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Abstract 

Plat in i zed c a rbon m i c ro e lectrodes {- 10 (tm diameter ) , pos i t i oned c lose {~ 5 urn) to 

the c e l l membrane o f a h u m a n fibroblast, the ensemble const i tu t ing a semi-art i f ic ia l 

synapse, are used to mon i t o r events at the ce l lu lar leve l . A few tens o f f em lomo l es o f 

reactive o x y g e n species p r o d u c e d and emitted by the ce l l u p o n mechan ica l p r i c k i n g 

w i th a glass microp ipet te (~ Î u m diameter ) are released into the l i qu id film o f some 

hundred femto l i i res c ompr i s ed be tween the cy top lasmic membrane and the e lectrode 

surface, leading to a sudden and drastic r ise i n their concentrat ions { in the order o f 

several m ic romo les ) . T h i s ox ida t i ve stress-type response a ims at d i sa rm ing the 

aggressor and is thought to be shared by many { i f not al l ) eukaryo t i c cel ls . T h i s me thod 

a l lows to detect in real t ime and quanti fy the species const i tu t ing the ox ida t i ve burst 

cock ta i l : hydrogen perox ide , H 2 O j , peroxyni t r i te , O N 0 2 , n i t rogen m o n o x i d e , N 0 ° , 

and nitr i te , N 0 2 . They are l ike ly to derive u l t imate ly f rom superox ide an i on , 0 2 ° , a n d 

nitrogen monox id e , N O * , synthesised by N A D P H ox idase and N O synthase enzyme 

systems, respect ive ly . B y p lac ing the mic reelect rode at different pos i t ions about the 

injured area o f the c e l l membrane , it was c onc luded that the signals co r r espond to a 

spherical d i f fus ion o f the emitted e lectroact ive species from a po int -source . 

K e y w o r d s : amperometry , m i c ro e lectro des, ox ida t i ve stress, peroxyni tr i te , single ce l l . 
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Introduction 

A e r o b i c celts are k n o w n to act ive ly synthesise reactive o x y g e n and n i t rogen 

species, R O S and R N S , under the inf luence o f s t imul i l ike chemica l messengers, 

xenob io t i cs , infect ious entit ies (eg. v iruses and bacteria) and phys ica l agents (eg. h i gh -

energy rad ia t ion , mechan ica l intrus ion) . The levels o f these potent ia l ly hazardous 

ox idants are kept under c o n t r o l by r educ ing substances s u c h as v i tamins and 

glutathione, and by enzymes l ike catalase and superox ide d ismutase , S O D . H o w e v e r , 

in some si tuat ions !he sudden p r o d u c t i o n o f R O S and R N S in quantit ies we l l above the 

phys io l og i ca l levels may drast ica l ly upset this del icate balance, g i v ing rise to a 

metabo l ic c ond i t i on , i n w h i c h there is a surplus o f ox id i s ing species, k n o w n as 

ox idat ive slress [1-3]. 

Ox ida t i v e stress is thought to be invo l ved in the onset o f several human 

patholog ies , namely arthr i t is , in f lammat ion , age ing, carc inogenesis , A l z h e i m e r disease 

and A I D S [1,4-7] , and is k n o w n to induce apoptos is [8]. E v e n i f the l ong t ime effects 

o f ox idat ive blasts have been studied based u p o n the analysis o f metabol i tes and 

metabo l ic pathways , the very p r imary process at the ce l lu lar leve l , i n vo l v i ng the release 

o f minute amounts o f quant i ty (a t tomoles to femtomoles) i n less than a few seconds, 

and be ing therefore a n analyt ica l chal lenge [9-11] , has se ldom been analysed in detai l 

[12]. The strategy f o l l owed in this w o r k was inspired by the cunn ing in format ion 

t ransmiss ion at the neurona l synapse: a t iny amount o f neurotransmit ter f a few 

attomoles) is released into the synapt ic v o l u m e (<= 1 urn 3 ) , result ing in a concent ra t i on 

rise o f a few mi l l imo la r , easi ly detected by the receptor neurone. I f the latter is 

rep laced by an e lectrode pos i t i oned c lose enough (a few microns ) to an emi t t ing ce l l , 

the ensemble const i tutes a semi-ar t i f i c ia l synapse [9,13] , fig 1. H o w e v e r , e lectrodes 

p i c k u p noise th rough their capac i tances , ie. their overa l l surface areas, and for an 

adequate s ignal- to-noise (S/N) rat io to be obta ined (sti l l assuming a sudden 

concent ra t i on rise o f a few mi l l imo la r in the synapse), microe lec t rodes (10 -20 u m 

diameter and whose act ive surfaces match in s ize the ce l l membrane area facing them) 

were used, since the analyt ica l in fo rmat ion der i ved from the Faraday current ul t imately 

or ig inat ing in the l iv ing ce l l was left untouched , whi le the capac i t i vc noise was 

drast ica l ly reduced. 
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Superox ide , O2 . is constant ly p r oduced v ia a side route o f the ox ido-reductases 

that ox id i se C - H bonds , and w h i c h const i tutes 6 - 8 % o f the oxygen me tabo l i sm [14]. 

