
CENTURIES LATER 

by G i u l i o MILAZZG, Honorary F'resident of the 

B i o e l e c t r o c h e m i c a l S o c i e t y 

I n t r o d n e t i o n 

In t h e decade of t h e e i g h t i e s o f two c e n t u r i e s ago, the s o -

c a l l e d Animal e l e c t r i c i t y was c o n s i d e r e d a f a s c i n a t i n g 

r e a l i t y , s t i m u l a t i n g the i n i t i a t i v e of the p h y s i c i a n L u i g i 

G a l v a n i , p r o f e s s o r of anatomy a t Bologna U n i v e r s i t y and o f 

g y n a e c o l o g y at the A r t s and S c i e n c e s I n s t i t u t e , B o l o g n a . 

F o r s e v e r a l y e a r s a l r e a d y , he had been d o i n g fundamental 

r e s e a r c h i n anatomy and p h y s i o l o g y ; h i s t h e s i s e n t i t l e d De  

o s s i b u s ( c o n c e r n i n g b o n e s ) , c o n s i d e r e d v e r y good and more 

than s u f f i c i e n t t o o b t a i n t h e appointment of l e c t u r e r De 

Rebus M e d i c i 5 ( c o n c e r n i n g m e d i c a l t h i n g s ) , was p r e s e n t e d 

in 1762. He c o n t i n u e d v e r y s e r i o u s l y h i s work when, almost 

e x a c t l y two c e n t u r i e s ago, i n 1786, he o b s e r v e d a m u s c u l a r 

c o n t r a c t i o n of the l e g s of a f r o g , dead and s k i n n e d , as a 

consequence of t o u c h i n g i t s n e r v e s w i t h s c i s s o r s d u r i n g a 

storm. H i s f i r s t p aper on t h i s theme was p u b l i s h e d s e v e r a l 

y e a r s l a t e r (1791) under the L a t i n t i t l e De V i r i b u s 

E l e c t r i c i t a t i s i n Motu M u s c u l a r i , Commentarium ( C o n c e r n i n g 

E l e c t r i c i t y ' s f o r c e s i n M u s c u l a r Motion) . f o l l o w e d ( i n 1792) 

by L e t t e r a a1 s i g . P r o f . Bassano Car m i n a t o : 5u11 a Sede 

d el_la_ E l e c t r i c i t a A D_i_m a. 1 e_ ( L e t t e r to P r o f . B a s s a n o 

C a r m i n a t o : On the o r i g i n of t h e Animal E l e c t r i c i t y ) , and by 

a n o t h e r (1794) : " D e l l ' u s o d e l l ' A t t i v i t a d e l l ' A r c o 
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C o n d u t t o r e n e i 1 a _.Con t.razi one d e i M u s e d 1 (Concern 1 no the 

A c t i v i t y of the C o n d u c t i n g Arc on M u s c u l a r C o n t r a c t i o n ) . 

The p r e c e d i n g o b s e r v a t i o n s , l a t e r condensed under the 

c o n c i s e t i t l e " G a l v a n i ' s f r o p e x p e r i m e n t s " a p p a r e n t l y 

b e l o n g to a t y p e of c u r r e n t e x p e r i m e n t s , as they a r e 

c a r r i e d out by any s c i e n t i s t i n o r d e r t o s o l v e a p a r t i c u l a r 

problem. They i m m e d i a t e l y e x c i t e d a g r e a t a t t e n t i o n beyond 

the l i m i t s of pure anatomy and p h y s i o l o g y . 

G a l v a n i ' s i n t e r p r e t a t i o n o f t h e s e e x p e r i m e n t s at t h a t time 

was p a r t l y c o r r e c t , but a l s o p a r t l y wrong. He p o s t u l a t e d 

the e x i s t e n c e of a s p e c i a l f l u i d , a nimal e l e c t r i c i t y , t h a t 

through m e t a l l i c (or a l s o non m e t a l l i c ) c o n d u c t o r s 

o r i g i n a t e d the c o n t r a c t i o n of f r o g s ' m u s cles. T h i s 

i n t e r p r e t a t i o n was i n i t i a l l y a c c e p t e d by A . V o l t a , but, 

l a t e r , s t r o n g l y c r i t i c i z e d . A l s o V o l t a was p a r t i a l l y 

c o r r e c t and p a r t i a l l y wrong, because d e n y i n g the e x i s t e n c e 

the a n i m al e l e c t r i c i t y , he a t t r i b u t e d the m u s c u l a r 

c o n t r a c t i o n ( o b s e r v e d by G a l v a n i ) t o the c o n t a c t p o t e n t i a l 

d i f f e r e n c e between two d i f f e r e n t m e t a l s , t h a t d i s c h a r g i n g 

through the b i o l o g i c a l medium (ne r v e s , m u s c l e s and 

b i o l o g i c a l f l u i d s a c t i n g as e l e c t r i c c o n d u c t o r s ) p r o v o k e s 

the c o n t r a c t i o n . 

