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CONTACT AI]GLE ANALYSIs OF SIC}4EIICAL POLYI'IERSI FROiI AIR TO IIATER

ELECTROLYTES

J. D. Andrade

C o l l e g e  o f  E n g i n e e r i n ! ,  u n i v e r s i t y  o f  u t a h

S a l t  L a k e  C i t y ,  U t a h  8 4 1 1 2

TO

I .  T h e  t a r l y  \ e a r s  P r i o r  t o  1 9 6 0

The sl i r face €haracter izat ion of biomedical Fater ials pr ior to the early
1 9 6 0 ' 5  c o n s i s t e d  p r i n a r i l y  o " e l a t i v e l y  o d a l i i a t i v e  o b s e r v a ! ' o n s  d s  ! o
r h e l h e .  s u r f a c e s  H e r e  h y d r o p h o b i c  o ' f y d r o p h i l i c  { I 1 '  c 0 n t a c t  a l 9 l e
technioues were lvel1-trown and *ere \r idelJ apDl ieo i ' )  inous!ry '  a 'd gerPral
c o r r e l i t i o F s  h a d  e v o l v e o  b e t w e e n  b l o o o  i r t e r a c t l o r s  i n  g l a s s  a s  o D p o s e d  t o
e l l i c o n i z e d  a l a s s  t u b e s .  Y ' o m a r  ' r a s  j u s l  b e g i n r i n g  h ' s  s t u d j e s  o 1  p r o ! e i n'  i n t e r a c t i o n s  H i t h  s u r f a c e s  ( 2 ) .  T h e r e  { a s  c o n s i d e r d b l e  i r t e r e 9 t  d u r l r g  t h l r
t i n e  o e i i o a  o n  l h e  i n l e r a c t i o n  o f  c e l l s  i n  c u l t u r e  * i t h  s o l i d  s u b s t r a t e s '  a n d
ifra:a-*ur tot"  at lenpt to correla!e ard qJant i !d!e !hat i . r te 'ac! 'or !hrough

' contact.  angle meas!re ents {3).

I l .  T h e  1 9 6 0 ' s

The si tuat ion improved considerably | , i th the developnen! of Zisman s
, . 1 . 1 . u i  i u ' t a c e  t e n s i o n  ( r - )  c o r c e p r  i i  w h i c i  t f e  a d v d r c i l g  c o n t a c t  a r ! l e  o i
i  s e . i e s  o r  p r o D e  l ' o u i o s  , l s  r c a s u ' e d .  ! f e  d a t a  p l o i ! e d  a s  i n d j c a t e d  1 n
i i o u r e  l .  e x i r a p o t a t e d  t o  c o s i n e  o = 1 ,  a n d  t h e  i n t e r c e p t  i d e n t i f i e d  d s  t h e
. . i i i c a i  t u . f u c "  t e n s i o n  f o r  d e r t i r g  - f j s  c o l c e D t  i s  v e r v  r e ' l - l r o h n  a r d  1 s
d e g c - i o e d  j n  a l l  b a s i c  t e x t b o o l s  a r d  ' e v i e t s  o r  t h i s  s J b j e c t  ( c . 5  .  t i e r e r o r o
Y i l l  n o t  b e  d i s c u s s e d  f u r t h e r .

D ; t a i l e d  s t u d i e s  e i t h  a  v a r i e t v  o f  d o d e l  c o m p o u i d s ,  p r r ' m d r i l y
Langnuir /Slodgew monolayers, dl lowed Zisman and cororkers to relate the
cr i i ical  s!r f ;ce tension !o the natLlre of the funct ional grouD 0'  qroups
i . . i . " i ' " - t r , i  ; J r f a c e  { 5 ) .  I t  v a s  c l e a r l v  o o c u m e n ! e d  l L s j f g  c o r e l u l l v
i r e o a r e o  c o r t r o l  s u ' f a c e s ,  t r a t  t h€ d o v a n c l n g  c o ' t a a t  a n g l e  r a s  r l 9 4 r y
r e o ; o o u c i b l e  a n d  t f a t  t t e  3 u r f a c e s  s r o v€d  s i n i n u n  c o r t a c t  a n 9 l e  r y s t e " e s l s '
T h i s  4€t h o d  i a s  a D p l i e d  b y  D r .  R o D e ' t  8 a ' e " .  k h o  r a s  a  r e s e a r c t  r e r  l 0 r ' ? - ] n
2 { s n . 1  s  l a b o r a t o r y ,  t o  t r e  b i o F e d i c a l  n a t e " i a l s  p r o b l e 4 r r n  t h e  l a t e  b u  s  a n o
. e r l v  7 0 ' 9  ( 5 ) .  T h e  a v a i l a b i l ' l /  o ' d  " e o r o d u c i b l e  a n d  ' e a r o n a D r v  p r e c r s e
r e a s i l r€ o f  s u ' f a c e  p r o p e r t i e s  D r o v i o e d  D y  t h e  c r i t i c a l  s u r ' d c e  ! e n s 1 0 n
encour.aed ntanv invest igato.s to attenpL to oevelop correlat ions-oet ieen that
y a r , r D l ;  a n d  v a r j o u s  b i o l o g i c a l  . e s p o r s e s .  i n c l u d i r g  b l 0 0 d  c 0 a g u l a t r o n '  c e l l
r d h e s i o n ,  i 4  v r t r o  c e l l  c u l ! u r e .  p l a t e l o t  i l t e r a c t i o l s '  a n o  D ' 0 l e l 1
tdsort t l0n.

.i.. Volj a<'rs * n"-Elst: 4 ,
/--aA ltlrt loi, e t a! t e d€,
V  / o ,  u ^  / ' ' s "  I 1 9 G 29
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Sudrc. T...bn ot pui. Uqlid.

A typical  Zisman 1c plot.  The cosines ot the contact
a n g l e  f o r  a  r a n g e  o f  p u r e  t i q u r . d s  o n  a  g i v e n  s o l i d  a r ep l o t t e d  a g a i n s t  t h e  l i q u j d  s u r f a c e  t e n s l o n s .  T h e
c r r t i c a l  s u r f a c e  t e n s J o n  i s  g i v e n  b y  r h e  i n t e r c e p t  a tcos I  = I  and is def in€d as the surface lenston of thatl i q u i d  l v h j c h  w o u t d  j u s t  t o t a ] ] y  s p r e a d  o n  t h e  s o l i d
surface. lh is is an enrpir ical  measure related to thes u r f a c e  f r e e  e n e r g y  o f  t h e  s o l i d  a n d  i s  c a l l e d  t h ec r i t i c a l  s u r f d c e  t e n s j o n  f o r  l r e t t r - n g  o f  t h a t  p a r t i c u l a r
s o l i d .

F i G U R T  1 :

3o
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A! about the t lme Zisnan lrrs ref inlng the i .  concep!,  Forkes, Gooo,
lnd coHorxers rer" developlrg neans to est ihate gurface and ir t€r facia'
lneagel ics using appror imations of the yiork of adhe! ion at interfaces based
1||  pt t t ,  on intef ino]ecular force considerat lons {7,8).  The interact ions at
interfaces yere basical ly considered to be dua to tdo solrces; London
dlsp..s lon lnteract lon! and everythlng else general ly cal led polar
lni€ract lof ts.  FoHkes shored that the London disDersion interact, ions could
be &duced for v ir ioos l iquids and appror l ' rated for i r l terfaces, using the
geonetr ic l tean hypothesis commonly used in intermolec! lar forces (7]

Sin! l taDeo!sly,  Robert  Good and co*orkers were c. lculat ing interfacial
l n t e r a c t i o n s  f r o m  f i r s t  p r i n c i p l e s ,  u s i n g  t h e  e x p r e s s i o n s  a v a i l a b l e  f o r
intennoleculnr foraes (9).  Given appropriate surmation and/or integrat jon
and assuming internolecular force addit iv i ty arrong moleculesr expressions
rere developed which basical ly compl imerted the Fowkes treatment.  Using
6ood and colrorkers methods. l t  \ fas Do5sible to deduce the surface-free
energy of polyner surfaces to compa.e or correlate that \ f i th the
experimental ly der ived crr ' t ical  surface tension and general ly to begi.  to
davelop a nEchanistr 'c r inderstanding of the naiure of interfacial  processes

3 1

.  a n d  b i o l o g j c a l  s J s t e m s .

Lyn.n appl ied the i€thods of Fowkes and Good to the problem of
c06qulat ion and platelet adhesion on polymer sLrrfaces and drer a
correla! ion bet*een the surface free energy of a polyf i ier and i !s prope' ls i ty
t o  a c t l v a t e  t h e  c o a g u l a t i o n  o f  b l o o d  ( 1 0 ) .  L y i a n ' s  p i o n e e r i n g  H o r k
st inulated a great deal of  interest in relat i i lg the surfdce prope.t jes of
polyners to their  blood responses,

l !  i s  i m p o r t a n t  t o  p o i n t  o u !  t h d t  a l l  t h r o u g h  t h i s  p e r i o d ,  t h e  c o n t a c t
an! l€ dB!a used was derived by advancjng contact an9le ineasurements of a
s e r i e s  o f  h i g h l y  p u r i f j e d  m c d e l  l i q u i d s  ( 6 , I 1 ) .

A nunber of individuals extended the FoNkes geonetr ic mean
a p p r o x i m a t i o n  f o r  d i S p e r s i o n  i n t e r a c t i o n s  t o  n o n d i s p e r s i v e  o r  p o l a r
interact ions (1.21, even thouqh Fo\{kes clear ly N/arned that such an
alprox' inat ion for pol ia interact ions l las not Narranted and probably
inaccurate. Neyertheless, nany l{orkers in the basic polymer surface
science connunity ( I2) and in the bionedical  coqmunity (13,14) showed that
by such an approxi f tat ion one could deduce not only the dispersion conponent
of the surface energy or th€ surface tension of lhe solr 'd,  bui  i ts polar
conDonent as *el l .  Given these conponents, one could approi imate the
lnterfacial- f ree energy, including i ts polar and dispersion component for a
s e t  o f  i n l e r f a c e s  ( 1 0 - 1 4 ) .  T h e r e  i s  c o n s i d e r a b l e  n c i i v l t y  e v e n  t o d a y  i n
est inat ing dispersion and polar component5 at interfaces and attempting t0
r e l a i e  t h e m  t o  b i o l o g i c a l  e v e n t s .  I t  i s  p a r t i c u l a r l y  p r o n o u n c e d  i n  t h e
f ield of bacter ial  adhesion and in the drea of dent. l  nater ials.

l i l .  T h e  H y d r o g e l  Y e a r s

l i th the invent ion and developneit  of  hydrogels for soft  contact lens
r p g l i c a t j o n  b y  l , { i c h t e r l e . n d  L i m  i n  P r a g u e  ( 1 5 )  a n d  w i ! h  t h e  s u c c e s s  a n d
groNth of the soft  contact lens industry,  considerable attent ion i ras
focused on lhe role of t ldter nnd hydrophi l ic i ty on biologic. li .



. f  . f  - \ F 7

FoHkes' rrodel of  an interface shoring !he overal l
surface tensjons (surface-fre€ energjes) t l  and y2 and
the geometr ic mean approxi f iat ions to lhe worl  of
d d h e s i o n ,  J  y i  r ;  ( f r o m  R e f .  7 ) .

2o3

1 2 0

50 IOO l4O t7O
rso ERcs/cMa

F I G i J R E  3 :  P l o t  o f  i n t e r f a c j d l - f r e e  e n e r g y ,  y l Z ,  a n d  l , o r k  o f
adhesi0n. 1l l2!  in trater as a funct ion of the surfac€_
free erergy, lso, of  var ious sol id suafaces (fron Ref.
1 4 ) .
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a r d  d i " e c t  c a y  ! o  c h d r a c t e - i z e  f t d . o g e r  D o n d j n g  d r d  e l e c t r o r
d 0 n 0 r / a c c e 0 t o .  t e n d e l c j e s  , 2 6 ) .  N o  o n e  h a s  t o  i y  k n o i l e d g e  s e r i o u s l vdppl ied these conceprs to rhe study of Uionreaicai  potymer-tni i r i i i io is
w i t h  r a t e r  a n d  e l e c t r o l y t e  S o l u t i o n s .

2 .  A l t h o u g h  " e  h . v e  r€a n s  t o  r e a s u r e  a d v a n c i n g  a n d  - e c e d i n g  a n q l e s .  t n ed y n a n r c s  o f  s J c h  a n g t e s ,  a n d  l h e j r  h y s r e r e i j s ,  i t  i s  s o i e w l i t - C i t i J i u t tto interpret the resutts.  This is bi lcaus€ contact angte hysi€; ; ; i ; - j ;_due t0 a number of di f ferent sources (Tdble l ) .  Al tho!gh iater is l i r is o l v e n t  o f  c h o i c e  d u e  t o  i t s  b i o t o g i c a l  r e l e v a n c e ,  x a ! e i  i s  i - o i i i ; c , r i tl i o u i d - t o  r s e  r o r  c o n ! a c t  a n g l e  r e a s u r e m e n t s  b e c a u s e  o f  i t s  v e r y  s n a l ln o r e c u t d r  v o ' u m e ;  1 t  r e a d i l y  p e n e t r a t e s  i n t o  s o l i d  s u r f d c e ,  a n d  i sr n e r e i 0 r e  n 0 t  a n  i n e r t  O r o b e  o f  t h e  s u r f a c e  e n e r g e t i c s  ( 2 7 ) .  - h e  r o l eof water penetrat ion into the surface, subsequeni water- inducedp l d s t i c i z a E i o n  o f  t l e  s u r f d c e  r e g i o n ,  a n d  f i ; a ] ] y  t n e  r n t r e r e n i  s r L r f a c eo y n a f l r c s  o r  t r e  p o t y m e r  c h a i n s . n d  s r d e  c h . l n s  . l t  i n . l J e n c e  t h ec o n t a c t  a n g l e  r e s u l t s .  T h e  u s e  o f  l a r g e r  p r o b e  t i q u i d s ,  s u c h  a sethyl€ne 9lyco1, glycerot,  and perhaps_orhers rsy mininize lhep e n e t r a t i o n  e t t e . r  ( 2 7 ) ,  T h e  s u r f . c e  d y r a m i c s  m ; y  o e  p d r t i a l l y  s o r t e dout by n' .k ' ;n9 'neasurerenrs as a funct ion of tempe;aru.; .  f le ovnamicic a r  D e  D ' o b e d  i 1  t h e  a b s e r c e  o f  h y d . o p h i t i c i t y  6 y ,  f o r  e x a n o . e . -  t n e  r . l e0 r  i o d e r  0 0 r y n e i s  w i t i  d i f f e - e , 1 t  a t t y l  s i o e  c h a i r . e n g t n s  { 2 8 , 2 9 ) .M o l e c u l a r  s u r f a c e  d y n a m i c s  c a n  i n  p r i n c i p t e  t e  p r o l e C - C i r e i i i j  t y  l U nm e t h o d s  ( 3 0 ) . -

.  .  .Al  thougr corsjoerable Drogress was nBde going f .om no4_aQUeous orobeL r o u r 0 s  r c  w d t e r ,  H a t e r  i s  n o t  ! h e  p h y s i o l o g i c  e n v j r o r n e n t .  T n eD n y s l 0 r 0 9 r c  e F v l r 0 n m e n t  i s  a  b u f f e r e d  i o n i c  s o l u t i o n .  p r e l i m j n a r v
n e a s J r e n e n t s  o f  i o l i c  s u r f a c e s  w i t n  s o d i u n  c t l o . r o e  s o l u t i o n s  o f  i i f t e r e n ti o n i c  s t r e r g t h s  s u g g e s t  t h a t  w e  c a n  n o  t o n g e r  c o n t i r u e  t o  i q n o i "  i l " r " o i " _o r  l o n s  t n  t h e  i n t e r f a c e  e r e r g e r i c s  o f  b i o ' l e d i c a t  p o l y m e r s  i 3 l , 3 z ) .  I n a e e or!  nas 0eel xroHn l0r ?lany years ' .om electrokine! jc rEasLrenentg. usinos ! r e a 1 1 n 9  D o t e n t . d t  a n d  r e l a l e d  t e c n n i o u e s ,  . a t  n e u t r a l  t r y o . o D n o 6 i cDoly 're-s are higl ty rega! ivety-cndrged basad on etect.or i r i : i i i ' .e is irements
{ r r ) .  I n r s . r a s  c o n s l d e r e d  d n  a n a ' n o l y  f o r  a  t . n e ,  b u t  i t  i s  r o i {  g e n e r a l t yu l d e r s t o o d  t o  r e s J t t  f r o m  i o n  a d s o " p r i o n  a r  t h e  D o t y , n e r  e l e c t r o l i t es 0 i r i t i 0 i  t r t e r f a c e  ( 3 4 ) ,  T n e  d d s o - b e d  t . y e -  o f  i o n ;  b a ! - c d 1 ] ,  s e t s  u p  a nr r r e r r a c e  D o t e r t l a t ,  w h i c h  r - s  q h a t  r h e  e t e c t . o * i n e r . c  r€! n o d  i e a s J r e s .  5 0even for "neutrat" potymers, coniact angte measuremen!s in ionic ioiut ioni_ay be.desi-aole. They are randatory f6r oolymers {nich de klo;  ; ;e_- 

-  -
c l d - l e d ,  s u c h  a s  t h e  v a r : o u s  s u l f a t e  a r d  s u l f o n i c  a c j d  c o n ! a i n i n q  o o l v m e r !a r d  s J r f a c e  f i ) m s  k r r h  s y n r h e t i c  h e o a r i n  a c t j v j r y  ( 3 2 , 3 5 ) .
Y. Hhdt do we (nok?

_ He have sone current correlations. l , le knoy that the dispersion andpolar-conrrjbutions to the surface ener$/ of a potymlr ana ri l- ; ; ; ; ; ; ; ;' n te r fdc ia t  - ' r ee  e re rg ies  agd i  1s r  da re r -do  i nde ;d  i o . " " i " i "  
" i t n -o io i " i "  

-
doso r0 r r0n ,  ce  adhes ion r  and  coagJ la ! i on  t i ne  neasJ remen ts ,  a tbe j t  no td r r a y s  1 n  ! h e  d r . e c ! l 0 n  i n  H h i c h  r e  i n i t i a l l y  e r p e c t e d  ( 2 9 . 3 6 - 3 8 ) .  , t e  k n o wt h d !  t h e r e  a r e  a l s o  c o r r e l a t j o n s  w j t h  y -  a n d  b i o a d h e s i o n  a n d  r e l a t e do h e n o r e n a .  8 a i e .  \ a s  p o s r u l a l e d  t r a t  o b c i n u m  O i o c o , n o a t i o r : t i t v  o c i u i s  i nt \ e - r c  - a . 9 e  o r  a o o u r  2 5  t  5  d y n e s / c m  ( 6 )  o e c a u s e  t n i s  j s  t h e  . a n q e  o fT r n  r u n  D r o a d h e s i o r ,  w h i c f  w o u l d  b e  i n t e r p r e t e d  a s  m i r i m u a  p r o ! e t ;a d s o r p t r o n  o r  m : r r n u m  c e l l  a d n e s i o n .  \ t t h o u q h  t h r s  n y D o r r e ; i s  i s  h i o h t vc 0 n t . o v e r s l a l  !  t h e r e  i s  d a t a  t n  r h e  l i t e r a ! u ; e  t o  s u p ; o r !  i ! ,  a n d  m a ; y  

'
g r o u p s  a r e  f o l l o { i n 9  i h a t  l i n e  o f  r e a s o n j n g ,
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vL Yhat do Ne need to consider?

C o n s i d e r  i  h y p o t h e t i c a l  p r o l e l n  a d s o r p t i o n  e x p e r i n e n t  ( F i g u r e  4 ) .
Figure 4a shors the polymer surface in air ,  I le assume that this is a
highly nobi le polymer surface * i th both polar and npolar const l tuents. In
air ,  i t  is an apolar mater ial  with i ts surface-free enerqy minimized. The
mater ial  ls introduced into water or electrolyie solut ion. I t  quickly
rest iuctures i ts surface and rearranges to shor l ts polar cons! i tuent to
lhe aqueous phase, thereby minimizing the jnterfacial- f ree energy (19).  A
p r o t e i n  d i f f u s e s  b y ;  t h e  p r o t e i n  c o l l i d e s  ! { i ! h  t h e  s u r f a c e  { F i g u r e  4 ) .
Clearly the analysis of that in i t ia l  coniact mjst be d0ne, respect ing the
f a c t  t h a t  i h e  s u r f a c e  i s  f u l l y  e q u i l i b r a t e d  i n  | i a l e r  j u s t  p r i o r  t o  a n d  a t
the f icf lent of  contact.  The surfdce the protein "sees" can therefore only
be character ized oi  measured by under*ater or receding water contact a| lgle
m e t h o d s  { 2 4 )  ( F i g u r e  4 b ) .