A l s o , many cel ls l ines, espec ia l ly those that are impl i ca ted the const i tut ive immune 

response, are k n o w n to act ive ly synthesise O2 w h e n st imulated [1,16]. It qu i ck l y 

d is propor t ionates to hydrogen perox ide , H2O2, and molecu lar oxygen , O2, a process 

catalysed by S O D in aerobic ce l ls [1,14]. H2O2 may be regarded as a cy to tox i c 

substance, s ince it has a life t ime l ong enough to be able to dif fuse to any ce l lu lar 

compartment , where it c a n g ive rise to hyd roxy ! radicals , OH°, th rough the F e n t o n 

react ion. T h e latter species, be ing a potent hydrogen a t o m acceptor , may induce 

several degenerat ive processes, namely the pe rox ida t i on o f b i o l og i ca l membranes 

[1,14]. In l i v ing cel ls , H 2 0 2 is metabol ised by catalase, but this enzyme is inh ib i ted by 

its o w n substrate when the latter reaches concentrat ions larger than the phys io l og i ca l 

ones (ie. beyond the nanomo lar range), o ther scavengers requ i r ing at least ha l f a n hour 

to become operat ive [1,15]. O the r species poss ib ly i nvo l v ed in an ox idat ive stress 

response are n i t rogen monox ide , NO° , p r oduced by N O synthases (a g roup o f enzymes 

that require O2 to be operat ive ) [1] and peroxyni tr i te , ONO2, the ou t come o f the 

coup l ing be tween 02° and NO° at a rate c lose to the d i f fus ion l imit [17], a c co rd ing to : 

02°" + N O ' -> O N O ? ' (k * 2x10'° MV). 

Th i s w o r k a imed at ident i fy ing the chemica l species cove r ed by the ac ronyms 

" R O S " and " R N S " and at mon i t o r ing their emiss ion k inet ics in ox ida t i ve stress 

responses tr iggered in human fibroblasts (used as mode ls o f s k i n carc inogenes is [13]) 

resort ing to a n e l ec t rochemica l approach . 

Results and Discussion 

A n ox ida t i ve stress response was t r iggered in human fibroblasts by p r i c k i n g the 

cytop lasmic membrane w i t h a sealed glass microp ipet te (*= 1 u m diameter ) [18], fig 1. 
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F i g 1 - Snapshot (left) and schemat ic representat ion (right) o f a semi-art i f ic ia l synapt ic 

con f i gura t i on cons i s t ing o f a h u m a n fibroblast (on the bo t f om o f a Pe t r i dish) w i t h an 

u l t ramicroe iec t rode pos i t i oned above i t . A microp ipet te used to induce Ihe ox ida t i ve 

burst is inserted between them. 

A microe lec t rode po i sed at appropr iate constant potentials and p laced a few 

micrometers above the injured area [18] detects the f l o w o f e lectroact ive species 

emitted by the c e l l i n the f o rm o f a Farada ic current, fig 2 . E a c h e lectrode consists o f 

c a rbon d isk rendered more sensit ive to smal l mo lecu les th rough p la t in i za t ion . T h i s 

marked l y increases the e lectrode capac i tance , ru l ing out the use o f transient methods 

l ike fast cyc l i c vo l tammetry (ca. 5 0 - 1 0 0 Vs - 1 } . S l o w potent ia l scan rates (< 1 Vs" 1 ) are 

also exc luded , s ince the scan dura t i ons w o u l d rough ly match the s ignal ha l f -w idths 

(f ig 2) , result ing in very d is tor ted vo i t ammograms [19]. The e l ec t rochemica l analysis 

had , then, to re ly o n the co l l e c t i on o f independent amperograms, each obta ined at 

different potentials o n different ce l ls [20] . Th i s leads to another p r ob l em : c e l l 

var iabi l i ty . Indeed, a l l fibroblasts o n a Pe t r i d i sh are not expected to be exact ly at the 

same metabol ic stage, and the intensity o f the responses varies w h e n they are 

mechanica l ly s t imulated. Th i s d rawback may be sk i r ted by co l l e c t ing enough curves at 

each potent ia l so that the resul t ing average amperog ram is affected by a sma l l s tandard 

dev ia t ion (viz. w i th in ± 5 % for a 7 0 % conf idence leve l , o r ± 1 0 % for a 9 5 % conf idence 

level). Stat ist ica l ly meaning fu l data were obta ined w i t h 25 to 40 ind i v idua l 

measurements per potent ia l ( f ig 2). 
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F i g 2 - Le f t : t ime dependence o f the anod i c currents mon i t o r ed at different potent ia ls 

after the s t imulat ion o f a human fibroblast by the microp ipe t te , when the e lectrode 

(10 u m radius) is pos i t i oned at h = 5 u m right above the ee l ! (d = 0 p m ) . F r o m b o t t o m 

to top; the e lectrode potent ia l , E , was var i ed from 300 to 850 m V vs. S S C E by steps 

o f 50 m V . E a c h curve represents the average o f 25 to 4 0 ind iv idua l events. R i gh t ; 

normal i za t ion o f the traces relative to their ind i v idua l m a x i m u m current va lue . 