G a l v a n i ' s e r r o r was t h a t no a n i m al e l e c t r i c i t y does e x i s t , 

w h i l e V o l t a ' s e r r o r was t h a t he i m p l i c i t l y p o s t u l a t e d some 

k i n d o f perpetuum m o b i l e . A somewhat more c o r r e c t 

i n t e r p r e t a t i o n was g i v e n by a young German s c i e n t i s t , 

Johann W i l l h e l m R i t t e r , who, a l t h o u g h w i t h o u t any academic 

degree, had a n a t u r a l , e x c e p t i o n a l c a p a c i t y of o b s e r v a t i o n 

and a l s o an e x c e p t i o n a l c a p a c i t y of i n v e n t i n g and c o r r e c t l y 
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c a r r y i n g out l o g i c a l l y founded e x p e r i m e n t s . He drew 

a t t e n t i o n to the f a c t t h a t a d i f f e r e n c e of e l e c t r i c 

p o t e n t i a l between two c o n t a c t i n g m e t a l s c o u l d n o t a c t as an 

e n e r g y s o u r c e , and t h a t , t h e r e f o r e , the s o u r c e of the 

e n ergy r e q u i r e d f o r the f r o g ' s m u s c u l a r c o n t r a c t i o n s h o u l d 

be found somewhere e l s e , p e r h a p s i n a c h e m i c a l r e a c t i o n 

c a o a b l e of r e l e a s i n g t h i s e n e r gy. 

In f a c t , a m u s c ular c o n t r a c t i o n w i t h o u t any i n t e r v e n t i o n 

of metal 1 i c e l e c t r i c i t y ( a c c o r d i n g t o V o l t a ) had a l r e a d y 

been d e m o n s t r a t e d by G a l v a n i . 

A l l t h e s e e x p e r i m e n t s , o b s e r v a t i o n s and c o n t r o v e r s i e s 

r e p r e s e n t e d the s t a r t i n g p o i n t of a new b r a n c h of 

i n t e r d i s c i p l i n a r y s c i e n t i f i c r e s e a r c h : B i o e l e c t r o c h e m i s t r y ; 

but, c h r o n o l o g i c a l l y , the v e r y f i r s t unambiguous 

o b s e r v a t i o n , and i t s t e n t a t i v e i n t e r p r e t a t i o n , was due t o 

G a l v a n i . He has, t h e r e f o r e , to be c o n s i d e r e d the t r u e 

f a t h e r and f o u n d e r of b i o e l e c t r o c h e m i s t r y . 

Development of B i oe 1 ec t rochem i s t r y d u r i n g t wg_c^nj:j-irxes. 

A f t e r t h i s somewhat stormy s t a r t , b i o e l e c t r o c h e m i s t r y d i d 

d e v e l o p r a t h e r s l o w l y but c o n t i n u o u s l y , w i d e n i n g i t s domain 

i n v a r i o u s d i r e c t i o n s towards d i f f e r e n t b i o l o g i c a l 

phenomena, d e e p e n i n g ou r knowledge i n b i o c h e m i s t r y , 

p h o t o s y n t h e s i s , membrane phenomena, e l e c t r o p h y s i o l o g y , c e l l 

f u s i o n and gene t r a n s f e r , m e d i c a l d i a g n o s t i c s and 

t h e r a p e u t i c t r e a t m e n t s , 

e t c , thus g r a d u a l l y r e v e a l i n g the e l e c t r o c h e m i c a l n a t u r e of 

many (perhaps the m a j o r i t y ) o f b i o l o g i c a l phenomena. It i s 

not p o s s i b l e , i n a s h o r t s y n t h e t i c p r e s e n t a t i o n l i k e t h i s 
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one, t o d i s c u s s and 

b r a n c h i n g out 

b i oe1ec t rochem i s t r y 

v a r i e t y of so many 

d i s c u s s o n l y some s i 

i l l u s t r a t e i n d e t a i l 

from the p r i n c 

and t h e r e f o r e , i n 

b r a n c h i n g s i t w i l l 

g n i f i c a n t examples. 

