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S p e ci fi c  fl u or o g e ni c  pr o b e s f or  o z o n e i n  bi ol o gi c al
a n d  at  m o s p h eri c  s a  m pl e s
A  m a n d a  L.   G ar n er 1,   Cl a u d ett e   M.  St   Cr oi x2 ,  Br u c e  R.  Pitt2 ,   G e or g e   D.  L ei k a uf2 ,  S hi n   A n d o1

a n d   K a z u n ori   K oi d e 1*

O z o n e  e x p o s ur e  i s  a  gr o  wi n g  gl o b al  h e alt h  pr o bl e  m,  e s p e ci all y  i n  ur b a n  ar e a s.    W hil e  o z o n e  i n  t h e  str at o s p h er e  pr ot e ct s
t h e  e art h  fr o  m  h ar  mf ul  ultr a vi ol et li g ht,  tr o p o s p h eri c  or  gr o u n d-l e v el  o z o n e i s t o xi c  a n d  c a n  d a  m a g e  t h e  r e s pir at or y  tr a ct.
It  h a s  r e c e ntl y  b e e n  s h o  w n  t h at  o z o n e   m a y  b e  pr o d u c e d  e n d o g e n o u sl y i n i n fl a  m  m ati o n  a n d  a nti b a ct eri al  r e s p o n s e s  of  t h e
i  m  m u n e  s y st e  m;  h o  w e v er,  t h e s e  r e s ult s  h a v e  s p ar k e d  c o ntr o v er s y  o  wi n g  t o  t h e  u s e  of  a  n o n- s p e ci fi c  c ol ori  m etri c  pr o b e.
H er e   w e  r e p ort  t h e  s y nt h e si s  of   fl u or e s c e nt    m ol e c ul ar  pr o b e s  a bl e  t o  u n a  m bi g u o u sl y  d et e ct  o z o n e i n  b ot h  bi ol o gi c al  a n d
at  m o s p h eri c  s a  m pl e s.   U nli k e  ot h er  o z o n e- d et e cti o n   m et h o d s, i n   w hi c h i nt erf er e n c e  fr o  m  diff er e nt  r e a cti v e  o x y g e n  s p e ci e s
i s  oft e n  a  pr o bl e  m, t h e s e  pr o b e s  ar e  o z o n e  s p e ci fi c.  S u c h  pr o b e s   will  pr o v e  u s ef ul f or t h e  st u d y  of  o z o n e i n  e n vir o n  m e nt al
s ci e n c e  a n d  bi ol o g y,  a n d  s o  p o s si bl y  pr o vi d e  s o  m e i n si g ht i nt o t h e r ol e  of  o z o n e i n c ell s.

T
h e  i n v esti g ati o n  of  r e acti v e  o x y g e n  s p e ci es  ( R  O S)  h as  h a d  a
r at h er  c o ntr o v ersi al  hist or y 1 .   T h e  e xist e n c e  of  si n gl et  o x y g e n
a n d   s u p er o xi d e     w as    first    pr o p os e d   i n   t h e   l at e   1 9 6 0s;

h o  we ver,  b e c a us e  of t h e l ac k  of  s e nsiti ve  a n d  s p e ci fi c  pr o b es t h es e
res ults   w er e   m et   wit h s c e pti cis  m,  a n d t h es e s p e ci es   w ere  o nl y  c o n-
fir  m e d i n t h e l at e 1 9 8 0s.   Re c e ntl y, o z o n e h as b e e n pl ac e d i n t h e s p ot-
li g ht.  It  h as  b e e n  pr o p os e d  t h at  o z o n e  is  pr o d u c e d  e n d o g e n o usl y
fr o  m   si n gl et   o x y g e n   i n   b ot h   n e utr o p hils   a n d   at h er os cl er oti c
pl a q u e,    w hi c h   i  m pli c at es   o z o n e   i n   i n fl a  m  m at or y   res p o ns es 2 – 4 .
T his  c o n cl usi o n   w as  dr a  w n fr o  m t h e  pre  mis e t h at i n di g o  c ar  mi n e
(1 ,  Fi g.  1)5 diff er e nti all y  re a ct e d   wit h  o z o n e  as  o p p os e d  t o  ot h er
R  O S.    H o  we ver,   1   h as  si n c e  b e e n  s h o  w n  n ot  o nl y  t o  re a ct    wit h
o z o n e, b ut als o   wit h s u p er o xi d e i n a si  mil ar   m a n n er 6 , a n d t h us c h al-
l e n g es  t h e  pr o p os al  f or  e n d o g e n o us  o z o n e7 – 9 .    D es pit e  t h e  s c e pti-
cis  m,  a   m ore r e c e nt re p ort i n d e p e n d e ntl y i n di c at e d t h e  g e n er ati o n
of  o z o n e-li k e   m ol e c ul es i n  h u  m a n  n e utr o p hils 1 0 .

C h e  mil u  mi n es c e nt   m et h o ds,   w hi c h i n cl u d e t h e  us e of   1 , are als o
us e d  t o    m e as ure  o z o n e  i n  a  m bi e nt  air 1 1, 1 2 ,  b ut  ot h er  at  m os p h eri c
c o  m p o u n ds  als o  a bs or b i n t his r e gi o n  of t h e  el e ctr o  m a g n eti c s p e c-
tr u  m  a n d  f als e- p ositi ve  o z o n e  r e a di n gs  ar e  oft e n  r e p ort e d 1 3, 1 4 .  I n
a d diti o n,    m a n y  of  t h es e    m et h o ds  are  s e nsiti v e  t o  h u  mi dit y.    We
re as o n e d t h at if a s p e ci fi c  pr o b e   w as  a v ail a bl e t h e n  o z o n e  d et e cti o n
i n  air a n d  bi ol o gi c al s yst e  ms   w o ul d  b e  a c hi e ve d   m ore reli a bl y.

S e veral  pr o bl e  ms  are  ass o ci at e d   wit h t he  us e  of  1  as  a  pr o b e f or
o z o n e.  First, t h e  d ye re a dil y  u n d er g o es  o xi d ati ve cl e a v a g e 1 5 ,   w hi c h is
m ost  li kel y  res p o nsi bl e  f or  t he  l ac k  of  s p e ci fi cit y  ( S u p pl e  m e nt ar y
Fi g.  S 2 b).    A d diti o n all y,  t h e  re acti o n  of  bl u e   1   wit h   R  O S  yi el ds   2
( Fi g.   1),    w hi c h  is   c ol o url ess   a n d   c a n n ot   b e   vis u ali z e d   dire ctl y
wit h o ut t he  us e  of a s p e ctr o  m et er,  p arti c ul arl y i n  bi ol o gi c al s a  m pl es.
Alt h o u g h    1   e  mits  a  c h ar act eristi c  c h e  mil u  mi nes c e n c e  si g n al 5 a n d
a bs or b a nc e   m a xi  m u  m 1 6, 1 7 ( 4 3 0  n  m  a n d  6 1 0  n  m, res p e cti vel y),   w hi c h
h a v e b e e n us e d t o   m e as ure o z o n e i n at  m os p h eri c s a  m pl es, bi ol o gi c al
s a  m pl es  are  a n al ys e d   usi n g   hi g h- p erf or  m a n c e  li q ui d  c hr o  m at o-
gr a p h y  (  H P L  C)  or    m ass  s p e ctr o  m etr y  i n  c o  m bi n ati o n   wit h  t h es e
s p e ctr os c o pi c  t e c h ni q u es  t o   c o n fir  m  t h e   pr o d u cts   b e c a us e  t h e
si g n al  f or  2   ( ultr a vi ol et, l m a x ¼   2 4 5  a n d  2 9 8  n  m)  o v erl a ps    wit h
t h e  si g n als  f or    m a n y  ot h er  bi o or g a ni c  c o  m p o u n ds 2, 4, 6 .    A  si  mil ar
a p pr o ac h  h as re c e ntl y  b e e n r e p ort e d f or t h e si  m ult a n e o us  d et e cti o n

of  o z o n e a n d c ar b o n yls i n air 1 8 .   Alt h o u g h t his s yst e  m   w as s h o  w n t o
b e resist a nt t o  h u  mi dit y, it r e q uires e xt e nsi v e e xtr a cti o n a n d  d eri v a-
ti z ati o n  pri or t o   H P L  C  a n al ysis,  a n d its st a bilit y i n t h e  pres e n c e  of
ot h er o xi di zi n g a g e nts   w as  n ot re p ort e d.

S  m all    m ol e c ul e- b as e d  t ur n- o n   pr o b es   are   p arti c ul arl y   us ef ul
b e c a us e   t h eir   s p e ctr al    pr o p erti es   are   e asil y    dis c er n a bl e   a n d
b e c a us e t h e y ar e  c o  m p ati bl e   wit h  a q u e o us   m e di a.   Als o,  fl u or es c e nt
s a  m pl es  c a n  b e  vis u ali z e d  e asil y   wit h t h e  ai d  of  a  h a n d h el d  fl u or-
es c e n c e  s p e ctr o  m et er,  fl u or es c e n c e    mi cr os c o p e  or  e ve n  a  si  m pl e
l as er  p e n.    Alt h o u g h  s el e cti v e  fl u or es c e nt  pr o b es  e xist  f or  si n gl et
o x y g e n 1 9 ,  s u p er o xi d e1 9 a n d   h y dr o g e n   p er o xi d e 2 0 ,   pre vi o usl y   n o
s u c h  pr o b e  h as  b e e n  r e p ort e d  f or  o z o n e  ( o z o n e  pr o b es  a ds or b e d
o n  s oli d  s urf a c es  us e d  at  pr es e nt  t y pi c all y  s uff er  fr o  m  v ari a bilit y
i n  t e  m p er at ure,  pr ess ur e  a n d  h u  mi dit y1 9 ).   As  s u c h,   we  s et  o ut  t o
d esi g n  a  fl u ores c e nt t ur n- o n  pr o b e s el e cti v e f or  o z o n e.

W hil e  c o  m p o u n d    7  ( Fi g.  2)  is  as  fl u ores c e nt  as  2 0, 70- di c hl or o-
fl u or es c ei n (  D  C F) 2 1 ,   w h e n t h e  p h e n oli c  h y dr o x y  gr o u p is  al k yl at e d
s u c h  c o  m p o u n ds  are  n e arl y  n o n- fl u or es c e nt 2 2 – 2 7 .    O ur  h y p ot h esis
w as t h at  c o  m p o u n d   4 ,   w hi c h   w as  als o  pr e di ct e d t o  b e  n e arl y  n o n-
fl u or es c e nt,   w o ul d  r e act   wit h  o z o n e,  a n d  t h e  res ulti n g  al d e h y d e   6
w o ul d  u n d er g o   b - eli  mi n ati o n  t o  yi el d  t h e  fl u or es c e nt  c o  m p o u n d
7  a n d  acr ol ei n ( Fi g.  2).   H y dr o g e n  p er o xi d e is  als o  a  b y- pr o d u ct  of
t his  a q u e o us  o z o n ol ysis  r e acti o n,    w hi c h  c o ul d  o xi d ati v el y  str ess
c ells 2 8 .  Si n c e  n o n-t o xi c,  p h ysi ol o gi c al  c o n c e ntr ati o ns  of  h y dr o g e n
p er o xi d e  are  b et  we e n  1 0  a n d  1 0 0  m M (r ef.  2 9, 3 0)  a n d t h e  a  m o u nt
of  h y dr o g e n  p er o xi d e  pr o d u c e d  is  st oi c hi o  m etri c    wit h  r es p e ct  t o
o z o n e, t h e l e vel  of t his   R  O S s h o ul d  n ot re a c h t h e t o xi c,   milli  m ol ar
r a n g e  c o n c e ntr ati o ns  t h at    w o ul d  i n hi bit  c at al as e  acti vit y 3 1 .    T his
t er  mi n al  al ke n e  pr o b e s h o ul d  b e s p e ci fi c f or  o z o n e  b e c a us e it  c o n-
t ai ns a n is ol at e d ( n o n- c o nj u g at e d) ol e fi n a n d s h o ul d  n ot yi el d a fl u-
ores c e n c e  si g n al   o n  e x p os ure  t o   ot h er    R  O S 3 2, 3 3 ( S u p pl e  m e nt ar y
Fi g.  S 2 c).  B as e d  o n  t his  h y p ot h esis,   w e  d esi g n e d  a n d  s y nt h esi z e d
t h e  h o  m o all yl  et h er  4   i n  t  w o  st e ps  fr o  m  c o  m  m erci all y  a v ail a bl e
D  C F i n  6 4  % yi el d ( Fi g.  2) 2 3 .    We t h e n  b u b bl e d  o z o n e t hr o u g h a s ol-
uti o n  of  4  i n  9 5: 5  ac et o n e:  w at er  a n d  t h e  fl u or es c e nt  c o  m p o u n d  7
w as  o bt ai n e d i n  q u a ntit ati v e  yi el d,  pr es u  m a bl y t hr o u g h i nt er  m e di-
at es   5   a n d   6 ,  a n d  t h us   pr o vi d e d  a   p ositi v e  i n di c ati o n  f or   o ur
pr o b e  d esi g n.
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T o  d e vel o p a fl u ores c e nt   m et h o d a  m e n a bl e t o b ot h bi ol o gi c al a n d
at  m os p h eri c  d et ecti o n,   we c h os e  a  p  H  7  b uffer ( P  O 4

3 2 ¼   5   m  M) t o
p erf or  m t h e  c o n v ersi o n  of  4  i nt o 7 .   A s ol uti o n  of 4  i n   M e  O  H  a n d
p  H  7  b uff er ( 5: 9 5)  at  2 4  8C   w as  e x p os e d t o  o z o n e  a n d,  aft er i n c u-
b ati o n  at  3 7  8C f or  o n e  h o ur t o f acilit at e t h e  c o n v ersi o n  of   4  i nt o
7   (s e e   S u p pl e  m e nt ar y   I nf or  m ati o n  f or  ti  m e- d e p e n d e n c e   d at a),
7   w as  o bs er v e d  (si g n al-t o- b ac k gr o u n d  ( S  / B)  ¼   8 0)  ( Fi g.  3 a).    We
e n vis a g e d  t h at  t his  d et e cti o n    m et h o d   w o ul d  b e  p erf or  m e d  i n  t h e
pr es e n c e  of  c ells,  s o   w e  als o  c arri e d  o ut t h e  o z o n ol ysis  r e acti o n i n
a    mi xt ur e  of  1 0  %  f etil e  b o vi n e  s er u  m  i n   R P  MI- 1 6 4 0  c ell- c ult ur e
m e di a  a n d  p  H  7  b uff er  ( 1: 3).  I n d e e d,  t h e    m et h o d  is  c o  m p ati bl e
wit h   c o  m p o n e nts   of   t h e   c ell- c ult ure     m e di a   ( S  / B  ¼   1 0 4;   n ot
s h o  w n),   w hi c h  i n di c at es  t h at  t his    m et h o d  s h o ul d  b e  a  m e n a bl e  t o
i n  vitr o  a n d  p ossi bl y  i n  vi v o  st u di es.  It  is  i  m p ort a nt  t o  n ot e  t h at
t h e c o n v ersi o n  of 4  i nt o 7  w as f o u n d t o  b e   m u c h f ast er i n t h e  pr es-
e n c e  of t h e c o  m p o n e nts  of c ell- c ult ur e   m e di a  a n d t h at t h e re a cti o n
w as  c o  m pl et e i n  3 0   mi n ut es ( S u p pl e  m e nt ar y  Fi g.  S 7).