In o.der for the protein to contact the sufface, *ater r iust be
displaced from both the protein contact area as xel l  as the surface contac!
a r e a .  C l e a r l y ,  j t  i s  u n l i k e l y  f o r  t h a t  w a t e r  t o  b e  d i s p l a c e d  i f  i t  i s
t igh! ly bound to ei ther ihe protein or the surface. I f  tha! is the case,
t h e  p r o t e i n  r i l l  s i n p l y  d i f f u s e  a { a y ,  a n d  t h e  c o l l i s i o n  e o u l d  h a v e  r e 5 u l t e d
in no net adsorpt ion, I f  horever,  the protein no\ ' /  col l ides in a di f fe.ent
or ien!at ion, p€rhaps one exposing a hydrophobic patch and perhaps i f  i i
h i ts t ie region of the surf .ce l , 'h ich is part ial ly hydrophobic and from
which the-surrounding waters can be renoved, then there ei l l  be a transient
1'nteract ion o. ddhesion. l f  the interact ion energy is large enough, the
Drotein wi l l  have a residence t ime at the surface. Given the var io!s
p r i n c i p l e s  o f  p r o t e i n  a d s o r p t i o n  ( 3 9 ) ,  a  n ! n b e r  o f  ! h i n 9 s  n a y  h a p p e n .  I n' l ight of  the ne* local environment and of the s!at l5t lcs and dynanics of
the process, another region or part  of  the protein m.y contact the surface
leading !o a second nttachment point or " foot."  I f  the polyf ier surface is
i tsel f  in not ion, a port ion of the polyf ier su.fac€ may stat ist ical ly
aDoroach and contdct the orotein. 0nce Ne have tvro o. th.ee contacts \{e
h a v e  a  c o o p e r a t i v e  b i n d i n g  p r o c e s s ,  a n d  t h e  p r o t e i n  i s  e s s e n t i a l l y

Nolf  begins the process of long-tef ln conformational change and
acconrrodat ion--both of the pro!ein, rhich l5 nolf  said to be undergoing
"denaturat lon," and the surface, which is restructur ing or modify ing r 'n
l i g h t  o f  i t s  n e w  m i c r o e n v i r o n m e n t .  I f  t h e  s u r f a c e  i s  b i n d i n g  ! o  t h e
protein throLrgh hydrophobic associat ions, then i t  may wel l  be that
character izdt ion of the polymer s!r face in air  ( through advancing contact
angle measurements) ls important in est imating the hydrophobic "poient ial"
of the surface. Al though those hydrophobic polyner s!r face residues would
not have been exposed du. ing the ini t ia l  phases of protein contact,  they
f i rdy trel l  be exposed and part ic ipat ing in the r 'nteract ion laler on in the
process as the protein and polymer surface maximal ly accomfiodate to one
a n o t h e r  ( F i g u r e  4 d ) .

So measurements of polymer surface propert ies in air  are neither good
nor bad, just as mea5uremen!s in water are neither good nor bad. Eoth are
1-mportant and both are necessdry in order to opt imal ly correlate and
unde.stand the processes. In fact,  ideal ly re l {ould l ike io knor the
surface relaxai ion or restructuaing ! ime !o 9et an idea as to rhat is the
probabi l i ty for a surface to accomnodate to or "denature" in response to an
adsorbed protein.

v l l .  C o n c l u s i o n s

The 5urface prop€r t ies of
t l te adsorpt ion of proteins and

3 6

bionedical  polyners are indeed impo.tant in
i n  s u b s e q u e n !  b i o t o g i c a l  i n t e r a c t i o n 5 .  I t

I
a .



l n

(c) (D)

FIGURE 4: A schematlc vjew of a dynamtc polyrner surface indi f ferent environments.
a )  i n  a i r ;

c )  d  p r o t e i n  f l D l e c u l e  i n  w a t e r
eq! i  I  ibr i -  l r i , 's1, , - faLe, .

erh i  b i  t i  ng i !s

d) tne polyoer-adsorbed protein systeh wrth t ie protejn
shown interact ing majnty via hydropnoorc
rnteract ions and denatured to exDose a third
hydrophobic patch to t ie ! ! r face. The polyner
surface i i ;  rest,uctured to hydrophoDrcatty interdctw i $  t h e  p r o t e i n  a n d ,  w h e r e  a p p r o p r i a t e ,
hydrophobjca y jnteract 9l i th the aqueous pndse.
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Probing Polymer Surface and Interface Dynamics*

J. D. ADdrrd€f rod W.-Y, Chenl
Dcpanncrrs of Bio.lgin..nng and Mar..iah Scidcc, U vc^ily ofUtah, Sslr takc City, UT84 2. USA

Polyme.ic ddedrls genenlty erhibit ylrious nol$h, rorions rnt r.hxrtios. Ssch ret.rrrior proc!.scs,,rich
i.clude. ahe glass tnlliriotr renperrrure, hrve sig fici efects or pbysicit t.d necbeaicrl beirvior. polyoer
molecul€s ud s€gmetrrs .t su.frces ind i.rerftc€s .tso exhibir botioN $d retdrtioN. Itr rn o, v.c!|lD,:!ihDotiobs 'p€mlr' the $frce to re.rrudure ro hinimir. the su.frce fE eDerg/. Itr .queous stutio4 lhe lbtln.r$rf.ce resrrurturB lrd reori€ s .o optimlly inter&ct ,i.h the rqmors e|Ye;, .here;y mitrintziry ;c hte,r.ci.lfe ere.gy. XPS-.Dd rel.ted high ercuum lechdquB probe the r.cuun+qlnibn{.d slrfece. te tist *ay to prcteahe polvmer-liquid i erf.ce is yir dt.smic ontscr mgte or vetting 'nethods, A .!nbe. of i$ftc .d colerns .redisosedr O) tbe siz d bienrchy of srructuresi @) tbe time couse of surfecs dytrrnic proceses; (3) rh@ry,modeliry, lnd sinulsrioo of $.f.ce dFlniei r.d (4) expe.im€rtrl n€!hod..

INTRODUCTION

Tl': powerfgl innrumenral surface anatysis rechniques
\^hich ha\e been devetoped over lhe last 20 )ears are
being increasingly appt ied for rhe sludy of potymer
surfac€s and inrerfac€s. Ceneral ly rhese merhods (such
ar XPS..Auger- electron speclroscop).  StMS, erc.r
requrre ul l ra-h'gh !acuum environmenrs. The asrump-
l ion is genemlly made (ofren impl ic ir ly rdrher rhrn
e\pl ic i l ly l  lhat the pol lmer surface is indeed srable and
that the results of the analysis are applicable to the
non-!acuo en!rronmenrs wherein lhe potymer surfdce
is usual l j  appl ied. Such an assumprion is ofren invat id,
panicular l t  for polymers used a" biomedicat de! ices or
in other applications where the polymer surface is
€xposed to water or other highly potar environmenrs.

Pol lmer surface\ can be highty mobite. Such surface
dlnamics permir rhe in(e ace to restruclure or reorient
rn response to difierent environments. Th€ eEect is par_
ticulady pronounced in aqueous solutions, where thepolar i ty ofrhe aqueous ph.se provjdes a high inrerfacial
l ree energy dr i !  ing force for the migral ion or onenraUon
ofpolar phases. block5. segmenc, or s ide chains ro$ ards
Lhe aqueour phase. rhereby minimizing rhe inl€r facial
rree en€rgy. In !acuum. air .  or other nonpolar 'urfaces,
the polymer odenls i rs apotar componenLs row€rds lhe
inlerface. again minimizing rhe inrerfacial  f ree energy.
Theseefiects arenow becoming well,known and a recmt
review is available.' A conference on the subject was
held in June, 1986.'1

There are a number of issues and concerns (Fig. l):

The sizc or hienrchJ of structures

These are responsible for polymer surface dynamics,
ranging from b)ocks or domains to srnall side chain
functional groups. The surface dominance of aDolar
pha\er.  blocks. or domain. ar the inrerface wi lh ai ;  and
'lnyiled pa!'er Fres..led ar ECASIA 85. EuroDan Co.feretrce on
Applicaliois of Surfae and Inr.fae Aralysis, Vetdhov.n, Ocrober
t985.
iTo whon coftespon<terce shoutd be addre$cd.

P.m,nenr dddrc$: Dept ofCh.mbrry, B.rjine Univ€Fitr. B.ijrns.

0l 42-2421 / a6 / 060253 _O4 tO5.OO
O 1986 by John Wilcy & Sons Lrd

vacuum rs now wetl established. polymers containing
very low energy blocks (fluoropolymers and siliconei
are the best examptes) generally exhibit the surface
characteristics of rhe low energy constituent.rr
_ The elegant and pioneering freeze,etch XpS study by
Rarner ?r dl  of  polyacr l lamide or pol5hydro,ryethyl
meLhacr) lare rbolh highty potar pot lmersr grafred on{o
polyethylene or onro polydimerhyl r i lorane tbolh hight)
nonpolar) clearly demonshated the dominance of the
polar phare al  the water or ice inLerface. fol tor*ed by
r€of lentar ion and dominance of Lhe nonpola. phase ar
ihe vacuum interface a5

The efiect is well docum€nted in blends. It is a com_
mon obsenat ion lhat polymers contdining even smatl
amounts of s i l icone exhibi l  surface propenies ( in air  or
vacuum) characreristic of pure siticon€ materials.t6

.Homopol lmers or simpte copot lmerr wi lh amphi-
phi l ic (borh polar and nonpolar characrer,  rend to or ienr
the main chain and side chains in response to their
envrron-ment in order to minimize the inrerfa€iat free
enerSy. '-

One component of surface dynamics which has been
vitually ign-ored, except in rhe chromatography
literature, is the role of intrinsic side chain mobilny on
the surface propedes. A case in point is the atkyl chain
oynamrcs,,  !on r€versed phase chromdrograph)
suppons. ( leartythere should be a surfaceconf ieur_
at ional enrrop) or excluded volume effecr on the sur iace
properties.'' This is genera y ignored in theoretical
trealmenrs of inrerface lhermodyndmics as, again. rhe
surldces are general ly assumed ro be r igid and immobite.
we ha!e discursed rhe ef lecr qu€l i rar i ret) 'a and Jhon €l
r l .  are treal ing i t  rheorer ical ly. , '

In waler, long alkyl chains are exp€cted to co apse
touards the col 'd surface due lo hldrophobic interac-
t ions.,This has been discussed recenl ly by \an Dammepl ot.  "  as wel l  as in the chromdrosraDh\ I i rerarure.,1r '
Final ly neurral  hydrophi l ic chaini  aie ixo"o.a ro b.
extended and highly mobile in water'7 and collaDsed or
even substrate 'bufied' in air or vacuum.

The time corrse of such processes (Fig. 2)
How long does it take a surface to adjust or r€lax to a
chang€ in its environmenr? Relaxarion efiects in bulk

ReceieA 14 Marh 1986
a@pted 23 March 1936
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pollmers are well-known and form a major subjeq ofrnqurry and appticarion in polymer science and
engineenng. ' /  Bulk relaxat ion l ransir ions, such as iheglass transition, side chain rotatioo, etc. are well,known
and generally understood. Atthough clearly polymer
components adjacent to an interface will have difi€rent
motions and relaxation due ro the influence and con_
strainls imposed by rbe inrerface. we do erpect some
relatron or, at least. comela(ion betw€en rhe butk relaxa_
tion and the relaxations active at rhe interface.l3 Clearlv
the t ime course must depend on the intr insic r jgidiry of
th€ polym€r. In th€ case of a ffexible elasroner or rn
Seneral at tempe.atures substantially above ahe Tg, we
can exp€ct the surface accommodation to take place inthe seconds to hours range. white highly r igid p;tymers

hours, days, or eren longer.  Very l i  leexpef l  menrat data are avaitable..  Dynaft  ic contacr anSle
methods provide one way of probing such phenomena:,.

Theory, modelitrg, .dd simulrtion

One can successfully model Lhe energerics and moiions
or porymer cnarDs rn vacuutrl or in ideat solvenrs. Such
model ing is di f f icuh in polar sotvenrs (warer is rhe mosrdimcult  of  al l )  and for polar potymers. Some reat ist ic
measure or estimata of pol],iner solv€nt interaction orsolubility paranet€rs musr be avaitable. This isespecially difficult in water due to the unique partial
acid-bas€ characrer of water and due to rya.oit obicinteraclion effects. Fowkes and co,*orkers have tactled
rhe job o[ estimaring pa(ial acid-base propenies ofporymers using enrhalpic heat of solut ion and tR bandshift daLa G€€ Re[. l8 for a reviewl. The water problem
rs o€lng addrersed successfully by rhe prorein bio_cnemrstry communir)  and esr imares of potar and hydro-pnooic rnleradrons tor pro(ein functionat groups inwalerarebecoming avaitabte.r 'The quesrion of indrfacemorrons or dynamics is.  of  course, compl icated by thepolar and hydrophobic int€racrions, rhe Ia er which isdue pr imari ly to solvent {water l  enropy effects.

Experincrtrl ncthods

We have already argued rbar XpS, SIMS, and retated
methods are not roo helpful. We feet$ar !hree merhods
arc particularly useful:

(a) Contact Ang.le Dynamicsra
(b) Interfacial Fluorescence25r5
(c) Interfaciat NMR3G33

Cortrct gte dforoid The dynamic electobalanc€
method for contact angle and surface t€nsio! measure-
Irlent is well suited for$e study ofconrac!angle kinerics
atrd hysteresis. We have previously reviewed and
described the method.r'tt has been apptied by a nrrmber
ot groups._lo study conract angle and surface
dynamics.''''" The merhod is suitable for sruding rhe
lime dependence ofthe contacr angle and rhus the rime
dependcnce of rhe interfacial equitibration, ahhough
very few data are arailabte in the liGmture (see Refs l -i).
_ Th€r€ arc data on lhe immeasion and emersion velocity

dependenc€ otr th€ dynamic contact angle, usually iDrc;-prctcd in terms of liquid viscosity and relaxation

Fig!61.{.) Slrtace rcois.tation of hydrophobic and hydrophaticcoDpo.ents dlo ro the pr6s5nc6 of . tow .n€rory or hlgh ensrgyInrerrac€. Tho bold tine i.dical6sthe hydrophob,; componBnt l}te---u d(tcates E hvdrophihc aid. chain, .nd the It indi@t6. .hydrcphilic phas6 or domain_ A/rnd: A bt.nd of rwo homopotymeB
s.gregares or or'enrs ar rh€ inr.rtaces as 6hown; rh. hydrophobjcpolym6r domin.t.. in.n or oit, ths hydrophrtici. w.ro.. droct:Tn6hvdrophiric blockdominaros rt th6 warerinlerl.ce; rh€ hydrophobicpha$ dominafes h .n or ait, G.aft q Co-porraar: AgEin, rh6hydrophilic cohpon.nr domin.t€6;n war., (b) An e,r6nd€d ch.inor tundon.t sroup w exhibir morions r.sutrhg in . Eignifcanrconngur.ron.t €nrropy cohponsnt ro rh€ interfaci.t rh.rmody-namics. Th... .fioci. h6v6 not be6n consid€r€<t in st.noaro t€nson inrortacial. rh.modyn.mics. (c) A*yt or oth€r hydrophobic
ch.rns et 6. intsrrrG witt t€nd ro bo 6{.nded in .n or oit sndcompadgd in w.r6.. (d) Tn€ opposito ro t{c), whec, n€utralhydrophiric ch.in, slch.s potvothyt.n€ oide, i6 pani. y.nond.d
In Mt6r 6nd o6.tialh colt8ossd in .i.
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S !  r f r c e  R e l a r r r t o n  T t r€

FilsF Z Th. Holly6od R€fojo Mod€tr0 ol potymor surtace r@ri.nrsnon or rets,stion. ThE
L,- Ind'cat6. hvdrophitic pendant groups, rh8.tv\ ind,csl€. hydrcphobic p€ndanrgroups. The hydrophobic g.oups ori€ roward! th6 our$ su.faco i; sn, minimi;ing thesurracq fra. energy; the hydrophilic Oroups orie rowards tho war€r phase in ;16r,minihizinq the inrortacirl f.ee anergy. The m6.sur€nent wil bo dopendsni on th€ v.locity
itth€.!rt6co r.l!x!tio. or reorienration ih€ is in the sah€ Enoe.

efiects." Using a low viscosity tiquid, such as water,
velociry efiects should be depend€nt on polymersurface
relaral ioo r imes (Fig. 2.) .  One musl keeD in rnind.
bowever. other mechanisms for change in lhe angte wirh
time, such as water penetration (a-bsorption) efiects.
water,absorp on can be srudied by 'A,O measure-

An efiect which we have observed in a Dreliminarv
rnanner is the change in buoyancy slope obsened in a
Wilhelmy plate hysreresis loop al constanr vetociry. In
a study of the surface prcperties of poly sulfo-r-alkyl
methacrylates, we obs€rved significant difierences in the
advancing and rec€ding slopes, which correlat€d with
alkyl chain length and solution ionic streneth.2t The
effecr is maximized at low ionic srreng$ (distitied warer).
attriblted to the charged polymer side chains and poly-.
mer loops or tails being extended into the aqueous
solution. whereas rhe charged groups woutd be driven
towards the surface in air. The process is slso dependent
on alkyl chain length and flexibitity. Such surfaces are
far from simple and clearly are exhibidng strong poty-
electrol)1e and jonic surfactanl effects. The\ do serve to
demonstmte, however, that these efiects aie sienificant
and can, in principle. be studied by dynamic-contaa
angle slethods.

I ertlcirl ffuoresc.rce. Various fluorescent Drobes are
sensitive lo interface polariry, inrerface etecl;cal poten-
aial. interfacial pH, and even inrerface molions.rr Such
probes ha\ e been widely used for lhe slud) ofbiotogjcal
membranes and are beginning ro be widely appt ied for
the study oI chromatographic suppo(s.,ar6 We have
applied a toaal intemal reflection fluorescence (TIRF)
merhod lo probe the adsorpr ion otproreins ar polymer-
water inrerfaces.){  Harr is ind coworlers are sludvins
al l ,y l-der ivar ized si l ica by rhe TtRF merhod. u; in;
ffuorescent probes.'5 lfthe probe is covalently immobii
ized at the surfac€, then one can perfom stop-flow
kinetic experinents and direcrly miasure the surface
relaxation processes via the time course offluoresc€nce
emission.

\ucterr nrS.eric relrxerioD (\MR). \MR t€chnique\ sre
the most direct means ofobtaining information on inter-
face mobility and dynamics. High surface area particu-
late systems are used because of the inherentlv low
sensi l iv i ry of rhe technique. Pulsed Fourier rranrformr,C

methods with proion decoupling pennit spin-lartic€ (T,)
and spin-spin (11) relaxation times to b€ deduced. Much
of the work has focused on alkyl-derivarized silicas
because oftheirgreat imponanc€ ro the chromalogmphy
tield." Polym€r adsorption ar s;lica and polymer larex
sUrfaes har also beeD examined. panicutart) polyerhyl-
ene oxide on silica. These srudies permir conclusions as
to chain and segmeot mobility.r': itro !

CONCLUSIONS

Civen sufrcient mobility, pollmer surfaces will reorient
or restructure in response to rheir  tocal micro_environ_
ment io minimize their inrerfacial.free energy wirh rhe
surrounalng pnase.

The interfacial-free energy at a polymer-warer rnter-
face is a sufiicient driving force to cause resuuqlrnne
of the polymer surface atrd orien(arion of rhe dipolai
and otl€. groups, which can direcrly interact wirh water
towards the aqueols phase. Th€se processes are time,
temperature dependent, and corresDord to the rclaxa-
t ion character isr ics of lhe pot lmerl  ihus. Iong equit ibr i .
anon tlmes with warer may be required before the eff€ct
is maximal ly nanifesred.

Even relat ively r igid potymeA. such as poly(merhyl
methacrylatel .  reor jenl  at  the pol)mer_warer surface.
due lo rela\ar ion mechanisms in rhe surfaee reeron
which mayoccurar lower temperatures than in rhe b; lk,
perhaps due to surface-induced water plasticization of
the interfacial region, and due to segrna al side chain
mottons which ar€ activat€d at or near room rcm-
perature.