the v a r i o u s f i e l d s 

i p a l t r u n k of 

o r d e r to show the 

be a p p r o p r i a t e to 

Che m i c a l M e t a b o l i s m 

Chemical r e a c t i o n s o c c u r i n l i v i n g b o d i e s , i . e . c h e m i c a l  

m e t a b o l i s m , f i r s t t o s t o r e and s u b s e q u e n t l y t o use 

m a t e r i a l s and en e r g y f o r v i t a l r e q u i r e m e n t s ( n u t r i t i o n , 

growth of t i s s u e s and org a n s , r e p r o d u c t i o n , e l i m i n a t i o n of 

waste m a t e r i a l ) . They a r e u s u a l l y redox r e a c t i o n s , c a p a b l e 

of b e i n g m o n i t o r e d and e x p l a i n e d by means of 

e l e c t r o c h e m i c a l t e c h n i q u e s and t h e o r i e s . L e t us c o n s i d e r , 

f o r example, the combustion of g l u c o s e and of i t s 

d e r i v a t i v e s i n mammals u s i n g the oxygen t r a n s p o r t e d by 

hemoglobin . T h i s c o m b u s t i o n has as f i n a l p r o d u c t s CO^ and 

H<?0, but i t o c c u r s by s t e p s through a s e r i e s of 

i n t e r m e d i a t e r e a c t i o n s . A l s o o t h e r b i o l o g i c a l p r o d u c t s , 

p o s s i b l y c o n t a i n i n g S,P,N e t c : , a r e burned i n s i m i l a r ways 

wi t h p r o d u c t i o n of t h e c o r r e s p o n d i n g o x i d i z e d p r o d u c t s . 

T h i s r e a c t i o n makes a v a i l a b l e the energy r e q u i r e d by l i f e . 

The i n v e s t i g a t i o n of such systems i n t h e i r w holeness i s 

v e r y d i f f i c u l t , w h i l e i t i s easy to f o l l o w them a f t e r 

s u b d i v i s i o n of the g l o b a l r e a c t i o n i n s i m p l e r p a r t i a l 

r e a c t i o n s . P r a c t i c a l l y a l l t h e s e s i m p l e r e a c t i o n s can be 

i n v e s t i g a t e d e l e c t r o c h e m i c a l l y u s i n g the laws and r u l e s of 

c h e m i c a l thermodynamics and k i n e t i c s . 
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From the e l e c t r i c t e n s i o n ( u s u a l l y , but wrongly, c a l l e d 

e l e c t r o d e p o t e n t i a l ) thermodynamics g i v e s the c r i t e r i o n t o 

judge whether a c e r t a i n r e a c t i o n i s p o s s i b l e and under what 

c o n d i t i o n s i t can o c c u r . F o r example the f i r s t s.tep of the 

g l u c o s e o x i d a t i o n can be i n v e s t i g a t e d u s i n g t h e f o l l o w i n g 

r e a c t i o n s (.1) and (2) 

C 6 H 1 2 °6 + H 2 ° ~ * C 6 H 1 2 0 y + 2 H + + 2e " (1) 

2 H + + 2 e~ + 1/2 Dp H 2 0 (2) 

C 6 H 1 2 °6 + 1 / 2 °2 -* C 6 H 12 0 7 ( 3 ) 

which t o g e t h e r g i v e e q u a t i o n ( 3 ) , i . e . g l u c o s e o x i d a t i o n to 

g l u c o n i c a c i d . R e a c t i o n s (1) and (2) can be e a s i l y f o l l o w e d 

by p o t e n t i o m e t r y , thus p r o v i d i n g t h e v a l u e of the s t a n d a r d 

f r e e e n t h a l p y of r e a c t i o n ( 3 ) . S i m i l a r s u b d i v i s i o n s of more 

complex b i o l o g i c a l s y stems o c c u r r i n g i n subsequent s t e p s , 

c a p a b l e of b e i n g f o l l o w e d e l e c t r o c h e m i c a l l y i n a co m p l e t e 

and u n e q u i v o c a l way, a^e n e a r l y always p o s s i b l e , thus 

p r o v i d i n g the c o r r e s p o n d i n g v a l u e s o f , f o r example, the f r e e 