Gi v e n o ur s u c c essf ul res ults   wit h o z o n e,   w e n e xt   w a nt e d t o d et er-
mi n e  t h e  s p e ci fi cit y  of  o ur  pr o b e  t o   R  O S.    N o  r e acti o n  or  fl u or-
es c e n c e  si g n al    w as   o bs er ve d    wit h  t h e    R  O S  e x a  mi n e d  ( Fi g.  3 a),
alt h o u g h  fl u or es c e n c e  bl e a c hi n g  of  4   w as  o bs er ve d    w h e n  a  l ar g e
e x c ess  of  t h es e  s p e ci es    w as  pr es e nt.    H y dr o g e n  p er o xi d e  a n d  t h e
h y dr o x yl  r a di c al   wer e  als o  e x a  mi n e d  b e c a us e  t h e  f or  m er  is  a  b y-
pr o d u ct   of   t h e   a q u e o us   o z o n ol ysis   r e acti o n 3 4 ,   t h e   l att er   is   a
pr o d u ct  of  o z o n e  d e c o  m p ositi o n  i n  a q u e o us  s ol uti o n 1 1 a n d  b ot h
ar e e n d o g e n o us   R  O S. F or e a c h, n o fl u or es c e n c e-si g n al e n h a n c e  m e nt

w as   o bs er v e d  ( Fi g.  3 a).    T h us,   o ur   pr o b e  g e n er at es   fl u or es c e n c e
s p e ci fi c all y   wit h  o z o n e  a n d  c a n  b e  us e d  t o  d et e ct  o z o n e  e ve n  i n
t h e  pr es e n c e  of  ot h er   R  O S.   A  si  mil ar  s et  of  e x p eri  m e nts   w as  als o
p erf or  m e d   usi n g   1   t o   d e  m o nstr at e  t h e  l a c k   of   s p e ci fi cit y   a n d
t h e  t ur n- off   n at ur e   of  t his   c ol ori  m etri c   pr o b e  (s e e   Fi g.   1   a n d
S u p pl e  m e nt ar y I nf or  m ati o n).

We  n e xt  e x a  mi n e d t h e s e nsiti vit y  of  o ur  fl u or es c e nt   m et h o d f or
o z o n e d et e cti o n.   T h e fl u or es c e n c e i nt e nsit y c orr el at e d   wit h t h e c o n-
c e ntr ati o n  of  o z o n e i n t h e  5 0  n  M 2  1 2. 5  m M  ( 2. 4  2  6 0 0  p p b)  r a n g e
wit h  S  / B  ¼   2. 6 2  3 1 0  aft er  t e nf ol d  dil uti o n  of t h e  ori gi n al  s a  m pl es
( 02  5 0 0  n  M,  Fi g.  3 b).

O z o n e’s r ol e i n  d a  m a gi n g  h u  m a n tiss u es is  u n cl e ar, s o t h er e is a
n e e d  f or  a  bi o  m e di c al  pr o b e  t o  b ett er  u n d erst a n d  t h e l o c ali z ati o n
of  t his  hi g hl y  re a cti ve  s p e ci es.   Cell ul ar  eff e cts  of  o z o n e  e x p os ure
h a v e   b e e n   o bs er ve d;   h o w e ver,   it   is   s p e c ul at e d   t h at   o z o n e   is
m u c h   t o o   re a cti ve   t o   re a c h   a n d   p er  m e at e   air  w a y   e pit h eli al
c ells 3 5 – 3 7 .    T h us,  t o  e x a  mi n e  t h e  utilit y  of  o ur  d et e cti o n    m et h o d
i n  s u c h  bi ol o gi c al  s a  m pl es,   w e  first  att e  m pt e d  o z o n e  d et e cti o n  i n
t h e  pr es e n c e  of  v ari o us  a nti o xi d a nts  f o u n d  i n  t h e  air  w a y  li q ui d
li ni n g.   As c or bi c  aci d,  gl ut at hi o n e  a n d  uri c  a ci d  are  t h e    m ost  pre-
d o  mi n a nt  a nti o xi d a nts  pr es e nt 3 5 – 3 7 a n d,  as  Fi g.  3 c  s h o  ws,  o ur  fl u-
ores c e nt   m et h o d   w or ks i n t h e  pr es e n c e  of  p h ysi ol o gi c all y  rel e v a nt
a nti o xi d a nts.    We  t h e n  pr o c e e d e d  t o  t est  o ur    m et h o d   wit h  h u  m a n
pl e ur al   fl ui d  t o    mi  mi c  t h e   e pit h eli al  li ni n g   fl ui d   of  t h e  l u n g.
I n d e e d,   a   str o n g   fl u or es c e n c e   si g n al    w as   pr o d u c e d   ( S/ B  ¼   9 2;
Fi g.  3 d),    w hi c h  i n di c at es  t h at  pr o b e   4   s h o ul d  pr o vi d e  a  t o ol  t o
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Fi g ur e 1  | I n di g o  c ar  mi n e (1) i s  a  n o n- s el e cti v e,  c ol ori  m etri c  pr o b e f or  R  O S. I n t hi s c a s e,  a  bl u e s ol uti o n  of 1  r e a ct s   wit h  v ari o u s  R  O S t o f or  m  c ol o url e s s

i s ati n  s ulf o ni c  a ci d (2 ).
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Fi g ur e  2  | S y nt h e si s  a n d   m e c h a ni sti c  d e si g n  of  o z o n e  pr o b e   4.  Pr o b e  4  w a s  pr e p ar e d i n t  w o  st e p s fr o  m   D C F.  T h e t er  mi n al  ol e fi n  of   4  r e a ct s   wit h  o z o n e t o

f or  m   m ol o z o ni d e 5  vi a  a ( 3 þ   2)  c y cl o a d diti o n,   w hi c h  u n d er g o e s r etr o ( 3  þ   2) c y cl o a d diti o n t o f or  m  al d e y d e  6 ,   H C  H  O  a n d   H2 O 2 .   Al d e h y d e 6  t h e n  u n d er g o e s

b - eli  mi n ati o n t o f or  m t h e  fl u or e s c e nt  c o  m p o u n d  7  a n d   C  H 2 ==== C  H C  H  O.   DI B  A L  H  ¼   dii s o b ut yl al u  mi ni u  m  h y dri d e,   D  D  Q  ¼   2, 3- di c hl or o- 5, 6- di c y a n o b e n z o q ui n o n e.
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vis u ali z e i n dir e ctl y t his  r e acti v e  g as i n  t h e  st u d y  of  o z o n e  a n d t h e
res pir at or y  s yst e  m.

As a f urt h er  d e  m o nstr ati o n of t h e r o b ust n ess of  pr o b e   4 ,   we  n e xt
e x a  mi n e d t h e d et e cti o n of o z o n e i n h u  m a n s er u  m.   As Fi g. 3 e s h o  ws,
pr o b e  4  is a bl e t o  d et e ct  o z o n e e ve n i n t h e  pres e n c e  of  ot h er  p ot e n-
ti all y  r e acti v e  s p e ci es  i n  s er u  m  ( S/ B  ¼   9 2).  It  is  i nt eresti n g  t h at,
alt h o u g h  t h e    m a xi  m u  m  e  missi o n    w a v el e n gt h  s hift e d  t o  5 3 1  n  m,
t h e   o bs er v e d   c ol o ur    w as   bl u e.    T his   o bs er v ati o n   pr o v e d  t o   b e
g e n er al f or  t his  fl u or o p h or e  s c aff ol d,  as  b ot h   D  C F  a n d  7  b e h a v e d
i n a si  mil ar   m a n n er i n s er u  m.   Alt h o u g h t h e e x act r e as o n f or t h e re d-
s hift is  u n cl e ar  at  pr es e nt, it is  k n o  w n t h at t h e  e  missi o n s p e ctr a  of
fl u or es c ei ns  c a n  b e i n fl u e n c e d  b y  v ari o us f act ors i n s er u  m 3 8 .

T o d et er  mi n e   w h et h er o ur  pr o b e c a n b e us e d i n st u di es rel at e d t o
o z o n e’s r ol e i n c ell bi ol o g y   we i n c u b at e d  h u  m a n br o n c hi al e pit h eli al
c ells   wit h c o  m p o u n d 4 .   Alt h o u g h c o  m p o u n d 4  w as c ell p er  m e a bl e, it
w as f o u n d t h at it h a d b e e n c o n vert e d t o a fl u ores c e nt c o  m p o u n d i nsi d e
t h e  c ells i n t h e  a bs e n c e  of  e xt er n al  o z o n e   wit hi n t e n   mi n ut es.  B as e d
o n   o ur  o n g oi n g  st u di es  as  t o    w h y  c o  m p o u n d   4   a n d  str u ct ur all y
rel at e d   c o  m p o u n ds   are   n ot   fl u ores c e nt,  it    w as  t h o u g ht  t h at  t h e
h y dr o x y  m et h yl  gr o u p  of   4  m a y  h a ve  b e e n  o xi di z e d  t o  gi ve  a    m ore
el e ctr o n-  wit h dr a wi n g  gr o u p,  p ossi bl y  a  c ar b o x y  or  al d e h y d e  gr o u p,
a n d s o e  mit  a str o n g  fl u ores c e n c e si g n al.   T o circ u  m ve nt s u c h  a n  o xi-
d ati o n e ve nt,   we  pre p are d c o  m p o u n d  8  a n d  c o n fir  m e d t h at t his  c o  m-
p o u n d   w as  als o  s p e ci fi c  f or  o z o n e  ( s e e  S u p pl e  m e nt ar y  I nf or  m ati o n
f or   t h e   d et ails).    As   e x p e cte d,   t his   c o  m p o u n d    was    n e arl y    n o n-
fl u ores c e nt  a n d  t h us    w as  us e d  f or  t h e  li ve- c ell  e x p eri  m e nt.    U nli ke
c o  m p o u n d  4 ,  c o  m p o u n d 8  re  m ai n e d   we a kl y  fl u ores c e nt   wit hi n  t h e
c ells.   O n c e  a  st e a d y  b as eli n e  si g n al  h a d  b e e n  est a blis h e d  a n d    m ai n-
t ai n e d f or  fi ve    mi n ut es,  o z o n e  g as   was  g e n er at e d   wit hi n  t h e  airti g ht
e n vir o n  m e nt al   c h a  m b er  t h at   h o us e d  t h e   c ell- c ult ure   dis h es,   a n d
fl u ores c e n c e  si g n als    were    m o nit ore d  usi n g  li ve- c ell    mi cr os c o p y  f or

1 5   mi n ut es.   As  Fi g.  4 s h o ws (s e e  S u p pl e  m e nt ar y I nf or  m ati o n f or a
fil  m),  a ti  m e- d e p e n d e nt i n cre as e i n  fl u ores c e n c e  e  missi o ns  o c c urre d

i nsi d e  t h e  c ells  aft er  o z o n e  g e n er ati o n,    w hi c h  i n di c at es  t h at  o z o n e
c a n   p e n etr at e  t hr o u g h   c ell    m e  m br a n es.    T h es e   res ults   s h o w  t h at
f urt h er   st u di es   o n   t h e   i ntr ac ell ul ar   bi ol o gi c al   acti vit y   of   o z o n e
are   warr a nt e d.