F i g 2 shows that the Faradaic current , i , increases w i t h the app l i ed potent ia l , 

hint ing at the invo lvement o f several e lectroact ive species [21]. T h e response k inet ics 

does not co r r espond to s imple d i f fus ion o f e lectroact ive species from the ce l l , but 

reflects an act ive p r o d u c t i o n process [13]. A l s o , since the normal i sed curves rough ly 

co inc ide , the burst reveal ing a s ingle f lux t empora l f l ow , it is l icit to th ink that the 

species probably have sizes c lose to each other and interact w i t h the solvent i n a s imi lar 

way. Las t but not least, the current m a x i m u m , ( i b u r a ) m a * , is reached after a t ime lag, t™,, 

wh i ch is independent o f the e lectrode-ce l l distance (prov ided this remains be l ow 

10 um) . and larger than the microe lec t rode response t ime (a f ew mi l l i seconds ) [22] . 

F o r a vert ica l separat ion o f 5 u m and D - 2 x l 0 " 5 c m V ' , and assuming that D = h V w , , 

the d i f fus ional flight is est imated at 12 ms, a va lue smaller than the character is t ic t ime 

o f the ox idat ive burst response, imp ly ing that the curves reflect the k inet ics o f release 

o f sma l l species into the extrace l lu lar fluid w i thout any signif icant d i s t o r t i on by 

dif fusion or by the e lectrode response t ime [ 19]. 
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F i g 3 - Symbo l s : exper imenta l var iat ions o f the current max ima , ( i b l " a ) m a i , o f the curves 

s h o w n in fig 2 w i th the e lectrode potent ia l , E . C u r v e : pred ic ted v o l t a m m o g r a m for a 

v i r tua l so lu t i on o f 1.4 u M H 2 0 2 , 1.7 u M 0 N 0 2 " , 19 u M NO° and 4 u M N 0 2 \ 

The symbols i n f ig 3 , obta ined by p lo t t ing (i" 1™)™, o f the amperog rams in fig 2 as 

a funct ion o f the potent ia l , E , revea l the presence o f three ox ida t i on waves ( A , B and 

C ) w i t h hal f -wave potent ia ls , E i a (±5 m V ) , at 2 9 0 (A ) , 555 (B ) a n d 730 ( C ) m V vs. 

S S C E , w h i c h require the invo lvement o f at least three species. W a v e s B and C 

cor respond to the o x i d a t i o n o f N O (one-electron) and nitr ite, N 0 2 ( two-e lec t ron ) , 

respect ively, as revealed by the c lose match w i t h authent ic steady state 

vo l t ammograms obta ined in vitro w i t h the same microe lec t rodes In P B S so lut ions o f 

these t w o species (f ig 4 ) : the hal f -wave potentials co inc ide , as do the k inet ics o f the 

charge transfer [23,24] . 

A s s i gn ing a species to wave A is not s t ra ight forward: a m o n g the three most 

plausible candidates, O-i , H ; 0 ; and O N 0 2 , the first may be e xc luded bear ing in m i n d 

its near d i f fus ion l imi t c o u p l i n g w i t h NO° y i e ld ing ONO2 [17], the second has 

Ei/ j = 250 m V vs. S S C E ( two-e lec t ron ) , and the direct e l ec t rochemica l behav iour o f 

the third has recent ly been invest igated [25], 
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F ig 4 - C o m p a r i s o n o f the exper imenta l data de termined be tween 275 and 875 m V vs. 

S S C E (so l id symbols ) to the in vitro v o l t ammograms o f N O (19 u M ) and N 0 2 

(4 u M ) under ident ica l cond i t i ons . The assignment o f H2O2 and O N 0 2 to w a ve A is 

explained be low. 

Peroxyni t r i te is a shor t - l i ved species at phys io l og i ca l cond i t i ons (ti/2 « 1 s at 

T = 25°C and p H = 7.4) since it decays to nitrite and nitrate ions v i a the intermediate 

format ion o f its conjugated ac id O N 0 2 H (pK* = 6.8) [17]. Its e l ec t rochemica l 

signature had to be obta ined in a lka l ine so lut ions , where t| C ranges f r o m a few minutes 

at p H - 9 to ove r an hour at p H = 12. N o t e that this p r o b l e m is c i r cumvented in vivo 

due to the d i f fus ion t ime from the c e l l to the e lectrode surface o f a few mi l l i seconds , 

dur ing w h i c h a poss ib le loss o f no more than 1 0 % o f the amount p r o d u c e d c o u l d ensue 

[19,25]. 