e n t h a l p y of the d i r e c t o x i d a t i o n of an o x i d i z a b l e system by 

a n o t h e r r e d u c i b l e system, both s i m u l t a n e o u s l y p r e s e n t i n 

the g i v e n medium. The v a l u e s o b t a i n e d p r o v i d e i n f o r m a t i o n 

on whether under the g i v e n c o n d i t i o n s the f i r s t system can 

be o x i d i z e d by t h e second one. On the o t h e r hand, k i n e t i c 

i n v e s t i g a t i o n , p r o v i d i n g i n f o r m a t i o n on the a c t i v a t i o n 

e n e r g i e s , and the i n t r o d u c t i o n of o t h e r c o n s i d e r a t i o n s , as 

f o r example the a n a l o g y of the F r a n c k and Condon 

p r i n c i p 1 ^ e n a b 1 e us to f o l l o w the e v o l u t i o n of the o b s e r v e d 

system. U s i n g a p p r o p r i a t e e l e c t r o n i c c o n d u c t o r s (W, Au, C, 



- 478 -

etc) and a p p r o p r i a t e r e f e r e n c e e l e c t r o d e s , e v e r y h a l f 

r e a c t i o n , f o r example (1) and ( 2 ) , becomes a g a l v a n i c 

element p r o v i d i n g the s t a n d a r d e l e c t r i c t e n s i o n and the 

e l e c t r i c t e n s i o n under the e x p e r i m e n t a l c o n d i t i o n s r e q u i r e d 

f o r the c o m p u t a t i o n of the f r e e e n t h a l p y of the r e a c t i o n 

(thermodynamic q u a n t i t y ) . S u b s e q u e n t l y by p a s s i n g an a n o d i c 

or c a t h o d i c c u r r e n t at the e l e c t r o d e b e i n g s t u d i e d , the 

measured o v e r t e n s i o n p r o v i d e s the a c t i v a t i o n energy and the 

r e a c t i o n r a t e ( k i n e t i c q u a n t i t i e s ) . It i s o b v i o u s t h a t i n 

l i v i n g b o d i e s no g a l v a n i c e l e m e n t s w i t h m e t a l l i c t e r m i n a l s 

a r e p r e s e n t , but on the b a s i s of i n f o r m a t i o n on the f r e e 

e n t h a l p y of the h a l f - r e a c t i o n under g i v e n e x p e r i m e n t a l 

c o n d i t i o n s i t i s p o s s i b l e t o e s t a b l i s h which o f t h o s e 

p r e s e n t i n the l i v i n g s ystems, i s the o x i d i s i n g one and 

which i s the r e d u c i n g one. In a d d i t i o n , the a c t i v a t i o n 

energy a l l o w s an e v a l u a t i o n , at l e a s t as a f i r s t 

a p p r o x i m a t i o n , of the r e a c t i o n r a t e . 

T h i s i s perhaps a somewhat o v e r s i m p l i f i e d p r e s e n t a t i o n of 

the b i o l o g i c a l i m p o r t a n c e of the redox r e a c t i o n and the 

p o s s i b i l i t y of i t s e l e c t r o c h e m i c a l i n v e s t i g a t i o n . Of 

c o u r s e o t h e r p a r a m e t e r s must a l s o be c o n s i d e r e d ( p r e s e n c e 

of not e n t i r e l y f r e e r e a c t a n t s , . energy c o n t r i b u t i o n s from 

a d s o r p t i o n phenomena, a c t i v i t i e s i n s t e a d of c o n c e n t r a t i o n s 

etc.) i n o r d e r to o b t a i n more r e a l i s t i c r e s u l t s . 

Photosvn t h e s i s 

The p r i m a r y e v e n t o c c u r r i n g f o r c a p t u r e and s t o r a g e of 

energy from the e x t e r n a l medium through a b s o r p t i o n of s o l a r 

r a d i a t i o n , i . e . the p h o t o s y n t h e s i s , i s a v e r y complex 
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p r o c e s s , c o n s t i t u t e d g l o b a l l y by e l e c t r o n i c e x c i t a t i o n of 

c e r t a i n a b s o r b i n g m o l e c u l a r s p e c i e s , t r a n s l o c a t i o n of 

e l e c t r o n s and p r o t o n s w i t h subsequent c r e a t i o n of e l e c t r i c 

p o t e n t i a l d i f f e r e n c e s a c r o s s s e p a r a t i n g w a l l s (membranes) 

f o l l o w e d by s e v e r a l a n a b o l i c c h e m i c a l r e a c t i o n s . 

