ion energy the carbon
f i lm grows wí th  many proper t ies  s imi la r  to  tha t  o f
d iamond.  Dur ing  the  ion  beam depos i t ion ,  s imu l tan-
eous ion beam etchjng occurs so that impuri ty atoms
and atoms with weaker bonds are removed giving a
f j lm w i th  a  compos i t ion  o f  a toms hav ing  the  s t rong-
es t  bonds .  Typ ica l  o f  the  proper t ies  measured (3 )
are  the  fo l low ing :

l .  Essent ia l l y  amorphous in  s t ruc tu re  w i th  g ra in
s ize  in  the  range o f  5 -30  (X- ray  d i f f rac t ion) .

2. Smooth surface, ciosely conforming to sub-
strate as observed with scanning electron micro-
scoDe.

3. Good adhesion to polymeric and other sub-
s t ra tes ,  typ ica l l y  700 ps i  (as  h igh  as  5 ,000 ps i  on
meta l  subs t ra tes) .

4 ,  Typ ica l  coa t ing  th ickness  500- . |000Á.
5 .  H igh  c r i t i ca l  sur face  tens ion ,  40  dynes /cm.
6. Low gas permeabi l i ty.

7.  Transparent.

8 .  -sur face  charge is  low,  less  than l0 - l l
cou l /cm2 (v ib ra t ing  óapac i to r -nnasurements ) .

9 .  Dens i ty  o f  2 .36  gm/cm3.
.|0. 

Good performance in vena cava and renal em-
bo'l us tes ts .

l l .  D ie lec t i c  cons tan t  i s  approx imate ly  16 .

1 2 ,  I n s u l a t i n g ,  w i t h  a  h i g h  r e s i s t i v i t y  o f  1 0 1 1
ohm-cm.

Bel l  Telephone Laborator ies reported using pro-
cedures simi lar to that of  Ajsenberg and Chabot
(1,2) to also obtain Ion-Beam-Deposited polycrystal-
l ine  d iamond- l i ke  f i lms .  The charac ter is t i cs  they
reported include:

l .  F i lms are  inso lub le  in  a l l  common inorgan ic
acids (as we' l l  as nurnerous inorganic and organic
so lvents )  inc lud ' ing  HF,  HN03,  HCl ,  H2S04,  HC00H,
Acetone, Tr ichloroethane, Chlorofom, Ethyl  Acetate
and others.

2 .  F i lms  a re  op t i ca l l y  t r anspa ren t  (e i t he r  pa le
ye11ow or  water  c lear  wi th br ight  co lored in ter fer-
ence  r i ngs  f o r  t h i cke r  f i lms ) .

3.  The th in f i lms have a smooth sur face.

4 .  DC and  AC res i s t i v i t i es  a re  abou t  l 0 l 2  ohm/cm.

5. The index of refract ion is about
6 .  A l l  th in  f ree  s tand ing  f i lms  were

i b l e .

7. Fi lm curl ing was not observed for
f i lms  ind ica t ing  the  essent ia l  absence o f

2 .
qu i te  f lex -

str i  pped
strai  n .

8.  X-ray di f f ract ion studies showed that " in many
cases  de f in i te ,  bu t  usua l ly  very  weak l ines  ass ign-
able to diamond.were recorded." The average grain
s ize  was 50- . |004 accord ing  to  l ine  broaden ing .

Hard carbon f i lms have been reported for plasma
glow d ischarge depos i t jon  (5 )  bu t  the  f i lm proper -
t ies have not been character ized.

In  rev iewing  the  resu l ts  o f  b iocompat ib i l i t y  tes ts
such as the vena cava and renal embolus tests for our
IBD carbon and for other mater ials that are also
b lood compat ib le ,  i t  became apparent  tha t  a  "un i f ied
theory of biocompatibi l i ty" ' is needed to guide future
development and test ing.

The un i f ied  theory  shou ld  be  cons is ten t  w i th  the
results reported for the better biocompatible mater-
i a l  s u c h  a s :

I  .  Co l  lagen
2. Hydrogels
3. Natural  endothel ium
4. Various forms of carbon (pyrolyt ic,  ion beam

deposited, plasma deposited)
5. Glow discharge polymers
6. Heparinized polymers
7 .  Fl  uroesters of ethyl  cel  I  ul  ose
8. Various polymers (such as Avcothane which is

a compound of polyurethane and si l ioxyane).