D u r i n g the reac t ion t ime (ca.™ 1 hour ) r equ i red for the synthesis o f peroxyni t r i te , 

al iquots o f the reac t ion mix ture were co l l ec ted and tested both electro chemica l l y w i t h 

plat inized c a rbon fibre microe lec t rodes and spect rophoto metr ic al ly. T h e magni tude o f 

the plateau currents o f the waves O] and On increased w i t h t ime (f ig 5a) f o l l ow ing for 

wave O i a strict cor re la t i on w i t h the absorbance o f the respect ive so lu t i on measured at 

X = 302 n m (fig 5b) , character ist ic o f the peroxyni tr i te an ion [26] . T h e spontaneous 

decompos i t i on kinet ics o f peroxyni t r i te so lut ions at several p H values were ana lysed by 

both methods . A g o o d co r r e l a t i on between the decay rates o f the p lateau current o f 

wave 0 [ and that o f the absorbance at 302 n m was aga in obta ined (f ig 5c) . T h e first-

order k inet ics rate constants determined from w a ve 0 [ decay are c lose to those 

reported in the l i terature for peroxyni t r i t e : i.e., k = 8 x 1 0 s s"' ( p H = 12), to be 
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compared to k = I x l O ' 5 s"' (as ca lcu lated at p H = 12 in r e f [27]) o r k = 8x10 " ' s"1 

( p H = I i ) [28]. Conve r se l y , wav e On remained v i r tua l ly unchanged after comp l e t i on o f 

the synthesis, and c lose ly matched that obta ined w i th a so lu t i on con ta in ing N 0 2 " . These 

facts s t rong ly suggest that wave O i cor responds to 0 N 0 2 ' , wh i l e wave On is due to 

N O ; . The latter w i l l not be further d iscussed here. 
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F i g 5 - Peroxyn i t r i t e synthesis d u r i n g the o zona t i on o f an az ide so lu t i on ( p H - 12) 

f o l l owed by: (a) steady state e l ec t rochemis t ry (20 mVs " 1 ) o r (b) spec t rophotometry 

(X.= 302 nm) . Measurements were taken at 0, 10, 30, 50, 55 (bo ld curves , current 

m a x i m a and absorbance) and 60 minutes after the beg inning o f o zona t i on . O i 

{ E „ i = 0 .350 V vs. S S C E ) and On co r r e spond to the ox ida t i on o f O N O ; " and N 0 2 , 

respect ively, at p la t in i zed carbon- f ibre microe lec trodes (10 u rn diameter) , (c) 

Co r r e l a t i on (5 data po ints , 3 exper iments for each point ) between the decompos i t i on 

rate constants o f O N 0 2 so lut ions f o l l owed by U V - s p e c t r o p h o t o m e t r y ( l og k u v ) and 

e lectrochemistry ( l og k c l = c ) at severa l p H values ( f rom 8.7 u p to 10.2 from right to 

left). A dashed line w i th uni ty s lope is s h o w n to help the compar i son , (d) E v i d e n c e for 

the absence o f any cor re la t i on be tween Em o f wave O i and the p H ove r the range 

8.8 < p H < 10.2. A l l e l ec t rochemica l exper iments s h o w n in this f igure were carr i ed out 

w i t h p lat in ized ca rbon fibre microe l ec t rodes (10 u m diameter) in phosphate buffer 

so lut ions o f O N 0 2 . 
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The p H dependence o f E i / 2 o f wave O i is s h o w n in fig 5d . The p H was conf ined 

to the basic side o f the scale , since the half- l i fe o f O N 0 2 H is too short for it to be 

detected under the exper imenta l condi t ions emp l oyed here at neutra l p H . E[..2 remains 

c b s e to 0 .350 ± 0 .020 V vs. S S C E in the range 8.8 < p H < 10.2 at p la t in i zed ca rbon -

fibre microe lec t rodes despite a cer ta in scatter ing o f the data. T h i s scatter ing is 

presumably due to uncont ro l l ed alterat ions o f the p lat in ized surfaces in these basic 

media [29,30] , since the E\a value is con t ro l l ed by the kinet ics o f the in i t ia l transfer 

and is thus dependent on the e lectrode surface propert ies [25,31] . The absence o f any 

systematic dependence o f Eia for w a ve O i w i t h the p H con f i rms that the 

e l ec t rochemica l process does not invo lve protons . S ince p H > pKa = 6.8, this impl ies 

that wave O i represents the direct o x i d a t i o n o f O N 0 2 (and not the conjugate ac id , 

O N 0 2 H , th rough a C E sequence) into its rad ica l O N 0 2 ° . Fur the rmore , s ince the 

m a x i m u m ox ida t i on degree o f n i t rogen is +V I , as tn O N 0 2 [27], this impl ies that the 

pr imary redox reac t ion is necessari ly a one-e l ec t ron process g i v ing rise to O N 0 2 ° as 

the pr imary intermediate. 

