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Abstract - This article attempts to provide an overview of recent developments 
in the use of nitroxides to study viable biological systems by magnetic 
resonance, especially electron spin resonance (ESR or EPR) techniques. These 
magnetic resonance approaches include studies in intact animals and imaging in 
up to four dimensions. The goal of this article is to stimulate chemists and 
biochemists to participate in such studies in order to enlist their creative 
input into the optimized development of nitroxides for these applications. 

EX PER1 M E N T A  L CONSIDERATIONS 

Most biological systems of interest do not have sufficient amounts of paramagnetic materials 
to permit the full range of possible direct studies by ESR. 
the capabilities and sensitivity of ESR, therefore, stable paramagnetic species often are 
introduced into the system of interest. In most cases the paramagnetic species used have 
been nitroxides because of their stability and the sensitivity of their ESR spectra to 
environmental factors of interest such as motion, redox potential, etc. Over the last 30 
years an extensive literature has been built up on the synthesis, properties, and 
application of nitroxides. Recently there also has been a large number of studies on their 
properties in functional biological systems. Consequently, as techniques have developed 
that enable ESR studies to be carried out in macroscopic objects such as tissues and intact 
animals, investigators also usually have used nitroxides for these studies. In general the 
uses of nitroxides in functional biological systems have been very productive, although, as 
indicated in more detail later in this article, the metabolic and physical interactions of 
nitroxides with cells and tissues pose some formidable challenges. 
convenience, this article is keyed to publications of our laboratory; the references within 
these publications should provide access to the full literature on the subject. 
nature of the interactions between biochem systems and nitroxides have become understood 
better, the interactions often have been able to be exploited to gain new and sometimes, 
unique information (refs. 1,2). 

One of the most noticeable experimental constraints on the use of nitroxides in functional 
biological systems is the ability of cells to reduce nitroxides to the corresponding non- 
paramagnetic hydroxylamines. Further study has shown that this is an enzymatic reaction 
and that the reverse reactions also can occur enzymatically (ref. 3 ) .  The rates of these 
reactions are affected by biological variables of considerable interest, especially the 
concentration of oxygen (ref. 4), the redox state of the cell (ref. 5), and the intactness 
of the membranes (ref. 6 ) ,  Consequently, although metabolism of nitroxides can cause great 
experimental difficulties, when understood and controlled this metabolism can be used to 
obtain information that cannot readily be obtained by other means. 

Another major experimental constraint is that functional biological systems usually have 
large amounts of water and therefore cause non-resonant absorption of the electromagnetic 
radiation that usually is used for the ESR experiments (ref. 7 ) .  
and shape of the sample severely at the usual frequency (9GHz or "X-band"), limiting samples 
to a maximum diameter of about 1 mm. At lower frequencies (eg. 1.1 GHz or  "L-band") this is 
less constraining but there is a loss of sensitivity. 

Techniques to obtain ESR images have been developed recently, usually using nitroxides as 
the species that is imaged. 
experimental approaches using nitroxides and ESR. 
including a spectral dimension (ref. 8). 
software do not appear to be limiting and solutions to problems often can be found in prior 
work done with NMR. 
are the amount of nitroxide that can be introduced without causing unacceptable line 
broadening and/or perturbing the biological system: and the ability to obtain sufficient 
penetration of the electromagnetic field. 
frequencies in order to have sufficient sensitivity, and the use of high frequencies will 
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l i m i t  t h e  s i z e  o f  t h e  sample t h a t  can be s tud ied .  Within these r e s t r a i n t s ,  however, t h e r e  
a re  some very  u s e f u l  and impor tan t  exper iments t h a t  can be c a r r i e d  out.  