In systems containing hydrophitic phases of sub-
microscopic dimensions, such as common diblock and
tr iblocl  copolymers. given suFcienl mobit i l ) .  rhe hydro-
phi l ic phase wi l l  dominare rhe inlerfdce in sarer,  lhe
bydrophobic phase will dorninate in air.

It is sug8est€d that the adsorption of b;ologicat and
other macromolecules al a polymer-water interface will
resuh in considemble restrucrur ing of the polymer suF
lace ln a reiponse ro lhe local microenvironmenr of lhe
adsorbed macromolecule, as wett as the local warcr a.o
othersolution componeIlts.

We propose that is is necessary ro characterize the
surface properties directly ar rhe solid-wat€r interface,
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i s werr as the more commonty and classical ly performed
sorrd-arr or vapor inrerface, wh€n searching for cof.eta_
lrons bet$een the surface propenies of potymen and
therr^brological  behavior.  Funher.  rhe pol lmer-warer
inrerracral propertres may n€ed to be charanerized as a
lunction of hydration time or after suilaore warer
equilibration.
. The surface morions of potymers are probabty

d' f ierent from lhe bulk motions. Few dara are avai labte;
experimental merhods with which !o probe surface
motions are becoming availabte and hav€ been dis-

Polymer surface restructuring effects in response to a
surrounding l iquid phase are probabty most pronounced
in aqueous systems due ro rhe unique hydrogen bonding
and acrd.oase characteristics of warer.
.  Final ly,  rhese €f lecB are not readi ly detectabte by

cra5srcal aovanclng conlac( anSle measuremenrs, includ-
ing determinations of critical surface tension. nor bv
x-ray photoelectron spectroscopy or orher anallsis tech'_
nrques $hrch pnmari ty probe rhe 5ol id_vacuum orsol id_
air interface.

AND w'.Y. CHEN

. Methods are avai lable for the sludy ofrhe t ime depen_
dence ofpolymer surface retaxarions. Tle most dir ;ct ty
useful  method is Lhe t ime.depend€nt withelmy plat;
m€rnoo lor measurrng con(act angle dynamics and h]s_teresis. Other merhods include fluorescence probis,
in!erface vibrarional spectroscopy and nucrear mdgnenc
rela\atjon methods. r'he tauer provides direct inf;rma_
non ielated to surface and interfaci.l motions, thoughhigh surface area panicutare samples ar€ general ly
requrreo lor adequate sensit iv i ry,
_ As data on surface relaxation times and processes
become avai labte, we can expect signi6canr progress inthe model ing and simulal ion ofsuch ef iects and evenrualtheori€s and scaling lawstrlre with practical ptedictive
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In t r oduc t i on :

. Proteins are biological macromorecules with unique architecturesand structures. They perform most of the vital functions"in biology.There are at least 5,000 different proteins, ranging in size from 104 _107 Daltons. Each is a molecular machine with specific characteristicsand functions (l). Such fun<(enzymes), structures, **, *;";:'".1;i, l"#i:,"Jliff i!ll',J.,.,, "",recognition, communication, and probably lnformation ,,o.ir". ,n"discovery, characterization, and modification 
"f ;r;.";;-""cunng at avery rapid rate. Once rare otquantity, inr*p"n,i""ry,-ii; ;::':jTt:#ffi;il,1,:::::::: -

_ , ,tn"t" is no reason why nature,s molecular machines can not beused by engineers and materiAt pre se nt ; ","" p;i ;;-;;;": J'?j:,,:,,::1,:"",1',rj:i""il:1 func tio ns.
applications (silk surures and fabrics) 

"rd fo, .p;;;;;";;""recognition (antibodies in biosensors).
Engineers and materials scientists generally have no backgroundin biology or biochemistry, thus there i. littt" u*"."n"rs if rle potential

1peh.c.atr.on of proteins in engineering. Biomedical 
"ngin""r, l,uu"provided several application examples, however, in"f,iiing-p.o,"rn_based wound dressings and artificial skin (2), ;,";A;: ,1,"*br"n",for chernical separations (4), and even disposabre 

"oniu"i'i"nr". tsl.
-",nj.t"ut . "ng. biochemical engineers have immobilizecl- 

""i-l*,,.aenzymes in biochemicat reactors for a variery 
"f ;;";; ";f 

"""
bioprocess applications (Z). There has been ,o_" ,p".,rf"iion as to the
* An expanded version of Ref. I



possibility of arrays of proteins for computing and information storage
application (6). Such "Biochips" possibilities have generated
considerable public and even financial interest. There is now some
interest in using the self-assembly properties of two dimensional arrays
of proteins as an aid in producing nano structures using
photolitho$aphy and related processes (8).

In this paper I attempt to provide a brief overview of the
structure and generic biological applications of proteins. I then suggest
a set of examples to attempt to demonstrate the potential application of
proteins in non-biomedical areas.

S t ruc tu re :
Proteins are complex copolymers of highly specific sequences

consisting of some 20 different amino acid "monomers",

H
H2N-Q-COOH

R
where R can be polar, apolar, positively charged or negatively charged
(9). Protein molecular weights cover the range of roughly 104 - 106
Daltons. A particular protein generally has one or more specific
functions and is clearly molecularly engineered to carry out that
function in an efficient, specific and often unique manner.

The primary structure of a protein is its amino acid sequence
which constitutes the primary information and basically controls all
properties and functioris of the molecule. A secondary level of structure

, includes local amino acid sequence associations which result in helix,
sheet or turn structures. Globular proteins generally have a complex
tertiary structure which can often be determined by X-ray diffraction of
the crystal (9). Finally, two or more polypeptide chains can associate
via their tertiary structures to form a quaternary structure. Nearly 200
proteins have been crystallized and their tertiary and./or quaternary
struclures determined (10). The atomic coordinates of these proteins
are readily available and can be viewed using modern molecular
graphics on standard computers and via available software (see the
Journal of Molecular Graphics).



Certain proteins can dimerize, oligomerize or even self-assemble:

a.--zr tetramets
rn o nom ets<rd i mers=---> 

hexamers
higher oligomers

Insulin dimerizes and at higher concentrations will form hexamers.
Hemoglobin commonly exists as the tetramer (11). Albumin also
dimerizes and forms higher order oligomers. Fibrinogen, on the action
of the acdvating proteolytic enzyme thrombin, self_associates and
polymerizes to form the network that produces bloocl clotting (12).
Tubulin self-assembles to form the microtubules found within most
ceUs (13, l4). Actin and myosin self-associate to form the characteristic
filaments of muscle and a variety of other structures (13_16).

The teniary and quater ary structures of proteins are stabilized
by hydrophobic, ionic and hydrogen bouding interactions. However, for
most globular proteins the ',native" state is only marginally stable anat
the protein can be easily ',denatured", i.e. lose part of its biological
activity (17):

nati v e+denature d
4G < t- /Y k ca'r' /t1a /e

Proteins are now generally recognized to be dynamic, flexible structures
of marginal stability. Changes in pH, temperature, ionic strength, or
solute environment call often change the conformation (three_

rdimensional structure) and biochenical activity of a protein.
Although there is much activity in trying to predict the tertiary

and quaternary structure of proteins from their primary amino acid
sequences, the predictions are not usually very good (l0,lg). This is
partly because many states are only rnarginally different in overall free
energy so that the "true" equilibrium or native state is difficult to find.
It is also because intermolecular force functions in ionic solutions are
not well understood, including the classical hydrophobic and
electrostatic interactions.

The interaction potential functions which are available. however.
can be incorporated into the computer graphics algorithms to yield



three-dimensional images of the constituent atoms and their interaction
fields, permitting "docking" or interaction studies between two proteins,
between, a protein and a surface, between an enzyme and its substrate
etc.

Although large proteins appear to be extremely complex and
difficult to undersknd, considerable progress has been made in
deducing a set of ,'building-block" principles for proteins. Most
proteins consisr of structural domains, roughly 15_20K Daltons (9). An
even smaller structural unit, the module, whose molecular weight is
about 5K Daltons, is now being elucidated (19).

Many complex proteins are now known to consist of a variety of
repetitive structues, many of which are similar in rnany diiferent
proteins (22),

Programs are now available to help distinguish and predict such
structures based on amino acid sequence boundaries (20,21).

I n t e r f aces
The application of proteins as engineering machines and devices

often involve using the protein on or coupled to a suitable substrate or
matrix. For example, biosensors often use proteins with specific
recognition properties covalently attached to electrodes or to optical
fibers; enzymes used in biochemical engineering are often imrnobilized
onto particles or fibers.

Proteins at interfaces can be very different from the same
proteins in their solution state. The structure and function of proteins
can be significantly altered in the new microenvironments presented by

:solidJiquid or liquid-air interfaces (23). Other concerns include the
stability of the immobilized protein - does it change with time? Is it
stable in the application environment? Can it be replaced or
regenerated after loosing activity?

Most proteins will adsorb at solid-aqueous interfaces to form
reasonably compact, generally monomolecular and often irreversible
films. A number of recent reviews of this pheDomenon are available
(23-28). Although no rigorous or quantitative theories of protein
adsorption are available, there is a general qualitative understanding of
the process (23-28). Several groups are now working with model
proteins whose structures are well known and are attempting ro



develop methods of sirnulating and predicting the adsorption process
(27, 29-30t. Practical uses of adsorbed protein films include diagnostic
immunoassay, which uses preadsorbed specific immunoglobulins, ancl
the preadsorption of human plasma albumin to improve the blood
compatibility of cardiovascular devices (26).

The Langmuir monolayer trough has been widely used for the
study of proteins at air-water interfaces (31, 3?., ZS) and indeed many
of the "rules of thumb" on protein sdsorption have been derived from
Langmuir trough studies. The transfer of proteins to solid supports by
Langmuir-Blodgett methods has been accomplished, although the
process is difficult and frequently unpredictable (28, 31). Recently,
Uzigiris (33) bound a hapten-specific IgG to a transferred hapren-
phospholipid layer and showed that the close-packed IgG layer assurned
a hexagonal structure. Uzigiris suggested that the technique may be
useful as a means to produce ordered two-dimensional immunoelobulin
films.

Giaever and Keese (34) have suggested that an adsorbed protein
film, when exposed to UV tight in the presence of ozone, will be
modified in the exposed areas, resulting in loss of antigenicity and
decreased reaction with its specific antibody. This would allow one to
prepare protein films with selected, predefined regions of antibody
reactivity or lack of reactivity.

Specific proteins are routinely bound to chromatographic supports
and surfaces, in general via direct coupling (35, 36) or affinity methods.
If the protein has a specific interaction with a patticular ligand, that
ligand can be immobilized to a solid support (35). Passage of a protein
mixture over the immobilized ligand column results in specific binding
of the protein to the immobilized ligand surface. This is a popular and
commercially important separation, purification and characterization
process known as affinity chromatography (36). Often a specific
antibody is immobilized for the binding of its specific protein antigen.
The complex can be disrupted by an eluting solution of appropriate pH,
ionic sfength etc. (36). Suitable ligands include antibodies (for
antigens), sugars (for cenain lectins), heparin (for lipoproteins,
fibronectin, etc.), collagen (for fibronectin), etc.

Certain proteins may also self-aggregate and even self-assemble
into complex structures (37). The protein tubulin self-associates to



form microtubules (14, 38). Fibrinogen, after appropriate acdvation,
polymerizes to fibrin (12). Many other examples are known (32, 39). A
variety of very complex films are also known, such as cell membranes,
which include embedded transmembrane proteins and protein
complexes, e.g. ion channels and receptors. Several groups are
attempting to reconstitute purified receptors in organic thin films,
generally lipid bilayers. For example, the acetytcholine receptor iS
being incorporated into bilayers on appropriate microelectronic devices
to produce specific biosensors for nerve agents (22). proteins can also
be ordered in electric, hydrodynamic and gravitational fields, and it is
likely that such fields can be used to assist and even to control the
ordering in protein films in the near future.

The properties of protein monolayers, except for their chemical
interactions, are not well known. Certainly films of proteins containing
chromophores (such as hemoglobin [Fe2+heme]) have the expected
optical absorption and resonance Raman properties. The refractive
indices of protein monolayers are known via ellipsornetry, a technique
widely used to study protein adsorption, (26,27, 4O), Crucle packing
characteristics and surface viscosity data are available at the air_water
interface from Langmuir trough studies (28). There is very little
experience or data on protein conformation (26), mechanical
properties,(28) or optical or electronic properties of protein
monolayers. Only in the last few years have research groups begun to
apply modern surface analytical techniques to characterize protein
monolayers (23). The field, therefore, is wide ooen.

App l i ca t i ons :
Cooperative protein interactions result in functions and behavior

remiDiscent of non-biological machines and devices. These functions
are, in large part, responsible for what we know as life in animal
systems. Enzymes can and have been treated as chemical machines
(41). In Welch's words (42,43\:

"Living systems..,contain devices of Dolecular dimensions capable
of performing mechaoical work.... A molecular enerev machine is a
silgle enzyme rnolecule tha! cyclically couples cnerg!'released by
one form of reaction, e.g. ATp, to an otherwise uniavorable reaction,
c.g. contraction, wirirout (du.ing the Iiferime of i(s cycle) beinBaxposed to the macroscopic and thermalizing cnvironmenr .,...Molecular energy machines require some iegree of structural



presence of calcium ion, triggers a conformational change which
permits a trapped, excited state in a bound chromophore to decay,
resulting in photon emission. The bioluminescent properties of these
proteins and others are beginning to be extensively used in clinical
and analytical chemistry as quantitative and end-point detection
methods.

A major application of protein layers or films is for separation and
purification, particularly in the chromatography fielct (36).
Immobilized enzymes are widely used in certain biochernical-
biotechnology processes (Z). Another major ,'application,, is the
understanding of adsorption of proteins with respect to the blood and
biocompatibility of medical devices (26). There is considerable
interest in the development of protein-resistant surfaces, which
actively repel proteins, to minirnize protein-surface interactions. Such
surfaces would have wide application in chrornatography, membrane
separation processes and medical devices, including contact lenses.

Biosensors are a new area with considerable interest and activity
(46). Most biosensors depend on the specific binding charactedsdcs of
proteins or other biological molecules for the specificity and
sensitivity of the sensor. Immunoglobulins are of particular interest
as they can be used to detect their specihc antigen with geat
selectivity and sensitiviry (42).

There is some potential for
(solar) collection and transfer,
electron transfer-redox enzyme
transduction are also of interest.
proteins such as rhodopsin.

Although there has been considerable discussion of protein_based
information storage and even computation, no practical or even
defensible concepts or designs have yet involved (4g), However,
information storage and processing in biology is well know and to
some extend, understood (49).

the use of protein films in energy
such as chlorophyll-containing and
protein systems. Light detection and
at least as a model system, utilizing



organizatiolt. The lraDsduction proccEs rnust bc insulaEd frorn rhethermalizing bulk phase, M-oleiular oachines 
-ruJt--r-u-ccessfutty

compete agaitrst the rhermat cnviroDbcnr."

In a casual and simplistic sense, one might consialer an enzyme ororganized assemblages of enzymes to be molecularly engineered
"Maxwell's demons" permitting reactions and processes to occur which
cursory analysis would suggest to be contrary to the laws of
thermodynamics.

Particurlarly dramatic examples of protein machines, from an
engineering point of view, are the various motions and force
generation processes so common throughout all biology. The most
common and perhaps well-understood example is the interaction ofmyosin and actin, together with regulation by the proteins
tropomyosin and troponin, in the function of muscle. Here we seeprotein molecules designed with exquisite self_assembly chatacrer,
coupled with specific binding interactions, highly regulated by
accessory proteins and by calcium ions. The end result is a sliding_
filament, force-generation mechanism responsible for virtuauy all
muscle motion throughout biology (44, 45).

Enz)rmatic activity, e.g. (ATpase), is buitt right into one of the
heads of the myosin molecule, and it is indeed ATp hydrolysis via themyosin ATPase activity which provides the fuel for the force
generation process.

The self-assembly of a- and F-tubulin to form the ubiqurlsu5
intracellular microtubular strucrures is an interesting example of the
use of proteins for struetural purposes. The coupling of tubulin
structures with the protein dynein, in the case of cilia and flagella, and
with the protein kinesir, in the case of intracellular tubules, makes
possible the characteristic wavelike motion of cilia ancl flasella and
the conveyor belt linear transport processes no* recognireJ as so
important in the interior of living cells. Bacterial flagella, made up of
the membrane-anchored protein complex called flagellin, are
responsible for rotary motion, which at one time was thought to be
inpossible in biology (13- 16).

Some proteins function essentially as light sources,
luciferinluciferase bioluminescence process. Another
example is the calcium-sensitive photoprotein aequorin

e.g- the
interesting
which in the



Examoles:

fwo dimensional arr erns.
Many sfains of bacteriaourermost part or rheir ""' rullt"1' fi::'."t"il::t":tro#:::rn::"*"been well studied (50). Thes

(E) as pa*erning structures ,:-1i:1o* 
were used by Douglas' et al'

protein parterns, r,n",""ri"'"r'::;il'j:l ;j::,:;,t,*:r'"L.::;,"r*tools for producing ion mitta patrerns on in" rr"""ri,"Ji*o.
. l- u".y differenr application is in rt 

" p.oau.tlon oi-i,in,ultrafiltration membranes, Th
channels of about 3.5 ,rnl OiJ. 

2D structure of the S_proteins result in
proteins can lead ro differenl"::: 1:')' The self assemblv of other

::r-lrarion '.on.,c",.'- ;;;;;l,li:**,i:: :'jTT,:J"o:t'j;:"*support, upon which it self assembles. The ordered pr"r"il-arr. i,
11"?. r:"Yttrc9 by chemically cross_linting. Sr.r, ln"rJ"i, are beingstudied for their ultrafiltratiorrt is r*ery that ",h"; ;;' "l',""'ifi ::: ;::,"H:TiiT:.,'"1,","",,""in the production of trano stn
(see earlier discussion). 

uctures' Particularly myosin and tubulin
In addition, carefully ordered 3_D structures can have uniqueoPtical properties. For examole, the ordered 

"ottug* in-ti.'"o*.u(52) and, crystallin in rhe tensrerraction p,op"*r"r ro""i J';.tT,)",il;i",,,j:",T:j:I:::r -o

- Rhodopsin is a membrane _ spanning protein which is tnefundamental detector and transducer of light in most organisms (54).vario.s rhodopsins are responsibre for initial ttrn, i",""i"" 
""0transduction in the photoreceDtor cells of tbe viion 

"O*r",", trrl ,,is a hydrophobic (typical of membrane proteins) protein of 41000 D insize. It contains a chromophore, retinal, which indergoes a cis_transconformadonar change as part of the tgrt aetecrioniiransicronprocess. Bacteriorhodopsin has been extensively ,,u ji.+--irinounr, ,,,

etection - RhodoDsin



protein and chromophore are not exactly the same as mammalian
rhodopsin.

Rhodopsins, although normally water insoluble, can be extracted
from membranes by detergents, purified and reconstituted. The
protein can not only be incorporated into lipid bilayers by vesicle or
Langmuir-Blodgett methods (see ref.56 for an introduction to these
methods), but has also been incorporated into polymerized, semi-rigicl
bilayer membranes of lipid-like polydiacetylenes (52). The
membrane-bound rhodopsin retained chernical, photo chemicat and
enzymatic properties. The authors concluded: "This functional protein
behavior demonstrates that sensitive vertebrate membrane proteins
can be usefully incorporated into membrane bilayers that have been
modified by polymerization reactions.',

Lawrence & Birge have suggested (Sg) that bacteriorhodopsin
rnay be useful as a high capacity optical memory, possibly as stable
dried films on a silica or sapphire suppott - a so called ',BiochiD,,
e lement.

Other light-sensitive proteins have also been reconstitutecl. Heckl
et al. (59) have shown that the light-harvesting chlorophyll prorern
complex can be reconstituted into phospholipid monolayers on a solid
support. They even regulated the protein concentration and
distribution in the monolayer.

It is clear that considerable ptogress is being rnade in the
development of functional light detection/transduction devices based
on proteins and that this may be a useful and important area for
continued research and develoDment,

Needs and Opportuni t ies
In order to understand, predict and apply protein films, we must

understand the forces and interactions responsible for protein
structure and function, as well as their interactions among themselves
and other proleins and with solid supports. Although the electrostatic,
hydrophobic and hydrogen bonding interactions are qualitatively
understood (60-62), better potential functions are needed to model
and effectively predict protein structure, folding (63), denaturation
(64), and adsorption (26). Direct measurements of such forces and
interactions at the protein filrn-aqueous solution interface are needed,



such as via the methods of Isimuration ""d ."d;i;; ;r';ljl:1""J1Jt:Ho*1T",:1?* ?""rr",and intermolecular interactiorberrer porenriar r"",l",l-""'l tJiT"*#1"i*"I'iTr*f:];," 
:itprotein films, attemprs should be made to develof ii""ri., 

""0models for protein interactior
i::", y-' permit the *.'# ii'.,lll,i:"1'* ?T::"::ocess' such
selfassembly of films with unique, designed prop"ni.r. 