I t  is proposed (3) that i f  surfaces are going to
form clots in varying degrees, the best surfaces wi l l
be those that release the embol i  whi le they are in the
early,  seed, or juveni le stage. There are two reasons
for  th is .  F i rs t ,  the  mass  re lease ra te  o f  the  c lo ts
increases approximately as the square of the clot  di-
ameter at release so that the sooner the clots are r€-
leased the smal ler the total  mass of c lots released
per  nuc lea t ion  s i te .  For .example ,  i f  the  mater ia l  and
test condit ions permit  the clot  release at a size of
100 microns rather than 

'1,000 
microns, then the total

rate of clot mass throw-off is reduced by a factor of. |00 
and has a better chance of quickly being reab-

sorbed by the body before prohibi t ive damage is caused.

Second, srn'l I cl ots are I ess 
'l 
i kely to cl ose off

an important artery,  but instead wi l l  lodge in the
smal ler arter ies and/or capi l lar ies so the necessary
b lood is  more  l i ke ly  to  be  supp l ied  by  co l la te ra l
circulat ion with less chance of severe necrosis.  The

t This work was supported by Contract No. NIH-N01-
HB-3-2919, Nat ional Heart  and Lung Inst i tute.
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damage  to  t i s sue  downs t ream i s  t hus  l ess  se r i ous  i n
the  case  o f  ea r l y  shedd ing  o f  seed  c lo t s .

Th i rd ,  t he  sma l l e r  t he  s i ze  o f  t he  nec ros i s  ( j f
present) ,  the bet ter  chance of  being reabsorbed before
i r reve rs ib le  damage  i s  p roduced .

Thus ,  j t  appea rs  l og i ca ' l  t ha t  a  f i gu re  o f  mer i t
f o r  a  b lood  compa t i b l e  su r face  i s  t he  re lease  rad ius ,
RR, of  typ ical  b lood c lots  rd leased f rom the sur face.
The  sma l l e r  RR,  t he  be t te r  i t  j s  f o r  t he  sub jec t .

As an extreme example of  the above argument ,  i t ' is
bet ter  for  a subject  to  cont inuously re lease large
numbers of  smal l  thrombi  that  can be reabsorbed
quick ly  and safe ly ,  than one large thrombus one year
l a te r .  No te  a l so  t ha t  t he  body  i s  ab le  t o  cope  w i th
smal l  thrombi  expected to resul t  f rom long tenn
a the rosc le ro t i c  depos i t s  f r equen t l y  p resen t  i n  peop le .

I n  add i t i on  t o  t he  bas i c  f ab r j ca t i on  p rope r t i es
o f  b lood  compa t i b l e  ma te r j a l s  ( f ab r i ca t i on  ease ,  f l ex -
i b i l i t y ,  f l e x  l j f e ,  a n d  s t a b i l i t y )  i t  i s  p o s t u l a t e d
tha t  t he  f o l l ow ing  fac to rs  w i l l  be  impor tan t  f o r
b l  ood compat i  b i  1  i  ty :

l .  Smoo th  su r face ,  f r ee  o f  de fec t s ,  o r  i nc lus ions
to a id ear ly  re lease of  thrombj  and to reduce thrombj
format jon caused by 1oca1 stagnat ion due to defects.

2.  Fast  f low to g ive greater  removal  forces and
ea r l i e r  r e l ease  ( sma l  I  s ' i zes ) .

3.  Fast  f low to jncrease removal  of  c lot t ing fac-
tors at  sur face.

4 .  Smoo th  su r faces  a l so  p reven t  l oca l  t r app ing  o f
c l o t t i ng  f ac to rs  due  to  s tas i s .

5 .  The  use  o f  hepa r i n i zed  po l ymers  and  b loodw i l l
a id the ear ly  re lease of  any thrombi  that  form.

6 .  Ab i l i t y  t o  f l ex  w i t hou t  pe rmanen t  damage  such
as development  of  cracks and loss of  protect ive coat-
' i  ngs .