S c h e m a t i c a l l y the r e a c t i o n can be s y m b o l i z e d as f o l l o w s 

A + H 2 D + h i > — * H 2 A + D 

where A and D s t a n d f o r . e l e c t r o n a c c e p t o r and donor, 

r e s p e c t i v e l y : t h i s i s , t h e r e f o r e , an e n d e r g o n i c r e a c t i o n . 

The most s i m p l e example i s the p h o t o s y n t h e s i s of 

c a r b o h y d r a t e s c a r r i e d out by the c h l o r o p h y l l pigments 

p r e s e n t i n green p l a n t s . P h o t o s y n t h e s i s i s , t h e r e f o r e , the 

p r i m a r y s o u r c e of the e n e r g y r e q u i r e d by a l l l i v i n g s p e c i e s 

d i r e c t l y (green p l a n t s , a l g a e , v a r i o u s b a c t e r i a l s p e c i e s ) , 

o r i n d i r e c t l y ( l i v i n g b o d i e s u s i n g f o r n u t r i t i o n p r o d u c t s 

p h o t o s y n t h e s i z e d by o t h e r l i v i n g s p e c i e s ) . S m a l l i n d u s t r i e s 

a r e working on the c u l t u r e and s u bseauent growth of 

u n i c e l l u l a r o r g a n i s m s to use them as biomass, m a i n l y as 

f o d d e r . 

Membrane Phenomena 

Membrane phenomena r e p r e s e n t a v e r y wide f i e l d . Membranes 

a r e o r g a n i z e d t i s s u e s used i n n a t u r e to a c c o m p l i s h s e v e r a l 

f u n c t i o n s : to m a i n t a i n , w i t h i n the l i v i n g c e i l s , the 

c o n d i t i o n s e s s e n t i a l f o r t h e i r f u n c t i o n i n g , t o s e l e c t i v e l y 

t r a n s p o r t g i v e n s p e c i e s , i n c l u d i n g e l e c t r o n s , to c&rry out 

s p e c i a l s u r f a c e r e a c t i o n s , etc. In l i v i n g b o d i e s a membrane 
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a c t s as a s e p a r a t i o n b a r r i e r and must be c a p a b l e of 

ODening and c l o s i n g c h a n n e l s to a l l o w o r s t o p , more o r 

l e s s s e l e c t i v e l y , t r a n s f e r of s p e c i e s . In t h e c a s e of i o n s 

c r o s s i n g t h e membrane, s e v e r a l e l e c t r i c a l and/or 

e l e c t r o c h e m i c a l phenomena o c c u r , r e g u l a t i n g i n t u r n the 

f u r t h e r c o u r s e of the p r o c e s s . The s p a c e s s e p a r a t e d by a 

membrane a r e g e n e r a l l y i s o - o s m o t i c ; t h e r e f o r e the t r a n s f e r 

of s p e c i e s must be governed by non-osmotic f o r c e s , i . e . by 

an e l e c t r o c h e m i c a l mechanism. In f a c t , e l e c t r i c p o t e n t i a l 

d i f f e r e n c e s can be measured a c r o s s b i o l o g i c a l membranes 

s e p a r a t i n g two i s o — o s m o t i c r e g i o n s c o n t a i n i n g i o n s c a p a b l e 

of b e i n g t r a n s p o r t e d s e l e c t i v e l y . In some c a s e s a c o u p l i n g 

of t r a n s f e r a c r o s s a membrane with an e x o e n e r g e t i c c h e m i c a l 

r e a c t i o n makes p o s s i b l e the s i m u l t a n e o u s t r a n s f e r o f b o t h 

s p e c i e s and energy. Such c o u p l i n g s a r e o f t e n o b s e r v e d i n 

the s o — c a l l e d a c t i v e t r a n s p o r t , where one, o r more 

components m i g r a t e a g a i n s t the g r a d i e n t of i t s 

e l e c t r o c h e m i c a l p o t e n t i a l . 