-The 
moaetingand simulation of film formation and fim nroo"il., 

-rn""" 
,*r"0"the effects of impressed fields.

Methods to characterize prot€in films, in situ, i.e. underwater, are
l.__"-O,lO 

t" spite of the progress made in applying ."fl""tionriuorescence (62) and IR (6g) methods, ,no." j.t-ni,i""- ."tnoa, ur"required to probe and characterize packing, orientation and structureof protein films. perhaps the most promising approach is diiectimaging in water using scanning tunnelin, ,n'i"-."op, 
"*'oornr"force. microscopy (71). Synchotron ,""tt".ing una iin 
""iion ,r,outaalso be considered. Other means of imaging and characterizing proteinfilms should be encouraged. forr.i", trui.fJr. *"."" .f"",."r"op, ,"the_ near-IR has great potential for characterizing trr" 

"o'niorn,"tionand orientation of protein thin films. Methods tlo 
"t "ruatrrlr" "na:"lti:" ,h: properties of protein thin fitms ,f,oufa U" a"".rop"a,including electronic, magnetic, optical and mechanical p.op"ni"r.

. 
There should be attempts to apply the unique p.op".ti", ofcertain proteins in mixect films; for example, 

"rnb"airng ;"".p,or, ,rrlipid or polymer films for sensor and gating application s (72, 73) andthe co-immobilization of antibody anJ ,yntf,"ii" fl"i"*ri*""
TI{*:., to regulare anrigen-antibody bindiDg constants.Optimization of enzyme properties for reactions in adverseenvironments and modified or synthetic enzymes for new chernicalreactions also should be eDcouraged (74).

Sumrna ry

_ 
Proteins are a series of polyrners with unique and variedstructures and properties. They are beautiful examples ofmacJomolecular engineering for specific and unique purposes. Themodeling, preparation, characrerization ana appticatiJn ii 01","r"



films should lead to a vadety of very useful and unique applications.
Perhaps most importantly, experience and study of proteins will
greatly aid and stimulate materials scientists and engineers to
engineer better new generations of macromolecules for new and now
unknown applications.

As we consider new generations of engineering machines and
devices, it would be useful for some attention to be paid to the 5000
proteins available in biology which have been molecularly engineered
over 2 x 109 years of evolution to Frovide a wide range of machine-
and device-like activities. Undoubtedly, the harnessing of proteins for
practical machine- and deviceJike activities will require far rnore
knowledge and experience with the following: (l) the handling of
these molecules: (2) their incorporation and reconstitution into lipid
or polymer-like matrices; (3) their modification, possibly by genetic
engineering and site-directed mutagenesis technologies, for the
enhancement of self-assembly properties; (4) enhancing their stability
in non-biologic environments. Most importantly however, we need to
begin teaching new generations of engineers about biochernistry and
particularly proteins in order to apply proteins in novel and practical
ways .
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Surfaces and Blood Compatibil ity

Current Hypotheses

L  D .  { \ D F " D .  \  N \ u \ J  a  \ . ( ^ . r . o ,  I  O r r \ u  A \ D \  W  f  v

J. D. Andrader Inlroduction

Vlr tualy  every physica and ch em ica l  c  haracter is t ic  of  ma
ler ia ls  has been ruggerted as being important  in  b lood coag-
ulation and thrombosis. Th€ surface properties thar have
been suggested as nfluencing blood interactions have been
reviewed by Balerr  and Hof fman. 'zAndnde ard H ady re
cently rcviewed rhose hypotheses as they speciftcaly re,
ated to prote in adsorpt ion.r  Some oi  thc more we r -

known and widelv jnvest isated hypotheses are s iven in
Table l . r  ' i

We fow know that proteins do not internct with suri;rces
solc ly  on the basi5 of lhe net  e lect rostat ic  charge.  Indeed,  a
protein can adsorb to diflerent sufaces by dlfferent mecha
nisms d!e to the wide var iety  of  f !nc l ional  groups presef t
on ihe exter ior  of  a l l  prote ins.a Because cei l  in teract ions
wi th sur faces are general ly  mediated throu8h adsorbed pro
tein laye's, il is doubtfulthat the o d nesative slrrlace charse
hypotheses are of  any general  va l id i ty .

In  pr inc ip le,  the sudace and intedacia f ree energy hy
potheses consider  a l l  o f  the !ar ious in teract lons that  may be
present at inte aces: electronati., dipole inleractiofs; hy-
d.o8en bondin& and hydrophobic in teract ions,  anrons
othe6. In practice, the nreans available to eni.rate interfa
cial -"n-"rgetlcs are very crude and either undetrepresent or
lgnore many of the posrible interactions. Fowkes5 has con
sidcred th js  problem in deta j l  and is  developing methods lo
proper ly  account  for  the par t ia l  ac id base or  e lect ron
donoFacceptor  in teract ions at  in ter faces.  Al thouSh there
a.e some reasonable cotrelations between intertacial pa
rameteB and ce ladhesion or  p late lc t  deposi t ion,ar  $,e can
.xpect  considerable improvment  of  co(e lat ions in  the f !

From the Univerily ot Utah, Co le8e of Eneineering, Sar Lake
Cty, Utah, Toray lndusties, Inc., Basic Research Labs, Kamakura,
lapan i  Depar thent  o f  Chemi .a lEng neer  ng ,  Un veu i ty  o lWecon-
sin, Madison, W sconsin; and th e U nive6ny oI Utah, Department ol
Pharmaceuciics, 5a I Lake Cliy, Utah.

Presenred in  par r  a t  the  A.nLa l  meet  ngof theAmer .  Soc .  Ar t . ln t .

Table 1. surl.ce3 and Blood Compatbitiryl
Cla$ic.l Hypothe3es

Property Bio ogica Response

Reprinted frorn AlAro,

@ J. B. Lilpjncoft Co.

(rFE)

High

many see 9, 10

9 , 1 2

1 3

1 5

1 6
1 7
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ture, afterwe have p roperly acco ! fted Ior polar interactions

The a lbunr in hypothesis  has led to a great  dealofwork on
prole in adsorpt ion,  pre adsofpt ion,  and immobi l izat ion.
The ef fect  o1 a lbumin adsorpt ion is  re lat ive y thor t l lved,
probably due to competitive adsorpi on procestes and the
r ' p l r - n p r  o f " l b l n  n  h , r h  u  l "  p  a n  ' p o r p r .

In  th is  ar t ic  e we wi l l  d lscuss severalcutrent  hypoiheses in

1 .

2.

Llyfamic rlace hypothes€5 5. Nagaoka eta/. ofToray
l fdunr ies and Dept .  of  Surg€ry ,  Okayama Unive6i ty .
o r n r p -  d d . o ' p r  o  d n d  p r - c d . o r p . o - r  \  L r u u p ,
Univers i ty  of  Wisconsin.

3.  Sur lace morphology and microstruct ! re--T.  Okano,
University of Utah.

,1.  Pharmaceut ica l ly  act ive su aces S.  W. Kim, UniveEi ty

Hydrated Dynamic Surfaces

5. NACAoKA, Y.  MoRr,  H,  TANZAWA, Y.  KKUCF, F.  lNAcAK, y.  yoKorA,  AND y.  NosHtKl

T o h n " . ' \  l - p u .  p  r l F ' l F o r o a  D o ' 1 r i  , . ^  e ) l
the5lzed by the random copo ymer izat ion ot  methoxy
poly(ethy ene I  ycol )  monomethacfv lates (Mncj  n,  chain
len8th ofPEO)wi th methylmerhacry lare (MMA),and by ihe
photoinduced gratt copolymer zation of MnC ro poly(v nyl
chlor ide)  (PVC) wi th photo sensi t ive d i th iocarbamare

C H .

MnCr CH, = C

co (ocH,cHr) ,oc , l
n  =  4 ,9 ,  15 ,23 ,50 ,  100

The adsorpt ion o{  b lood components onto po ymlr  sur
faces wi th s iml lar  chemical  s tares and warer  conrents,  bul
d i f ferenr  PEO chain lensths,  has been nudied by us ins rab-
bit blood. Fisure 1 shows rhe effecr of pEO chain t€nsth (f)
on the adheslon o{  b ood componenrs ro rhe sur face of rhe
ranclom copolymers, P(MMA co-Mnc). These copolymers
are favorable for st!dy of the nteraction between the pEO
chain tse l iand b lood components because pEo s idechnins
randomly d is t r ibute a long th€ backbone in there polymeE
and do nothave par t icu lar  u l t ra s t rucrures such as microdo

It was found thar plasma prorein adsorption and plarelet
adhesion onio thes€ polymers significantly decreased with
increased PEO chain lenSth, and very few plareleis were
observed when PEO chain ength appfoached t00.

AccordinS to NMR spectro5copy o l  rhese polymers in  rhe
hydrated state, one of the most essentiat difierences be
tween surfaces with long and ,hod pEO chains was their
mobi i t ies.  F i ture 2 shows ihe BC NMR specl ra of  the hy-
drated random copolymeE. The l ine wid ihs of  the pEO
chains i fd icate that  the chaln mobi l i ry  increases wirh in
creasing chain length, and the correlation rime ('c) o{ the
l o n s e s t ( n =  1 0 0 ) P E O c h a i n s w a s t 0  r 0 s , w h i c h w a s c r o s e r o

the vaLLre ior  PEO ln f ree mor ion,  whi le  ' .  o{  the shor t  PEO
chain was l0 "  to  l0  e s ,  and indicated restr ic ted rnot ion.

F!rthermore, the nature of water in the hydrated poly
nrers has been n ld ied byrH NMR spectroscopy.  F igure 3
shows the temperaiure dependence ofrH NMR signal  in
tensit)r oi water in lh€ hydrated random copolymers. The
water that did not freeze at -60'C i, refefied to as the
" intermedia le water , "  combined and movinS wi th the PEO

Why does lhe fapid movement of the hydrated long PEO
chains ex l , t inS on the su ace red!ce the adhesion ofb lood
componenis onto the 5ur facei  f igu ie 4 schemat ica l ly  ind i

:

E

3

I

d

.9

P (  MMA CO-MNG )

PEo conte.t= 39-40 %
wds  coden r .13  -16%

o 2 0 4 0 6 0 3 0 J m

pEo Cho in  Leno lh  {  n  )
Figure L Efiect of PEO chain engrh (n) on the adhesion ot ptate

rers and adsorprion oi plasma proteins onto P(MMA ccMnc) wilh
similar chemi€l stdres and waler conlents after being exposed 10
rabb t platelet rich or prater€t poor p asma tor 3 hou6. Mean vatues
and standa.d deviators (N:4) a€ shown. The amountot adherent
blood componenis siqnificantry d€fieased with an ncr6ase in the
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rv.rr c6r.nl = 43% - 45%

.r. "!3
co.rH,d,olqrdrlorr1,an

Figure2.25 MHzric MNR speclra and inewidths ol P(MMA @
MnG) m€asured in  water  a t  27 'C:  A  n  =  100r8  n=23rC.n=9 iD,n
=4 ihe onqest PEO chan shows lhe highest mobilty.

rehp.rorure ( t )

Figure 3. Temperatlre dependence (increding curve) or'H NMR
sgna intensry oi wai€r in hydrated P(MMA co MnG) The waler
which does nol lreeze at 60'C is retere! to as the inlermediate"
wat6r whbh is combin6d wilh the PEo chans.

!:.-=,3=-d

v

Figure 4. Schematic reDresentation ol the interaclion betwee.
bood componenls and hydrated PEo chains or lhe surlace. The
rapid movement oi lhe ong PEo chans intlences the mc.Ghemo
dynamics al lhe blood malerial interlace more ellect vely than do the

cates o! r  hypother is .  We suppose thal  the rapid moveme. l
o i long hydraied PEo chains ln lue.ces lhe micro hemody
namics at the blood material lnteriace. That is to say, the
mlcrostreJm of  water  comb ned wi th f lex ib le long PEO
chains w l l  prevent  (agnauon and.onseq!ent  adhesion and
denat!ration ol p asma proteins, whlch causes platelet ad

,  ro- l  r  orp pf fp,  r i \ -1 ,  L: ' - l  doF. ,hor .  DrO. ! ,  . .
As th s  PEO chain movemeni  on the sur lace o l  the mate

' I  I  r F . p 1 b l F .  r L , d r  r r h a .  L d  o r  . n  n p  n  i .  o  o  g d 1 \ n  - .  $ p
ca I  these lons f lex ib l€ PEO chain,  on the su ace "molecu
lar . i l ia . "  PEO chains were for . rnd ro be more f  ex ibLe in thc
sra i i  copolymers than ln the random copolymers,  owns ro
the micro-doma n struct!re of the graft copo ymers.

We have carried out in vivo and ex vtvo evaluations ol
PEO polymer 'by us inStheSral i  copolymerwi th thelongest
(n = 100) PEO chains,  PVA-g M100Ct r igure 5 shows i ts
nructure and propeirles. Fo lolving impinnlatlon of PVC I

P ! .0

I 0.5
s

!

o"(o+"n,  cnro4.r ,

Figuro 5. Schenatc mode and prop€nies ol fie gralt copolvme.,
PVC,9 M100G.
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Table 2. Re3ulls of3 Hour Ex V/yo Tesls Tubes (1.D.  s  mm, length 90 cm) made f rom PVC,B
Ml00C were implanted between the jusular vein and ca
roiid artery ofrabbits for 3 hours; untreated PVC rubes were
used as conrrols. Table 2 summadzes the resulrs oi rne ex
vivo tests. On the suface of the conrrol PVC tube, severe
platelet and leucocyte adherion was obserued, while de-
creases in  the c i rcu iat ing b lood components,  erpecia l iy

In the case of the graft copolymer wirh long PEO chainr,
the amount of adherent blood components was neslisible,
and almost no deterioration was observed in the circularing

Comment by r. D. Andrade

Clearly, the hydrated dynamic s! ace approach appeart
to be very promis ing.  A receni  s tudy has conside.ed srer ic
exclus ion to be a natura l  mechanism {or  min imiz ing cel l
adhesion.rs Recent measurements of the fdrces berween
rwo plates coated wlth polyethylene oxide (PEO) confirm
lhe active repukion €ffect where the ad5orbed PEO layers
besin to overlap," an efiect which is well known ro occur.
and is  widely  app ied in  the stabi l izat ion of  co l lo idal  pa i

The ef fecr  seems genera,  feasib le,  widely  appl icable,  and
is deserving of furthef stLrdy and application.

PVC-g-M100G
(with PEO)

( 50%)

(+700%)

slightly

( 15olo)

Ml00C into the fem oral vein of monsreldogr, neither plate
let adhesion nor tibrin deposition wae observed on its sur
face for up ro 72 dayr. A, is well recosnized, absence of
lhrombus formation on the eurface is a necessary, but not
suf i ic ient /  condi t ion for  b lood compat ib i l i ty  in  a wider

Protein Adsorption and Preadsorption

S ,  L ,

-r
I  he e i fect  of  preadsorbed prote ins on f ibr inogen and

platelet inieractions has been rtudied by young era/., usinS
the Wisconsin canine ,n v ivo shunt  model .  tn  addi t ion to
st !d i€s on ihe preadsorpt ion of  a lbunr in and f ibr inogen,
preadsorbed thrombospondin,von Willebrand factor(vWf),
fibronectin lFN), transfe(in, and other proteins have been
evaluated.  The work is  readi ly  avai iable jn  a numberof  pub

The ;n vivo canine shunt model allows one ro measure
deposi t ion of iodine label led f jbr inosen as wel las the depo
sition of chromjum 5l labelled plareler, as a {unction of
blood contact time. A summary ot much of rhe available

CooPER

data is presented in Fitures 5 and 7. Figure 6A presenc
fibfinogen data on PVC sulfaces precoated wrth fibdnosen,
von Willebrand factor, and fibronectin, or puified fibrino-
sen with fibronectin and von Willebrand factor removed.
Note the tmnsient peak in the adsorption onto uncoated
PVC and th€ strons enhancing efiect of vW{ and FN on
fibrinogen deposiiion.

The platelet dara (Fisures 68 and 78) ir similar, with the
preadsorb€d proteins asain appearing to enhance platelet
deposition, as is the data in Figure 7A forthe preadsorprion
of transfenin; note the significant scale difference between
riEur€s 6 and 7. Fibrlnogen and platelet deposition on the

Figure 64. Transient iibrinogon deposilior on Pvc procoat€d with pwlied canine proteins. Fibrinogen deposiuon (asEM)on un@aied pvs,
(N = 9) and PvC pre@ated with von wittebrand iactor (vwt), O (N = 4), fibronecrjn (FN), tr (N = 5), ,nd partia y puified iibrinogen Fbnnoge;contarning vwf and FN) (FGN+), a (N = 41, or puritied tibhnogen (padialty porifi€d tibdnogen tunher purified ro remove FN and vw) (FGN_);^.
(N = 2).

Figure 68 Transient plsl€lel deposilior on Pvc pre@at€d wirh purified @ine proteins. praleret deposition (1sEM) on uncoated pvc, x (N =
9) and PVC pr@ated with von Wilebrand iactor (vwt), O (N - 4), fibronern (FN), tr (N = 5), 6;d padii||y pu;tied ibnnogen ltio,indgen@nlaining vw and FN) (FGN+), A {N:4), or punfied f brinogen (partially purilied fibrinoqen iurflier punred to remove FN and vwf) (FGN );^.(N = 2).

Figure 74. Same as Figure 6A, but suriace contatns preadsorbed transferin.

Figure 78. Same 6 Figure 68, but suriace contains pread$rbed bansferin.
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Table 3. The Magnitld€ $d tim6 ol Ex ytyo peak ptal€tet
Depost on on Poty(vinyt Choride) Frecoated

with Various prcrein!

oo

.z
I
E

o-

F

o-

BLOOD CONTACT TII/E MIN.)
Figure 8. Platelet deposition versus tine: uncoated pVC rr, throm,bospondin (TsP)@at€d pvc a, and atblmin (ALBI@ared pvc a,

loo
80
6 0

4o

0

lsG

3390
2070
2100
1480
1220
130
174

2040'
50

1 5
30' 1 5 - 4 5

30 60
30
1 0

10 20
30
5

'Binds fibnnogon or fibrin.

transfetrin surface is remarkably tow anjsimitar to rhat ob
serued ror preadsorbed albumin in rimitar experimenrs (Fig_
ure 8). Some of these data are summarized in Tabte 3, r;
gether with that of orher proreins.

It is cled ihat preadsorbed albumin rurfaces appearto be
padicularly passive, while preadsorbed transfetrin and rhe
108kd FN fngment also exhibir a moderate passivity with
rF.pp '  I  o  p ldrp ler  dpoosrrron.  t l^F{F ddtd ,ug8a-t  rhdr  borh
lhF d lbuni r  h\porhe, i .  and rhe SFnFjJt  h lporhc, i .  o t  rhe
Ft lF,  I  o t  prFddsorbcd prot . in \  or  (ub-equFrr  btood ,nrcr
actions merit considerable additionat study.

d

Surface Morphology and Microstructures

T. OkANo

Dlo,  I  qopol)  nen har  i1B d h\  d.ophr tc  n)d,ophobr mr-
crodomir in  s t ructure are found to exhib i t  exce enr  an,
t'thrombogenic activity, both,n v'vo and m virrq due to a
remarkable suppression of  act ivat ion of  adherent  ptate-
lets.:ar We hde propced ihat hydrophitic hydrophobic

surraces are an important paramcrer In ne
desiSn of anriihrom bogen ic polymers.,a;6 From this point of
\ rew rh"  e e,  t  o  morphojos\  ! rp.  ' rnd ,  hpmic" t  J .uc-
lure '  'on rhF in lerdL ' |on of  pohmer \ur fdre(  s i rh btood
etementr such as proteins and ptatelet have been studied.