7 .  Non  mo lecu la r  s t ruc tu re  o f  IBD  ca rbon  f i lm
can  avo id  t he  con f i gu ra t i on  change  o f  p ro te in  mo ie -
cules that  can occur  wi th polymer substrates encour-
ag ing  p ro te in  change .

8 .  Absence  o f  impu r i t i es  t o  m ig ra te  t o  su r face
( s u c h  a s  p l a s t i c i z e r s ,  c a t a l y s t s ,  f i l l e r s ,  s t a b i l -
i  ze rs ,  add i  t i  ves  )  .

9 .  An impermeable barr jer  to  substrate impur i ty
m ig ra t i on  ( such  as  IBD  ca rbon  w i th  i t s  t i gh t  l a t t i ce
s t ruc tu re ) .  Even  i f  t he re  a re  m jc ro  c racks  i n  f i lm
due  to  f l ex ing ,  t he  m ic ro  c rack  a rea  w i l l  be  many
orders of  magni tude smal ler  than the geometr ic  area
and  the  ou t  m ig ra t i on  o f  subs t ra te  impur i t i es  w i l l  be
much smal ler  than for  uncoated substrates.

. | 0 .  
No  impur i t j es  i n  coa t i ng  i t se l f - - t h i s  j s  t r ue

for  the case of  IBD carbon because of  the use of  vac-
uum and  spu t te r i ng  t echn iques .  Th j s  i s  t r ue  f o r
o the r  vacuum-p lasma  depos i t ed  f i lms  as  we l l  as  f o r
pyro ly t ic  carbon formed under h igh temperature.

11 .  The  coa t i ng  mus t  a l so  be  chemjca l l y  i ne r t  ( as
we l l  as  t he  subs t ra te ) .

12 .  C r i t i ca l  su r face  tens ion  i n  co r rec t  r ange .

13 .  S tab i l i t y  o f  phys i ca l  s t reng th  i n  con tac t
w i t h  b l o o d .

. l 4 .  
Un i f o rm i t y  o f  su r face  p rope r t i es .  Pa tches  o f

bad  ma te r i a l s  w i l l  make  the  who le  su r face  ac t  bad
f rom the  obse rve rs  v i ew .

. | 5 .  
Su r face  cha rge  ( s1  i gh t l y  nega t i ve )  and  un i -

formi ty.

l 6 .  Su r face  i s  con tam ina t i on  f r ee - -o the rw ise
growth and adhesion of  thrombi  are encouraged.

Some of  the problems of  more ef f ic jent  develop-
men t  and  use  o f  b l ood  compa t i b l e  ma te r i a l s  a re :

a .  Lack  o f  r ep roduc ib j l i t y  o f  t es t s  f r om same
source  and  same tes t i ng  g roups .

b .  Long  t ime  j nvo l ved  fo r  t es t s  resu l t i ng
feedback.

c .  Few da ta  po in t s - -usua11y  a t  t he  end  o f

d.  Contradic tory data and interpretat ions
f requen t l y  f ound  i n  l i t e ra tu re .

i n  s l c

tes t .

are

There  i s  a  need  fo r  j n  v i t r o ,  ex  v i vo ,  and  i n  v i vo
tes t s  t ha t  can  g i ve  da ta  con t i nuous l y  du r i ng  each  tes t .

There is  a lso a need for  a s imple test  for  the re-
p roduc ib i l i t y  o f  t he  ma te r j a l s  su r face ,  bo th  f o r
un i f o rm i t y  w i t h i n  a  ba tch ,  and  fo r  d i f f e ren t  ba tches .
[ ,Je have a v ibrat ing capaci tor  e lect rode test  system
that  can determine the sur face potent ia l  to  wi th in a
few  m i l l i vo l t s .  Fo r  examp le ,  t h j s  sys tem can  eas i l y
detect  a f ingerpr int  on the sur face and has a de-
tec t i on  l jm i t  o f  t he  su r face  po ten t i a l  co r respond ing
to one hundredth of  a f ingerpr int .  Use of  such tech-
n iques  can  be  o f  he lp  i n  compar ing  IBD ca rbon  f i lms
and  o the r  b lood -compa t j b l e  su r faces .
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