W a v e A in fig 3 is rather s lugg ish and asymmetr ic [19] , a n d its Em = 2 9 0 m V 

falls between those o f H 2 0 2 and O N 0 2 " , at 250 m V a n d 3 5 0 m V vs. S S C E , 

respect ively, suggest ing that it may be a c o n v o l u t i o n result ing from the s imul taneous 

presence o f H 2 0 2 and O N 0 2 . T o test for this hypothes is , the current , i b u r a , measured at 

each potent ia l was cons idered as the s u m o f the ind iv idua l currents due to each 

species, i l l 2° 2 and i 0 N ° 2 , determined under the same cond i t i ons fo r the o x i d a t i o n o f 

authentic so lut ions o f H 2 0 2 (1.5 u M ) and O N 0 2 (1.5 p M ) a c co rd ing to : 

i b " r a = / * [ E x i H ^ + ( l - £ ) x i 0 N ° M , 

where s is a we i gh t ing parameter and fa sca l ing factor. T h e treatment o f the nine data 

points i n fig 6 a f f o r d e d / = 2.1 and e = 0 .45 , g i v ing a very g o o d co r r e l a t i on be tween 

the exper imenta l and the pred ic ted currents ( i p [ c d / p A = 1.005 x (f™")mJ p A - 0 . 485 ; 

corre la t ion coef f ic ient 0.994) . 
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F i g 6 - Recons t ruc t ed vo l t ammo g r a m (symbols ) from measurements obta ined from 

275 to 475 m V vs. S S C E (h = 5 urn ; 10 u m radius e lectrode) . Le f t : c ompar i s on 

be tween the exper imenta l data (so l id symbols ) and the in vitro v o l t ammograms 

obta ined under ident ica l cond i t i ons for H 2 0 ; , (1.5 p M ) o r O N 0 2 (1.5 u M ) . T h e 

u n l a b e l e d so l id curve is that pred ic ted for a mix ture o f H 2 0 2 , L 4 p M , and O N 0 2 , 

1.7 p M , under ident ica l cond i t i ons . R i gh t : cor re la t i on be tween exper imenta l (symbols ) 

and pred ic ted v o l t ammograms ( i p [ e d / p A = 1.005 x ( r ™ % « / p A - 0 . 485 ; cor re la t i on 

coeff icient 0 .994) . The exper imenta l data po ints obta ined b e l o w 275 o r above 475 m V 

vs. S S C E are indicated ( open symbols ) but were not cons idered in the f i t t ing p rocedure 

to ensure that the data po ints used are not contaminated by the res idual oxygen 

reduc t i on [21] o r by N O ox ida t i on current . 

Th i s reasoning may be app l i ed to the who l e exper imenta l v o l t a m m o g r a m in f ig 3 , 

l ead ing to a reconst ructed curve by the s imple add i t i on o f the vo l t ammograms obta ined 

for each species and tak ing into account their concentrat ions , ie. after an adequate 

sca l ing a l ong the current ax is . The ox ida t i ve burst corresponds , then, at the level o f the 

e lectrode surface, to a m ix tu re that, i n v i t ro , w o u l d be equivalent to 1.4 p M H 2 0 2 , 

1.7 p M O N O 2 ,19 p M NO° and 4 p M N 0 2 " , a l l u l t imate ly der iv ing from 0 2 " and NO°. 

N A D P H oxidases and N O synthases, t w o enzyme systems k n o w to exist bo th in 

the c y t o so l and in the membranes o f ce l ls , are responsible for the p r o d u c t i o n o f 0 2 

and NO°, respect ive ly [1,32]. T h i s raises another quest ion, conce rn ing the o r i g i n o f the 

ox idat ive burst : is the burst c o c k t a i l em iss i on a phenomenon extended throughout the 

who l e membrane surface, o r is it l oca l i sed at the injured area? In the first case, a planar 
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di f fusion o f the e lectroact ive species from the membrane w o u l d dominate , meaning 

that the current magni tude w o u l d depend just o n the vert ica l d istance, h , to the ce l l 

membrane as a who le , wh i l e in the second s i tuat ion, expla ined by spher ica l d i f fus ion o f 

the e lectroact ive species f rom the puncture , the current w o u l d be inversely 

propor t iona l to the separat ion between the e lectrode surface and the injured area, 

(h 7 + d 2 ) ' " 2 (see f ig I for the def init ions o f h and d). 