Experimentat Melhods

ABA rvpe b lo,  I  copohmej(  .  on,r rLc led by 2_h\dro))
e 'h! l  m.rhd,^rdte r f r fMAi  rA,  dnd \ rvrFnF , r , r  tB l  o.  d l

methykiloxane (DMS) (B) were synthesized by a coupting
reaction as previously de,cfibed,3.,,

Ihe number and morphotosy of adherenr ptaretets were
invertigated by a column method.,6

Evaluauon af Antithrcmbagenicity In Vivo

. The internal su dace of the tu be g€ft of potyesterpotyure
thane (1.5 mm LD. and 20 cm in lensth) was coated with the
coporymer by constructing an arrerio venous (AV) shunt,
r.e., connecting the carotid artery to the jugularvein through
rhe lube /n \^o ant i thromboSenr,  r tv  of  (opot) rnrr ,  wd(
e\  a lualed bv noni tor inB pc ' iod:  of  rh 'ombot(  o, , lu . ion.
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tDus
Figure 9. rim6 to complete @-

clusion of the tub€ by rhrombus
(1SD). Tube size: lo 1 5 nm, 20
cm in rensth. i1_k--

Analysis of Adsobed Pntein an polynet Suiaces
Adsorbed human serum alb!min and human l  s lobul i r

were srained with teffitin labelled t8c fractions of rabbir
ant i  human albumin and rabbi t  ant i  human.y-g lobul in ,  re
spectively, as descrjbed in a previous paper.r0

Rerults and Discusssion
ln viva Antithrombogenic Activity of the Black Copolyne\

In the case of copolymer coared tubes used a, an A V
shunt between the carotjd adery and jusular vein, blood
llow was constant in the range of 25 ro 27 ml/sec. When
thrombus fomed in the tube, blood flow .ate oecrea5eo In
invefse propodion to the growth of the thrombus. /n viyo
anlithrombosenicily of copolymers could thus be evaluated
by compari.g periods of occlusion by thrombosis. Occtu
sion time was defined as rhe time ar which flow rare oe
creased to zero. The mean occiusion times ofthe polymeE
are shown in Fisure 9, and were 3 days {or PHEMA, 2 days
lor PSt, and 3 daysfor PDMS.The b lock co polyme rs showed
excellent,antithrombogenic properri€s, with rhe time to oc
ciusion 20 day, for HEMA St block copolymer containins a
0.61 mole fraction of HEMA, and 12 day, for HEMA DMS
block copolymer containing a 0.67 mole fraction of HEMA.

The HEMA-SI block copolymer containing a 0.61 mole
frac l ion of  HEMA exhib i ted a hydrophi l ic  hydrophobic mi
crodomain structure in which the morpholosy wa, highly
ordered alternate ]amellae, as previously shown.,5,, On in
vito examination, the surfaceofthe HEMA St block copoty
mer was found to have an ability to suppress platelet adhe
sion and activation'za'zs i.e., ,hape chanse and release,s, a,
shown in Fisure 10. This etrect does not appear on homo
poiymer surfaces. The HEMA-DMS block copotymer con-
taining a 0.57 mole fraction of HEMA atso fomed the hy
drophiJic-hydrophobic microdomain sftucrure of modified
lamel lae shown in ear l ier  publ icar ions. ,3 In rne case or

HEMA-DMS block copolymer,  whi le  p late ler  .dhesion was
not decreased/ the activation of adherenr plarelers was re
nrarkably suppressed.':z'zs

O,t"hi-d P.otpn t are' I otnauon on \,4n n d-r.:n

The rapid adsorption of plasma proteins is the iniriaievent
in a complex series of reactions that occ!19 when polymeric
materiak contact blood. This adrorbed protein layer is con-
sidered eithef to accelerate or retard thrombus ,ofiJ,auon.
The.efore,  character is t ics of  the adsorbed prote in layer
formed on hydrophilic-hydrophobic microdomain surfaces
may be important clues to a clear understanding ofthe role
of  the microdomain 's  s t ructure in  suppressinSthe acr ivat ion
of adherent platelets.

In ihe mono protein solut on syrtem, distriburion of ad
sorbed protein onto hydrophilic hydrophobic microdomain
.ur12,  p.  or  HEMA (r  sarp p L,  iddred b)  F lF, I 'o1 n i ,  o-
copy,  us ing the osmium te i rox ide f lxat ion technique,r ,
which ,howed that specific adsorption of proteins onto the
microdomains had occuried. Albumin selectiveiy adsorbed
onto the hydrophilic microdornain, whiie 1 slobulin and fi-
brinogen werc selectively adsorbed onto the hydrophobic

In a binary protein solution system, distriburion of ad-
torbed albumin and 1-globulin was investiSated by electron
micmscopy, using fenitin labelled lgC fixarion techniques.
Adsorbed albumin and ,y slobulin formed organized struc
tures corfesponding to the microdomain structures or rne
block copoiymer, e.9., albumin selectively adsorbed onto
the hydrophobic microdomain.

The oryanized protein layer fomed on rhe strucrureo mts
crodomain sudace is believed io influence the activarion of
adhering platelets, perhaps by regulation ofthe distribution
of binding sites between platelet, and the block copolymer

1 5
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HEMA-St block Hornopolymer
PSt

Figure 10. Morpho ogy or Plsts ets Adherent onto a I-IEMA St Block CopoLymer Surrace (lefr)and Polysty€ne {righ0.

Pharmaceutically Active Surfaces

S. W. KrM

I he developmenr and evaluation of pharmaceutically ac
tive sudaces is an area of considerable curent inierest.I r3
Among the various antithrombotic aSenls under investiga
t ion are hepar in,  a lb!min,  prostas landin (PC),  urok inase,
and selected conjusates (Table 4). These have been evalu
ated tn vilfo by a number of tests and assays, and sonre

limited tn vivo testins has also been performed. The active
asent can be immobilized on the s! ace by covalent or
other kreversible means, such as physica I adrorption mech
anisms, or it may b€ continually released by an appropriate
druSdelivery strategy. lmmobilization oithese acliveagents
is  dependent  upon the €xact  method of  b lnding to the pol
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ymersupport /  wi th pa{ icu iarregard to the ro le o l thespacer
type and length on subsequent  pharmaceur jca l  ac i iv i ty .

{ l lhouSh md1\  ̂ f  lha.a rpo.od,  he '  d "  \d . \  pronF rd
and merit considerabJe study and probable applicaiion, a
.umber oI  unanswered quenions (s !mmar ized in Table 5)
are now being studied.r r  r3

l. D. Andrade: Conclusions
I The sudace dynamics hypothesis has evolved consid

erably over  the past  yeaE, and can now be modeled.rg
There is direct experimental evidenceB for the repureve
force produced by steric exclus'on. Some quantrrarve mea,
sure otlhe actual motion or relaxation rimes is now available
throush rhe work of Nasoaka et :r/. {repo(ed herernr, ano
very preliminary in v;tro and ,, vivo blood srudies suSsesr
that  at  least  PEO sudaces mer i r  considerable addi t ional

l h a . F .  | | d , e ,  c r e  n o r  i n , o n . . J e r r  s  h  r h e  m f t m u m
jnter fac ia l  f ree engery hypothesis ,  bui  there is  probably
something even more impor iant ,  which js  that  suL suf l  ace,
may indeed show an active repulsion ihrough the enrropic
s ler ic  exc lus ion mechanism. ln order to begin lo  undeErand
the nature of the process and its bioioSical relevarce, we
need addrtional daia dealinSwith protetn interadion, nabil
ity ol such a suface, irs adhesion and inreraction wirh plate
lels and other blood components, and linally more tong
telm i, vivo b ood studies, including turnover rates and em

2- The preadsorbed protein hyporhesis is clearlyvery im
portant afd, particularly through the ei{orts of Cooper and
his 8roup, is being continua ly developed and undefsrood.
Clearly, the preadsorpiion o{ albumin, trans{erin, and peF
haps other prot€ins reruk in a sisnificantly decreased ren
dency for  the adhe, ion of  { ibr inosen and p lare le is  The
major qlestion is how do thes-" short term blood conracr
.erponses relate to more lonS refm behavior.

T.ble 4, Sumhary ol Pharm.ceuticaly Acrive
Antrhrcmbotic Materiat.

Table 5, UnaNwered Quetion3 in lh6 OevetoDment ol
Pharmaceutcally Activo Antithromboric Su;aces

A:absorbed; I = incrcasgi I =decreas€i

(r)
(t)
(t)
(r)

l :  lmmobi lzediR = Feteased.

3.  The work on micromorpholos ies fepor ted here by
Okano has led to a most inrerestinS hypothesis. The main
limilallon is the use of non characterized surfaces, pa(jcu-
ariy In environments and under situarions related ro cell
deposrtion and adhesion measurements. Conriderabte rur-
face characterization is required be{ore ond ca,, corcLuoe
that the effects observed a.e indeed due ro the unique butk
mo.pholo8ies present in these systems.

4.  Pharnraceui ica l ly  acr ive sur faces have bre,r  creany
shown to be effecrive, and are widely used in ceiain seg-
ments of the chnical  medical  device indunry roday.  Exren
sive work is ufderway, bur much more work into blood
suface interaction is required, particularly of a chronic and
long- ierm naiure,  before rhe c l in ica l  ef f i .acy. , ,  sucn 5ys
tems can be determined.

A number of  yea6 ago a workshop on th is  ropic  was
preseniedl  which was ent i t led , ,B lood Marer ia l  tn terac
tions: Twenty Yea6 of Frustration?,, Elood marerial i.lrerac
tion studies have been ongoing for a very tong ud,e, ano
progrex is  cont inual ly  beinS made.  The novet  hypotheses
presented in  th is  ser ies should Sreal ly  augment  our  under
, tanding of  processes,  and a id in  our  deve opment  of  t ruJy
cLin ica ly  usefu l  b lood compat ib le marer ia ls  in  tne near ru

References
r .  Ea ie r  RE:  Key  events  in  bood in te rac t ions  At t t  O3ans 2 :

122 126,1978
2 Hofman AS: B ood maieria s interactions: An overvi.w, in SL

Cooper, NA Peppas, AS Hoflfian, BD Raher (eds), I'ona
r-"r'alr,1dvrn.e5 Cherrirtry screJ +,tt, Amercan Chemica
soc ie ly ,  Wash i fg lon ,  D.C,  1982,  pp .  I  I

L Andrad. JD, Hlady V: Protein ndrorprion and mlrerats bio' 'aFJ L,li . r'd. . r'. pul h-J .b ., - q o , tosb
4 c  ,  . "d -  lD  ^ r \ .  r .  . - . .  1 .1 .a  p .  . " .  \ .n  ,o r t  , c ,  , f  q - . . ,

1985.
t. Fowkes FM: lite.la.e acid base/ch.rgc rran+er pfoperties, in

lD Andradc (ed),5!r1,.. an.r lntetaaiatAspects aj tsionedi.at
PolyDe^ r, Ncw York, Plenum Press, l9Bj.

6 .  Co l .man DL,  Cregon is  DE,  Andfade JD:  B  ood t rk€,8  s , , t re r
t r o ' . r B  - P d M d  P F  o  8 l  , ' P  l o 8 -

7  Cooper  5 :  P  e .  s  o  n  a  l c  o  n  h  u  n  i c  a  I  io  n .  Un iv .  o l  Wiscons in ,  Mad i
son,  W,  sep.  t  935.

L Sawyef PN: Su.face charge and thrombosis Ann Ny A.,d jc'
4 l6 i  561 584,  I934

9. Leini.ser Rr: PolyheE as surgical imptanrs. CRC Cr(rta/ Re-
rie\|s ih Bioengineerih! 1:333 3A1,1972.

r0. Andenof lM, Koftke Marchanr K: plateLct inte.actjons with
biomaterials. CRC C.iti.r/ Revtewr in Biaconpae@n t:
n r  204,  1985.

lrniegriry oi SLbsrrate Surface
2-Stab lity of lmmobi izing Aqent
3 Verification of Spacer Efiet
4-Bole oi Adsorbed Proteins

A ln Vtto aft ln Viva Co@ta\ion



84

l l

1 2 .

1 5 .

1 9 .

24.

2 1

2 2

2 i .

Andrade lD: Interlacial phefomena and bionateriaLs. Med rn
tnun 7 :114 120,1976

Chan8 TMS: Platelet s!da.e inleractions. Can I P/rysi./ Phdr
na.o l  52 :275 2A5,1974.

K m 5w: Role of carbohydrates n p a I e le t a d h e s io n. / Eioned
Male .Res 8 :393 9 ,  1974.

Chl. T H, Ny las E, T!rcolte I R: Mi.roca orimetic and el..fro
phoretic studles of p.otein sorption. La.JAm 50.Ad,r rnlerr
Orga.s 24: 339 ,102, 1978.

Nyilas E, wa.d RS: Development ol blood-.ohpatible eas
romeE. / Biomed Nlarer Res 8: ar9 34, r977.

Mer EW, Salzman EW: Poyethylene otide as a bomateridl.
A5/lO /olinal 6: 60 64, I 98:1.

Mor  Y ,  Nagaoka 5 :  Anew an i lh .onbogen ic  n ra ie r ia lw lh  lo .g
polyethllene oxlde chains. Itunr An -5.. Adil r"tern Orga.i
28: 459 46),1982.

B. Cl, D-"mbo M, Bongrand P: Cell adheson. B'ophys / 45:
t05  |  1064,  I944

Kle . l , l ! . kham PF For .es  be twee n  two adsorbed PEO laye6.
A,'a.fonrole.u/eJ l7: l0,ll 8, 198,1

sato T, Rr.h R.slabil'zalior o I Colbidal Di\pettons bf Pat'tnel
AdJo|ptio. Dckker, 1930.

YoLns BR, Dovlc MJ, aol ns wE, et al: Eflcci ollhrombospon
dln and onrer p ateler a sran! e prole ns on art Iical slr
iac. indLced ih.ombosis. Tra.s Am Jo. nn'i l.ten O/8,ts
28 :  ,198 i0 l ,  1982.

Lanbre.ht LK, Yo!ng BR, Staliord RE, Ab.e.hl RM, Mosher
DF, coopef sL: The inlLLe.ce oi pfcadsorbed .a. n€ lof
W lebrand fa.tor,Iibronccrin and librinosen o. in vrvo art
l i c ia l  sLr face  indL. .d  th ronrbosG.  Ih roDb Ret  4 l :  99  I17 ,
r986.

Young BR, Lambre.ht LK, Albrccht RM, Mosher DF, Coopcr5L:
Parelet prolein intera.lions al blood'polymer intcrra.es In

d t  . t , . .  . n  o ,  r r  r r .  ,  J .  r  8 J 4 .  ) o
442, I98:l

24. Okano T, Nhh yama S, Shinohara l, et al: Role of mi.rophasc
separated srrLdure on the ntedaciaLol polymerwith blood
AC' P.lfnet P,eptintt 2a:571 a74 1979.

25 Okano T, Nishiyama 5, Shlnohara , et a: Efi..t ol hydroph ic
and hydrophobic mi.rodoma.s of mode o{ .teraction be
rween block poLymer and bood plateleG. / Siomed M,ter
Re5 l5: 39:l 402, '1981

26 sakurai Y, Aka ke T, Katoaka K, Okano T lnterfacia phenome
non in biomaterlaLs chemislry, in Nakajima A, CoLdbe.S E
leds), Bnimed'.al Polyne^ New York, Academ c, 1980, pp
3f5 379

27 OkanoT,  Kataoka L ,  Sakura iY ,  Sh imada M,Aka i laT ,  Sh inohara
Lr MoleculardesiBn of block and SraitcopolymeE havingthe
ab i l i t !  lo  s !  ppres  p la teeradheson in i iOfB,n t5 :468 470,
l 9 8 l

28 .  Sh lm.da M,  Mlyahara  M,  Tahara  H,  e t  a l :  Synthes is  o l2_hy
droxyethy l  me ihac .ya te  d imc lhy l  s l loxane b lo .k  .oPoy
.r.6.fd rhe r ab ity to ruppress bood pLatelel assreeaton.
Palrnet lounal l 5: 649 656, 1943

29 Okano T, Katayama M, Shinohara l: The nlluence ol hydro_
ph i l l c  and hyrophob ic  domalns  on  wnterwe l tab  l i t yo i2 -hy-
d tuxyethvl methacrylare styr€ne .opo ymeru /o!r"a/otlp
phed Polfnet Sct.n.e 22: J69 377, 1974.

lo .  oka foT,  Kahoka K,  Abe K,5akura iY ,  sh  imada M,  5h  inohara  L
lf vivo evn Lalion oI lhe antlhrombogen cly .l trlock .o
poymeE wih  hydroph i l i c  and hydrophob ic  mi . rodoma ns
by arrer ovenous shunls. Pro8reii in A^ifi.ial ArBatu 2:
861 866,  r933

ll Okano T, Sh mada M, Aoyasi T, et a : The hydrophilic hydfo
phobic nricrodoma n su ace having the abil ly t. suPpre$
parclct aSSregarion and the I in vivo anilthrornboSen .rtv /
Biomed Mate. ReJ 20: 919 923, 1986.

12 .  Ok.no  l ,  N ish  yama 5 ,  Sh lnohara  l ,  Aka ike  T ,  sa( l fa iY  n le r
a.lion bet\!ee. phsnra prote n afd microphase separated
slru.treolcopolymeE. folyr)eI loutnal 1A: 22t 22a, 197I

3:l Kim S!V, Ebed CD, Lin lY, McRea JC. Nonthrombogeni. poLy
me^: Pharnra.€ut.a approach. A5A/Olournal 6: 76, 1931.

14 .  Km 5W,  Eber i  cD,  McRea lc ,  Br iggs  c ,  BvLn sM,  K im HP:
B lo  ogL.a  ac t iv i t v  o t  an i l th rombot .  age. ts  imm.h i l iTed.n
po lymer  sur fa .es  An,  NYi . rd5 . '  4 r6 :  5 r3 ,  rqa l

il5. Hevman P, Cho C5, McRea JC, Oh.n OB, K m SW: Hepar n
ized polvur-"thane: In litro and in vivo nldies. I Eioned
t la rer  Rer  l9 :4 '19  436,  1935.

16  I  .  JY,  OkanoT,  Dost  L ,  Fe i jn  l ,  KLm SW:  Prevef t ion  o tp la tee l
contacl a.tivation by pronaSLandin Er reeased ifom polyur€
thane{ aces. rran5Am 50. A ttit Intetn Oryant 31:464 173,
r 9 8 5 .

:17  lacobs  H,  OkanoT,  K  m SW.  F  e  p  r  r  in  -  P  C E, .  o  n  j !  g  a  t  e  reL .as ing
polyme6. /ourna/ ol Co" tf./led ReleaJe 2: 313 319, 193s.

: r3  (m SW,  Fe i l in  J :  S l r fa .e  mod i f i .auo .  o f  poyme6 fo r  m-
proved blood compatib liiy in biocompalibi ly aRa artnrl
R€v'e'vs 'n /l'o.omprtibilitf l: 229 260,19a5.

39 .  Andrade JD,  Co l€man DL,  D id ishe im P,  Ha.son 5R,  Mason R,
MeriillE: Blood-materah nteractions: 20 yeaG o f!nranon
Lan i ,AD Jo .Ad i I /n te fn  Orgars  27 :6 j9  662,  l93 l



t.?b
!

.c3u
9

.t ! 
g

; s
J

 i

t.- e
!!*,,
iist
::r:0

.fi: I ,?

iiiEiii iriiiiiiiii 
iiiiiiiiiiiiii 

iii

illi i*tiui*l 
iiiiii;iiiiiiliiii

; ; 
ti*!E

i$i;l:E
ei-;:

Izo



'[2
ig

:*t8

I 
: qs!

J
 

'.;E

8,6 r.: +

9
: e

-9

^
 

?
 zz

.

<
iq

E
g

i;!
.9

I9
:

t.!

g
t

8
+

H

n
lIV

^

n3

e
t 

.tL
t

^
l

,
'

""Er----



;i:iffiiii;ii
;i;iE

a;E
i:i;;

ii;;:i;!;ii;;
iifii:;;!iiE;
;!lsi$ifi;f 

i;
i:!si€:i+

:E
;g

: *;;!:,.!€
I i.i.

r
id

!o
9

i)
.!9

1
 !;,.9

€;#gg#i;ff:
E

E
;c5

E
g

E
E

9
ci!

; c r i E
 Er E

 E.U
 

7I

!.e
s

q
;

3
t3

g
i

-t 
6

rsiE
'

*=
*rt."

-"-;E
:

"5
;E

i"

i 
;;!. 

o
e

6
 

d
 

6
 

_
3

.!g
i6

F
 

L
 

L
 

i9
9

]P
.E

!
, 

r !-s
's

x
/\ 

/\ 
| 

!r=
 o

.c -d
. 