Such an event c o u l d not even be s u s p e c t e d as p o s s i b l e under 

o r d i n a r y c o n d i t i o n s because i t i s i n c o n t r a d i c t i o n w i t h the 

p r i n c i p l e s of thermodynamics. To get a p o s s i b l e 

i n t e r p r e t a t i o n two h y p o t h e s e s have been d e v e l o p e d and a r e 

s t i l l i n c o n f l i c t . The f i r s t one t r i e s to c o n n e c t (and to 

f i n d c o n n e c t i n g mechanisms) between the event p r o d u c i n g 

f r e e e n t h a l p y h w i t h the e v e n t r e q u i r i n g energy needed to 

t r a n s f e r a component from a lower t o a h i g h e r e n e r g y l e v e l 

( t h e i o n i c pumps o r the thermodynamic coup 1 i n g ) . T h e o t h e r 

t r i e s t o s o l v e the p r o b l e m on a p u r e l y t h e o r e t i c a l b a s i s 

c o n s i d e r i n g a l l p o s s i b l e i n t e r a c t i o n s between a l l 
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components of the system and s o l v i n g the r e s u l t i n g 

d i f f e r e n t i a l e q u a t i o n s . Some p o s i t i v e r e s u l t s have been 

o b t a i n e d i n c e r t a i n c a s e s as, f o r example, the c a s e of 

n e g a t i v e c o n d u c t a n c e , i . e . i o n i c m i g r a t i o n a g a i n s t the 

e l e c t r i c p o t e n t i a l g r a d i e n t , w i t h o u t any i n t e r v e n t i o n of an 

a d d i t i o n a l h y p o t h e t i c a l i o n i c pump. 

An i m p o r t a n t m e d i c a l a p p l i c a t i o n i s r e p r e s e n t e d by t h e 

m o d i f i c a t i o n of transmembrane p o t e n t i a l s u t i l i s e d i n 

a n a e s t h e s i a and e l e c t r o a n a e s t h e s i a . I t i s v e r y l i k e l y t h a t 

the d r u g s o r the e l e c t r i c a l p u l s e s , m o d i f y the e l e c t r i c 

c o n d u c t a n c e of c e l l membranes toward e l e c t r i c a l l y c h a r g e d 

s p e c i e s , thus p r o d u c i n g a l a c k of b a l a n c e and the o b s e r v e d 

a n a e s t h e s i a . 

I n f o r m a t i o n T r a n s m i s s i o n i n Nervous System 

The t r a n s m i s s i o n of i n f o r m a t i o n i n l i v i n g b o d i e s o c c u r s 

t h r o u g h r a t h e r c o m p l i c a t e d mechanisms. One of the most 

i m p o r t a n t ones i s c o n s t i t u t e d by e l e c t r i c a l s i g n a l s s e n t by 

the p e r i p h e r a l ' to the c e n t r a l n e r v o u s system and r e 

t r a n s m i s s i o n by t h e l a t t e r , to the o r g a n s to a c c o m p l i s h t h e 

r e q u i r e d a c t i o n s . V a r i o u s t y p e s of e l e c t r i c a l c o n d u c t i o n 

a r e o p e r a t i n g i n t h i s p r o c e s s : i o n i c , e l e c t r o n i c and 

s e m i c o n d u c t o r . T h i s i s the domain of e 1 e c t r o p h y s i o 1 o g y , 

c o v e r i n g v i s i o n , motion, h e a r t beat, p a i n , hunger, t h i r s t 

e t c . , d i r e c t l y d e r i v i n g from G a l v a n i ' s e x p e r i m e n t s , where 

an e l e c t r i c a l p u l s e caused a m u s c u l a r c o n t r a c t i o n . 
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E 1 e c t r o f u s i o n and Gene T r a n s f e r 

E x t e r n a l e l e c t r i c a l p u l s e s can l e a d to the c r e a t i o n of 

membrane p o r e s of r e l a t i v e l y long l i f e t i m e , .1. e. an 

i n c r e a s e d membrane p e r m e a b i l i t y . T h i s phenomenon i s c a l l e d 

e l e c t r o p o r a t i o n . 

A r e a s of two membranes of two n e i g h b o u r i n g c e l l s both 

h a v i n g an e l e c t r i c a l l y i n d u c e d l a y e r p o r o s i t y , can f u s e 

i n t o o n l y one membrane, i n the c a s e of the two c e l l s 

t o u c h i n g t o g e t h e r : c e l l e 1 e c t r o f u s i o n . In such a way d o u b l e 

h e l i c e s of DNA can c r o s s the porous membrane and become 

p a r t of the c e l l u l a r genoma: gene t r a n s f e r . 