F i g 7(right) shows that i 1 " " 1 1 l inearly var ies w i t h ( h 2 + d 2 ) " " 2 f o r separat ions 

greatly exceed ing the micro e lectrode rad ius , p r o v i n g that the burst c o c k t a i l is re leased 

from a po in t - source (and therefore spher ica l d i f fus ion appl ies ) , but tends to a constant 

value at shorter distances, w h i c h is perfect ly n o r m a l when the c o l l e c t i on ef f ic iency 

v ir tual ly equals 1 0 0 % [33,34] . The s ingle po in t - source o r i g in o f the ox ida t i ve burst is 

further suppor ted by the result s h o w n in f i g 7(left): i f a glass microp ipe t te , after hav ing 

pr i cked the ce l l membrane and be ing w i t h d r a w n , is s l i thered back in the or i f i ce so as to 

b lock it, the response marked l y decreases. W h e n the cap i l lary is w i t h d r a w n aga in , the 

current resumes a no rma l decay after ove rshoo t ing for a few seconds, p robab l y due to 

the sudden release o f species accumula t ed inside the fibroblast. 

F i g 7 - Le f t : var ia t ions o f the current co l l ec ted by the e lectrode (450 m V vs. S S C E ) as 

a funct ion o f h and d (see fig 1). E a c h value ( open circ les ) is the average o f at least 20 

different current measurements , and has been norma l i z ed to that measured at h = 5 u m 

(and d = 0 u m ) , to indicate the var ia t i on o f the co l l e c t i on ef f ic iency. R i gh t : so l id curve : 

var iat ions o f the current detected by the e lectrode (560 m V vs. S S C E ; h = 5 p m , 

d = 0 p m ) w h e n the microp ipet te p r i cks and is w i t h d r a w n (p + w ) , is pushed back (p) 

into the membrane hole , o r w i t h d r a w n again (w ) ; dashed curve : c on t r o l ( compare w i t h 

fig 2). 
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Since w h e n h = 5 p m (and d = 0 urn) the co l l e c t i on ef f ic iency is quant i tat ive , the 

current magni tudes i n f ig 3 d o not reflect c lass ica l e l ec t rochemica l steady state 

s i tuat ions [33], but represent the quanti tat ive co l l e c t i on o f the mo lecu la r f luxes 3> (in 

m o l s'1) o f chemica ls released by the ce l l , conver ted into currents th rough Fa raday ' s 

l a w by o x i d a t i o n at the e lec t rode surface [35]: 

ih™ = S ( i i j Fx<6 j ) 

where the summat i on encompasses a l l species j o x i d i z e d at the co l l ec t ing 

u l t ramicroe lec t rode th rough a process i n vo l v i ng n, e lectron(s) per molecu le at the 

potent ia l under cons idera t i on . A p p l y i n g this equat ion to the data conta ined i n f ig 3, and 

bear ing i n m i n d that the o x i d a t i o n waves o f NO° and O N 0 2 c o r r espond to one-

e lec t ron processes (nj = 1), wh i l e those for H 2 0 3 and N 0 2 invo lve t w o electrons 

(nj = 2) , the var iat ions o f the f luxes, <t>„ w i t h t ime can be de termined , fig 8 [36]. The 

t ime integrat ion o f these f luxes ove r the who l e dura t i on o f the ox idat ive burst af fords 

the overa l l quant i ty o f each species released. It is then deduced that an average 

ox idat ive burst cor responds to the release w i th in less than one minute (t|,2 = 20 s) o f a 

cock ta i l c o m p o s e d o f H 3 0 2 (15 frnol), O N 0 2 " (15 fmol ) , N O (30 thiol ) and N 0 2 ' 

(15 fmol) [19] . A p p l y i n g the f o l l ow ing equat ions: 

(<&o 3-f °" = 2 ( 1 > H 2 o 2 r s + (COONOJ. )™ 5 + (S>No2-) r a es 

(<&No) p r a l = < < w ™ + ( * 0 K o 3 - ) r a " + ( ^ - r 5 

the or i g ina l p r o d u c t i o n fluxes (<t>,)p,Dd for O / and NO° can be obta ined , fig 8, as w e l l as 

the to ta l amounts p r o d u c e d d u r i n g a n ox idat ive stress burst , viz. 6 0 fmo l 0 2 a n d 

60 th i o l N O ' , scheme 1. 