;-!q
n

6
<

 
<

 9
 

q
P

ts
=

<
tr L

 
: 

!E
;5

;:
;

9
i!

R
=

9
,."rF

\
=

123-3\
9

r
-

6
o

F
E

;9
E

f
o
€

r 9
5

9
6

c
;;

F
'S

E
.

.-e
e

;
" i2

"F
aii-,
G

 d
E

IE

e,l-

c1.

o
*$

-
,

i



llliiiirlfil;iiirrllll
,riii:llfiil*lllliill

s
 

E
.

6
;

 
E

:
9

+
E

:
 

r
-

l

t5 4;i!;reH
se HE

6
€e:ee

<
E

 iib
-:;e

6
s

,€c'; : 
E

t F
il; E

E
 rE

5 E
B

oc:sE
sE

:
=

;e
 E

l.d
*il5

8
+

:E
E

iE
F

iE
E

:
- d

r*"'---"--

o

j%
Y























7
7

1 .

3 .

TABLE OF @ITIENIS

Opening Rsnarks- D!. Janes Va lde s . . . . . . , . . . .
Welcome- BO Peter Hidalgo....
Acetylcholine Receptor-Baaed Biosensor-
Dr .  I 4o l tee  8 lde f raw i , . . . . , . .
Characteristics of Receptors ard Ion Channels
and their Potentla.I for Biosensor Develolment-
Dr. Elias Michaelis. . . . . . , .
Calciun Channel Irduced in XenoFnE Oocytes bV
Bxogenous nRNA- Dr. John t€onatd.,..,.
Polyannoniun Macrocycles: Cheodcal Minics of
B io log i ca l  Reac t i ons -  D r .  l , l a t t hew Mer tes .  . . . . . . . . , . . , . , . . ,
StnELure ard F\mct ion of f'filgcarinic Receptor
Subtypes- Dr. J. RarEchardl:an
Overvieri of 'lransdueers for Biological
SeDsors- Dr, Jesse Patton.... . ,
Adlarees in Capacitive Affinity Sensor
Technology- ltr. Arnold Ne}ri|sn. . . , , . , . . . . ,
Frorn Chenfets to Reactor-Based Baosensors
Dr. Peter Ch ellr|g . . . . . . . . . . . ,
Molecular R€cognition Efenents for Biosensor
Design- Dr. Cary R€chnitz. .. . .
Sensitivity of an Evanescent wave Optical
TrE rsducer-

4 ,

6 ,

7 .

10

l 9

30

38

45

57

6 1

69

76

1 0 .

1 1 .

12.



ClfFt'l lCFt
RESE6RCH,
DEVELOPI.IEI{T E
ET{GITIEERII{G
CEIITER

Tuana'
-.'---.-

U.S. ASMY
ARMAMENT
MUNITIONS

,l (:>_

THIRD ANNUAL
ON RECEPTOR-BASED BIOSENSORS

cRDEC-SP-88025

Edited by James J.  Valdes,  Ph.D.
Darrel E, Menking

Mia Paterno
RESEARCH DIRECTORATE

July 1988

i l

. t

Ab6dsln Provihg Ground,  M.ry l lnd 2101O-5423

CHEMICAL COUMAND



the research ard developrcnt staEe ard is now in enEiineerinll for
product configrFation for the aoctor's offic'e. I,ve tried to get then
to share their fiber costing technique€ n'hich theyrve developed but I
don't think they've eve? shaied that inforfiation. On sp€cial cases
they've said if you serd us the rea8lents, r,qe'I1 coet then for you tmt
we won't tefl you what we do. their Fepoiting CVts for connercial ard
diagnostic raruie frdn less than the flve penrent range.

Glass: Certainfy less than ten F€rcent.

Patton: Nonspecific absorption on any tlTe of lllass surface is a
problen, particularly a wave Euide in which ]rou are interested in
whatts happening optically on the surfsce. I do believe that the
nonspecific absorption problem c€.n be solved.

Q: Does ar\:r.lhing in this technology preclud€ the employnent of the
f1or,r cell incorporating the capil.lary you described in the flow cell?

Glass: No. 'Itlat's ho't{ we do it. we do it also sirictlv witl
capillary fiUing. AII of the rnork that- I showed was done with the
flow c'e11.

Patton: I'd like to inL&duaC Professor Joe Andrade fiho,s of the
co11 of eigineering at the Universi

nue the sane line of discussion sn:l
address the question of how one rnight take the sensor that rrEs just
described end try to nake a continuous and possibly even a renote
device out of it. You nigbt rant to subtitle the talk "Sone Unsolved
Problens a.nd Concems in the Developrent of Receptor-Based Optical
Biosensors. " Orr giroupt s goal is ?enote semicontinuous optical
biosensorc based on fluoroinnnrnoassays , not disposable one-shot
devices. There is considerable interest in the biotechnology and
biochemical engineering business for an on-line process control of
biochemical processes. lhere's some interest in r"raste and n.€|ter
treatment LEter nonitoring, srd considerable interest in nedicine and
diaEnostics. It's possible that tlis csn be done in an i! ttityq
implanted sensor mode ard biomedical research as wel-l. There is soltre
interest in the defense establishnent in continuous on-line monitoring.
Our group's basie science goals are protein biochenistry arrd how that
eouplea with s\rrface and interface cheoistry, with optics and
sfEctroscolry to probe that._- PoIyDer chenistry in surfactants are used
to modify it. Our en8lineering goals are to enploy proteins as
engineering mEchines and devices.

The area that's been the most developed in the Elenera-L
eDtlineering colrhrrnity is sensors, biosensors in particulax. How does
one detect and nonitor' one of the proteins at aJl interface, in s
reproducible quantitative narmer? AfrDost any label,lir8 process ean
change the physicaf chemical characteristics. About five years allo we
were starting to Iook at probes of proteins at interfaces, and decided
to would look at the intrinsic fluorescence l''hich is Dresent in mosr
proteins, prinarily via the trwtophai amino a.cid noiety. That absorbs
in the W and fluoresces a fittle closei into the visible, with &
respectable qusntun yield of about ten percent. Most proteins of
interest are intrinsically labe]led with a tlv fluor. There,s
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considerab.Ie infonEtion available frdl fluor€sceDce ln addition to the
intensity ard spectral inforrEtion. Fion fluorescent erd
depolarizatj.on infodstionr fluorescent lifetines cao be deduced 8rd
on€ cat! neagure energy transfer ard use specific probes to chat|ge some
of these other p€ra.meters. Itrere's a wide lrtdtber of infonnation
chanDel€ to fluorescence. we use a dove tail prism in the researctt
apparatus ard a fiber optic device in the analytical and engineeriDg
apparatr.rs. our device is equipp€d with a flow cell becairse r.€ r.rant to
control the hydrod''nanics and be able to folloe,r the nass transport
diffusion limitations and relsted consider:ations. on the other side of
the flow chaffrel, a gamra detector is nowted so we can u.se lebe-L-ted
proteins ard use the radiolabelled siEnal as a cafibration' The total
internal reflections fluorescent signal is similar to the ttrffer
bsckgrowd. As one injects protein solution into the cell' one sees &
component of the buft solution. The evanescent r.Eve and the visible
r,'ave penetrate on the order of 2o0o sngstroms, and in the w about 1000
angstroms. The protein's dlnensions are of the oidei of about 100
angstrons. You see what might be called a bowdary lqyer ot. evanescent
volme conponent.

Protein absorption at an interface is kinetics-t]y a
relatively slow process and takeB on the order of trrinutes to hours to
reach saturation, This is a non-specific binding process. At the erd
of that process you renove the protein solution' the bulk sidnal
disappear:s, and you can see if the &bsorH layer is stab]e. Is it
reversibfe or irreversible? NorrDaIIy, you find sone conponent of
.l"'arious populations, some of r'']rich lrill be renoved or desorbed into the
buffer. 'Ihe interface optica are very well lmol.Yl, particu]ar.ly if you
have a systern where the evanescent nrodes are weI.L defined. In the
total internal ref.Iection prisn geometry, there's a single well defined
mode. The eLectric field is decaying exponenti.aLLy into the ,Low
refractor index phase, The fluorescence being emitled is the integraf
under that and involves a quajlturl yield' the absorption coefficient of
the fluor, concentration of the f.Luor, the proportion of the
fluorescence enission r{hich is cotlected' the square of the electric
fiefd strength, snd so forth. One can rigorougly qusnt.itate that ' if
you aasuDe a concentration profile of the interface. We sssl-lDe a step
concentration profile which Ur,.ron Block indicated was due to norntal
absorption or specific binding processes. The protein is concentrated
at the interface by a facto. of as nn.rch as a thousand or nore over its
concentration in the tmlk ' and then we assune a rrrlifoim bulk
concentration profile. You csn ratio those two profifes' make a neior
asslnnption that the quant\.m yields of the protein in the -[ayer at the
interface and in the bulk are the sa.ne. that's a bad assrnnption in
irany cases, particularly for the intrinsic f-[uor. There's another
problem in the ultraviofet, t*rich is scatterinEl due to the imperfection
of the optics. The optics are never 100 percent f€rfect, not even an
opticaf fiber, or the fiber solution interface ' and so there iB a
component Hhich does get scattered into the far field. That conpone.nt
propsgates into the cefl and generates fluorescerrce fron the butk
solution, ao the optica-L trick of evanescence aL lori's you to separate
the bound fron the bulk through tie fact that tie evanescent ltave ts
constrained or contained at the interface. There can be sone
excitation of the bufk tlrough this scattering phenornenon. In t-he
ultraviofet, that is a particular prob.len because scattering occurs ast
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considerable inforrnation available frcm fluorescence in addition to the
intensittr ard spectral inl'orrDation. Fron fluo"escent ard
depolarizatic'n infore.tionr fluorescent lifetines can be deduced 6rd
one can neasure energy transfer and use specific probes to change so@
of these other p6.rrneters. Ttrere's a wide nunber of inforoation
chsnnels to fluorescence. We use a dove tail prisn in the aeaearch
apperatus ard a fiber optic device in the arlal]"tlcal and enEineering
apparatuEr. Olr device is equipped r^'ith s flow cell because we lrant to
contr'ol the hydiod''nanics ard be able to fol-low the Dass transport
diffusion linitations and relat€d considerstrois. on the othei aide of
the ffow charme.l, a gatl!)a detector is nomted so we cam uae .Labelled
proteins and use the radiolabeued sighal a.s e calibration. The total
interrral reflections fluorescent sighal is similar to the buffer
backgrourd. As one injects protein aolution into the ceII, one sees a
component of the bulk solution. The evanescent r^Eve ard the visible
Have penetrate on the order of 2000 angstroms, and in the W about 1000
aDgstroms. The protein's dinen-sion-s are of the order of about 100
anllstrons. You see whai night be caLled s bolndary feyer or evanescent
volune conponent.

Protein absorption at sn interface is kinetically a
refatively slow process and t€kes on the oniet' of ninutes to hours to
reach sa.t\rration. This is a non-specific bindiqg process. At the erd
of that process you renove tie protein solution, the tx k siEl|al
disappears, and you csi see if the absorH Iayer is stable. Is it
reveraibfe or irreversibfe? Nol]nal.Iy, you find sone cofiponent of
'!.arious populations, sorne of r.tich wiu be renoved or desorH into the
buffer. The interface optics are very well lmorrr, particufar.Ly if you
bave a systern where the evaneacent Inodes are weu defined. In the
tota-l internal reflection pri$n geonetry, there's a single well defined
mode. The electric field is decaying exponentla-Ily into the -low
refractor index phase. The fluor'escence being emitted is the integra.I
lnder that and involves a quarltun yield, the absorption coefficient of
the fluor, concentration of the fluor, the proportion of the
fluorescence enission which is collected, the square of tlle electric
field strength, and so forth. One ca.n rigorously quarliitate that, if
you assuDe a concentration profite of the interface. We assrme a step
concentration profile which ltyron Block indicated was due to nortrlal
absor?tion or specific binding processes. The protein is concentrated
at the interface by a factor of as nrrch as a thousard or nrore over its
coocentration in the bulk, and then we ass1nlle a mitorm bulk
concentration profile. You can ratio those two profiles, t|ake a major
assr-rDption that the qrisntun yield-s of the protein in the layer at the
interface and in the bulk are the ssrle, That's a h€d asslqnption in
many cases, particularly for the intrinsic fluor, There's another
problem in the ultraviolet, which is sc&tterir\g due to the inperfection
of the optics. The optics are never 100 percent perfect, not even an
optical fiber, or the fiber sofution interface, ord so ther'e ia a
component i,.hich does get scattered into the I'ar fie]d. That component
propagates into the cell and generates fluorescerrce fron the bulk
solution, so the optical trick of evanescence allows you to separate
the bowd fron the bulk throwh the fact tllat the evanescent ave is
constrained or contained at the interface. There can be sone
excitation of the bufk through t}lis scattering phenomenon. In the
ultraviolet, that is a panticular problern because scattering occurs as
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the inverse of the l.]ave fength, so when we r.rse ultraviolet detectron
for fwdanEntal studies, t.'e h6ve a scattering p"ob1€o r,*rich is an ordei
of r@gtdtude gleater thah when we're in the vi;ible. If you plot the
fluorescence as a frmction of concentration of scmething with a very
high absorption coefficient, you fird that the scatter siClral rapidly
plateaus due to imer filter effect. You never see an itmer filter
effect becanrse it's essentially linear all the ray to satirr:ation or
precipitation of the solution. By playinE that st€rdardization gare,
one can sort out the scattea cdrponent from tlle evanescent co{Fpnent,
r.irich a1lows very rigorous guantitation even in the uftraviolei. The
advantage of workiig in the ultraviolet has to do with the interfacial
biochemistry to uderst€nd r.rhat is haF,peDinC grith sntibody label_Ling
Brd antibody i:mrobilization with the kinetics of antigen birdi.ns.

It r,ras clear to us about four or five yesr€ qgo tllat, if we
could detect one protein interactinE with alrd interfacing Hith another,
we could also det€ct two. that led to our inter€st in apptyirrg total
internal reflection fluotescence which l.a.s patented by Hircht'eld in the
60's as an analyhical tool in ir@nmo assays. One can do fluorgrflIll.|rlo
assay in the ultraviolet; it's not particularly recolrmended, t L
celtainly antibodies are [rV fluorescent and nost of the protein
antigens of interest 6re a]so IJV f]uorescent. The colmt lEtes are fow,
W light sowes srd ttv detectors ar€ still & problen, but the blggeer
problen is that you fry the imobilized conponent after significsnt
excitation tine in any sort of oxygen containing solution. That's not
sfie!|able t! our fong raDge goal of a continuous or senicontinuou.s
remote serxror. The nodes of operation of such a sensor have already
been descritEd. There are a rrtole variety of Haj,s to do it, r.*Ether a
saturation tlTe assay or conpetitive binding assay, on€ can nonitor
antigen, antiboqy, and so forth, I,n goir€ to focus on imDobilized
antibodJr for altigen or hapten detection. One of the big concerns is
how to irmobilize the antlbo4y. In conventionai, one-shot diaCnostlc
imnlnoa"ss6J., tl)at's often done by physicsl absorption onto a
polystyrene oa other suppo.t. 'Ibat csn work very I'.eII, We,ve Iooked
at ICG physicsl absorption on dimethyl dichtoro sitanized otrartz. on
unnodified or hJdrophitic quartz and on alnino propyl sitanized quartz.
Olr experience is that amino silane is a very b€d supr,ort on uhich to
inmobilize and lead-s to fairly sighificant changes, The DDS is not' loo
bad, as it is a sort of a nodel hydrophobic surface qhich one can
covalently imobilize. We do it through a preabsorption of albr_rnin
follor"'ed by a. glutaralde\vde cross-tlnking of the alhltrlin ard aglutarald€hlde coupling and cross-linking of the srtibody. We,ve arso
tried glutaraldehlde coupled directly to an ApS and crcss-liDked the
antibodtr that eray, and lre,ve afso p.Iayed with protein A in order to try
to orient the antibo4y. the nodel sl'stens that ra,e've used are aI| anLr-
digoxin systern, a monoclonal to digoxin, and a connerciaf goat ICC to
hLIIiar IGG antigen. the binding constants in solution have not chanlied
dranatically on binding or innobilization to a glutaraldehyde suDDorr
or on phys ical absorplj on to a DDS support, In sdne csses t}ere can tc
a significant chaige in the binding constant, htt not in these nodel
s}'steus with rqhich wetve chosen to work.

We are inter'ested in the fiber optic sensor approach and we trse
a large fiber with a siliea core, where t}re claddiDg ha.s been stripped
in the sensir€ region. There are reafly three fr.rdanental Droblerls 1n
making such a technology suitable for renrote continuous use. It,s
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clear that fluoregcent reagent is required. fhere ar€ r.rays to 8et
aromd that, but they all. heve sone prob1eB. How do you deliver a
f.Iuorescent reallent for a codtinuous rarote sensor? orc coufd ttave a
ph.dbing s''sten or perhapg a fiposomal kind of systdur to deliver
reagent r€sotely. We've chosen to approach it frcm a Fhotochenical
point of view by using nitroaronatic linkaEes hich are intrinaical.ly
trfiotolabile. They brea& *hen they abgorb protons of 350 to 360
nanoneters, so wetre coupling those linkages into a polymer. lhis
pol}'Ioer ie actually a hydropropy-tnrethylacrylanide derivative which ha.s
been used extensively as a drug catrier foa cancer treatment iir
experirDentaf aninafs. one is a side chain to the baaic polyner
stnrcture, another side chain containg a oitroaro@tic group ldth a
reactive anine, r"trich can then combine the fluorescein ta.befled antlgen
or a.ntiMy . lhat seerts to r,rork reasonably well in b.rlk solution , the
project nol.t is focusing on trying to nalte a. gel which ean be interl'aced
witl the opticsl fibei in slrch a way that a pufse of 316 nanooeter
light dolrn the fiber wi1-I then re.lease a prlse of fluorescently
label-ted reagent. fhe more serious problerD is: are t.e nmninfl a sen€or
or a dosineter? Most of Hhat's been discussed during the neeting
reafly involves dosineters. If we pull out the stops on sensitivity
and use s]'stens with hiEh bindlr\g constants, then for all practical
purposes that birrding is irreverBibfe. It clearly can be displaced ard
so r6de "reversible", but it takes riEorous corditions or nuch patience
in terms of response tine to do that. It's both an advantalie a:rld a
disadl'antage of rntigen+ntibo4y s]'stens. The on-rate constant,
forming t}te antigen-antidy conpfex, and the off-rEte coDstent 6,r€
such that you Eet a high binding const€nt. You Ranrt a very high
binding constant because that gives J,ou a high sensitivityr but it also
neans that the off-rate is very sfow which neans that the respoDse tine
is very slovr, We would like to cut that dorfi and have a short response
time, but that is at the exp€nse of the bindins constart r.rhich neans
the sensitivity diops.

The ideal system is one with a hich bindins constant duriig
the ireasureflrent ard a very low binding constant betir'een the
neasurenent. We'd like to be able to use it as a dosinreter durinE the
nea,surement, and then rezero it between neasurenent€, Sone of you lBve
genetically engineered systerB which nay be able to do that. Can we
chaDge the local environnent arolnrd the antibo4y to change its binding
thenno4l'n€nics? we've chosen to Iook at three approaches to that, trrt
one is going to be very hard, one wi-tl be rclatively eaay, ard the
other, the rnost interesting one, wil-L take a few years, One approach
is to nm the appropriate solution throwh an antigen-atrtibodv colum'
ard il the solutions are appropriate, you can displace the bond. You
do tllat by chsnging the conformation of the antigen, the antibo4y or
both, or changing the nature of the media Bo the antigen antidy
interaction is sigrificantly nodified. That's a solute 6pp.oach; ]rou
cai do it through chsnge in pH, through chan8e in the hydrophobic
nature of the hldroFhobie structure breaking &gents or others, We
i'ould Iike to have a reversible solute in older to avoid plt.-ulbing, You
can do it by plunbine; simply plunb the sl'sten and r.€sh it out with the
aFpropriate e.Iute, but we'd like to avoid that in a truly renote
sensor. Our approach is to nake a nacronolecular switch rrhich, lnder
light, il1 induce a photoconfontrational change, We try to det a coi-L
expension, which ba^sically tales a nofecufe and pops it out so it's co-
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imDobiliz€d with the antibo{y, but urler liSht it expards ard rrc'w is
essentially ruining the surrorndiDg solution. It's a concentrated
solute, hrt r.'tren it's finished $e can prll it out of the way by sfup1y
prlting off the liBht or expoaing to light of a different wave lenCttr
to charule the confonEtion. Orr idea is to have a solute rtrich we can
direct into or out of the bi-rdt€ legion. The nodel systen we've
chosen to ltork with for this is a series of Donoclonal antibodies to
fluoriJle. It's probably the most !.idely used dye in
fluoroinmlmoasssys, the other good aspect of using thie aa the hapten
is that the fluorescence of fluorescein quenches when it bi,rda to ita
specific antibo4y.