D et e cti o n  i n  a  m bi e nt i n d o or  a n d  o ut d o or  air  is  als o i  m p ort a nt
b e c a us e of t he t o xi c eff e cts of t his g as 3 9, 4 0 .  E x p os ure t o e n vir o n  m e nt al
o z o n e is  p arti c ul arl y a  pr o bl e  m f or t h os e   w h o s uffer fr o  m res pir at or y
ail  m e nts, s u c h as ast h  m a, br o n c hitis a n d c ysti c fi br osis.   T hes e p ati e nts
rel y s ol el y o n c o  m  m u nit y- b as e d   m o nit ori n g t o a dj ust t h eir b e h a vi o ur
s o  as t o   mi ni  mi z e t heir  e x p os ure.   As  s u c h,  o n e  of  o ur  g o als   w as t o
ass ess    w h et h er  c o  m p o u n d   4   c o ul d  b e  us e d  t o  d e vel o p  a  si  m pl e
m et h o d  b y   w hi c h  or di n ar y  citi z e ns  c o ul d   m o nit or t h eir t ot al  o z o n e
e x p os ure,   a n d  t h us    m a ke    m ore  i nf or  me d   d e cisi o ns   a b o ut  t heir
o ut d o or  acti vit y.    As  a  first  st e p  t o w ar ds  t his  g o al,    we  c arri e d  o ut
a    pr o of- of- pri n ci pl e   e x p eri  m e nt.     A   s ol uti o n    of   c o  m p o u n d    4
( 5 0 0 n  m ol) i n  di  m et h yls ulf o xi d e  (  D  M S  O)   w as  a bs or b e d  o n  a  pi e c e
of  a ds or be nt  p a p er  a n d  all o we d t o  dr y;  1  w as  us e d f or  c o  m p aris o n
b e c a us e t his is   m ore a  me n a bl e t o c o nti n u o us   m e as ure  me nt t h a n is a
m et h o d   b as e d   o n   ultr a vi ol et   a bs or b a nc e.    T he   p a p er  stri ps    were
st ore d i n a n of fi c e r o o  m t h at h a d t  w o p h ot oc o pi ers a n d t  w o l as er pri n-
t ers.    Aft er  ei g ht  h o urs,  t he  p a p er  stri ps   were  re  m o ve d  a n d  pl ac e d
i n  a vi al t h at  c o nt ai ne d  p  H  7  b uff er t o el ut e t he  d yes.  Fi g ure  5 a a n d
t he   fl u ores c e n c e   e  missi o n   of   c o  m p o u n d   7   (s e e   S u p pl e  m e nt ar y
I nf or  m ati o n) s h o w t h at 0. 9 5 n  m ol of 7  w as g e n erat e d,   w hi c h i n di c at es
t h at  at l e ast  0. 9 5 n  m ol  of  o z o n e   w as  e x p os e d t o t h e  stri p  o ver  ei g ht
h o urs.   T h e  p a p er stri p t h at c o nt ai ne d  1  dis pl a ye d  a  7 7  %  d ecre as e i n
a bs or b a nc e at 6 1 0  n  m ( Fi g. 5 b),   w hi c h c orrel at es t o t h e c o ns u  m pti o n
of 3 8 7  n  m ol of  1 .   T h e d e vi ati o n i n t h es e v al u es is pres u  m a bl y b e c a us e
of p h ot o bl e ac hi n g a n d t he l ac k of s p e ci ficit y of  1  t o w ar ds v ari o us  R  O S,
i ncl u di n g si n gl et  o x y g e n.   Alt h o u g h t he  us e  of  p a p er stri ps is  n ot  a n
o pti  m al f or  m at,   we e n vis a g e t h at a  b a d g e t h at c o nt ai ns  pr o b e  4  m a y
b e  d e vel o p e d f or  p ati e nts t o   we ar a n d s o c o nti n u o usl y   m e as ure t heir
o w n t ot al o z o n e e x p os ure t hr o u g h t he  d a y.
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Fi g ur e  3  | O z o n e  d et e cti o n i n  a q u e o u s  a n d  bi ol o gi c al   m e di a.   E x p eri  m e nt al  d et ail s  ar e  gi v e n i n t h e   M et h o d s  s e cti o n.  E a c h  e x p eri  m e nt   w a s  p erf or  m e d i n

tri pli c at e  a n d  err or  b ar s   w er e  d et er  mi n e d fr o  m t h e   m e a n  a n d st a n d ar d  d e vi ati o n ( Pri s  m  5. 0 a,   Gr a p h P a d  S oft  w ar e).  a ,  R  O S  s p e ci fi cit y. b ,   C orr el ati o n  b et  w e e n

fl u or e s c e n c e i nt e n sit y  a n d  o z o n e  c o n c e ntr ati o n i n   M e  O  H  a n d  p  H  7  b uff er ( 5: 9 5)  aft er t e nf ol d  dil uti o n  of t h e  ori gi n al  s a  m pl e s.  T h e i nt e n sit y   w a s li n e ar   u p t o

1 2. 5 m M ( s e e  S u p pl e  m e nt ar y I nf or  m ati o n).    c ,   O z o n e  d et e cti o n i n t h e  pr e s e n c e  of a nti o xi d a nt s. I n  all c a s e s, t h e  c o n c e ntr ati o n  of  a s c or bi c  a ci d   w a s  5 0 m M  a n d

c o n c e ntr ati o n  of  gl ut at hi o n e  a n d  uri c  a ci d   w er e 1 0 0 m M.    d ,   O z o n e  d et e cti o n i n  h u  m a n  pl e ur al  fl ui d  a n d  p  H  7  b uff er (1: 3)  vi s u ali z e d  u n d er  a l o n g-r a n g e

ultr a vi ol et l a  m p.  e ,   O z o n e  d et e cti o n i n  h u  m a n s er u  m  a n d  p  H  7  b uff er (1: 3)  vi s u ali z e d  u n d er  a l o n g-r a n g e  ultr a vi ol et l a  m p.
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We  als o    w a nt e d  t o  e x a  mi ne   o z o n e   d et e cti o n  i n  a  m bi e nt  air.
S ol uti o ns  of  4  i n   M e  O  H  a n d  p  H  7  b uff er ( 5: 9 5)   were  pre p are d  a n d
e x p os e d  t o  a  m bi e nt  air  f or  ei g ht  h o urs  o n  a  s u n n y  d a y  (    3 2  8C)
i n v ari o us l o c ati o ns t hr o u g h o ut  Pitts b ur g h,  P e n ns yl v a ni a ( d at a c ol-
l e ct e d  o n  6  J u n e  2 0 0 8;  f or  d et ail e d  l o c ati o ns,  s e e  S u p pl e  m e nt ar y
I nf or  m ati o n).    O z o n e  d et e cti o n   w as  s u c c essf ul   wit h  S/ B  v al u es  of
1 0 2  1 7  ( Fi g.  5 c),   w hi c h  c orrel at es t o  1 3 2  2 2  p p b i n  t h e  pr o b e  s ol-
uti o n e x p os e d t o t h e air.   T o e ns ure t h at   w e  h a d s el e cti vel y  d et e ct e d
o z o n e,   w e s cre e n e d a n u  m b er of ot h er p oll ut a nts ( Fi g. 5 d).   Nitr o g e n
di o xi d e  a n d  s ulf ur  di o xi d e  are  c o n v ert e d i nt o t h eir  c orr es p o n di n g
aci ds  i n  a q u e o us  s ol uti o n,  s o  nitri c  aci d  a n d  s ulf uri c  a ci d    w er e
s cre e n e d.    We  als o  s cre e n e d l e a d,  p all a di u  m  a n d  pl ati n u  m  ( k n o  w n
p oll ut a nts e  mitt e d fr o  m   m ot or v e hi cl es) at e n vir o n  m e nt all y rel e v a nt

c o n c e ntr ati o ns 4 1 .    N o n e  of  t h es e  s p e ci es  pr o d u c e d  a  fl u or es c e n c e
si g n al.    Asi d e  fr o  m  t h e  s p e ci fi cit y,  it  is  i  m p ort a nt  t o   n ot e  t h at
b e c a us e  o ur  d et e cti o n    m et h o d  is  p erf or  m e d  i n  a q u e o us    m e di a  it
will n ot b e aff e ct e d b y h u  mi dit y.   T h us, pr o b e   4  m a y b e us e d as a s e n-
siti ve  pr o b e f or  o z o n e i n t h e  at  m os p h er e.

I n  s u  m  m ar y,   w e  h a v e  d e vel o p e d  s p e ci fi c  a n d  r o b ust  fl u or es c e nt
pr o b es  f or   o z o n e.    O ur   pr o b es   are   a bl e  t o   fl u or es c e ntl y   d et e ct
o z o n e i n bi ol o gi c al a n d e n vir o n  m e nt al s a  m pl es.   A d diti o n al f e at ures
i n cl u d e   w at er  c o  m p ati bilit y  a n d  e as e  of   m e as ure  m e nt.   O ur  pr o b es
s h o ul d   pr o vi d e  v al u a bl e  t o ols    wit h    w hi c h  t o   b ett er   u n d erst a n d
o z o n e’s  r ol e  i n  h u  m a n  h e alt h  a n d  t h e  at  m os p h er e.    A d diti o n all y,
t h e si  m pli cit y  of t h eir  us e s u g g ests t h at,  aft er f urt h er  o pti  mi z ati o ns
(f or e x a  m pl e, a c c el er ati o n of t h e c o n v ersi o n fr o  m 6  i nt o 7  i n b uff er),
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Fi g ur e   4  | Li v e- c ell i  m a gi n g  of  h u  m a n  br o n c hi al  e pit h eli al  c ell s i n t h e  pr e s e n c e  of  o z o n e  u si n g c o  m p o u n d  8.  a – h ,  T h e l eft- h a n d  p a n el s  ar e  p s e u d o c ol o ur

i  m a g e s t h at i n di c at e t h e  c h a n g e s i n  e  mi s si o n i nt e n sit y  o v er ti  m e,  a n d t h e ri g ht- h a n d  p a n el s s h o  w  diff er e nti al i nt erf er e n c e  c o ntr a st i  m a g e s  of t h e  br o n c hi al

e pit h eli al  c ell s.  a ,  B ef or e t h e  a d diti o n  of 8  ( 0 s).  b ,   At 1 0 7 s  a  st e a d y- st at e i nt e n sit y   w a s r e a c h e d   wit h  c o  m p o u n d 8  at  2 5 0  n  M.  c ,   At  3 2 6 s  a n  o z o n e  fl o  w

st art e d.  d ,   At  5 3 6  s t h e  e  mi s si o n i nt e n sit y i n cr e a s e d. e ,   At  6 7 5 s t h e  e  mi s si o n   m a xi  m u  m   w a s r e a c h e d. f,   At  8 2 0  s  c ell s  st art e d t o  di e. g ,   At  9 6 9  s t h e

e  mi s si o n  c o nti n u e d t o f all.  h ,   At 1,1 4 8  s t h e  o z o n e  fl o  w  st o p p e d.

N  A T  U R E   C  H E  MI S T R Y D  OI: 1 0.1 0 3 8 /  N C  H E  M. 2 4 0 A R TI C L E S

N  A T  U R E   C  H E  MI S T R Y   |   V  O L 1 | J  U L Y  2 0 0 9 |   w  w  w. n at ur e. c o  m / n at ur e c h e  mi str y 3 1 9

http://www.nature.com/compfinder/10.1038/nchem.240_comp4
http://www.nature.com/compfinder/10.1038/nchem.240_comp4
http://www.nature.com/compfinder/10.1038/nchem.240_comp6
http://www.nature.com/compfinder/10.1038/nchem.240_comp7
http://www.nature.com/compfinder/10.1038/nchem.240_comp8
http://www.nature.com/compfinder/10.1038/nchem.240_comp8
http://www.nature.com/compfinder/10.1038/nchem.240_comp8
http://www.nature.com/doifinder/10.1038/nchem.240
www.nature.com/naturechemistry


©  2 0 1 0  M a c  mill a n   P u bli s h er s  Li  mit e d.    All  ri g ht s  r e s er v e d.  

 

it   m a y b e p ossi bl e f or i n di vi d u als t o   m o nit or t h eir e x p os ur e t o o z o n e
at  h o  m e.   T his   w o ul d  b e  of  e n or  m o us  b e n e fit  t o  t h os e   w h o  s uff er
fr o  m  res pir at or y   dis e as es,   as  t h e y    will   b e  a bl e  t o  c h a n g e  t h eir
b e h a vi o ur a c c or di n gl y.

M et h o d s
O z o n e  d et e cti o n.   S ol uti o ns  of  4  ( fi n al  c o n c e ntr ati o n  1 2. 5 m M) i n  a   mi xt ur e  of
M e  O  H  a n d  p  H  7  b uff er ([ P  O 4

3 2 ] ¼   5   m  M;  5: 9 5;  4. 0   ml)   w er e  pre p ar e d,  a n d t h e
s a  m pl es   w er e e x p os e d t o v ari o us a  m o u nts  of  o z o n e at 2 4 8C f oll o  w e d  b y i n c u b ati o n
f or  o n e  h o ur at  3 7 8C  b ef ore  fl u or es c e n c e   m e as ur e  m e nts ( e x c e pt i n t h e a  m bi e nt air
e x p eri  m e nts).   T h e  c o n c e ntr ati o n  of  o z o n e   w as  5  m M f or t h es e st u di es.  F or
e x p eri  m e nt al  d et ails   wit h  ot h er   R  O S, s e e S u p pl e  m e nt ar y I nf or  m ati o n.  Fl u or es c e n c e
s p e ctr a   w ere r e c or d e d i n  a  dis p os a bl e  c u v ett e ( 1    1 c  m)  o n  a J o bi n   Y v o n
Fl u or o  M a x- 3 s p e ctr o  m et er  u n d er t h e  c o ntr ol  of  a    Wi n d o  ws- b as e d  P  C  usi n g
Fl u or Ess e n c e s oft  w ar e.   T h e s a  m pl es   w er e  e x cit e d  at  4 9 7  n  m  a n d t h e  e  missi o n
i nt e nsiti es   w ere c oll e ct e d at 5 2 3  n  m.   All s p e ctr a   w er e c orr e ct e d f or e  missi o n i nt e nsit y
usi n g t h e   m a n uf a ct ur er-s u p pli e d  p h ot o  m ulti pli er c ur v es.

O z o n e  d et e cti o n i n i n d o or  air.   O n e  a ds or b e nt  p a p er (  Ki  m  wi p e)   w as  c ut i nt o t  w o
1 1    9 c  m  pi e c es.   C o  m p o u n d  4  (  D  M S  O s ol uti o n, 5 0 0  n  m ol t ot al )   w as a d d e d t o o n e
p orti o n  of t h e   Ki  m  wi p e  a n d  all o  w e d t o  dr y  o v er ni g ht i n  a l a b or at or y  dr a  w er.   T h e
p a p er stri p   w as t h e n   m o v e d t o  a  p h ot o c o p y r o o  m t h at c o nt ai n e d t  w o  p h ot o c o pi ers
a n d t  w o l as er  pri nt ers,  a n d  k e pt t h er e f or ei g ht  h o urs.   T h e c o ntr ol r e  m ai n e d i n t h e
l a b or at or y dr a  w er.   Aft er ei g ht h o urs, t h e s a  m pl es   w er e pl a c e d i nt o a s ci ntill ati o n vi al
a n d t h e  d y e   w as  el ut e d   wit h  p  H  7  b uff er ( 6. 0   ml;  a b o ut  fi ve   mi n ut es)  b ef ore
fl u or es c e n c e   m e as ur e  m e nt.