F ig 8 - T i m e var iat ions o f the ind i v idua l f luxes de termined for each species present in 

ox idat ive bursts (note that the f luxes o f H 2 0 2 and O N 0 2 co inc ide ) ( r ight ) , as w e l l as 

those o f the parent species 0 2 " a n d N O (left). E a c h cu r v e s h o w n represents the 
average o f 30 ind i v idua l measurements. 
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The use o f inhibi tors for N A D P H oxidases and N O synthases has con f i rmed the 

involvement o f these enzyme systems in the ox idat ive stress response. Indeed, 

N-e thy lma!e imide , N E M , a denaturat ing inhib i tor o f N A D P H - o x i d a s e [37], and 

N c - m o n o m e t h y l - L - a r g i n i n e , N M M A , a compet i t i ve inhib i tor speci f ic o f NO-syn thase s 

[38], inf luence the response magni tude at severa l potent ia ls , but more data is needed 

before other conc lus i ons may be d rawn . 
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Experimental 

Single cells experiments: A l l the exper iments have been per formed at 25°C in 

Pe t r i dishes p laced o n the stage o f an inverted m i c roscope . The e lectrode and 

microp ipet te were pos i t i oned w i t h respect to the ce i l w i th t w o mic roman ipu la to rs . A l l 

the re lat ive detai ls as we l l as those conce rn ing the p la t in i zed ca rbon fiber 

microe lec t rodes c ons t ruc t i on , e l ec t rochemica l apparatus, P B S so lu t i ons o r ce l l cu l ture 

and handl ing are ident ica l to those repor ted prev ious ly [13] . T h e fibroblasts used in 

this s tudy came f r om a no rma l h u m a n c e l l l ine ( 1 9 8 V I ) establ ished from a s k i n b iopsy . 

Ce l l s were g r o w n in M E M F 1 2 m e d i u m ( G i b c o B R L ) w i t h fetal c a l f s e rum (10%) in an 

incubator (5% C 0 2 , 37°C) . Con f luen t mono layers o f fibroblasts were harvested by 

t r y p s i n a t b n . 1000 to 2000 cel ls were then re-suspended in Pe t r i dishes (3.5 c m 

diameter , Cos t a r 3035 ) a n d stored in the incubator for 48 hr d u r i n g w h i c h they 

spontaneous ly adhered to the Pe t r i d i sh bo t tom. C e l l s were then washed tnree t imes in 

P B S buffer before exper iments , w h i c h were on ly per fo rmed w i t h iso lated cel ls to a v o i d 

b iochemica l cross- ta lk be tween them d u r i n g ox idat ive bursts. 

In vitro voltammetric experiments: A l l reagents except peroxyni t r i te and nitr ic 

ox ide were purchased from S i g m a . A q u e o u s so lut ions were prepared w i t h water 

obta ined from a M i l l i p o r e M i l l i - Q system. T h e in vitro test exper iments were ca r r i ed 

out in deareated P B S (phosphate buffer sal ine, 10 m M N a 2 H P O . i / N a H 2 P O . , , 137 m M 

N a C I and 2.7 m M KC1 ) con ta in ing either N a N O : (10 m M ) , O N O Y (6 to 20 m M ) , 

H2O2 (I m M ) o r NO° (2 m M saturated so lut ions ) . In the latter case, NO° ( l ' A i r 

L i q u i d e , 9 9 . 9 9 % ) was passed th rough N a O H ( 4 M ) in order to scavenge any N O , 

impur i t i es and bubb led (w i th great cau t i on under a fume hood ) t h r o u g h tho rough l y 

deaeratcd P B S buffer. Peroxyn i t r i t e was synthesized by o z ona t i on o f s l ight ly a lka l ine 

az ide so lut ions a c co rd ing to the procedure deve loped by P r yo r et a l [26]. B r i e f l y , 

o zone was generated by pass ing o x y g e n th rough an o zona to r (We lsbach ) undergo ing a 

silent e lectr ical d ischarge (120 V ) . T h e gas stream from the o zona to r , conta in ing - 1 % 

0 3 in oxygen , was con t inuous l y bubb led th rough a glass-frit in 100 m L o f an aqueous 

so lut ion o f s o d i u m az ide (0.1-0.2 M ) and N a O H (10 m M ) , ch i l l ed at 0°C in an ice 
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bath. Unreac ted o zone was trapped in a s o lu t i on o f po tass ium iodide (10%) in water. 

The peroxyni t r i te concent ra t i on was spec tro photometr i ca l l y mon i t o r ed 

(e = 1.670 M " 1 c m ' 1 at X = 302 nm; B e c k m a n D U - 7 4 0 0 ) by co l l e c t ing a l i quots ( 1 m L ) 

o f the react ion mixture at intervals o f 5 to 10 m i n , and after d i l u t i o n (8 to 12-fold) in 

N a O H (10 m M ) . The o zona t i on was stopped once the absorp t i on m a x i m u m was 

reached (usual ly after 4 0 to 80 minutes, depend ing o n the o z ona t i on cond i t i ons and the 

init ial concen t ra t i on o f azide) . C o n t i n u i n g o z o n a t i o n after this point w o u l d result in a 

progressive d e c o m p o s i t i o n o f peroxyni tr i te into nitr i te. T h i s method a l l o w s the 

obta in ing o f peroxyni t r i te so lut ions conta in ing just traces o f az ide (< 0.1 m M ) and 

v ir tual ly d e vo i d o f H 2 0 2 [26]. S t o c k so lut ions o f peroxyni t r i te ( concentrat ions ranging 

f rom 30 to 80 m M ) were stored at -20°C and used w i th in 2 weeks , a pe r i od d u r i n g 

wh i ch they d i d not decompose . D u r i n g the exper iments , the defrosted so lut ions were 

kept at 0°C in an ice bath to min imize the spontaneous peroxyni tr i te decay. 