Another major new advance has been t h e  development o f  techn iques  t o  o b t a i n  ESR spec t ra  f rom 
whole animals (ref. 9 ) .  These techn iques  u s u a l l y  r e q u i r e  t h e  use o f  lower  f requenc ies  
(excep t ion  - t h e  s tudy  o f  n i t r o x i d e s  i n  t h e  b lood  or t i s s u e s  o f  t h e  t a i l  o f  mice ( r e f .  1 0 ) ) .  
A t  l ower  f requenc ies  spec t ra  f rom s m a l l  animals can be ob ta ined  by t h e  use o f  l a r g e  diameter 
resona to rs ;  f o r  animals or t i s s u e s  these u s u a l l y  a r e  about 20 mm i n  diameter b u t  i n  
p r i n c i p l e  cou ld  be l a r g e r .  Sur face  probes w i t h  s e n s i t i v i t y  t h a t  extends t o  depths o f  10 mm 
or more have been developed r e c e n t l y  ( r e f .  9 ) .  These have been a p p l i e d  t o  mice, where they  
have been used s u c c e s s f u l l y  t o  o b t a i n  l o c a l i z e d  spec t ra  f rom va r ious  areas w i t h i n  t h e  mouse. 
I n  p r i n c i p l e  t h i s  techn ique cou ld  be a p p l i e d  t o  any s i z e  animal,  i n c l u d i n g  p a t i e n t s ;  t h e  
magnet ic f i e l d  r e q u i r e d  f o r  these exper iments,  300-400 gauss, i s  r e a d i l y  ob ta ined  w i t h  
s u f f i c i e n t  s i z e  and homogeneity. 
su r face  spec t ra  cou ld  be ob ta ined  and whether t h e  n i t r o x i d e s  a r e  s u f f i c i e n t l y  non tox i c  f o r  
use i n  humans. 
o f  p o t e n t i a l l y  va luab le  c l i n i c a l  s t u d i e s  t h a t  cou ld  be c a r r i e d  o u t  on t i s s u e s  w i th in  10 mm 
o f  t h e  su r face .  

A l though less spec tacu la r ,  another impor tan t  exper imenta l  advance has been t h e  development 
o f  techn iques  t o  o b t a i n  h i g h  q u a l i t y  ESR spec t ra  from v i a b l e  c e l l s  as suspensions, 
concent ra tes ,  e t c  under c o n d i t i o n s  t h a t  pe rm i t  adequate c o n t r o l  o f  t h e  environment o f  t h e  
c e l l s .  
p rov ide  w e l l  cha rac te r i zed  and c o n t r o l l e d  p h y s i o l o g i c a l  c o n d i t i o n s .  

The p o t e n t i a l  l i m i t i n g  f a c t o r s  would be how deep from t h e  

Even i f  no f u r t h e r  depth  o f  s e n s i t i v i t y  can be achieved, t h e r e  a r e  a number 

The techn iques  i n c l u d e  t h e  use o f  p e r f u s i o n  systems and gas permeable t u b i n g  t o  

S U M M A R Y  OF EXPERIMENTAL RESULTS I N  FUNCTIONAL BIOLOGICAL 
SYSTEMS 

T h i s  s e c t i o n  a t tempts  t o  p r o v i d e  a b r i e f  overview o f  t h e  most p romis ing  uses o f  n i t r o x i d e s  
i n  f u n c t i o n a l  b i o l o g i c a l  systems. The o r i g i n a l  m o t i v a t i o n  f o r  us ing  f u n c t i o n a l  b i o l o g i c a l  
systems i n  ESR exper iments was t o  s tudy  phys ica l -chemica l  phenomena such as mot ion  i n  
membranes or e l e c t r o s t a t i c  p o t e n t i a l s  i n  t h e  more complex environments o f  l i v i n g  systems. 
These s t u d i e s  employed n i t r o x i d e s  as s p i n  l a b e l s  t o  probe b i o p h y s i c a l  phenomena i n  ways t h a t  
c l o s e l y  p a r a l l e l  t h e i r  use i n  model systems. 
a p p l i c a t i o n s  and, as no ted  above, such measurements now may be p o s s i b l e  i n  i n t a c t  animals.  
I t  g r a d u a l l y  has become c l e a r  t h a t  these techn iques  a l s o  cou ld  p r o v i d e  i n f o r m a t i o n  on t h e  
s t a t u s  o f  complex b i o l o g i c a l  f unc t i ons ,  such as i n t a c t n e s s  o f  membranes, v i a b i l i t y  o f  c e l l s ,  
and redox metabolism. 