It's very easy to do an on- ard off-rate assay ard to neasure
t-he artigen-antibody iherflodynanics with this sl'steo. the bindiDg
constant of different donoeloriafs charules at different rates with
terryerEture, so we crur chose the right birding constant for tha!
particular experinent. Since you have the tenperature-dependent data,
you can extract the thermo4)'nanics from thet. the entropy-enthalpy
conpensation process leads to the fr.ee energy being relatively constant
lmtil you get to tenper€tur€s at which the nolecule begins to
irreversibly derEture. You can expard that free energy curve ard sh@r
that there are some slgnificant charules in free energy r.dth
teffperature. orle Eood aspect of thia s''sten is thet '.ou can not only
nea.$.ure the overall conatant tut also t}Ie off-rate const€nt or the
dissociatic'n lifetine. If we were operating at about 1Oo C, it rou_Id
take about 5000 secords for this thing to dissociate or reach a level
of equilibrilul with a change in antigen concentration or fluorescein
concentration. At bodJ. ternperatu.e, that's doHn to the order of sixty
or seventy secords. It's cfear that we cam change a dissociation
lifetine by changing tefiperature, at least in nany antibodJr classes.
Hofl do you chailie temperature at the interface without fryins the
solution? We haven't done this ]'et r,lith an e\,-anescent wave. CdniDg in
with a near IR besm, Irbter has a f&irfy stronli absorption at about 1.4
to 1 . 5 nicrons, ard a mrch stronger ab€orption at 2 . There are Ed,
portable Iight sources av&ilable in that region. The solute approach
is an interesting one if ere look et the IoE of the bindiig constant a.s
a fimction of the concentration of a particular solute, In this case
it's nethylpentanediol Fhich is conrbnly used as a cryst-aflization
golvent by x-ray crl'stallographers. with nethylpentanediol the
Change in the solute concentration drops the binding constant in e
substatrtial narmerc by up to three orders of nagnitlde. If we could
have a solute sinilar to that incorporated into a pol)arcr I'hich could
be photo changeable, then we night have sonething. The
hydroxypropylmethylacrylsnide nonone! worked s]ightly better, it rent
up to about eight percent, where the other went up to about 50 percent
solute. In this partieular case, by adding about eight percent weiEht
by volune of the inononer, we dropped t}le birding constant by 6n order
of magnitrde. It does appear feasible fron an antigen- antibody
thedodJ'nanic point of view to do r,trat we've suglgested here. We can
try to desigh a polyner which c€n be iftnobilized or co-imnobilized at
the interface together with the antibody, ard have a region rr'hicn can
expand lnder optical iflumination, and a"s that exparrds, it drives a
concentratd sofute into the bindinS region. The solute is reusabfe.

The photoconfonDational s).stem r.re've chosen, azobenzene is
folnd in Iiterature going back to about the earfy 1940's. Azobenzene
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is essentislly nonpolar with no dipole Mlent in its ttotEl glowd or
trans state, but whe[r excited witl 35O to 360 naD@eters it pop€ into
the cis forh r.*rich has B fairly subatantial dipole mm€nt.
Polypeptides with azobenzerre side chains c€n urder:lo significaht
chaDges in the aldla helix content as a result of this chaDSe in
polarity of tlte side chains urder optical €tinulation. It's a
copo]}rer aFproach, ard agb,ir r,re used hydroprop,ylrethylacrylamide to
give us the Nate" solubility ard tie g€nerel cdnpatibi-lity' ard an
azobenzene derived hydloraylietlrylacrylanide nonmer to give us thia
I*roto confotrBtioDal pE oFrty, A ffi,II &tortrt of mndler r,.ith a
reactive side chain allows us to couple to the surfac€ or to antibodt
oi artiMy fraElnents. We started out with netlracrylic acid because
the change in the polarity of this group due t, the trans-cis
isomerization char|ges the d( of this 6roup, which charules tlle deglee of
the ionization, !,'hich chaiges the coil size throwlh a pol}'e.Iectrofyte
coil expansion ardunent. we do see changes in the d( atd in the degr€e
of ionization as a ?esult of the pbotoisorcrization, txrt that's.not
sufficient to this point in the desi& of the copolyner to llet a
significant coil expansion because the nethacrylate backbone is
extretnely hydrophobic. lts hydrophobicity is sufficient to ovet come
that. we're now noving to sn acryIic acid systsn for the charge
component and other compoDents to try to ninimize that hldrophobic
backbone. we're fairly confident that it will work eventually. It's
also obvious that a raDddn copolyner is not likely to lrork in practice.
we're Eoing to have to go to an a.synDetric polyner. It's essentia]lJ a
block systern, {here we have an innobilization block, the coil expansion
photoconfonDtion block and the solute delivery cdponent.

A coupfe of other projects at nhich we're lookinll are of sdne
interest. Lillht sources L'hich ltrininize the fluorescence t€ck€rourd of
setltln bove a strong rrse in continuous renote sensors for use in blood
and in nedical applicatlon. Tt's clear that if you excite mrch below
500 nanoneters ]'ou pick up a sighificant fluorescence frctn sennn. What
we've done is, lathe? than go to the phycobilic proteins in red LED'st
r.'e're playinli l{ith the new Eeneration of helir-m neon laser€. A lireen
he.lirnn neon l,nrich prts out about 543, and relatively inexpensively one
could pick up a rrillir-ratt or so at 543, ard the rhodsldine dyes r*rich
have nsny sinilarities to the fluoreacein in so|IE respects, absorb ard
enrit very nicely as a result of that exeitation. thst's a direction i.n

, which we're Eoinli on the sensor side, Another wresolved problen
that's been elfrded to is this whole question of nonspecific birding.
There are nany possibifities for nonsp€cific binding. First of all'
there are afl"ra)'s parts of the interface that ere lrnnodified witn
protein, in the case of the cla.ssical silane reaction' there are pieces
of the interface i,tlich rnEy be tmsilaniz€d, ard one car get F,hlBicat and
nonspecific birding to the support. The antibody or antigen or hapten
that you're irmobilizing is being illtnobilized throuEth sone chemistry,
Dr. Patton referred to a urethane-.like linkage in his telk. A1l of
those will becorne involved in nonspecific binding to various extents,
deperding on !''tlat A, B, c, ard D, are in the nedia, Th€re's
nonspecific bindlng to the sntibo4y itself, because the imnobilizstion
results in a slight cbange in conforllstion because itts present in a
different nicroenvironnent than it Lras out in the bulk solution. There
csn be nonspecific birding to the anti@y or cross-reactivity with
other material .
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O]r Eroup has been interested in bioconpetibility in t}le
blood environnent for about twenty years, ard wetve been very
interested in the r,rhole question of protein resistsnce aurfaces; that
is, how do you keep proteins off an jnteaface? The onfy alpr€ach that
L€'ve cone across that seerB to be gener&I r nonspecific r and works, is
to idmobilize pol}'ethylene oxide to the surfaee and other neutrBl
hldrophilic pol]tners, PoLyethylene oxide appears to be wrique. The
argiunent is an exc}.ded volnne steric excfusion arCunent. PEO ia used
extensivefy in a colloid field to sterically stabilize colloidal
dispersions, ard that's one of the reasons that it r,'orks. A protein,
in ord€r to absorb at such a surface, has to conpress or minimize thia
excluded volune. You rnight think of conpromising the configuration
entropy of the PEO chain. That is an lmdesirab-Le process @Less there
is a stroirg interrction beb,reen the protein and thet perticular
surface. That's a good nonspecific iepufsive technique. We're nort
imDbilizinS our antidies through PEO tethers, so that at lea.st the
PEO tether will be ree.sonably resistant to nonspecific binding. Then
we're tryinEi to quencb or cover the rest of the surfsce in and arowd
the Entibody with fow nolecular weight PEO chains, to ninimize any
other nonspecific binding.

Sone of the surfsce chef,listiy ard bioconpatibi lity concerns
we're addressin!|, then, are fluorescent reaElent delivery, remotely
urder optical control, nodulation of antille.n-antibody binding constants
both therrnaUy and through photoconforrnationaf chdEing, or
photoexFension of an appropriately desiEned pollrer to be co-
imnobilized with an antibody. 'IlIe question of optinizing antibo4y
orientation is imnobilization, and oui'appioach to that is through
pofl'ethylene oxide to get the antiboq.'- anay fron the interl'ace ueing a
fully hld]'ophilic tether, In essence, to keep it in a nicroe-nvironnent
as siinilar to that as bulk solution a.s possible, We're working on
mininiziDg nonspecif lc binding through steric exclusion arltnnents,
largely using polyethylene oxide approaches, and t}le nodel slstens that
we'r'e working with at the ICC, anti-ICC polyc.Lonal. A digoxin, anti-
digoxin nonoclonaf systen was provided by the Univer.sity of Utah ard
nore recently fluoiescein, anti-fluorescein systejn fron Illinois and
Utsh. l,le're noving into sercorc for coaliulation proteins, aEain
slx)nsord by NIH, ard the systems we've chose.n to noik with initia.lly
aie thronbin srd anti-thronbin 3 atd their appropriate nonoclonals.

l i{ . /  r '"  v(
B-Lock: Your work with the (:ifce+ey source looks very interesting. Just
for comparison, aff we're dl-nlping on our s}'stern is a couple nicrohratts.
You get up to a ni-l1iwatt. I think you'l-L win the piize for the lowest
detection level before we get there, because you'd have factor of a
thousand imnediately, so you'd be able to get to hrndreds of nplec\rles
easily.

Andrade: We haven't attenpted to do any optical optinization as
you have, and so our nl.firerical apertures and these things are afl
suboptilBl.

Q: You nentioned the polyethyle.ne oxide tethers. Ho'r./ do you attach
the polyethylene oxide chains to the solid surface?
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Andrade: The?e are a l.ariety of ways one can do that. l{o€t of rdtat
we've been doirul involves the a$inopro!'ylsilanization of silica and in
u.sing that aroino llroup for other coupling reactiorB, so the Pm can be
deriliatized. You c€n even tuy dianino Pm. we a.e producing PEo with
two different finctional Elroups, one with different group8 on each e-rd
so we can be sure to ninftnize looping effect.

Q: Aae you irairul a silane?

Andrade: As fai as the activation of the silica 6urface, yes.

Eldefrar,ri: I r,uould like to nake e follow up cod|tlent on the sourrces and
riays to get the 1i6ht. Another aflproach nay be active fibera, r*rich
are getting very popillar. They'"e begirming to ererlle as conrrercial
p"oducts. Your technology has an active fiber that you can Inn in one
uave le.gtb ard you can get enother r€ve lerult-h.

Andrade: You nean these fibers containiff a bdlt in fluor?

Efdefrawi: Terbiun, yes.

Q: You nentic,ned thst you're goinll to cover the rationale leading to
the photoexpard8ble fibers. Could you elabo.ate on that?

AlrClade: thele'a an old effect in the polyEr fieLd called the photo
viacosity effe.t, If you tske rEthacrylic acid or acrylic acid
s,'BterDs, ba.sically pol}'electrolytes, ard heavily derivatize then r.titb
azobenzene derilratives, ]rou can ah6r the viscosity chandes dramticsfly
in the preeence of liEht. You can alsor in th6 preeenc€ or absence of
Ii8ht, titrate and get the ts( of t}le systens. Thet€ts no questiott that
in the appropriately designed polyrrler that happena in aolution.

Q: I could explain a change in viscoaity a.s a chanEe in electronic
configuaation leading to a charlge in hydlogen bording' for instance,

AndrEde i Yes, t)tlt they're getting viscosity charulea of varioua
silhific€nt anowrts.

Q: You spoke about dsta $here a birdiDg corEtant enth4lpy !',as a
ftarction of teNflperatur€. Itaybe it's something peculiar to tie
bioch@istry, blt chemistry enthalpies don't cha.ge r.ith
tenperatur€ typically. Free energies do by the change in the entr'opy,
c@oirent but not the enthalpy.

ArdrEde: Most of it is baaed on an arEl]'Bis that ha,s gone th!'ouEh a
lrhole variety of liSiard receptor birding syatena.

Q: bat thet irplies is tllst the bord strenlth drarlllea with
tef4Erature. I don't know too @ny er<afiples of that.

&drade: A nuriber of classical botd typea in biochediatry do char8e
with tesDeratrrr'€.

O F



Patton: Thank you very t!u@h for your paper. Fbdl r.'her€ this
conference Has two Jrears aXlo, we've ccme a long r,6y. As I look back on
the day' it sound-s like $ordelful thiiss ard exciting things are
happening in specific aneas: Tr€nsrducer technolo8y, optical raaveguide
tecbnologv, ne[,| solid-state ch€nfets, and inductive devices. In the
biE advancea in the individual cdrponents of wbat one need.s to nake a
biosensor transducer, technoloCy is noviru; along. In at:eas where w€
know Rhat t&e receptors are and how they flork, nsny excitinE thinlls are
halpening. We are back to the basic question--how nmch do we lcrow
about nenbrane receptors the selves? Do ne know enowlh to be able to
bring then inr nake then rlp with transducers, and expect the s6.rle kird
of success that we'!'e had r-rith other receptors like antibodies ard
enzynes? That's where the question is. Frcm| hat I've seen in the
paat tro or thr'ee ''ears, tlere ba.s been real pro€Iess in both a.ieas.
The papers I heard yesterday were encourallinEl and es a chernist even I
could wrderstand part of it. More of the rDechenisns of how the
rece-ptors are ope?ating seen to be understood. I think this technololly
definitely has a bright future.

Valdes: I agree that, in the p6st couple of ye6rs this field has cone
& lorui Hay, llre first biosensor confereDce r,ras veay snall and was
Iimited to contractors. When !,e firat designed the program it had very
linited backins at CTDEC, but the progt-an is ranked as one of the top
Anny research priorities.

96



:g
 

ii. 
i 

t''o
i 

- ?
r 

.:
b

ii 
i ?

re
s

 
.: 

;:li: 
.le

ii;i:
; 

E
i: E E,:i; i_ 33 :r?:i: i;;, -i:-

i 
i;;-'!i:;'-illE

; ;1
:ijl;l;:iF

iq
r

"= 
r:!l;i;;!!iis-;sr :;::-:ii €;5T;:;a;

: 
?

 r ! s
 E

 E F ' s
 i I ; H

 r : =
 

.":if g
ii 

-.ia
ia

'o
:!

g
e

ti:t::ir,ie
ii 

!r!lln
.i :-:--E

3
-:

r 
l!;!;i:;;:;iE

.-;: 
;i!;;!i !;e*fi:i;

, 
;;lln:iligtt:i;I :s$!t;i;lis:i;:r

: 
;;ilE

rli:;ii;:;:, 
l;[:;:t;;i;i;ait

! 
ir!8,:e:,':iE

"ig;E
 

i[;;E
;F 
l;g;;l;6;

E
tE

 iti;t:;iiE
;P

;:;:: ii;::9: Ica:i:::"
.::; 

;;:!ii3E
;+

;"*ri;! 
i:iii!iet;:;;;r;

i ;;t 
iE

ii;::;r:;i!56gi 
E

!:iiig 
*;;;C

:;*
: l;; ;iifiiit!iii;lili 

, :lii;ri 
ietii;'ii

IE
IliS

lS
;?'!13:s€ 

r= ;r;i[,, ;ll'ii{-1.
" ;a;;$;!!il;;iiii; 

i i;i:;E
i i;;;:!;:;

i -iE
E

!!iiiit!E
r"ri; 
E

 -?t;F:i .FilE
5:E

;
E

 r";"?€a.aiE
,';€e!i;' 

: 
€*isir' iFE

€H
'i'

66

zoozoozYEo3za(DllJ(!lz

JoM\-

[lOf,E:faEu-oo_ U)Ozo

o
>

 ;:p
! 

-;S
: <

!*



i ri:ii iliiiit :iiiii liii; !i; iii iiiii iir:
i ;;llri 

:iii;il 
lr':lr 

tii:i * i;; iii* ;iiii,
i tt;lii fiiilit :ig;!; 

liiiii i:: 3il gl!;i liili;
i ;;i*Fi 

r;t:;*; 
'='!gF, 

tiiiii ii: ili * i,*:; ii;:ia
', iill: ;iiiiiL 

ii,*'*; 
i,:i,i 

r,n ii* ;;i;;ia 
i:;:r:

;i Ie:ii; i:iieffi:;c;t;r 
*rli;E 

';ii 'Enr 
E;lffi9 

liifi'

i11 liffi!;;;i 
iliiiili 

ii iili*:iillliiiiii 
lliliil

I' lllllli* 
llilllli 

li iliilll i:ii*iiiill 
ir'lili



..l3
3

C
H

'tE
.s

.,-I 
';3

.!E
e

t€
!.5

 
g

g
",

_
 P

;6
 $

3
:;.e

 8. { 6
 ' 5

 
3

5
6

.::=
9

..: &
"{I

a
 &

.: -F
6

3
9

E
",9

.. 
:5

r;: 
-^

-
!

 _
-

9
-

u
!

o
!

q
i 

9
o

 
a

-
7

9
_

_
t

,
u

A
)

 
F

A
t

r
o

=
6

6
t

:
o

 
c

E
;

 
1

5
 -

 
!

-
;

'e
ii|

L
0

 
i-

-
;

3
.:.9

e
-9

e
g

P
B

-5
"! 

;.9
4

3
3

i9
"1

 
E

e
-.1

=
g
€

;e
-:"jg

&
;*

:E
 

I 
g

.l 6H
.:9

F
x

: 6
,'!

-e
-P

";u
S

tre
b

E
-: 3

 0
e

rh
:"d

9
, ..9

3
t

a
;P

:j:g
3

t"E
8

s
E

 6
 

3
tP

3
5

.e
t: 3

\F

i* jffii jisiti*i# 
iI iii iff liiilruffi 

i
iilii, iriffi iiiiiii iiti l* gl, ff ffir;iii* 

i

q
d

 
+

q
 

q
 

o
c

 
€

s
 

le
le

b
S

E
l 

ii 
^I

=
 

\u
 

..jtd
-:(_

 P
:.?

 
o

p
l

^
 

n
0

 
E

*
-6

rF
lt6

 
t.:

;.:

q
.-{b

!l 
;3

S
E

..i ; }8
4

.9
 

9
;

" 
F

:P
.c

 
o

e
-.9

3
0

5
:6

9
3

 
e
€

: c
'H

,g
 

3
t:3

r3
g

i.-t^
:?

'-
.

"
 

.
-

"
-

.
 

"
;

B
 ; g

:'" 
i-P

ie
lt.9

'E
; 

",.-
i ;2

-i .b
 

I9
 $

 9
;;-9

T
 I6

."' 
.9

;
P

5
;€

H
; g

 
;,; .::3

 9
8

9
.:3

 e
3

 
g

s
f ;i€

d
 

";i,;J
".":r3

I 
.9

, 
l,

t8
,€

": 
e

 
": 

-8
.9

 .
9

F
-

 
2

-.9
_

b
3

.P
 g

l .'"3
g

B
F

e
{g

 
g

B
 s

r.} .J
i.i:-i:H

 -l S
H

H
.€

;";.;9
[i 

P
", I 

g

:'J
lP

t" i 
:?

5
-,"9

:;e
A

 
Y

t 
"

3
J

P
3

.5
5

 ;l 
.t4

3
te

g
i6

P
te

 
A
€

 6



^3;N
I

:a

;lEg83Fa

B;3;3

.
f

i
!

,
.

t
;

l

": R
 

d

i;,€
 

'
3

' 
!

:
:

 
g

.

i
.

i

61telF]cl

9;En

.2)!:itE:

- 
e;i 

i, 
E

 
ie 

h'E
 

* 
o.,

. 
.e;-c 

" 
i 

f. 
,s 

q: 
; 

I 
.99.i

€
 

.=
c3

, 
t 

3
 

b
.i- b

, 
-?

 
'6

.} 4
"4

 
a

3
 

i""3
I 

.?
. 

!5
.' 