P la t in i zed carbon- f iber microe lec t rodes were fabricated as prev ious ly 

descr ibed [13], In the present exper iments (in vitro a n d in vivo), the elect rode posit i on 

o f p l a t inum o n the ca rbon microe lec t rodes was l imi ted at a m a x i m u m charge o f 9 0 p C . 

A l ! potent ia ls are referred to a saturated s o d i u m ch lor ide ca l ome l e lectrode S S C E 

(Tacusse l -Rad iometer , France ) unless o therwise indicated, since the conven t i ona l S C E 

reference e lec t rode c o u l d not be used in b i o l og i ca l systems due to poss ib le po tass ium 

contaminat ions (E vs . S S C E = E vs . S C E + 5 m V , 25° C ) . In vitro vo l tammetr i c 

exper iments were per fo rmed at 25°C in a conven t i ona l e l ec t rochemica l c e l l , wh i l e 

amperometr ic exper iments (E = +0.5 V vs. S S C E ) used for the s tudy o f the 

peroxynitr i te d e c o m p o s i t i o n rate were carr i ed out in an E p p e n d o r f t ip ( 500 p L ) . Th i s 

a l l owed very q u i c k m ix ing (just a few seconds) o f the s tock so lu t i on o f peroxyni t r i te at 

p H = 12 w i t h the buffer at a desired p H and a l l owed us to w o r k in s imi lar cond i t i ons as 

for the spectra photo metr ic analysis. 

The U V detect ion o f the peroxyni t r i te d ecompos i t i on was made w i t h the ce i l 

thermostated at 22°C. O w i n g to the b i o l og i ca l re levance o f peroxyni t r i te , b io log i ca l l y 

compat ib le buffers such as P B S , T R I S ( T r i z m a base, 

Tr i s [hydroxymethy l ]aminomethane , 0.1 M ) a n d C A P S ( 3 - [ c y c l o h e x y l a m i n o ] - l -

propanesul fonic ac id , 0.1 M ) were chosen as a funct ion o f their useful p H range 

( P B S : 7 - 8 ; T R I S : 7-9 ; C A P S : 9 .7-11.1 ) and used in the e l ec t rochemica l and 
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spec t rophotometr i c studies. Some exper iments were carr ied o u i in phosphate so lut ions 

at p H > 9 .5 , w h i c h were prepared f rom the P B S buffer by adjust ing the p H w i th 

concentrated N a O H . 

Final Comments 

Th i s w o r k demonstrates the great interest o f art i f ic ia l e l ec t rochemica l synapses 

to identi fy and mon i t o r the t ime-dependent fluxes o f minute chemica l quantit ies 

released by a l i v ing ce l l . He re , the method has been s h o w n to lead to a very important 

b i o l og i ca l in format ion even in a n extremely c o m p l e x s i tuat ion since severa l chemica l l y 

interconnected species are released s imul taneous ly by the ce l l , be ing also a cha l l eng ing 

exper imenta l s i tuat ion because a l l the released mo lecu les are di f f icult to character ize 

e lec t rochemica l ly due to the intr ins ic sluggishness o f their ox ida t i on waves and to the 

imposs ib i l i ty o f us ing fast vo l tammetr i c techniques. 

The present series o f invest igat ions o n fibroblasts establ ishes that the ox ida t i ve 

bursts are m u c h more c o m p l e x than prev ious ly assumed and that they o c c u r w i t h i n an 

extremely short t ime scale after a depo lar i sa t i on o f the ce l l membrane. T h e y consist o f 

a comp lex and concentra ted c o c k t a i l o f several important b io log i ca l ef fectors: U202, 

ONO2 a n d NO° , as well as o f N 0 2 " as a result o f ONO2 d e c o m p o s i t i o n at 

phys i o l og i ca l p H under the un-phys i o l og i ca l concentrated cond i t i ons w h i c h preva i l 

dur ing ox ida t i ve blasts. A l l these four species result from the tandem p r o d u c t i o n o f O2 

and NO° in almost equ imo la r amounts by t w o dist inct enzymat ic systems, N A D P H 

oxidases and N O synthases, presumably located in different ce l lu lar compar tments . 
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