O z o n e  d et e cti o n i n  a  m bi e nt  air.   S ol uti o ns  of  4  ( fi n al c o n c e ntr ati o n  1 2. 5 m M) i n a
mi xt ur e  of   M e  O  H a n d  p  H  7  b uff er ([ P  O 4

3 2 ] ¼   5   m  M;  5: 9 5;  4. 0   ml)   w ere  pre p ar e d,
a n d t h e s a  m pl es   w er e pl a c e d f or ei g ht h o urs i n o ut d o or ar e as   wit h h e a v y tr af fi c.   C are
w as t a k e n t o  e ns ur e t h e s a  m pl es   wer e  n ot  hit  b y  dir e ct s u nli g ht.   A  n e g ati v e c o ntr ol
w as  pr e p ar e d i n t h e s a  m e   m a n n er,  b ut i n c u b at e d  at  3 7   8C i n  a cl os e d  vi al f or ei g ht
h o urs.   Aft er i n c u b ati o n f or ei g ht  h o urs, t h e  fl u or es c e n c e  of  e ac h s a  m pl e
w as   m e as ur e d.

O z o n e  d et e cti o n i n li v e  h u  m a n  e pit h eli al  c ells.   H u  m a n  br o n c hi al  e pit h eli al  c ells
( B E  A S- 2 B) (  A  m eri c a n   T y p e   C ult ur e   C oll e cti o n)   wer e  gr o  w n i n  L  H  C- 9   m e di u  m
(I n vitr o g e n)  o n gl ass- b ott o  m e d  P etri  dis h es (  M at Te k)  pr e c o at e d   wit h 0. 0 1   m g   ml 2  1

of  h u  m a n  fi br o n e cti n (I n vitr o g e n),  0. 0 2 9   m g   ml 2  1 Vitr o g e n  1 0 0 (  C o h esi o n)  a n d
0. 0 1   m g   ml 2  1 b o vi n e s er u  m al b u  mi n (I n vitr o g e n) i n L  H  C- 9   m e di u  m 4 2 . I  m  m e di at el y
pri or t o i  m a gi n g,  c ells   w er e ri ns e d   wit h   H a n k’s  b al a n c e d s alt s ol uti o n,   w hi c h
c o nt ai n e d  c al ci u  m  a n d   m a g n esi u  m,  a n d  pl a c e d i nsi d e  a t e  m p er at ur e- c o ntr oll e d,
airti g ht e n vir o n  m e nt al c h a  m b er a n d   m ai nt ai n e d at  3 7  8C a n d  5  %   C  O 2 ( T o k ai   Hit).
I  m a g es   w er e  o bt ai n e d  usi n g  a   Ni k o n   T E 2 0 0 0 E- P F S ( Perf e ct  F o c us  S yst e  m)
mi cr os c o p e  e q ui p p e d   wit h  a  4 0    oil-i  m  m ersi o n  o bj e cti v e (  Ni k o n,   C FI  Pl a n Fl u or,
N  A 1. 3) a n d, a fl u or es c ei n is ot hi o c y a n at e l o n g p ass  filt er s et (  C hr o  m a), a   Q-I  m a gi n g
S R  V   C  C  D c a  m er a (  Q-I  m a gi n g) a n d   M et a  M or p h s oft  w ar e (  M ol e c ul ar   D e vi c es).   T h e
m ot ori z e d   X Y Z st a g e  us e d   w as   m a d e  b y   A SI ( E u g e n e).  B as eli n e i  m a g es   w er e
c oll e ct e d  b ef ore t h e  a d diti o n  of  8  a n d ti  m e-l a ps e i  m a g es  o bt ai n e d  at  3 0-s e c o n d
i nt er v als aft er t h e a d diti o n of 8  ( 2 5 0  n  M).   O n c e a st a bl e b as eli n e  h a d b e e n ac hi e v e d,
m ulti pl e   w as h es   w ere  c arri e d  o ut  a n d t h e   m e di a r e pl ac e d.   T h e  c ells   w er e t h e n
e x p os e d t o  o z o n e (    2. 1  p p  m)  a n d   m o nit or e d  e v er y  3 0 s e c o n ds f or  1 5   mi n ut es.
O z o n e   w as  g e n er at e d fr o  m   m e di c al  gr a d e  o x y g e n (  V all e y   G as)  vi a  a   m o d el   V 1- 0
ultr a vi ol et  o z o n at or (  O R E  C)  a n d  a n al ys e d   wit h  a   D asi bi  (  Gl e n d al e)  dir e ct-r e a di n g
i nstr u  m e nt.   O z o n e c o n c e ntr ati o ns   w er e   m ai nt ai n e d  b y a dj usti n g  b ot h t h e i nt e nsit y
of t h e ultr a vi ol et li g ht a n d t h e fl o w r at e of o x y g e n. F or e ac h e x p eri  m e nt, i  m a g es   w er e
c oll e ct e d fr o  m si x st a g e  p ositi o ns,   wit h  a   mi ni  m u  m  of  fi v e c ells  p er  p ositi o n
( a   mi ni  m u  m  of  3 0  c ells  p er e x p eri  m e nt).

R e c ei v e d  2 3   D e c e  m b er  2 0 0 8;  a c c e pt e d  2 7   A pril  2 0 0 9;
p u bli s h e d  o nli n e  31   M a y  2 0 0 9;  c orr e ct e d  o nli n e 1 0   M ar c h  2 01 0
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1 0.   Y a  m as hit a,   K.  et  al .   O z o n e  pr o d u cti o n  b y a  mi n o  a ci ds  c o ntri b ut es t o  killi n g  of
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Fi g ur e  5  | C o n v er si o n  of   4 i nt o  7  e n a bl e s t h e  d et e cti o n  of  o z o n e i n  air

s a  m pl e s.  a ,b ,   D y e s  ( 5 0 0  n  m ol) 4  (a )  a n d  1  (b )   w er e  a b s or b e d  o nt o  pi e c e s

(11    9 c  m)  of  a d s or b e nt  p a p er  a n d  u s e d t o  d et e ct  o z o n e i n i n d o or air f or

ei g ht  h o ur s.  c ,d ,  S ol uti o n s  of 4  (1 2. 5 m M) i n   M e  O  H  a n d  p  H  7  b uff er ( 5: 9 5)

w er e  e x p o s e d t o  a  m bi e nt  air i n  v ari o u s l o c ati o n s (  A –  D) t hr o u g h o ut  a  cit y

a n d  o z o n e  a s s a y s  p erf or  m e d.   O z o n e   w a s   m e a s ur e d i n  o ut d o or  air f or  ei g ht

h o ur s ( c ),  a s   w a s it s  s p e ci fi cit y  a g ai n st  ot h er air  p oll ut a nt s ( d )  ( a ci d

c o n c e ntr ati o n,  2 5 0 m M;   m et al c o n c e ntr ati o n, 1 0 0 n  M).  E x p eri  m e nt s   w er e

p erf or  m e d i n tri pli c at e  a n d  err or  b ar s   w er e  d et er  mi n e d fr o  m t h e   m e a n  a n d

st a n d ar d  d e vi ati o n ( Pri s  m  5. 0 a,   Gr a p h P a d  S oft  w ar e).  F or  e x p eri  m e nt al

d et ail s,  s e e  S u p pl e  m e nt ar y I nf or  m ati o n.
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n  a t  u r e  c  h e  mi s t r y   |   w  w  w. n at ur e. c o  m / n at ur e c h e  mi str y 1

S  u p p l e   m e  n t a r y i  n f  o r   m  a ti  o  n
d  oi: 1 0.1 0 3 8 /  n c  h e  m. 2 4 0

S 1  

S u p p orti n g I nf or  m ati o n  

f or 

S p e cifi c  Fl u or o g e ni c  Pr o b es  f or   O z o n e i n   Bi ol o gi c al  a n d   At  m os p h eri c 

S a  m pl es  

A  m a n d a  L.   G ar n er, 1    Cl a u d ett e    M.  St.   Cr oi x,2    Br u c e   R.  Pitt,2    G e or g e   D.  L ei k a uf,2   S hi n   A n d o,1   a n d   K a z u n ori 
K oi d e 1 *  
1 D e p art  m e nt  of   C h e  mi str y,   U ni v ersit y  of   Pitt s b ur g h,  2 1 9  P ar k  m a n   A v e n u e,  Pitt s b ur g h,  P  A  1 5 2 6 0  

2 D e p art  m e nt  of  E n vir o n  m e nt al  a n d   O c c u p ati o n al   H e alt h,   U ni v ersit y  of  Pitt s b ur g h,  1 0 0  T e c h n ol o g y   Dri v e, 
Pitt s b ur g h,  P  A  1 5 2 1 9  

k oi d e   @ pitt. e d u  

 

G E  N  E  R  A  L I N F  O  R   M  A  TI  O  N  

O z o n e   w as  g e n er at e d  b y f e e di n g  hi g h  p urit y  o  x y g e n i nt o  a    W el s b a c h  T -s eri es  o z o n e  g e n er at or.   R P   MI -1 6 4 0 

m e di u  m (  wit h o ut  L  -gl ut a  mi n e  a n d  p h e n ol r e d) i s  a  pr o d u ct  of   H y  Cl o n e !    a n d   w as  u s e d  as r e c ei v e d.   H u  m a n 

pl e ur al fl ui d   w as  p ur c h as e d fr o  m  L e e   Bi o s ol uti o n s  a n d  u s e d  as r e c ei v e d.   H u  m a n s er u  m ( off -t h e-cl ot , t y p e   A  B) 

w as  p ur c h as e d fr o  m  P  A  A  L a b or at ori es, I n c.  a n d  u s e d  a s r e c ei v e d.   Ki  m  wi p es "  i s  a  pr o d u ct  of   Ki  m b erl y-Cl ar k. 

B uff ers   w er e  p ur c h as e d fr o  m J.  T.   B a k er ( p  H  7,  c at al o g  n u  m b er  5 6 0 8  -0 1)  a n d  u s e d  aft er  dil uti o n   wit h 

A  RI S T  A  R !    U L T  R  A    W at er.  

     All r e a cti o n s   w  er e  c arri e d  o ut  u n d er  a  nitr o g e n  at  m o s p h er e   wit h  dr y, fr es hl y  di still e d s ol v e nt s  u n d er 

a n h y dr o u s  c o n diti o n s,  u nl es s  ot h er  wi s e  n ot e d.  T etr a h y dr of ur a n ( T  H F)   w as  di still e d  fr o  m s o di u  m-b e n z o p h e n o n e, 

a n d   m et h yl e n e  c hl ori d e (  C  H 2 Cl 2 )   w as  di still e d fr o  m  c al ci u  m  h ydri d e.  Yi el d s r ef er t o  c hr o  m at o gr a p hi c all y  a n d 

s p e ctr o s c o pi c all y  (1 H   N  M  R)  h o  m o g e n o u s   m at eri al s,  u nl es s  ot h er  wi s e st at e d.   

     All r e a cti o n s   w er e   m o nit or e d  b y t hi n  -l a y er  c hr o  m at o gr a p h y ( T L  C)  c arri e d  o ut  o n  0. 2 5-m  m  E  M  D   sili c a 

g el  pl at es ( 6 0 F -2 5 4)  u si n g   U  V -li g ht ( 2 5 4  n  m).  T SI sili c a  g el ( 2 3 0# 4 0 0  m es h)   w as  u s e d f or fl as h  c ol u  m n 

c hr o  m at o gr a p h y.  

     N  M  R s p e ctr a   w er e r e c or d e d  o n   A  M 3 0 0 (  Br u k er) i n str u  m e nt s  a n d  c ali br at e d  u si n g  a s ol v e nt  p e a k  as  a n 

i nt er n al r ef er e n c e.  T h e f oll o  wi n g  a b br e vi ati o n s  ar e  u s e d t o i n di c at e t h e   m ulti pli citi es: s, si n gl et;  d,  d o u bl et; t, 

tri pl et;  q,  q u art et;   m,   m ulti pl et;  br,  br o a d.    M as s s p e ctr a   w er e  o bt ai n e d fr o  m  a    Mi cr o  m as s   A ut o s p e c  d o u bl e 

f o c u si n g i n str u  m e nt. 
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n  a t  u r e  c  h e  mi s t r y   |   w  w  w. n at ur e. c o  m / n at ur e c h e  mi str y 2

S u p p l e   m e  n t a r y   i  n f  o r   m  a ti  o  nd  oi: 1 0.1 0 3 8 /  n c  h e  m. 2 4 0

S 2  

E X P  E  RI   M  E  N  T  A  L S E  C  T I  O  N  

P r e p a r ati o n  of  c o  m p o u n d  3.    A 1 0 0-m L r o u n d  b ott o  m fl as k   w as  c h ar g e  d   wit h 

2’, 7’ -di c hl or ofl u or es c ei n ( 2. 4  g,  5. 8 9   m  m ol),   D  M F ( 2 0   m L),   K 2 C  O 3  ( 2. 5  g,  1 7. 7 

m  m ol)  a n d  4  -br o  m o b ut e n e ( 1. 8   m L,  1 7. 7   m  m ol)  at  2 4  ° C.  T h e r e a cti o n   mi xt ur e 

w as stirr e d  at  7 0   ° C f or  8  h  a n d t h e n  p o ur e d i nt o  7 5 0   m L   w at er.  T h e r es ulti n g 

pr e ci pit at e   w as   w a s h e d   wit h   w at er  a n d  dri e d i n  v a c u o t o  yi el d 3   as  a r e d-or a n g e 

s oli d ( 2. 4  g;  8 0  %). 1  

     D at a f or   3 :   m p  =  1 8 4# 1 8 5  ° C  ; R f  =  0. 3 4 ( 7 0  %  Et  O  A c i n  h e x a n es); I  R (  K  Br  p ell et): 1 7 2 5 (  C =  O),  1 5 9 3, 