The obse rva t i on  t h a t  t h e  spec t ra  o f  n i t r o x i d e a  cou ld  be used t o  f o l l o w  t h e  concen t ra t i ons  o f  
oxygen ( " [ O  1 " )  i n  b i o l o g i c a l  systems has l e d  t o  an ex tens i ve  and growing use o f  n i t r o x i d e s  

f o r  t h i s  purpose ( r e f .  11). 
measurement o f  [02 ]  i n  s m a l l  samples where s i z e  o f  t h e  sample and/or t h e  problems from 

s t i r r i n g  make t h e  use o f  C l a r k  e lec t rodes  prob lemat ic .  
importance, i s  t h e  use o f  n i t r o x i d e s  t o  measure L O 2 ]  i n  t i s s u e s  and i n t a c t  animals;  ESR may 

p rov ide  t h e  b e s t  way t o  make such measurements and t h i s  has g r e a t  c l i n i c a l  as w e l l  as 
exper imenta l  p o t e n t i a l .  
i n t r a c e l l u l a r  [O , ]  ( r e f s .  12,13). 

The use o f  n i t r o x i d e s  as l a b e l s  t o  f o l l o w  t h e  metabol ism and d i s t r i b u t i o n  o f  sp in - l abe led  
drugs and s t r u c t u r e s  such as a n t i b o d i e s  and l iposomes i s  another a rea  o f  a p p l i c a t i o n  t h a t  
a l ready  has been p r o d u c t i v e  b u t  which migh t ,  by useof  i n  v i v o  ESR techn iques ,  become o f  
widespread importance. 

The use o f  n i t r o x i d e s  as imaging agents f o r  ESR has r a p i d l y  become e s t a b l i s h e d  as t h e  method 
o f  choice.  Uses i n c l u d e  t h e  measurement o f  r a p i d  processes such as d i f f u s i o n  ( r e f .  1 4 ) ,  
imaging i n  1-4 dimensions, i n c l u d i n g  a s p e c t r a l  d imension (ref. 8 ) ,  and a c l o s e l y  r e l a t e d  
techn ique -- i n  v i v o  ESR spectroscopy from l o c a l i z e d  reg ions  o f  animals (and, p o t e n t i a l l y ,  
p a t i e n t s )  ( r e f .  9 ) .  

Another use w i t h  cons ide rab le  p o t e n t i a l  i s  as c o n t r a s t  agents f o r  NMR. 
o f  NMR imaging (I'MRII') as an impor tan t  c l i n i c a l  t o o l ,  t h e  use  o f  c o n t r a s t  agents has become 
a r o u t i n e  c l i n i c a l  procedure.  
e s p e c i a l l y  f o r  exper imenta l  s t u d i e s  b u t  perhaps a l s o  f o r  c l i n i c a l  uses. U n l i k e  t h e  
paramagnet ic me ta l  i o n s  t h a t  a re  u s u a l l y  used f o r  t h i s  purpose, n i t r o x i d e s  o f f e r  cons ider -  
a b l y  more chemica l  v e r s a t i l i t y  (enab le  them t o  be t a r g e t e d  more r e a d i l y  t o  s p e c i f i c  a reas)  
and t h e  p o s s i b i l i t y  o f  o b t a i n i n g  images t h a t  r e f l e c t  redox metabol ism and [ O  ] ( r e f .  1 ) .  
Such uses o f  n i t r o x i d e s  have t h e  p o t e n t i a l  o f  combining t h e  d i a g n o s t i c  c a p a b ? l i t i e s  o f  M R I  
w i t h  t h e  v e r s a t i l i t y  and b i o l o g i c a l  s e n s i t i v i t y  o f  t h e  n i t r o x i d e s .  
as s p e c i f i c  c o n t r a s t  agents ( r e l a x i n g  agents) f o r  i n  v i v o  NMR spectroscopy (I'MRS'I) i s  a 
c l o s e l y  r e l a t e d  use wi th e q u a l l y  g r e a t  p o t e n t i a l .  