3
8

:d
9

g
 

,.: 3
{Y

," i'L
 

:9
.;o

C
" 

: 
&

"
3

 
::,' 

::'; 
ild

e
lu

 
g

3
;:E

5
$

 E
ii 

"H
,i ?j:.1

 
r 

:5
: ;;: j;;i :;eii+ i;ie':5; 

;;s il; iE
rr ! ' +:

; 3ii gja; ;iH
i:; €€;s*iH

 
g;t FE

! 
f€;; i+ :t

: ili :;i: iq:;ii :;:r;;* ;i; ;l{ l;!t sr {:B
; td; ::;e ::+;5; ;;;!F:: ii; iE

i l:;; r: :r;
s

 iir 
i:1

E
 i!:c

;: Ie
:!!i1

.iij l.F
E

tilE
 ;: 

jlg
t 

g;: {i;r. E
Iie'.: ::;::;gi :;; i-'; iE

E
+

i i;i,: licit ii;;:; ;i:il;fi fffi ;3i iEi: f: C
€{

$-:ii;!:i*sB
:J*:i3 

*:E
€F

s:; 
ri: :ce qatE

 'J; "JsE
l; b

::i g:e
;i s;E

E
rsr;r;,:::i;:: 

p
*s s"'u

 iE
 :;l

:i i;lj ;;:ej ti;llii :iiE
E

,ibi 
;;'5 ;*"s:rs; 

e E
e :q,'j

;; ;'F
ci '?!:9 $::H

ri: $+*'.';ea 
;rn dn! )8'b: f Ii * j;t

ie ;;i.; ;t:e* E";l*;;i 
€;;i;r;i 

i$i, 5* :;ii
E

E
 is3 tr:: *+t:!i ';isl!;i ';it "ii "E

;i E
^g H:'=

r
!

KlFIR;:

P
I63E

a.AI;6tEG
J

h
3.R

EI6,R

dFg

3
t

e
 d

3
-

slg-o;EEE;

,igtI;3€3

3

q
 

9
r!

s 3
3

 
".9

<
a

,e
F

a
 

! 
,e

 I
'!_

j' 
*

i'_
 

-

*
:

t
.

"i8
6

;.€



,
i

 
I

 
^

:

-
 

e
t

 
d

R
. 

B
 

. 
E

. 
3

 b
l

t
E

|
9

"
.

-
N

l

e
 

i 
i 

g
i 

6
'l 

3
l

ai 
'd 

I 
il 

;l
o'6 

o-r 
- 

.l i

E
' 

S
3l - 

- 
.t .91

..'6 
.R

l S
-l 

g 
E

 
br 

.
.:'! "' 

;3t ^el .t 6t € 
F

E
nl 6 

--11 idl il 6l F 3
;!l s E

E
I 
€

e
E

l 
t1

.
9

ll 
,: 

.u
l 

t! 
rll 

! 
E

 
!

;6
t 

" 
E

.t 
"* 

lt 
-,t 

. 
h

sE
l S 

"$l 1* H
l l1 e F

J
5

"'* .. 
i. 

9
n

:i 
d

 d
- a

$
E

9
5

"
.

9
s

i
i

E
o

o
E

€
i 

9
a

 
L

;i 
B

E
I 3

 
'2

 J 
d

F
c

l 
E

 
d

 
d

 
b

d
"

:
;

;
j

i
.

i
;

\































On-line sensors for coagulation
proteins: concept and progtess report
cLD. Andrade, J. Herron, "LN. Lia and H. Yen
Depadnert of BiDensjneetihs, cotege of EnsineetiDg, Uni,esity af Utak Seh Lake City, Utah a4r I Z USA

cI. Kopecek and P. I{opeckova
lnsthute far Macrunatecutar Chenjstr| pra!|ue, C4chaslovaKta

Presenred at Brcirtetrtions a7, cahbndse, uKih JLty 1ga7

The asses$m€nt 0f blood dam.{e ind olthe activation ofths coag0latior, complemofiand/orinflammatory
systens by cardi0vascular and extracorporcal devices is diflicult at best. lmmunoassav metfiods arc trow
available lor the m.isrrement of nany ot tfis lr0teins, snzymes ind peptirles involved in coarulatioL
lhr0mbosis,c0mplcmsnt and inllammation. Ws Iresenta long{anre Iroiect and Ilan to devolop aiarray of
remot€, o[-line. senicontin0ous immunoscnsors for solocled coagulation Froteins, bns€d on lluoro_
imnunoassayp nciplos. The freelbound sep0mtion step is perfomed optically. Excilation offluorescence
is performed via an evansscent wavo produced by total intenal rcllection and waveguide oprrcs.
Fluorescencc emission is collected only in the near fisld. Medns to delivcr fl{0resccntly_hb;lled reagent
and to m0dify ths antigen-anribody binding constadt are presentsd and discusseC. The rusults of non_
specific bindin& plasma-hlood ftuorescenco. and blood c0mpatibilily are also discusssd.
Jtewods: Aiosenno bidohpatjbitity, coasutatian, ptuteins. innuhosssay, fibrc optics, canta ed delveN

It is now generally accepted rhatrhere are no simpte, direct,
srngre-pdrdmeter  mea^sures o '  rhe b lood compdt ib i t i ty  o l
mater ia ls  or  devices ' ' .  l r  s  gen.rdr ly  aocepled thdr  ptasmd
protejn adsoption and blood cell adhesion ptay important.
albeitcomplex and highlydynamic, rotes3.a. Although some
materials have developed a reputation for being more btood
tolerable -orless blood incompatibte - rhan others, mosr,
if not all, materials and devices require active pharmaco-
logical manipulation of the patient or his btood in ordef to
insure the avoidance of thromboembo{ism.

It is.desiEbJe to be abte to difectty, remotely and
contrnuously measu.e those blood parameters indicative of
activation of the coagulation, comptement and inf tammarory
systems. Such direcr, on]ine. mutriparameter measure-
ments would permit the physician to ctosety monitor the
state of her patients, to more optirnatty adjust anticoagutant
therapy and regimens, drug dose, etc. Such monitorinq
would arso permrl the dtrect evarudt,on ot the btoo;
compatibility of materials and devices in both experimenral
and clinicalseftings and shoutd,therefore, permit more rapid
progress in the development and improvement of bio-
mateials and medical devices.

Fortu nalelv. d vdriety ol rmnunoassay and chromogenic-
fluorogenic enzyme-substrate technotogies have become

Carcspondence ro Dr J.D. Andrade

@1944  Bu f l eModh  aCo (Pub tshe rs )  L i d .O142  9612 , /AB IO t0076  O4$O3OO

76 Rioneteiah 19AA.vot 9 January

avai lable in recentyearstosupplantandassistmorectassical
methods for monitoring of the haemostatic conditiont6.
Mo.oclonal antibodies are now avaitabte for most of the
coagulation proteins and theirvarious activationand proteo-
lltic f ragmenrs'. Test kits are now commercia y avaitabte f or
the immunoassay of acrivation and sptit Droductss.

The concentration range of interest for coasuraron
proteins is from abour 1 mg,ht ptasma on the hioh side to
theord"ro '  1  ng m,plasmaor lhe,owsrdeq.A,ouah.uteof
thumb lor  i rmunodssay is  O. t  K"  -  lAs l  .  tO x,  wne,e
K: is the antigen (As)-antibody {Ab) association con$anr
{disc'rssed later)and [Ag] isthe As solution concentration2l.
Thus anlrbodies are reoui ed with K" vatues in the range ot
lO'  ro 1O M .  depprdrng on the an sen or  inrerest .  Thrs
is the typical range for monoctonat ant'bodies, and suitabte
monocJonal aniibodies and immunoassays are atready
available for all of ihe coagutation proteinse.

We and others have pfeviousty shown how proteins
can be detected at transparent sotid-tiquid (S-L) interfaces
Nng tota l  in ternal  ref lecr ion f tuorescence ( l lBF) spectro-
scopy '  "  ' ' .  The detec l ion of  Aq-Ab redctrons at  the S.L
interface via TIB F hasalso been demonstrated 13_r 7, inctuding
the use of optical fibre and waveguide geometrieslo-rs.
S,ngle use, disposable fluoroimmunoassay tests, using
irternal rellection^derect,on geomet.ies. are under commercirl
develoorent 'u. As the cosrs of redgents, tiqhl sou.ces,



detectors, reaclout electronics and optic€l components are
reasonable and competilive, commercial products can be
expected in the near future.

COIIICEPT AND PBOGBESS

There are four key problems in the development of truly
rernote, on-line, continuous (or at least semicontinuous)
blood compatibility sensors based on the TIBF fluoro-
immunoassay approach13 21:

1. Stability and long-term efficacy ofthe immobilized Ag or

2. Bemote delivery of fluorescent ligand;
3. Modulation and resulation of the As-Ab binding

4. Long'tem blood compatibility.

Ab lMM0BltlzATl0ltl

Although there are many possible operating mocles ior a
fluo.oimmunosensorr3, we are focusing on the case where
Ab is covalently immobilized on the waveguide surface and
used to detect circulating Ag or hapten in solulion. The
problem is to immobilize Ab such that it is efficient and
effective, preferablyoriented with Ag binding sites sterically
accessibe to Ag. The ab, the chemistry by which it is
imnrobilized and the surface towhich it is immobilized, must
be stable forthedesign life-time of the sensor. Methods for
effective Ab immobilization have been extensively dis'
cussed'za-'?6.We are using a polyethylene oxide (PEO)tether
to a silan'zed silica surface26, with the catuohydrate on the
Ab as the reacting moiety2T.The reasonsfora PEOtetherare

lfthe immobilized Ab is coated or covered with a layer
of non-specifically bou nd protein, fibrin or th rombus, then, of
course, the senso. ceases to fu nction - this incompatibility
p.oblem will be discussed again larer.

lfthe immobilized Ab is susceptibleto protease attack,
then,  ofcourse, theAb wi l lbe degraded and thesensorwi l l
cease to function. N4any surfaces are known to generate
protease activity as a result of activation of the extrinsic
coagulation30 or complement3r systems this, too, is part
of the gene€l'biocompatibility' problem.

FTUORESCEI{I'REAGEI'IT' DEI.IVEBY

We have previously suggested that one could develop a
label-less fluoroimmunosenso. by using the intrinsic UV
(iryptopha n ) fluorescence of Ag and Ab15.We havesuccess-
f ully used intrinsic UVf luorescence to monitor the adsorption
of proteins arS-L intedaceslo 23. UVexcitation often leadsto
photochemical changes in the tryptophan side chain, w'th
consequent changes in the fluorescence and chemical
properties2s'2e of the Ab. In addhion, UV sources are stlll
bulky, UV detection is somewhat difficult, and - most
irn portantly - the Uv-excited background fluorescence
from blood and related media 's quite intense. For these
reasons, a useful fluoroim m unosenso. will probably have to
operate in the green{ed-near lR regions of the spectrum,
and therefore fluo.escently-labelled ligands will be required.

The Ag of interest are not intrinsically fluorescent in
the visible. Thus a fluorescent label must be employed and
the label{ed Ag rnust be 'delivered'to the rernote sensorl3.
Rerfote delivery can be accomplished using a plumbins
system orvia continuous, controlled deliveryfrorn a remote

reservoir. Constant reseNoir delivery is used tor the KCI
referencejunctioh in combination pH electrodes, for example.
One can also use other means of insuring controlled,
continuous delivery using drug delivery technologies3'?.
There are at least seve.a{ disadvantages to the continuous
release of fluorescent-Ag or hapten:

1. A larger reseruoi. and larger amounts of labelled Ag or
hapten are required than would be required ina pulsed or-on demand d€livery systemi

2. Continuous release of a labelled Ag may lead to the
generation of an immune response and tocirculating Ab,
which would gready diminish the effectiveness of the

3. The reservoir requirements for continuous delivery
would make it difficult to produce truly miniature multa

Farely does one need truly continuous, reversible measure'
ments. More commonly, one may wish to make a measure-
mentevery minute, everyten minutes, every hour. even every
day.In p nciple, on-demand deliverycan be provided using
electrical, magnet'c, themal or even m echanical methods.

As ourapproach to remotesensing is optical,we have
chosen to develop an on-demand, optically based, reagent
deliverytechnology. Basicallythefluorescent-labelledAg is
coupled via a photolabile bondtoa polymermatrix.A pulse of
light ofthe proper intensityand wavelength resuhs in bond
breakage, providing a pulse of released f luorescentAg, which
then cornpetes with circulating Ag for the Ab binding sires
on the sensorsurface. The chemicaldetails and progress to
date are available22 and are not discussed further here.

REGUI.ATION OF THE ANTIGEN-ANTIBODY
ASSOCIATIOI{ CO STANT
A true sensor is revelsible and responds to changes in
concentration in a p.edictable and timely manner - a good
example is a pH or specific ion electrode. The beauty of
immunoassay is its selectivity and high se.sitivity. The high
sensitivity is due to hish values of &-ln excess of
10 "M ' in many cases: K, is the ratio of the on{ate
constant to the off{ate constant. High 4 values generally
require a small oftuate constant, which means that the
response to changes in circuiating Ag concentration is very
slow'z1.ldeally, we desire K to have a value consistunrwith
the concentration requirements of ihe measurement2r and
have a vaiue consistentwith the response time desired. This
is only possible if we can regu ate or modulate the Ka.

As-Ab Kavalues can be changed by several orders of
magnitude bychanges in the solution environment, such as
temperature, pH or low molecularweightsolues'z3 33'31we
have demonstrated that the hydroxypropyl methacrylamide
(HPMA) monomer in aqueous solution is effective in
decreasins the & of fluorescein-antifluorescyl monoclonal
antibodies bytwo orders of masnitude33 3a. Poly(HPMA)is a
h ighly versatile, watersoluble, synthetic polymer which has
been extensively studied as a polymeric drug carier35. We
are preparing copolymerc of HPIVIA! HPIVIA derivatives
conta in ingazobenzenesidechainsand methacry l icoracry l ic
acid. The objective is to develop a copolymer whose
dimensions change dramatically with light. The increased
chain length 'delivers a 'solute'to the Ab binding reg;on,
thus changing the local 'solution' environment and affecting
the bindins constanfl.

Although there are other ways to decreasethe K€,this
immobilized'solute', photoconformation approach is con-

Aionaterials 1944, Vol 9 Jatuary



sistent with the optical needs and requirements ofthe other
technologies involved in sensor development. We could, of
course, employa remote reservioror a plumbing system and
simply 'wash' off the bound Ag priorto a new measurement.
The arguments for and against such an approach ate the
same as described above in the section on fluorescent

There are, of course, many concerns in the study and
development of a photoconformationally-based macrc-
molecular switch. These are challenging questions, however,
and therefore worthy of sedous study- we feel that the ability
to regulate, under externalcontrol, Ab binding constants is
important in its own right.

CHROT{IC BIOOD COMPATIBITITY

Thesesensors requirethattheoptical surfacecontainingthe
immobilized Ab interface direcny with the bl@d. As our
major interest is in the sensing of protein antigens, it is not
possibleto placea membrane or otherbariers betlveenthe
sensing surface and the blood. The deposition of other
plasma proteins, of blood cells or offibrin will compromise
and in all likelihood destroy the prcper functioning of the
sensor. Although one could consider the use of various
anticoagulant delivery systems to help improve blood
compatibility, what is really required is a general means of
preventing or at least minimizing such non-specific inter-
actions without compromising the specific Ab Ag binding
vital to the sensois function.

An approach which shows some promise is based on
the steic exclusion argumenis of colloid stability36-4o and
the u niq ue waier solution propenies of polyethylene oxide33
lPEOI. We have previously demonsnated the low protern
adsorption propertiesof PEOsurfaces3e. N4ori, Nagaokaand
Tanzana have shown that PEo_grafted surfaces have
unusually low protein and plateletadhesion properties{ - we
have suggested they be called protein{esistant surfaces3.
Merr i l land Salzman recenl ly  rev iewed rucnol lhe expe ence
with PEO as a biomaterial+ . Davis, er a/- have shown that
PEO-coated microparticles resist recognition bythe reticulo-
endothelial system (RES) and circulate in the blood for
extended periods".

Enzymes covered with grafted PEO chains resist
recognition and can be used for treatftrent of enzyme'
deficiency diseases with greatly decreased risk of immuno-
loqic recog nitiona3. PEO's steric exclusion, entropic repulsion
p'op"rl'es are probablv due to its uniqu€ stereochemrslrV
and l rL Lo the ice- , r le  s l ructure or  w" ler 'o ,  a mrnrr ra l
perturbation of water siructu.e which decreases potential
hydrophobic interactions, and minimaleffect on the motion
and relaxation times of water itselfo.

Although PEO surfaces are expected to exhibit sub'
stantial blood compatibility and increasing interaction with
proteins and cells, little experience is avaiiable. Also, the
'compatibility'of PEO has been treated primarily as an
empiical observation, and there has been little effort at
trying to optimize and maximize the PEO effect.

Our approach to rhe blood compatibility problem at
present is to design and produce PEo-containing surfaces
which are optimized with respect to blood compatibility
Basically, all sensor surfaces will be so treated and the
antibody is immobilized via a PEO tether. However, the Ab
binding siles and ihe photoconformationallY sensrtNe
macromolecules for 4 regulation must be partiallY shielded
or isolated from the PEO in orderto funciion. Clearly, these

arc challenging molecular ensineering problemswhich will
not be quickly nor easily solved.

EI'IGIITEERING
Assuming all of the intedace chemistryand biocompatibility
problems are solved, such sensors must be cheap, robust,
reliable, and quantitative. Manyf actors inf luencethe intensity
of fluo.escence*, and it is u nlikely that intensity alone will be
sufficient for a reliable sensor. A number of refefence
channels will certainly be required. In all probability, a non-
trivial quantitation algorithm will be necessary.

G0lrlctuSl0 S

The development of tru ly remote, continuous h igh sensitivity
and specific immunosensors, capableof functionins reliably
in blood or in other biological environments, is still;n its ea y
stages. There are a numberof importanttechnologieswhich
must be developed. As the work progresses. one can
envision lhe development and eventual ptoduction of
multichannel biosensors based on microintegrated devices
incorpoGring biochemical, optical and' even electronic

This paper has briefly reviewed the general concept
and at least one approach to each of the maior problems
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PIOTEINS AT INTBi IACES ! ? R I N C I I L E S  R ! L E V A N T  T O  P R O T E I N - I A S E D  D l V l C E S

J . D .  A N D B A D E ,  V .  I I I A D Y ,  J .  I I E R R O N ,  J - N  L I N
D e p a r t r e n t  o f  B I o e n S l n e . r l n S r  U n l v e r 6 l r y  o f  U r a h
S a l t  L a k e  C t ! y r  U r r h , 8 4 1 1 2 ,  U . S . A .

ABSTRACT

P ! o t c t n s  a ! e  n a r ! r €' !  D o l c c u L a r  n a c h l n e s ,  T h e r e  t s  c o n s t d e t a b l e
l n t e r e s c  a n d  . c t t v l t y  l n  E p p l y l n a . n d  a d a p ! t i g  p r o t€t n B  f o !  r h e  < t e v e l , o p h e n r
r n . l  . p p l l c a t l 6 n  o f  b t o r o r . c ! l s r  d e v i c e s  a n d  f t a c h r n e s  ( 1 ) .  s q c h  a p p t t c e t -
l o n !  ! e q u t r e  t h e  i a r r l l l r S  a n d  p ! o c e s 3 ! ! g  o !  p r o r e t r 6 ,  i n c i , u d l n g  t h e r !
c o n c e n t ! a t t o t r ,  o ! d e r 1 n 8 !  a n d  . s B e r b l y  a r  t n r e r r a c e s .  f L g _ _ l t r l r s J !
P r r ' : c i ^ 1 - 8 5  a  n  ?  , r  ?  d  .  r  3  t  a  n  d  l  

"  
g  

" f  9 . . t " i r " ,

Hl*,". " *'*iffi ;, " i:"?::" :':". :l:" " ".p i e c l s e  €s s e r b l y  o l  p r o t e t n  ! ! l a s  i 6  a l s o  d t s c u s s e d ,  p a r r t c u l a ! t y  g ! : d t . n t
5 n d  p a c t e r r e d  s u r f a c e 3 ,

l N T S O D U C T I O N  T O  P R O T E  I  N S  ( 2 . ] )

P r o t e l n s  a ! .  b t o t o a t c r r  n a c r o n o l e c u l . s  c o n s t s t i n g  o f  5 o D e  2 0  o r  h o r en o n o r e r  r y p e 6  ( , o ! . o  . c t d s )  c o n d . n s e d  t n r o . " "  
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s t a b l e ,  p . r E t r l l y  ! n f o l d t n g  r o  a  " d e n a ! u r e d , ,  s t . c e  
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P A O T E I N  A D S O R P I I O N
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