1 5 2 1,  1 2 7 8,  9 9 7   c  m-1 ; 1 H   N  M  R ( 3 0 0    M  H z,   C  D  Cl 3 ,  2 9 3  K): $  8. 3 2 ( d d,  J   =  7. 5, 1. 2   H z,  6 -H),   7. 8 2 # 7. 6 8  (  m,  2  H, 

4 -H,  5  -H  ),  7.2 6 # 7. 3 0  ( br  d, J   =  7. 5   H z,  1  H, 3 -H  ), 7. 0 4  (s , 1 H,   Ar  ), 7. 0 3 ( s , 1 H,     Ar),  6.9 5  (m  , 1 H,     Ar), 6. 6 0  (s , 

1 H,     Ar),  5. 9 3 (d dt , J   =  1 6. 9,  1 0. 3,  6. 6   H z,  1  H,  3%%%-H),   5. 6 0 ( d dt , J   =  1 6. 5,  9. 9,  6. 6   H z,  1  H,  3%%-H),  5.  2 4  (d d t, J   = 

1 7. 1 ,  3. 3,  1. 5   H z , 1 H  ,  4%%%-H tr a n s),  5.1 8  (d dt , J   =  1 0. 2 ,  3. 3,  1. 5   H z, 1 H  ,  4%%%-H cis ),  5.0 2  (d dt , J   =  1 7. 1,  3. 3,  1. 5   H z, 

1 H  ,  4%%-H tr a n s), 4. 9 7 ( d dt , J   =  1 0. 2,  3. 3,  1. 5   H z, 1 H  ,  4%%-H cis ), 4. 2 0 (t,  J   =  6. 7   H z,  2  H,  1%%%-H),  4. 1 3 (t,   J   =  6. 7   H z, 

2  H,  1 %%-H),  2. 6 8 ( q,   J   =  6. 6   H z,  2  H,  2%%%-H),  2. 2 3 ( q,   J   =  6. 6   H z,  2  H,  2%%-H)  ; 1 3 C   N  M  R (  7 5     M  H z,   C  D  Cl3 ,  2 9 3  K): $  

1 7 7. 7,  1 6 9. 4,  1 5 8. 6,  1 5 7. 8,  1 5 2. 5,  1 4 9. 8,  1 3 5. 2,  1 3 3. 5,  1 3 3. 3,  1 3 3. 2,  1 3 3. 1,  1 3 1. 6,  1 3 0. 4,  1 3 0. 3,  1 3 0. 2,  1 2 8. 0, 

1 2 7. 4,  1 2 0. 5,  1 1 8. 1,  1 1 7. 6,  1 1 7. 4,  1 1 4. 9,  1 0 5. 7,  1 0 0. 7,  6 9. 2,  6 4. 5,  3 3. 0,  3 2. 6 ;    H  R   M S ( E SI) m/ z   c al c d f or 

C 2 8 H 2 3 Cl 2 O 5  [   M +  H]
+   5 0 9. 0 9 2 3, f o u n d  5 0 9. 0 8 7 6. 

 

P r e p a r ati o n  of  c o  m p o u n d   4. A s ol uti o n  of   c o  m p o u n d  3  (2 0 0  m  g ,  0. 3 9 2   m  m ol) i n 

C  H 2 Cl 2  (1. 3 2   m L ) w as   tr e at e d   wit h DI  B  A L  H ( 1. 4   m L  ,  1. 0   M i n  h e x a nes ,  1. 4   m  m ol) 

dr o p  wi s e  o v er   1 5   mi n  at -7 8  ° C  u n d er    a  nitr o g e n  at  m o s p h er e.  T h e   mi xt ur e   w as stirr e d 

f or  5   mi n  at t h e s a  m e t e  m p er at ur e  a n d t h e n   w as   w ar  m e d t o 2 4  ° C.   A  ft er 2  h, t h e 

r e a cti o n   mi xt ur e w as  q u e n c h e d   wit h   s at ur at e d  a q u e o u s  N  H 4 Cl   (7 0 0  µ L ) a n d  dil ut e d  

wit h  Et 2 O ( 2. 9   m L)   at  0  ° C  . D  D  Q   ( 2. 50   g,  1 1. 0   m  m ol) w as t h e n  a d d e d t o t h e   mi xt ur e   at  0  ° C  .    Aft er stirri n g  1 5 

mi n, t h e   mi xt ur e   w as   filt er e d t hr o u g h C  elit e !   a n d   w as h e d   wit h  Et2 O.  T h e filtr at e   w as  dri e d   o v er    N a2 S  O 4   a n d t h e 

s ol v e nt s   w er e  e v a p or at e d  u n d er r e d u c e d  pr es s ur e.  Sili c a  g el fl as h  c hr o  m at o gr a p h y  of t h e r esi d u e ( 5  t o  1 0   % 

Et  O  A c i n  h e x a n es)  aff or d e d  c o  m p o u n d  4  as  a  li g ht  or a n g e s oli d ( 1 3 4 m  g,   8 0  %).  

D at a f or   4 :   m p  =  1 6 7# 1 6 8  ° C  ; R f  =  0. 6 9 ( 5 0  %  Et  O  A c i n  h e x a n es); I  R (  K  Br  p ell et): 3 3 8 7 ( br   O -H),  3 0 8 0, 

2 9 2 5 ,  2 8 5 7,  1 6 0 8,  1 4 8 0,  1 4 1 6,  1 0 3 5  c  m-1 ; 1 H   N  M  R ( 3 0 0   M  H z,   C  D  Cl 3 ,  2 9 3  K): $   7.3 9 # 7. 4 5  (  m,  2  H,   Ar), 

7. 2 8 # 7. 3 0  (  m,  1  H, Ar  ), 6. 9 1  (s , 1 H,   Ar  ), 6. 9 0  (s , 1 H,     Ar),  6.8 8  (s , 1 H,     Ar), 6. 8 5  (s , 1 H,     Ar),  6.7 6  (s,  1  H,   Ar), 

5. 9 4 ( d dt , J   =  1 7. 1,  1 0. 5,  6. 6   H z,  1  H,  3 ”-H  ),  5.2 6  (d dt , J   =  1 7. 1,  3. 3,  1. 5   H z, 1 H  ,  4%%-H tr a n s), 5. 1 7 ( d dt , J   =  1 0. 2, 

3. 3,  1. 5   H z , 1 H  ,  4%%-H ci s ),  5. 3 4 (s,  2  H,   CH 2 O  H  ), 4. 1 1 (t,  J   =  6. 7   H z,  2  H,  1 ”-H),  2. 6 3 ( d d d,   J   =  6. 6,  6. 6,  1. 5   H z, 

2  H,  2 ” -H)  ; 1 3 C   N  M  R (  7 5    M  H z,   C  D  Cl3 ,  2 9 3  K): $   1 5 4. 9,  1 5 1. 9,  1 5 0. 1,  1 4 9. 6,  1 43. 9,  1 3 8. 6,  1 3 3. 8,  1 2 9. 5,  1 2 8. 7,  

1 2 8. 6,   1 2 8. 3,  1 2 3. 7,  1 2 1. 0,  1 1 8. 2,  1 1 8. 1,  1 1 7. 5,  1 1 7. 1,  1 1 5. 5,  1 0 3. 6,  1 0 1. 1,  8 3. 1,  7 2. 3,  6 8. 6,  3 3. 2;    H  R   M S ( E SI) 

m/ z    c al c d f or   C2 4 H 1 9 Cl 2 O 4  [   M +  H]
+   4 4 1. 0 6 6 0, f o u n d  4 4 1. 0 6 8 3. 

 

                                                 
1  S p ar a n o,   B.   A.;  S h a hi,  S.  P.;   K oi d e,   K.  O r g.  L ett.    2 0 0 4, 6 ,  1 9 4 7. 
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n  a t  u r e  c  h e  mi s t r y   |   w  w  w. n at ur e. c o  m / n at ur e c h e  mi str y 3

S u p p l e   m e  n t a r y   i  n f  o r   m  a ti  o  nd  oi: 1 0.1 0 3 8 /  n c  h e  m. 2 4 0

S 3  

O

Cl

O O

Cl

O  H

O

Cl

O O

Cl

O  H

4
n o nfl u or e s c e nt

7
fl u or e s c e nt  

C o n v e rsi o n  of  c o  m p o u n d  4 t o    c o  m p o u n d  7. A s ol uti o n  of   4  ( 3 4. 2   mg,  0. 0 7 7 5   m  m ol)   w as  pr e p ar e d i n  9 5: 5 

a c et o n e/  w at er ( 5 8 5  µ L t ot al,  0. 1 5   m   M).  T h e s ol uti o n   w as  c o ol e d t o  0  ° C  a n d  o z o n e   w as  b u b bl e d t hr o u g h t h e 

s a  m pl e f or  2   mi n. 2   F oll o  wi n g  o z o n ol y si s,  a s  m all  a  m o u nt  of   KI ( < 5   m g)   w as  a d d e d  a n d t h e s ol uti o n   w as stirr e d 

at  2 4  ° C f or  1   mi n.  T L  C  a n al y si s ( 5 0  %  Et  O  A c i n  h e x a n es) i n di c at e d  c o  m pl et e  c o n v ersi o n t o   7 .   D et ail s  of t h e 

s p e ctr o s c o pi c,  a b s or b a n c e  a n d fl u or es c e n c e  pr o p erti es  of  7   c a n  b e f o u n d i n t h e r ef er e n c es s h o  w n  b el o  w.3 ,4  

 

O

Cl

O O

Cl

8

O

Cl

H  O O

Cl

S 1

Br

K 2 C  O 3

 

P r e p a r ati o n  of  c o  m p o u n d  8.  4 -Br o  m o  -1 -b ut e n e ( 1 6 8  µ L,  1. 7   m  m ol)  a n d   K 2 C  O 3  ( 2 6 3   m g,  1. 9   m  m ol) w er e 

a d d e d t o  a s ol uti o n  of  c o  m p o u n d  S 1  ( 1 7 6   m g,  0. 4 7   m  m ol) i n   D  M F ( 2   m L),  a n d t h e r es ulti n g   mi xt ur e   w as  h e at e d 

at  8 0 °  C  u n d er   N 2  f or  3 6  h.  T h e r e a cti o n   mi xt ur e   w as t h e n  p o ur e d t o   H2 O ( 3 0   m L)  a n d   e xtr a ct e d   wit h  Et  O  A c ( 2 

!   3 0   m L).  T h e  c o  m bi n e d  or g a ni c l a y ers   w er e   w as h e d   wit h   H2 O ( 5 0   m L)  a n d  bri n e ( 5 0   m L),  dri e d  o v er   N a 2 S  O 4 , 

a n d  c o n c e ntr at e d  u n d er r e d u c e d  pr es s ur e.  T h e r esi d u e   w as  p urifi e d  b y fl as h  c hr o  m at o gr a p h y ( 1 0 t o  4 0  %  Et  O  A c 

i n  h e x a n es)  o n sili c a  g el ( 6 0   m L) t o  aff or d  c o  m p o u n d  8 ( 4 6   m g,  2 3  %  yi el d)  as  a n  or a n g e s oli d. 

D at a f or   8 :   Rf  =  0. 3 4 ( 5 0  %  Et  O  A c i n  h e x a n es);   m p  =  1 4 2– 1 4 3 °  C; I  R (  K  Br):  2 9 2 3,  2 8 5 3,  1 6 3 7  (  C =  O),  1 6 0 8, 

1 5 1 4,  1 4 3 5,  1 3 3 6,  1 2 8 0,  1 0 0 0,  9 1 6,  8 3 4  c  m " 1 ; 1 H   N  M  R ( 3 0 0    M  H z,  2 9 3  K,   C  D  Cl 3 ) $   7. 5 6– 7. 4 0 (  m,  3 H),  7. 1 6 ( d, 

J   =  9. 6   H z,  1  H),  7. 1 4 (s,  1  H),  7. 0 6 (s,  1  H),  7. 0 4 (s,  1  H),  6. 6 0 (s,  1  H),  5. 9 3 ( d dt, J   =  1 7. 1,  1 0. 5,  6. 6   H z,  1  H),  5. 2 5 

( d dt, J   =  1 7. 1,  3. 3,  1. 5   H z,  1  H),  5. 1 9 ( d dt, J   =  1 0. 5,  3. 3,  1. 5   H z,  1  H),  4. 2 3 (t, J   =  6. 6   H z,  2  H),  2. 6 9 (t d d, J   =  6. 6, 

6. 6,  1 . 5   H z,  2  H),  2. 0 9 (s,  3  H); 1 3 C   N  M  R ( 7 5    M  H z,  2 9 3  K,   C  D  Cl 3 ) $  1 7 7. 8,  1 5 8. 9,  1 5 7. 8,  1 5 2. 8,  1 4 8. 8,  1 3 6. 0, 

1 3 5. 6,  1 3 3. 1,  1 3 1. 5,  1 3 1. 0,  1 3 0. 1,  1 2 9. 0,  1 2 8. 4,  1 2 7. 6,  1 2 6. 5,  1 2 0. 7,  1 1 8. 3,  1 1 8. 1,  1 1 4. 3,  1 0 5. 8,  1 0 0. 7,  6 9. 3, 

3 3. 0,  1 9. 7;   H  R   M S ( EI +)  c al c d. f or   C 2 4 H 1 8 Cl 2 O 3  [  M
+ ]  4 2 4. 0 6 3 3, f o u n d  4 2 4. 0 6 4 4. 