E l e c t r o p o r a t i o n , e 1 e c t r o f u s i o n and gene t r a n s f e r a r e more 

and more u t i l i z e d i n b i o t e c h n o l o g y , i . e . i n new i n d u s t r i e s 

p r o d u c i n g g e n e t i c a l l y m o d i f i e d organisms, which, i n t u r n , 

a r e u t i l i z e d to p r o d u c e b i o l o g i c a l l y i m p o r t a n t 

p h a r m a c e u t i c a l p r o d u c t s at lower c o s t s , l i k e i n s u l i n , 

v a r i o u s hormones, p e p t i d e s e t c . 

B i o m e d i c a l A p p l i c a t i o n s 

The l a s t , but not l e a s t i m p o r t a n t example t o be mentioned 

i s m e d i c a l a p p l i c a t i o n i n d i a g n o s i s and t h e r a p y . C o n c e r n i n g 

d i a g n o s i s i t is... enough to remember the l a r g e number of 

e l e c t r o d e s ( u s u a l s e l e c t i v e membrane, enzyme etc) by means 

of which a l a r g e number of c h e m i c a l components (both 

p h y s i o l o g i c a l and p a t h o l o g i c a l ) of l i v i n g b o d i e s can he 

i d e n t i f i e d and q u a n t i f i e d . The number and v a r i e t y of t h e s e 

new e l e c t r o d e s has grown i n an almost e x p l o s i v e way d u r i n g 

the l a s t 2 0 y e a r s . They a r e based e i t h e r on d i r e c t 

dieasureiTtent, f o r example 0~. i n b l o o d , or i n d i r e c t of an 
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e I e c t r o c h e m l c a 1 1 v i n e r t component of i n t e r e s t , t h a t 

c a t a l y z e d by an a p p r o p r i a t e enzyme r e a c t s q u a n t i t a t i v e l y 

w i t h a n o t h e r component p r e s e n t i n e x c e s s i n the system , 

g i v i n g an e l e c t r o a c t i v e compound. F o r example, u r e a 

c a t a l y z e d by u r e a s e p r o d u c e s ammonia, t h a t , i n t u r n , 

m o d i f i e s p r o p o r t i o n a l l y the l o c a l pH of the f l u i d 

c o n t a c t i n g the e l e c t r o d e . Complex e l e c t r o d e s a r e n e a r l y 

always membrane e l e c t r o d e s , once more u n d e r l i n i n g the 

i m p o r t a n c e of membranes, p h y s i o l o g i c a l , n a t u r a l and a l s o 

a r t i f i c i a l , i n i n v e s t i g a t i n g systems i n v i v o both i n 

p h y s i o l o g i c a l and/or p a t h o l o g i c a l c o n d i t i o n s . D u r i n g r e c e n t 

y e a r s p r o c e s s e s and t e c h n i q u e s were s e t up i n o r d e r to 

o b t a i n q u a n t i t a t i v e d a t a on a n t i b o d i e s and a n t i g e n s i n 

l i v i n g o r g a n i s m s . 

In t h e r a p y s e v e r a l a p p l i c a t i o n s a r e a l r e a d y i n r e g u l a r use: 

t i s s u e s t i m u l a t i o n f o r b e t t e r c i c a t r i z a t i o n , r e g u l a t i o n o f 

c a r d i a c a r i t h m i e s , pacemakers, p s o r i a s i s , t r e a t m e n t of bone 

f r a c t u r e s , even i n v e r y bad c o n d i t i o n s . S t a t i s t i c s of some 

y e a r s ago gave f o r t h i s l a s t a p p l i c a t i o n p o s i t i v e r e s u l t s 

of r e c o v e r y o f about 75 "/. of the c a s e s t r e a t e d . 

P r o b a b l y today t h i s v a l u e i s even b e t t e r . Some s i g n i f i c a n t 

examples a r e c o l l e c t e d i n the f o l l o w i n g t a b l e : 
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Ejtt r e me c a s es q f_ ...bone jf r a c t u r e s _ t r e a ted by mean s of 
e_l6.g-ir.q m a c< n e^ i c a l t e r n a t i n g p u l s a t i n g f i e l d s w i t h c o m p l e t e  
r e c o v e r y . 