Th i s  remains a very  impor tan t  s e t  o f  

2 
Such ESR ox ime t ry  appears t o  be a method o f  cho ice  f o r  t h e  

O f  p o t e n t i a l l y  even g r e a t e r  

ESR ox imet ry  a l s o  has p rov ided  some o f  t h e  bes t  d a t a  on 

With t h e  development 

N i t r o x i d e s  have some p o t e n t i a l  advantages as c o n t r a s t  agents,  

The use o f  n i t r o x i d e s  
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CHALLENGES FOR CHEMISTS AND BIOCHEMISTS - NEEDS FOR THE 
DEVELOPMENT OF NlTROXlDES WITH PROPERTIES OPTIMIZED FOR 
USES I N  COMPLEX BIOLOGICAL SYSTEMS 

I n  t h i s  s e c t i o n  I at tempt  t o  o u t l i n e  t h e  key areas where new chemica l  i deas  a r e  needed, and, 
where approp r ia te ,  t o  p r o v i d e  p o s s i b l e  bases f o r  approach ing  t h e  problems. I t  seems l i k e l y ,  
however, t h a t  exper ienced chemis ts  w i l l  come up w i th  more p l a u s i b l e  and e f f e c t i v e  approaches 
t o  s o l v i n g  t h e  problems than  t h e  suggest ions  t h a t  a r e  o f f e r e d  he re !  

1. Resistance to reduction 
One o f  t h e  most bothersome and l i m i t i n g  f a c t o r s  i n  t h e  use o f  n i t r o x i d e s  i s  t h a t  they  o f t e n  
undergo r a p i d  r e d u c t i o n  t o  t h e  cor respond ing  hydroxylamine. 
l ea rned  about t h i s  phenomenon, many o f  t h e  c r i t i c a l  aspects now a r e  known ( r e f s .  4 , 5 , 1 5 ) .  
The r e v e r s i b l e  r e d u c t i o n  t o  t h e  hydroxylamine i s  e s s e n t i a l l y  t h e  o n l y  metabol ism o f  t h e  
n i t r o x i d e  group i n  c e l l s  and t i ssues ;  t h e  r e a c t i o n  i s  enzymatic,  proceeds more r a p i d l y  i n  
very  hypox i  c e l l s ,  and p robab ly  i s  due p r i m a r i l y  t o  reduc ing  e q u i v a l e n t s  t r a n s f e r r e d  f rom 
t h e  e l e c t r o n  t r a n s p o r t  cha in .  
r e d u c t i o n  would be a major s tep  fo rward  i n  t h e  use o f  n i t r o x i d e s  i n  f u n c t i o n i n g  b i o l o g i c a l  
systems. 

Th is  problem o f  course, has been recogn ized by a number o f  i n v e s t i g a t o r s  and some good s t a r t s  
have been made towards t h e  development o f  such n i t r o x i d e s  b u t  much more can and shou ld  be 
i n v e s t i g a t e d .  
r e d u c t i o n  than those based on p i p e r i d i n e  or doxy1 r i n g s  ( r e f .  1 5 ) .  The r e s i s t a n c e  t o  
b i o r e d u c t i o n  or r e d u c t i o n  i n  model systems (eg. r e d u c t i o n  by ascorbate)  does n o t  appear t o  
c o r r e l a t e  w i th  measurements o f  e l e c t r o p o t e n t i a l  (ref. 16).  A c c e s s i b i l i t y  o f  t h e  n i t r o x i d e  
group may be a more l i k e l y  b a s i s  f o r  b i o r e d u c t i o n ;  f o r  example i n  t h e  more r e a d i l y  r e d u c i b l e  
p i p e r i d i n e s  molecu la r  models i n d i c a t e  t h a t  t h e  n i t r o x i d e  group can be w e l l  o u t  o f  t h e  p lane  
o f  t he  r i n g  and away from t h e  ad jacen t  me thy l  groups. 

These c o n s i d e r a t i o n s  l e a d  t o  t h e  f o l l o w i n g  suggest ions  f o r  approaches t o  t h e  problem o f  
b io reduc t i on .  
b u l k y  groups on t h e  a lpha  carbons. 
encouraging ( r e f .  17).  
around t h e  n i t r o x i d e  group. 
t h e  unpa i red  e l e c t r o n  by a p p r o p r i a t e  resonance s t a b i l i z i n g  s t r u c t u r e s .  
migh t  be t o  t r y  t o  enhance t h e  reve rse  r e a c t i o n :  o x i d a t i o n  o f  t h e  hydroxylamine. 