                                                 
2  Pr o c e d ur e  b as e d  o n  a r e c e nt r e p ort:  S c hi aff o,   C.  E.;   D u ss a ult,  P.   H.  J.   O r g.   C h e  m.  2 0 0 8 , 7 3 ,  4 6 8 8. 
3  S o n g,  F.;   G ar n er,   A.  L.;   K oi d e,   K.  J.  A  m.   C h e  m.  S o c.  2 0 0 7 , 1 2 9 ,  1 2 3 5 4.  
4  K oi d e,   K.;  S o n g,  F.;  d e   Gr o h,  E.   D.;   G ar n er,   A.  L.;    Mit c h ell,   V.   D.;   D a vi d s o n,  L.   A.;   H u kri e d e,   N.   A.   C h e  m Bi o  C h e  m   
2 0 0 8 , 9 ,  2 1 4. 
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n  a t  u r e  c  h e  mi s t r y   |   w  w  w. n at ur e. c o  m / n at ur e c h e  mi str y 4

S u p p l e   m e  n t a r y   i  n f  o r   m  a ti  o  nd  oi: 1 0.1 0 3 8 /  n c  h e  m. 2 4 0

S 4  

P r e p a r ati o n  of  p a r e nt st o c k s ol uti o ns  us e d f o r t hi s st u d y.  

E nt r y       R e a g e nt   Q u a ntit y   S ol v e nt ( 1 0   m  L)      C o n c.  of st o c k 
s ol uti o n 

A       C o  m p o u n d   4      4 4. 1   m g ( 0. 1 0   m  m ol)      D  M S  O   1 0. 0   m   M  

B       I n di g o c ar  mi n e      4 6. 6   m g ( 0. 1 0   m  m ol)      D  M S  O   1 0. 0   m   M  

C       N  a   M o  O 4 •2 H 2 O       2 0 6. 0   m g ( 1. 0 0   m  m ol)      p  H  1 0  b uff er      1 0 0   m   M  

D       K  O 2  7 1. 1   m g ( 1. 0 0   m m ol  )     D  M S  O   1 0 0   m   M  

E       F e S  O 4 •7 H 2 O       2 7 8. 0   m g ( 1. 0 0   m m ol  )     p  H  7  b uff er      1 0 0   m   M  

F      L -As c or bi c  a ci d 
s o di u  m s alt  

1 9. 8   m g ( 0. 1 0    mm ol  )     p  H  7  b uff er      1 0. 0   m   M  

G       Gl ut at hi o n e, 
r e d u c e d 

3 0. 7   m g ( 0. 1 0  m  m ol  )     p  H  7  b uff er      1 0. 0   m   M  

H       Uri c  a ci d   1 6. 8   m g ( 0. 1 0    mm ol  )     p  H  7  b uff er      1 0. 0   m   M  

I      P b(  N  O 3 )2  1 6. 6   m g ( 5 0  # m ol  )     M e  O  H   5. 0   m   M  

J      P d  Cl 2  9. 0   m g ( 5 0  # m ol  ) 3: 1   Bri n e/  M e  O  H      5. 0   m   M  

K       Pt  Cl 2  1 3. 3   m g ( 5 0  # m ol  )     D  M S  O   5. 0   m   M  

N ot es:    

( 1)  All t h e s ol uti o n s   w er e st or e d  at  2 4  °  C.   

( 2)  S ol uti o n  A   w as st or e d i n t h e  d ar k  as  a  pr e c a uti o n ar y   m e as ur e.   

( 3)  All s ol uti o n s f or t esti n g t h e   R  O S s p e cifi cit y   w er e  pr e p ar e d    a n d  u s e d i  m  m e di at el y. 

( 4)  All s ol uti o n s f or t esti n g  d et e cti o n i n t h e  pr es e n c e  of  a nti o xi d a nt s   w er e  pr e p ar e d    a n d  u s e d i  m  m e di at el y. 

 

U  V  -vi s i bl e s p e ct r o s c o p y.   A b s or pti o n s p e ctr a   w er e  a c q uir e d i n  a  1 &   1-c  m  q u art z  c u v ett e ( S p e ctr o c ell I n c.; 

pr o d u ct  n u  m b er   R F -2 0 1 0)  o n  a  P er ki n  El  m er  L a  m b d a  1 9   U  V -Vi si bl e s p e ctr o  m et er  u n d er t h e  c o ntr ol  of  a 

Wi n d o  ws   -b as e d  P  C r u n ni n g t h e   m a n uf a ct ur er’s s u p pli e d s oft w ar e.    

Fl u o r es c e n c e s p e ct r o s c o p y.  Fl u or es c e n c e s p e ctr a   w er e  r e c or d e d i n  a  1 &   1-c  m  di s p o s a bl e  c u v ett e  (  V   W  R; 

c at al o g  n u  m b er  5 8 0 1 7 -8 8 0)   o n  a J o bi n   Y v o n  Fl u or o   Ma x -3 s p e ctr o  m et er  u n d er t h e  c o ntr ol  of  a    Wi n d o  ws -b as e d 

P  C r u n ni n g  Fl u or Es s e n c e s oft  w ar e . T h e s a  m pl e s   w er e  e x cit e d  at  4 9 7  n  m  a n d t h e  e  mi s si o n i nt e n siti es   w er e 

c oll e ct e d  at  5 2 3  n  m.   All s p e ctr a   w er e  c orr e ct e d f or  e  mi s si o n i nt e n sit y  u si n g t h e   m a n uf a ct ur er s u p pli e d 

p h ot o  m ulti pli er  c ur v es.  

 

A bs o r b a n c e  a n d  Fl u o r es c e n c e   E  mi s si o n  of  4,  7,  8  ,  a n d S 1.   Fl u or es c e n ce  a n d  e  mi s si o n s p e ctr a   w er e   m e as ur e d 

i n  0. 1  %   D  M S  O i n  p  H  7  b uff er ( Fi g ur e  S 1). 

 

S y nt h esi s  a n d st r u ct u r al  c h a r a ct e ri z ati o n  of  c o  m p o u n d  S 1:  F.  S o n g,   M.  P.   C o o k,   K.   K oi d e,   m a n u s cri pt i n 

pr e p ar ati o n.  
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S u p p l e   m e  n t a r y   i  n f  o r   m  a ti  o  nd  oi: 1 0.1 0 3 8 /  n c  h e  m. 2 4 0

S 5  

( a) [4 ]  =  1 0 µ M                        ( b) [4 ]  =  1 0 µ M   

  
( c) [7 ]  =  1. 0 µ M                       ( d) [7 ]  =  1. 0 µ M   

  
( e) [8 ]  =  1. 0 µ M                       (f) [8 ]  =  1 0 µ M   

  
( g) [S 1 ]  =  1. 0 µ M                       ( h) [S 1 ]  =  1. 0 µ M   

 
Fi g u r e  S 1.     A b s or b a n c e  a n d  e  mi s si o n  s p e ctr a  of  4 , 7 , 8 ,  a n d S 1 .  ( a)   A b s or b a n c e  s p e ctr u  m  of  4 .  ( b)   E  mi s si o n 

s p e ctr u  m  of  4 .  ( c)   A b s or b a n c e  s p e ctr u  m  of  7 .  ( d)   E  mi s si o n  s p e ctr u  m  of  7 .  ( e)   A b s or b a n c e  s p e ctr u  m  of  8 .  (f) 

E  mi s si o n s p e ctr u  m  of  8 . ( g)   A b s or b a n c e s p e ctr u  m  of S 1 . ( h)  E  mi s si o n s p e ctr u  m  of S 1 . 
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S u p p l e   m e  n t a r y   i  n f  o r   m  a ti  o  nd  oi: 1 0.1 0 3 8 /  n c  h e  m. 2 4 0

S 6  

R el ati v e   Q u a nt u  m   Yi el ds.   T o  d et er  mi n e  q u a nt u  m  yi el d s r el ati v e t o fl u or es c ei n,  a  st o c k  s ol uti o n  of  c o  m p o u n d   4  

w a  s  pr e p ar e d i n   D  M S  O ( 1   m  M)  a n d  dil ut e d i n  p h o s p h at e  b uff er ( p  H  =  7. 0) t o   O  D 4 9 0   =  0. 0 9.   T h e  s a  m pl es   w er e 

e x cit e d  at  4 9 0  n  m  a n d t h e i nt e gr at e d  e  mi s si o n  s p e ctr a   w er e  c o  m p ar e d.   T h e  q u a nt u  m  yi el d s  of  all  c o  m p o u n d s 

w er e r ef er e n c e d t o fl u or es c ei n i n  0. 1   N   N a  O  H  (  '   =  0. 9 5). 5    T h e  q u a nt u  m  yi el d f or  c o  m p o u n d 4    w as  c al c ul at e d 

as  0. 0 0 1 3 2.  

 
M e c h a ni sti c  r ati o n al e  of  o z o n e s p e cifi cit y.    

( a)                                  

2   O 2
-  +  2   H+ H 2 O 2    +   O2

K p  H  7   =  4   X  1 0
2 0

 

( b)                                        ( c) 
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Fi g u r e    S 2.       M e c h a ni sti c    r ati o n al e    of    fl u or es c e n c e    t ur n-o n    s p e cifi cit y    f or    o z o n e.    ( a)    S u p er o xi d e 

di s pr o p orti o n ati o n i n  p  H  7  b uff er.  ( b)   T h e  r e a cti o n  of i n di g o  c ar  mi n e   wit h  si n gl et  o x y g e n.  ( c)   T h e  r e a cti o n  of 

c o  m p o u n d  4    wit h si n gl et  o x y g e n.  

 

R e a cti vit y  of i n di g o  c a r  mi n e  a n d  4.   I n di g o  c ar  mi n e   w o ul d  b e  e x p e ct e d t o  b e   m or e r e a cti v e t o  w ar d s  o z o n e 

fr o  m  a fr o nti er   m ol e c ul ar  or bit al  vi e  w6   d u e t o t h e  pr es e n c e  of it s ( ,) -u n s at ur at e d  k et o n e   m oi et y ( hi g h er   H  O  M  O, 

l o  w er  L  U  M  O);  h o  w e v er, t hi s   m oi et y  al s o   m a k es it   m or e r e a cti v e t o  w ar d  ot h er   R  O S.  F or  e x a  m pl e,   K ettl e  a n d  c o-

w or k ers  pr o p o s e d  a s u p er o xi d e  -m e di at e d  o n e  -el e ctr o n r e d u cti o n  of i n di g o  c ar  mi n e t hr o u g h it s  ( ,) -u n s at ur at e d 

k et o n e   m oi et y. 7     Wit h r es p e ct t o 4 ,  b e c a u s e t h e  d o  mi n a nt  c h ar a ct eri sti c  of s u p er o xi d e i s t o  a ct  as  a str o n g 

Br ö n st e d  b as e, 8  it   w o ul d li k el y  d e pr ot o n at e t h e  pri  m ar y  h y dr o x y  gr o u p,   w hi c h   w o ul d  n ot  pr o d u c e  a fl u or es c e n c e 

si g n al. I n  a d diti o n, t h e  di s pr o p orti o n ati o n  of s u p er o xi d e i n  p  H  7  b uff er i s  e xtr e  m el y f ast  pr e cl u di n g r e a cti o n   wit h 

4  ( Fi g ur e  S 2 a).  Fi n all y, i n t h e  pr es e n c e  of si n gl et  o x y g e n,  b e c a u s e i n di g o  c ar  mi n e  d o es  n ot  c o nt ai n  all yli c 

h y dr o g e n s, 9  it   will  u n d er g o [ 2 + 2]  c y cl o a d diti o n f oll o  w e d  b y  a r etr o-[ 2 + 2]  c y cl o a d diti o n t o  yi el d i s ati n s ulf o ni c 

                                                 
5  Br a n n o n, J.   H.;    M a g d e,   D.   J.  P h ys.   C h e  m.  1 9 7 8 , 8 2 ,  7 0 5. 
6  H uis g e n,   R.   A n g e  w.   C h e  m. I nt.  E d.  1 9 6 3 , 2 ,  6 3 3.   H o u k,   K.   N.;  Si  ms, J.;   D u k e,  Jr.,   R.  E.;  Str o zi er,   R.    W.;   G e or g e, J.   K. J. 
A  m.   C h e  m.  S o c.  1 9 7 3 , 9 5 ,  7 2 8 7.  S u st  m a n n,   R. T etr a h e d r o n  L ett.   1 9 7 1, 2 9 ,  2 7 1 7. 
7  K ettl e,   A. J.;   Cl ar k,   B.    M.;    Wi nt er b o ur n,   C.   C.   J.  Bi ol.   C h e  m.  2 0 0 4 , 2 7 9 ,  1 8 5 2 1. 
8  S a  w y er,   D.  T.;   V al e nti n e, J.  S.  A c c.   C h e  m.  R es.  1 9 8 1 , 1 4 ,  3 9 3. 
9  Cl e n n a n,  E.  L.;  P a c e,   A.   T etr a h e d r o n  2 0 0 5 , 6 1 ,  6 6 6 5. 
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a ci d ( Fi g ur e  S 2 b).   C o  m p o u n d  4 ,  h o  w e v er,  c o nt ai n s  all yli c  h y dr o g e n s  a n d   will  u n d er g o  a n  e n e-t y p e r e a cti o n,1 0  

w hi c h  a g ai n   will  n ot  pr o d u c e  a fl u or es c e n c e si g n al (  Fi g ur e  S 2 c). I n  c o n cl u si o n,  ot h er   R  O S   m a y r e a ct   wit h  4 ,  b ut 

i n  e a c h  c as e  a fl u or es c e n c e si g n al   will  n ot  b e  pr o d u c e d. 

 

R  O S s p e cifi cit y:   

Oz o n e:   S ol uti o n  A   (5. 0  µ L , [4  or  8 ]fi n al  = 1 2. 5  µ M)      w as  a d d e d t o  a   mi xt ur e  of    M e  O  H/ p  H  7 b uff er  ([ P  O4
3 -]  =  5 

m  M) ( 5: 9 5) ( 4  . 0   m L), a n d t h e s a  m pl es   w er e  e x p o s e d t o  o z o n e ( ~ 5  µ M)   at  2 4  ° C f oll o  w e d  b y  1  h i n c u b ati o n  at 

3 7  ° C   b ef or e fl u or es c e n c e   m e as ur e  m e nt.  