P a t i e n t Age Bone Type Surg. I n f e c t Amp Lit Treatment 

y e a r s t r a c t o p e r a t i o n recomm. months 

1 3 t i b i a congen 4 no yes 2 

2 12 t i b i a congen 12 no yes 3 

3 19 t i b i a congen 3 no no 4 

4 34 t i b i a a c q u i r 4 yes yes 7 

5 39 s h o u l d e r " 3 yes no 4 

6 4 7 s p l i n t a c q u i r - no no 4 
bone 

7 62 femur a c q u i r 1 yes y e s 6 

The t h e r a p e u t i c t r e a t m e n t c o n s i s t s of the a p p l i c a t i o n i n 

p u l s e s of an a l t e r n a t i n g e l e c t r o m a g n e t i c f i e l d of 

a p p r o p r i a t e f r e q u e n c i e s of both the f i e l d and i t s p u l s e s . 

The mechanism of r e c o v e r y i s s t i l l o b s c u r e but i t i s 

c e r t a i n t h a t i t i s e l e c t r o c h e m i c a l i n n a t u r e . 

What has been s a i d i s s t i l l an i n c o m p l e t e d e s c r i p t i o n of 

the e x t r a o r d i n a r y development of b i o e l e c t r o c h e m i s t r y i n 

v e r y d i f f e r e n t b i o l o g i c a l d i r e c t i o n s . But i t i s s u f f i c i e n t 

to d e m o n s t r a t e i t s i m p o r t a n c e and the r e q u i r e m e n t , because 

of i t s i n t e r d i s c i p l i n a r y c h a r a c t e r , of a s t r i c t c o o p e r a t i o n 

amongst s c i e n t i s t s of d i f f e r e n t b a s i c e d u c a t i o n : 

b i o l o g i s t s , c h e m i s t s , p h y s i c i s t s , p h y s i c i a n s etc. 

The development o f b i o e l e c t r o c h e m i s t r y reminds us of the 

e x t r a o r d i n a r y development of a n o t h e r branch of s c i e n c e , 

a p p a r e n t l y as r o u t i n e r e s e a r c h , a l s o s t a r t i n g from B o l o g n a 

U n i v e r s i t y . At the time when H e r t z , at the T e c h n i c a l 
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U n i v e r s i t y of K a r l s r u h e and R i g h i at B o l o g n a were 

i n v e s t i g a t i n g the p r o p a g a t i o n i n s p a c e of e l e c t r o m a g n e t i c 

waves, nobody c o u l d p r e d i c t , p e r h a p s not even s u s p e c t t h a t 

a n o t h e r p h y s i c i s t , G u g l i e l m o M a r c o n i , d e v e l o p i n g i d e a s and 

e x p e r i m e n t s by H e r t z and R i g h i , i n 1901 c o u l d c l e a r l y 

r e c e i v e , at T e r r a n o v a , r a d i o s i g n a l s s e n t from P o l d h u 

( C o r n w a l l ) a c r o s s the A t l a n t i c Ocean and t h a t a few y e a r s 

l a t e r , i n 1930, he c o u l d s w i t c h on the l i g h t at the 

I n t e r n a t i o n a l E x h i b i t i o n at Sydney by means of a r a d i o 

s i g n a l s e n t from h i s y a c h t i n Genoa h a r b o u r , i . e . from one 

p o i n t t o a n o t h e r p o i n t of the e a r t h , at the a n t i p o d e s , 

e a s i l y overcoming the c u r v a t u r e of the e a r t h . The seed 

found by H e r t z , sown by R i g h i and c u l t i v a t e d by M a r c o n i 

d e v e l o p e d i n t o a v a r i e t y of s c i e n t i f i c and t e c h n i c a l 

a p p l i c a t i o n s : r a d i o - c o m m u n i c a t i o n s , r a d i o ~ g o n i o m e t r y , g u i d e 

to sea and a i r n a v i g a t i o n , t e l e v i s i o n , r a d a r , cosmic 

e x p l o r a t i o n e t c . 

Cone 1us i on 

The c o n c l u s i o n t o be drawn i s t h a t no s c i e n t i f i c e x p e r i m e n t 

or d i s c o v e r y , even i f i t i s v e r y s m a l l , can be n e g l e c t e d 

and t h a t nobody can p r e d i c t f u t u r e developments of 

s c i e n t i f i c r e s e a r c h , even i f a p p a r e n t l y v e r y r e s t r i c t e d , 

p r o v i d e d i t i s c a r r i e d out w i t h maximum o f r i g o u r , h o n e s t y 

and h u m i l i t y - as G a l v a n i always d i d i n h i s s c i e n t i f i c 

a c t i v i t y . 