Whi le  much remains t o  be 

The development o f  n i t r o x i d e s  t h a t  a r e  r e s i s t e n t  t o  b i o -  

N i t r o x i d e s  based on p y r r o l i d i n e  and p y r r o l i n e  r i n g s  a r e  more r e s i s t a n t  t o  

One obv ious  approach i s  t o  i nc rease  t h e  s t e r i c  b l o c k i n g  by hav ing  more 
Some such syntheses have been made and t h e  r e s u l t s  a r e  

I t  may be u s e f u l  t o  l o o k  f o r  ways t o  p r o v i d e  a more ex tens i ve  cage 
A second approach might  be t o  t r y  t o  enhance d e l o c a l i z a t i o n  o f  

A t h i r d  approach 

2. Development of hydroxylamines that undergo facile oxidation to nitroxides, especially at 
rates that are proportional to the concentration of oxygen (or other pertinent biological factors) 
The d e s i r a b i l i t y  o f  deve lop ing  hydroxylamines t h a t  can be r e a d i l y  o x i d i z e d  f o l l o w s  n a t u r a l l y  
f rom t h e  d i scove ry  o f  b i o l o g i c a l  o x i d a t i o n  o f  hydroxylamines and t h e  growing importance o f  
be ing  ab le  t o  reve rse  t h e  r e d u c t i o n  o f  n i t r o x i d e s  t o  hydroxylamines. I n  c e l l s  t h e  enzymatic 
o x i d a t i o n  o f  hydroxylamines appears t o  take  p lace  i n  a l i p o p h i l i c  environment, perhaps on 
cytochrome c ( r e f s .  4 , 1 8 ) .  I m p o r t a n t l y ,  t h e  r a t e  o f  enzymat ic o x i d a t i o n  i s  r e l a t e d  t o  t h e  
concen t ra t i on  o f  oxygen over  a wide range o f  b i o l o g i c a l l y  impor tan t  concen t ra t i ons  o f  
oxygen. 
those t h a t  w i l l  ve ry  r a p i d l y  be o x i d i z e d  t o  n i t r o x i d e s  i n  o rde r  t o  overcome t h e  problems o f  
b i o r e d u c t i o n  o f  n i t r o x i d e s  and hydroxylamines t h a t  w i l l  p r o v i d e  s e n s i t i v e  i n d i c a t o r s  o f  t h e  
concen t ra t i on  o f  oxygen by t h e i r  r a t e  o f  o x i d a t i o n  t o  t h e  paramagnet ic n i t r o x i d e s .  
reasonable t o  exp lo re  ways t o  op t im ize  b o t h  spontaneous and enzymatic o x i d a t i o n  o f  hydro- 
xylamines; i t  seems l i k e l y  t h a t  t h e  mechanisms and hence t h e  s t r u c t u r a l  r e l a t i o n s h i p s  f o r  t h e  
two types  o f  o x i d a t i o n  w i l l  d i f f e r .  
be another impor tan t  f a c t o r  i n  t h e  o p t i m a l  development o f  these hydroxylamines. 

There fore  i t  appears d e s i r a b l e  t o  develop two d i f f e r e n t  t ypes  o f  hydroxy lamines t  

I t  seems 

The r a t e s  o f  r e d u c t i o n  o f  t h e  r e s u l t i n g  n i t r o x i d e s  w i l l  

3. Development of nitroxides that localize into specific biological locations 

I n  complex b i o l o g i c a l  systems such as c e l l s  or t i s s u e s ,  t h e  va lue  o f  t h e  i n f o r m a t i o n  
ob ta ined  w i t h  n i t r o x i d e s  can be i nc reased  s i g n i f i c a n t l y  i f  t h e  s p e c i f i c  l o c a t i o n  o f  t h e  
n i t r o x i d e s  i s  known.. I n  s imp le  systems t h i s  o f t e n  i s  less o f  a problem because t h e  number 
o f  environments or compartments i s  s m a l l  and o f t e n  t h e r e  a r e  s t r a i g h t f o r w a r d  means t o  
d i f f e r e n t i a t e  between these, u s i n g  techn iques  such as t h e  a d d i t i o n  o f  paramagnet ic broaden- 
i n g  agents. Such approaches, however, u s u a l l y  cannot be a p p l i e d  r e a d i l y  t o  complex systems 
such as t i ssues .  
t o  develop n i t r o x i d e s  t h a t  would go s e l e c t i v e l y  t o  t h e  environments o f  i n t e r e s t .  
been some e f f e c t i v e  s t a r t s  i n  these d i r e c t i o n s .  F o r  example, t h e  use o f  a permanent ly 
charged n i t r o x i d e  can enab le  one t o  probe t h e  e x t r a c e l l u l a r  environment i n  a suspension o f  
c e l l s  o r  t h e  vascu la r  system i n  a whole an ima l  ( r e f .  13) .  
f u r t h e r  by p u t t i n g  t h e  n i t r o x i d e  on a macromolecule t h a t  does n o t  r e a d i l y  c ross  membranes. 