     Si n gl et  o x y g e n:   S ol uti o n A   (5. 0  µ L , [4  or  8 ]fi n al  = 1 2. 5  µ M),   s ol uti o n C   ( 4 0. 0 µ L , [  N a   M o  O4 • 2  H 2 O] fi n al  = 

1. 0   m   M)  a n d  3 0  %   H 2 O 2  ( 1 0 µ L , [  H2 O 2 ]fi n al  = 2 5. 0   m   M)
1 1    w er e  a d d e d t o  a   mi xt ur e  of M e  O  H/ p  H  1 0  b uff er ( 5: 9 5) 

( 4. 0   m L),  a n d t h e s a  m pl es   w er e i n c u b at e d f or  3 0   mi n  at  2 4 ° C.   

     S u p er o xi d e:   S ol uti o n A   (5. 0  µ L , [4  or  8 ]fi n al  = 1 2. 5  µ M)  a n d   s ol uti o n D   ( 1 0. 0 µ L , [  K  O2 ]fi n al  = 2 5 0  µ M)
1 2  

w er  e  a d d e d t o  a   mi xt ur e  of  M e  O  H/ p  H  7  b uff er s ol uti o n ( 5: 9 5) ( 4. 0   m L)   ,  a n d t h e s a  m pl es   w er e i n c u b at e d f or  3 0 

mi n  at  3 7   ° C.   

     H y d r o g e n  p er o xi d e:    S ol uti o n A   (5. 0  µ L , [4  or  8 ]fi n al  = 1 2. 5  µ M)  a n d  3 0  %   H 2 O 2  ( 1 0 µ L , [  H2 O 2 ]fi n al  = 2 5. 0 

m  M)     w er e  a d d e d t o  a   mi xt ur e  of M  e  O  H/ p  H  7  b uff er s ol uti o n ( 5: 9 5) ( 4. 0   m L) ,  a n d t h e s a  m pl es   w er e i n c u b at e d 

f or  3 0   mi n  at  3 7 ° C.   

     H y d r o x yl r a di c al:    S ol uti o n A   (5. 0  µ L , [4  or  8 ] fi n al  = 1 2. 5  µ M),    s ol uti o n E   ( 1 0. 0 µ L , [ F e S  O4 • 7  H 2 O] fi n al  = 

2 5 0  µ M)  a n d  3 0  %   H 2 O 2  ([  H2 O 2 ]fi n al  = 2 5 0  µ M)
1 3    w er e  a d d e d t o  a   mi xt ur e  of M e  O  H/ p  H  7  b uff er s ol uti o n ( 5: 9 5) 

( 4. 0   m L),  a n d t h e s a  m pl es   w er e i n c u b at e d f or  3 0   mi n  at  3 7 ° C.   
 

( a)                                   ( b) 

   

Fi g u r e  S 4.   ( a) T h e r e a cti o n  of   R  O S   wit h  c o  m p o u n d   8 .   T h e  e x p eri  m e nt   w as  p erf or  m e d i n  d u pli c at e. Err or  b ars 

w er e  d et er  mi n e d  fr o  m  t h e  c al c ul at e d      m e a n  a n d  st a n d ar d  d e vi ati o n  ( Pri s  m  5. 0 a,   Gr a p h P a d   S oft  w ar e,  I n c.).  ( b) 

C yt ot o xi cit y   of  c o  m p o u n d   8   a g ai n st   H e  L a  c ells  s e e d e d  at  a  d e n sit y  of  2 0 0 0  c ells/  w ell  i n  a  9 6-w ell  pl at e. 

C o n c e ntr ati o n s  of  c o  m p o u n d   8   r a n g e d  fr o  m  1 0  n   M  t o  2 0 0 µ   M.   T h e  as s a y   w as  p erf or  m e d  f or  3  d a y s,  a n d 

                                                 
1 0  Si n gl et o n,   D.   A.;   H a n g,   C.;  S z y  m a n s ki,    M. J.;    M e y er,    M.  P.;  L e a c h,   A.   G.;   K u  w at a,   K.  T.;   C h e n,  J.  S.;   Gr e er,   A.;  F o ot e, 
C.  S.;   H o u k,   K.   N.   J.  A  m.   C h e  m.  S o c.  2 0 0 3 , 1 2 5 ,  1 3 1 9. 
1 1  Pr o c e d ur e fr o  m:   A u br y, J.    M.;   C a zi n,   B.;   D u pr at,  F.  J.   O r g.   C h e  m.  1 9 8 9 , 5 4 ,  7 2 6. 
1 2  Pr o c e d ur e fr o  m:  S ets u ki n ai,   K.;   Ur a n o,   Y.;   K a ki n u  m a,   K.;    M aji  m a,   H.  J.;   N a g a n o,  T.  J.  Bi ol.   C h e  m.  2 0 0 3 , 2 7 8 ,  3 1 7 0. 
1 3  Pr o c e d ur e fr o  m:   Y a n,  E.   B.;   U nt h a n k, J .   K.;   C astill o-M el e n d e z,    M.;    Mill er,  S.  L.;  L a n gf or d,  S. J.;    W al k er,   D.    W.   J.  A p pl. 
P h ysi ol.  2 0 0 5 , 9 8 ,  2 3 0 4. 
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t h e  r el ati v e  c ell  d e n sit y   w as  d et er  mi n e d  b y  a n    M  T S  a ss a y  ( Pr o  m e g a   C ell  Tit er  9 6 ®    A  Qu e o u s    N o n-R a di o a cti v e 

C ell  Pr olif er ati o n   As s a y).    T h e I  C5 0   of 8    w as f o u n d t o  b e  4 3 µ M.   

I n di g o  c a r  mi n e   wit h  v a ri o us   R  O S.  T h e   R  O S  e x p eri  m e nt s  d es cri b e d  a b o v e   w er e r e p e at e d  u si n g i n di g o  c ar  mi n e 

( S ol uti o n B  , [I n di g o   C ar  mi n e]fi n al  = 1 2. 5  µ M   i n  all  c as e s) i n tri pli c at e.  T h e  d at a  ar e s h o  w n  b el o  w i n  Fi g ur e  S 5 b. 

C o n cl usi o n:   I n di g o  c ar  mi n e r e a ct s   wit h  n e arl y  all   R  O S   wit h  a  1 1# 7 0  %  d e cr e as e i n  a b s or b a n c e  at  6 1 0  n  m.  

( a)                                 ( b) 

 

Fi g u r e  S 5.   ( a)   A b s or b a n c e  s p e ctr u  m  of  i n di g o  c ar  mi n e.  ( b)   R  O S   wit h  i n di g o  c ar  mi n e.  E a c h  e x p eri  m e nt    w as 

p erf or  m e d  i n  tri pli c at e  a n d  err or  b ars    w er e  d et er  mi n e d  fr o  m  t h e    m e a n  a n d  st a n d ar d  d e vi ati o n  ( Pri s  m  5. 0 a, 

Gr a p h P a d  S oft  w ar e, I n c.).   

 

Ti  m e  -d e p e n d e n c e  of  t h e  c o n v e rsi o n  of  4 t o  7 i n  b uff e r. S ol uti o n  A   ([4 ] fi n al  = 1 2. 5  µ M)     w as  a d d e d t o  a   mi xt ur e 

of   M e  O  H/ p  H  7  b uff er  ([ P  O4
3 -]  =  5   m   M) ( 5: 9 5) ( 4. 0   m L), a n d t h e s a  m pl e   w as  e x p o s e d t o  o z o n e ( ~ 5  µ M)   at  2 4 

° C f oll o  w e d  b y i n c u b ati o n  at  3 7   ° C.   Ali q u ot s  of t h e r e a cti o n   mi xt ur e   w er e t a k e n  o ut  at  v ari o u s ti  m es f or 

fl u or es c e n c e   m e as ur e  m e nt ( Fi g ur e  S 6).  T h e  c o n v ersi o n  of 4  t o 7  r e q uir es  6 0   mi n f or  c o  m pl eti o n ( pr es u  m a bl y 

t h e ) -eli  mi n ati o n i s t h e r at e  d et er  mi ni n g st e p  b e c a u s e t h e f or  m ati o n  a n d fr a g  m e nt ati o n  of   m ol o z o ni d es  ar e 

e xtr e  m el y r a pi d 1 4 ),  b ut  1 0# 1 5   mi n i s s uffi ci e nt t o  o b s er v e fl u or es c e n c e si g n al.  

 

Fi g u r e  S 6.   Ti  m e-d e p e n d e n c e  of t h e  c o n v ersi o n  of  4  t o 7   at  3 7 ° C   M e  O  H/ p  H  7   b uff er .  S e e  a b o v e f or  c o n diti o n s. 

 

Ti  m e  -d e p e n d e n c e  of t h e  c o n v e rsi o n  of  4 t o  7 i n  c ell  c ult u r e   m e di a.  S ol uti o n  A   ([4 ] fi n al  = 1 2. 5  µ M)     w as  a d d e d 

t o  a   mi xt ur e  of  1 0  %  F  B S i n   R P   MI-1 6 4 0  c ell  c ult ur e   m e di a/ p  H  7  b uff er  ([ P  O4
3 -]  =  5   m   M) ( 1: 3) ( 4. 0   m L), a n d t h e 

                                                 
1 4  Gr e e n  w o o d,  F.  L.;   D ur h a  m,  L. J.   J.   O r g.   C h e  m.  1 9 6 9 , 3 4 ,  3 3 6 3. 
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s a  m pl e   w as e x p o s e d t o  o z o n e ( ~ 5  µ M)   at  2 4  ° C f oll o  w e d  b y i n c u b ati o n  at  3 7   ° C.   Ali q u ot s  of t h e r e a cti o n 

m  i xt ur e   w er e t a k e n  o ut  at  v ari o u s ti  m es f or fl u or es c e n c e   m e as ur e  m e nt ( Fi g ur e  S 7).  T h e  c o n v ersi o n  of 4  t o 7  

r e q uir es  1 5# 2 0   mi n f or  c o  m pl eti o n,  b ut  < 5   mi n i s s uffi ci e nt t o  o b s er v e fl u or es c e n c e si g n al.   Alt h o u g h t h e  e x a ct 

m e c h a ni s  m  of t hi s  e n h a n c e  m e nt i s  n ot  k n  o  w n,  c at al y si s  of  a  ) -eli  mi n ati o n  b y  a cti o n  of  b o vi n e s er u  m  al b u  mi n 

h as  b e e n  pr e vi o u sl y r e p ort e d. 1 5  

 

Fi g u r e  S 7.    Ti  m e-d e p e n d e n c e  of  t h e  c o n v ersi o n  of   4   t o  7   at  3 7  ° C  i n   1 0  %  F  B S  i n   R P  MI -1 6 4 0  c ell  c ult ur e 

m e di a/ p  H  7   b uff er .  S e e  a b o v e f or  c o n diti o n s. 
 

C o n c e nt r  ati o n  d e p e n d e n c e.  O z o n e s ol uti o n s   w er e  pr e p ar e d i n  p  H  6  b uff er  a n d t h e  c o n c e ntr ati o n s   w er e 

d et er  mi n e d  b y   U  V  a b s or pti o n ( * m a x   =  2 5 8  n  m; +   =  2 9 0 0 l   m ol-1   c  m-1 .1 6  S ol uti o n  A   (5. 0  µ L , [4 ]fi n al  = 1 2. 5  µ M)    

w as  a d d e d t o  a   mi xt ur e  of    M e  O  H/ p  H  7   b uff er  ([ P  O4
3 -]  =  5   mM) ( 5: 9 5) ( 4. 0   m L)   , a n d t h e s a  m pl es   w er e  e x p o s e d 

t o  v ar yi n g  a  m o u nt s  of  o z o n e at  2 4  ° C f oll o  w e d  b y  1  h i n c u b ati o n  at  3 7   ° C.  T h e s a  m pl es   w er e  dil ut e d  1 0  -f ol d 

wit h  p  H  7. 0  b uff er   ([ P  O4
3 -]  =  5   m  M)  b ef or e fl u or es c e n c e   m e as ur e  m e nt t o   m ai nt ai n li n e arit y   wit h r es p ect t o 

fl u or es c e n c e si g n al (s e e  Fi g ur e  S 8  b el o  w f or t h e li n e arit y  b et  w e e n  0  a n d  1 2. 5 µ M  ). F or  e a c h  e x p eri  m e nt, 

tri pli c at e r e pli c as   w er e  p erf or  m e d.  Err or  b ars   w er e  d et er  mi n e d fr o  m t h e  c al c ul at e d   m e a n  a n d st a n d ar d  d e vi ati o n 

( Pri s  m  5. 0 a,   Gr a p h P a d  S oft  w ar e, I n c.). 

 

Fi g u r e  S 8.   C orr el ati o n  b et  w e e n fl u or es c e n c e i nt e n sit y (  * e  m   =  5 2 3  n  m)  a n d [ o z o n e] i n    M e  O  H/ p  H  7  b uff er ( 5: 9 5). 

T h e  b a c k gr o u n d si g n al i s  0. 0 3 7 7  &   1 05 .  S e e  a b o v e f or  c o n diti o n s. 
 

                                                 
1 5  Kl ei n,   G.;   R e y  m o n d, J  -L.  Bi o o r g.   M e d.   C h e  m.  L ett.  1 9 9 8 , 8 ,  1 1 1 3. 
1 6  P a ni c h,   N.    M.;   Er s h o v,   B.   G.,  S eli v er st o v,   A.  F.,   B asi e v,   A.   G. R u s s.  J.  A p pl.   C h e  m.  2 0 0 7 , 8 0 ,  1 8 1 2.  Er s h o v,   B.   G.; 
P a ni c h,   N.    M.;  S eli v er st o v,   A.  F.;   B el y a e v a,    M.  P.  R u ss.  J.  A p pl.   C h e  m.  2 0 0 8 , 8 1 ,  7 2 3. 
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O z o n e  d et e cti o n i n t h e  p r es e n c e  of  a nti o xi d a nts.   S ol uti o n  A   (5. 0  µ L , [4 ] fi nal   = 1 2. 5  µ M)     a n d s ol uti o n s E  # G   

(E  :  2 0. 0 µ L , [  As c or bi c  a ci d]fi n al  = 5 0  µ M  ; F,   G :  4 0. 0 µ L , [  Gl ut at hi o n e/  Uri c  a ci d] fi n al  = 1 0 0  µ M   )   w er e  a d d e d t o  a 

mi xt ur e  of   M e  O  H/ p  H  7   b uff er  ([ P  O4
3 -]  =  5   m   M) ( 5: 9 5) ( 4. 0   m L), a n d t h e s a  m pl es   w er e  e x p o s e d t o  o z o n e ( ~  5 

µ M)   at   2 4 ° C f oll o  w e d  b y  1  h i n c u b ati o n  at  3 7   ° C  b ef or e fl u or es c e n c e   m e as ur e  m e nt  .  F or  e a c h  e x p eri  m e nt, 

tri pli c at e r e pli c as   w er e  p erf or  m e d.  Err or  b ars   w er e  d et er  mi n e d fr o  m t h e  c al c ul at e d   m e a n  a n d st a n d ar d  d e vi ati o n 

( Pri s  m  5. 0 a,   Gr a p h P a d  S oft  w ar e, I n c.). 

 

O z o n e  d e  t e cti o n i n  h u  m a n  pl e u r al fl ui d.   H u  m a n  pl e ur al fl ui d ( 1. 0   m L)   w as  dil ut e d i n  p  H  7  b uff er ([ P  O 4
3 -]  =  5 

m  M) ( 3. 0   m L).   S ol uti o n  A   (5. 0  µ L , [4 ] fi n al  = 1 2. 5  µ M)      w as  a d d e d t o t h e r es ulti n g  h u  m a n  pl e ur al fl ui d   mi xt ur e, 

a n d t h e s a  m pl es   w er e  e x p o s e d t o  o z o n e ( ~  5  µ M   )  at  2 4  ° C f oll o  w e d  b y  1  h i n c u b ati o n  at  3 7   ° C  b ef or e 

fl u or es c e n c e   m e as ur e  m e nt.  T h e  e x p eri  m e nt   w as  p erf or  m e d i n tri pli c at e. 

 

O z o n e  d et e cti o n i n  h u  m a n s e r u  m.     H u  m a n s er u  m ( 1. 0   m L)   w as  dil ut e d i n  p  H  7  b uff er ([ P  O 4
3 -]  =  5   m   M) ( 3. 0 

m L).   S ol uti o n  A   (5. 0  µ L , [4 ]fi n al  = 1 2. 5  µ M)      w as  a d d e d t o t h e r es ulti n g  h u  m a n s er u  m   mi xt ur e, a n d t h e s a  m pl es 

w er e   e x p o s e d t o  o z o n e ( ~  5  µ M)   at  2 4  ° C f oll o  w e d  b y  1  h i n c u b ati o n  at  3 7   ° C  b ef or e fl u or es c e n c e   m e as ur e  m e nt. 

T h e  e x p eri  m e nt   w as  p erf or  m e d i n tri pli c at e.  

 

O z o n e  d et e cti o n i n i n  d o o r  ai r.  O n e  a d s or b e nt  p a p er (  Ki  m  wi p e " )   w as  c ut i nt o t  w o  1 1 &   9  c  m  pi e c es.  S ol uti o n   A 

( 5 0 µ L,  5 0 0  n  m ol  of  4 )   w as  a d d e d t o  o n e  p orti o n  of t h e   Ki  m  wi p e "   a n d  all o  w e d t o  dr y ( Fi g ur e  S 9, t o p ri g ht). 

S ol uti o n   B ( 5 0  µ L,  5 0 0  n  m ol  of i n di g o  c ar  mi n e)   w as  a d d e d t o t h e  ot h er  p orti o n  of t h e   Ki  m  wi p e "   a n d  all o  w e d t o 

dr y ( Fi g ur e  S 9, t o p l eft).   Aft er  o v er ni g ht  dr yi n g i n  a l a b or at or y  dr a  w er, t h e  p a p er stri p s   w er e   m o v e d t o  a  p o orl y 

v e ntil at e d  p h ot o c o p y r o o  m ( 2  p h ot o c o pi ers  a n d  2 l as er  pri nt ers) f or  8  h.  T h e  c o ntr ol s r e  m ai n e d  i n t h e l a b or at or y 

dr a  w er.   Aft er  8  h, t h e s a  m pl es   w er e  pl a c e d i nt o  a s ci ntill ati o n  vi al,  a n d t h e  d y es   w er e  el ut e d   wit h  p  H  7  b uff er 

( 6. 0   m L) ( ~ 5   mi n)  b ef or e fl u or es c e n c e  a n d  a b s or b a n c e   m e as ur e  m e nt.  F or  e a c h  c o  m p o u n d, tri pli c at e r e pli c as 

w er e  p erf or  m e d.  Err or    b ars   w er e  d et er  mi n e d fr o  m t h e  c al c ul at e d   m e a n  a n d st a n d ar d  d e vi ati o n ( Pri s  m  5. 0 a, 

Gr a p h P a d  S oft  w ar e, I n c.).   

 
Fi g u r e  S 9.    O z o n e  d et e cti o n i n i n d o or  air.  T o p  p h ot o  = A d s or b e nt  p a p er    b ef or e  pl a ci n g i nt o  p h ot o c o p y r o o  m f or 

8  h.   B ott o  m  p h ot o s   =  A d s or b e nt  p a p er    i n  b uff er  f or  a b s or b a n c e  a n d  fl u or es c e n c e    m e as ur e  m e nt.   L eft   = i n di g o 

c ar  mi n e ( p h ot o t a k e n i n r o o  m li g ht), ri g ht  =  4  ( p h ot o t a k e n  u n d er l o n g-r a n g e   U  V l a  m p). 
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n  a t  u r e  c  h e  mi s t r y   |   w  w  w. n at ur e. c o  m / n at ur e c h e  mi str y 1 1

S u p p l e   m e  n t a r y   i  n f  o r   m  a ti  o  nd  oi: 1 0.1 0 3 8 /  n c  h e  m. 2 4 0

S 1 1  

O z o n e  d et e cti o n i n  a  m bi e nt  ai r.   S ol uti o n  A   (5. 0  µ L , [4 ] fi n al  = 1 2. 5  µ M)      w as  a d d e d t o  a   mi xt ur e  of    M e  O  H/ p  H  7 

b uff er  ([ P  O4
3 -]  =  5   m   M) ( 5: 9 5) ( 4. 0   m L), a n d t h e s a  m pl es   w er e  pl a c e d i n  4  o ut d o or  ar e as t hr o u g h o ut   U ni v ersit y 

of  Pitt s b ur g h  c a  m p u s f or  8  h ( hi g h t e  m p er at ur e  =  3 2. 2  ° C;   A  QI  =  4 3;  P   M 2. 5  =  6 4) 1 7   o n J u n e  6,  2 0 0 8.   C ar e   w as 

t a k e n t o  e n s ur e t h e s a  m pl es   w er e  n ot  e x p o s ed t o  dir e ct  s u nli g ht.  T h e l o c ati o n s  ar e  d es cri b e d  b el o  w .  F or  e a c h 

l o c ati o n, tri pli c at e r e pli c as   w er e  p erf or  m e d.  Err or  b ars   w er e  d et er  mi n e d fr o  m t h e  c al c ul at e d   m e a n  a n d st a n d ar d 

d e vi ati o n ( Pri s  m  5. 0 a,   Gr a p h P a d  S oft  w ar e, I n c.).  

 

S a  m pl e  L o c ati o n (  S e e t h e   m a p:  htt p://  m a p s. g o o gl e. c o  m/ ?i e =  U T F 8  &ll = 4 0. 4 4 4 6 1 2, -

7 9. 9 5 5 7 3 9  &s p n = 0. 0 0 7 8 3, 0. 0 0 9 5 2 7  &t = h  & z = 1 7  &l a y er =t)  

B a c k gr o u n d      A  n e g ati v e  c o ntr ol   w as  pr e p ar e d i n t h e s a  m e   m a n n er  b ut i n c u b at e d  at  3 7   ° C i n  a  cl o s e d  vi al f or  8 

h.  

A       C or n er  of  F or b es   A v e n u e * ( 3 l a n e r o a d)  a n d  S o  ut h   B o u q u et  Str e et ( 2 l a n e r o a d)  n e xt t o  a l a n e  of 

tr affi c fr e q u e ntl y tr a v el e d  b y  c ars  a n d  b u s es  

B       C or n er  of  Fift h   A v e n u e * ( 4 l a n e r o a d)  a n d   Bi g el o  w   B o ul e v ar d ( 4 l a n e r o a d)  n e xt t o  a l a n e  of 

tr affi c fr e q u e ntl y tr a v el e d  b y  c ars  a n d  b u s es 

C       I n  a tr e e  ~ 2 0 0   m fr o  m  Fift h   A v e n u e (  U ni v ersit y   Dri v e/ P ar k  m a n   A v e n u e) 

D       O ut si d e  a  1 2 t h fl o or   wi n d o  w  of   C h e vr o n  S ci e n c e   C e nt er,   w hi c h i s  ~ 2 0 0   m fr o  m  Fift h   A v e n u e (t h e 

c or n er  b et  w e e n   U ni v ersit y   Dri v e  a n d  P ar k  m a n   A v e n u e)  

*  F or b es  a n d  Fift h   A v e n u es  ar e t  w o  of t h e   m o st  h e a v il y tr a v el e d str e et s i n  Pitt s b ur g h,  P e n n s yl v a ni a 

 

Ai r  p oll ut a nt s p e cifi cit y:   

A ci d s:    H  N  O3   or   H2 S  O 4  ( 1 0 µ L  of  0. 1   M s ol uti o n; [ a ci d] fi n al  =  2 5 0 µ M)  a n d   s ol uti o n  A   (5. 0  µ L , [4 ]fi n al  = 1 2. 5 

µ M)      w er e  a d d e d t o  a   mi xt ur e  of    M e  O  H/ p ur e   w at er s ol uti o n ( 5: 9 5)  ( 4. 0   m L), a n d t h e s a  m pl es   w er e   i n c u b at e d  at 

3 7  ° C f or  3 0   mi n  b ef or e fl u or es c e n c e   m e as ur e  m e nt.    F or  e a c h  e x p eri  m e nt, tri pli c at e r e pli c as   w er e  p erf or  m e d. 

Err or  b ars   w er e  d et er  mi n e d fr o  m t h e  c al c ul at e d   m e a n  a n d st a n d ar d  d e vi ati o n ( Pri s  m  5. 0 a,   Gr a p h P a d  S oft  w ar e, 

I n c.). 

 

M et al s  :  P b,  P d  or  Pt s ol uti o n ( 4 0 µ L  of  1 0  µ M s ol uti o n; [  M et al] fi n al  =  1 0 0  n   M)  a n d s ol uti o n  A   (5. 0  µ L , [4 ]fi n al  = 

1 2. 5  µ M)      w er e  a d d e d t o  a   mi xt ur e  of    M e  O  H/ p  H  7 b uff er  ([ P  O4
3 -]  =  5   m   M) ( 5: 9 5) ( 4. 0   m L), a n d t h e s a  m pl es 

w er e   i n c u b at e d  at  3 7 ° C f or  3 0   mi n   b ef or e fl u or es c e n c e   m e as ur e  m e nt.   F or  e a c h  e x p eri  m e nt, tri pli c at e r e pli c as 

w er e  p erf or  m e d.  Err or  b ars   w er e  d et er  mi n e d fr o  m t h e  c al c ul at e d   m e a n  a n d st a n d ar d  d e vi ati o n ( Pri s  m  5. 0 a, 

Gr a p h P a d  S oft  w ar e, I n c.).   

                                                 
1 7  D at a t a k e n fr o  m  htt p://  w  w  w.  air n o  w. g o v .   A  QI  =  air  q u alit y i n d e x.  P   M 2. 5  =  p arti c ul at e   m att er l ess t h a n  2. 5 µ m.   
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n  a t  u r e  c  h e  mi s t r y   |   w  w  w. n at ur e. c o  m / n at ur e c h e  mi str y 1 2

S u p p l e   m e  n t a r y   i  n f  o r   m  a ti  o  nd  oi: 1 0.1 0 3 8 /  n c  h e  m. 2 4 0

S 1 2  

1 H   N  M  R s p e ctr u  m  of  c o  m p o u n d   3 :   C  D  Cl3 ,  2 9 3  K,  3 0 0    M  H z 

 

 

1 3 C   N  M  R s p e ctr u  m  of  c o  m p o u n d   3 :   C  D  Cl3 ,  2 9 3  K,  7 5    M  H z 
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n  a t  u r e  c  h e  mi s t r y   |   w  w  w. n at ur e. c o  m / n at ur e c h e  mi str y 1 3

S u p p l e   m e  n t a r y   i  n f  o r   m  a ti  o  nd  oi: 1 0.1 0 3 8 /  n c  h e  m. 2 4 0

S 1 3  

1 H   N  M  R s p e ctr u  m  of  c o  m p o u n d   4 :   C  D  Cl3 ,  2 9 3  K,  3 0 0    M  H z 

 

 

 

1 3 C   N  M  R s p e ctr u  m  of  c o  m p o u n d   4 :   C  D  Cl3 ,  2 9 3  K,  7 5    M  H z 
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n  a t  u r e  c  h e  mi s t r y   |   w  w  w. n at ur e. c o  m / n at ur e c h e  mi str y 1 4

S u p p l e   m e  n t a r y   i  n f  o r   m  a ti  o  nd  oi: 1 0.1 0 3 8 /  n c  h e  m. 2 4 0

S 1 4  

1 H   N  M  R s p e ctr u  m  of  c o  m p o u n d   8 :   C  D  Cl3 ,  2 9 3  K,  3 0 0    M  H z 

 
1 3 C   N  M  R s p e ctr u  m  of  c o  m p o u n  d  8 :   C  D  Cl3 ,  2 9 3  K,  7 5    M  H z 
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