Using a p p r o p r i a t e  chemica l  and b iochemica l  techn iques  i t  shou ld  be p o s s i b l e  
There have 

Such l o c a l i z a t i o n  may be enhanced 
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A somewhat more s o p h i s t i c a t e d  approach has been t o  develop n i t r o x i d e s  t h a t  s e l e c t i v e l y  
concent ra te  i n  t h e  i n t r a c e l l u l a r  compartment; t h i s  approach i s  based on t h e  use o f  
e s t e r i f i e d  d e r i v a t i v e s  t h a t  become conver ted  i n t r a c e l l u l a r l y  t o  po l yan ions  by es terases  and 
t h e  r e s u l t i n g  charged spec ies  cannot c ross  t h e  membranes t o  l eave  t h e  c e l l  ( r e f .  19). 

Such s tud ies ,  however, a r e  o n l y  a very  incomple te  beg inn ing  o f  t h e  t ypes  o f  development t h a t  
a r e  needed and poss ib le .  
concent ra te  s e l e c t i v e l y  i n  t h e  f o l l o w i n g  l o c a t i o n s  and t h e r e f o r e  r e p o r t  on phenomena w i th in  
them: o v e r a l l  i n t r a c e l l u l a r  compartment; e x t r a c e l l u l a r  compartment - t o t a l ,  i n t r a v a s c u l a r ,  
or ex t ravascu la r ;  plasma membranes; microsomes; mi tochondr ia ;  n u c l e i ;  s p e c i f i c  organs or 
t ypes  o f  t i s s u e  i n c l u d i n g  t h e  b r a i n  (b lood -b ra in  b a r r i e r ) ,  v a r i o u s  organs, macrophage-rich 
reg ions ,  tumors, atheromata. A l though t h i s  i s  a very  l o n g  l i s t ,  i t  probab ly  i s  incomple te  
and t h e  success fu l  development o f  n i t r o x i d e s  t h a t  would s e l e c t i v e l y  sample any o f  these 
environments would almost c e r t a i n l y  r e s u l t  i n  t h e  immediate and p r o d u c t i v e  use o f  t h e  new 
n i t r o x i d e s .  

The means t o  develop s e l e c t i v e l y  l o c a l i z i n g  n i t r o x i d e s  a r e  l i k e l y  t o  d i f f e r  f o r  each t y p e  o f  
l o c a l i z a t i o n  t h a t  i s  sought. 
p redominant ly  i n  t h e  area o f  i n t e r e s t  (eg., t o  l o c a l i z e  i n  lysosomes one m igh t  use a s tep  
t h a t  r e q u i r e s  a c t i v a t i o n  by t h e  un ique ly  low pH o f  t h e  lysosome). 
may be p h y s i c a l  p r o p e r t i e s  t h a t  cou ld  be used (eg., b i n d i n g  t o  t h e  h e l i x  o f  DNA t o  o b t a i n  
l o c a l i z a t i o n  i n  n u c l e i ) .  
and t h e  r e a l  l i m i t i n g  s tep  probab ly  i s  t o  o b t a i n  s u f f i c i e n t  i n t e r e s t  t o  develop such probes, 
r a t h e r  than  t h e  t e c h n i c a l  d i f f i c u l t i e s  o f  t h e i r  development. 

I t  would be very  d e s i r a b l e  t o  develop n i t r o x i d e s  t h a t  would 

One o f  t h e  keys may be t o  use b i o l o g i c a l  p rocess ing  t h a t  occurs  

I n  some l o c a t i o n s  t h e r e  

There seems t o  be a good number o f  p o t e n t i a l l y  u s e f u l  approaches 

4. Development of nitroxides with spectral features that very sensitively respond to the 
concentration of oxygen 
As noted  above, one o f  t h e  most impor tan t  uses o f  n i t r o x i d e s  i n  f u n c t i o n a l  b i o l o g i c a l  systems 
i s  l i k e l y  t o  be t h e  measurement o f  t h e  c o n c e n t r a t i o n  o f  oxygen. Consequently, t h e r e  a l ready  
has been cons ide rab le  p rogress  made i n  t h e  development o f  s u i t a b l e  n i t r o x i d e s  f o r  such 
measurements b u t  i t  i s  n o t  l i k e l y  t h a t  a l l  o f  t h e  o p t i m a l  probes have been developed. There 
a r e  s e v e r a l  d i f f e r e n t  e f f e c t i v e  ways t o  use n i t r o x i d e s  t o  measure t h e  c o n c e n t r a t i o n  o f  oxygen 
and each o f  these may be t h e  method o f  cho ice  i n  d i f f e r e n t  s i t u a t i o n s  and t h e r e f o r e  t h e r e  a re  
s e v e r a l  d i f f e r e n t  types  o f  o p t i m i z a t i o n  o f  n i t r o x i d e s  t h a t  a r e  p o s s i b l e  f o r  measur ing [ O  1. 

The i n i t i a l  and s t i l l  q u i t e  u s e f u l  approach i s  t o  use t h e  e f f e c t  o f  oxygen on t h e  r e s o l u t i o n  
o f  t h e  "superhyper f ine"  s p e c t r a  o f  n i t r o x i d e s  ( r e f .  11). T h i s  e f f e c t  depends i n  p a r t  on t h e  
amount o f  l o c a l i z a t i o n  o f  t h e  unpa i red  s p i n  on p ro tons  on t h e  r i n g .  
p robab ly  depends on b o t h  geomet r ic  and resonance f a c t o r s ,  b u t  t h i s  s u b j e c t  does n o t  appear 
t o  have been t r e a t e d  s y s t e m a t i c a l l y  f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n .  A very  e f f e c t i v e  new 
approach has been made by Ha lpern  and co-workers ( r e f .  20) i n  which they  s e l e c t i v e l y  
deutera ted  t h e  r i n g  o f  a p y r r o l i d i n e  n i t r o x i d e ,  l e a v i n g  a s i n g l e  p r o t o n  which gave a very  
measurable s p l i t t i n g  t h a t  i s  q u i t e  s e n s i t i v e  t o  [O,]; i t  would be very  d e s i r a b l e  t o  have 
a d d i t i o n a l  n i t r o x i d e s  u s i n g  t h i s  approach. 

The second major approach has been t h e  use o f  t h e  e f f e c t  o f  [ 0 2 ]  on t h e  w i d t h  o f  t h e  

p r i n c i p a l  n i t r o g e n  h y p e r f i n e  l i n e s ,  u s u a l l y  i n  n i t r o x i d e s  i n  which t h e  r i n g  p ro tons  have 
been rep laced  w i th  deuterons i n  o rde r  t o  narrow t h e  l i n e s  ( r e f .  13) .  
u s e f u l  i f  more such n i t r o x i d e s  were a v a i l a b l e  and i f  t h e r e  were means f u r t h e r  t o  decrease 
t h e  i n t r i n s i c  l i n e  w id ths  i n  order  t o  i nc rease  s e n s i t i v i t y  f o r  t h e  measurement o f  oxygen. 

The t h i r d  major approach has been t o  use t h e  e f f e c t  o f  [O,] on microwave power sa tu ra t i on . .  

A l though t h i s  approach may be less s e n s i t i v e  than t h e  l i n e  broaden ing  approaches, i t  may be 
more a p p l i c a b l e  i n  i n t a c t  animals and t i s s u e s  or i n  environments such as membranes where 
t h e  mot ion  o f  t h e  n i t r o x i d e  i s  hindered. 

The f o u r t h  major approach, t h e  use o f  oxygen dependent metabol ism o f  n i t r o x i d e s  a l ready  has 
been discussed. 

2 

The l o c a l i z a t i o n  

I t  would be very  

5. Development of nitroxides that effectively cause relaxation of protons of water or other 
nuclei studied by NMR techniques 
The use o f  n i t r o x i d e s  as c o n t r a s t  agents f o r  NMR i s  very  a t t r a c t i v e  because o f  t h e  
p o t e n t i a l  o f  u s i n g  n i t r o x i d e s  t o  r e f l e c t  [02 ]  and redox metabol ism ( r e f .  I ) ,  and t h e  
chemica l  v e r s a t i l i t y  o f  t h e  n i t r o x i d e s  t h a t  enables them t o  be used t o  o b t a i n  more s p e c i f i c  
l o c a l i z a t i o n .  These a p p l i c a t i o n s ,  however, have ben l i m i t e d  by t h e  problems o f  b i o r e d u c t i o n  
and r e l a t i v e l y  low r e l a x i v i t y .  The former has a l ready  been discussed. There a r e  two keys 
t o  enhance r e l a x i v i t y  o f  water p ro tons  by n i t r o x i d e s :  b i n d i n g  o f  water t o  t h e  n i t r o x i d e s  and 
b r i n g i n g  t h e  p ro tons  as c l o s e  as p o s s i b l e  t o  t h e  unpa i red  e l e c t r o n .  
t o  o b t a i n  such i n t e r a c t i o n s  w i th  water seem s t r a i g h t f o r w a r d  b u t  so f a r  t h e r e  have n o t  been 
any s i g n i f i c a n t  developments repor ted .  Some inc reased  r e l a x i v i t y  has been ob ta ined  by 

The genera l  approaches 
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b i n d i n g  n i t r o x i d e s  t o  macromolecules, thereby  ach iev ing  more optimum c o r r e l a t i o n  t imes f o r  
t h e  r e l a x a t i o n  o f  water p ro tons  ( r e f s .  2 1 , 2 2 ) .  Such b ind ing ,  i n  p r i n c i p l e ,  a l s o  c o u l d  p l a c e  
a n i t r o x i d e  i n  a favo rab le  o r i e n t a t i o n  t o  water mo lecu les  assoc ia ted  wi th t h e  macromolecule 
( r e f .  2 3 ) .  I n  a d d i t i o n  t o  t h e  useof  n i t r o x i d e s  f o r  c o n t r a s t  for M R I ,  t hey  p o t e n t i a l l y  a l s o  
c o u l d  be used t o  p rov ide  c o n t r a s t  f o r  NMR spectroscopy (MRS). These uses may be e s p e c i a l l y  
va luab le  because t h e  chemica l  v e r s a t i l i t y  o f  t h e  n i t r o x i d e s  c o u l d  be e x p l o i t e d  t o  o b t a i n  
s e l e c t i v e  e d i t i n g  o f  spec t ra .  For  example, u s i n g  a l i p o p h i l i c  n i t r o x i d e ,  we were ab le  
s e l e c t i v e l y  t o  remove t h e  resonances from methy l  and methylene p ro tons  i n  serum and 
t h e r e f o r e  were ab le  t o  see t h e  u n d e r l y i n g  resonances due t o  l a c t a t e  ( r e f .  2 4 ) .  
need t o  develop n i t r o x i d e s  t h a t  w i l l  have t h e  necessary l o c a l i z a t i o n  and r e l a x i v i t y  t o  
broaden away NMR spec t ra  i n  s p e c i f i e d  reg ions .  

There i s  a 

6. Development of nitroxides that combine the properties that are appropriate for the particular 
biological applications 
I n  o rde r  t o  emphasize t h e  p a r t i c u l a r  needs and o p p o r t u n i t i e s  f o r  t h e  va r ious  types  o f  
n i t r o x i d e s  t h e  d i scuss ions  have focused on t h e  p a r t i c u l a r  c h a r a c t e r i s t i c s  assoc ia ted  w i th  
each a p p l i c a t i o n .  I n  r e a l i t y ,  o f  course, o f t e n  n i t r o x i d e s  w i l l  be needed t h a t  combine 
s e v e r a l  d i f f e r e n t  t ypes  o f  p r o p e r t i e s .  Th is  i s  e s p e c i a l l y  t r u e  i n  rega rd  t o  i n c l u d i n g  
s t r u c t u r a l  f e a t u r e s  t h a t  c o n t r o l  t h e  d i s t r i b u t i o n  and metabol ism o f  t h e  n i t r o x i d e s .  
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