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ABSTRACT 

A s i l v e r  anode, but not a cathode,  is b a c t e r l c i d a l  a t  microampere cur-  
r e n t  l e v e l s  because of t h e  e lec t rochemica l  r e a c t i o n s  occurr ing  a t  the  metal  
e l e c t r o d e  s u r f a c e .  This  has  been c l i n i c a l l y  u s e f u l  as a local a n t i - i n f e c t i v e  
agent  even though the  mechanism of a c t i o n  on t h e  b a c t e r i a l  c e l l  has  not been 
determined.  We i n v e s t i g a t e d  t h e  e f f e c t  by inducing  p-ga lac tos idase  whi le  
pass ing  c u r r e n t  though c u l t u r e s  of E s c h e r i c h i a  c o l i .  Enzyme i n d u c t i o n  w a s  
depressed i n  t h e  s i l v e r  anode chamber wi th in  twenty minutes  of i n i t i a t i o n  of 
c u r r e n t  (0.04 t o  40 PA);  i n d u c t i o n  i n  t h e  connected s i l v e r  cathode chamber 
w a s  normal. The i n h i b i t i o n  a t  t h e  anode is not  the  r e s u l t  of e l e c t r o l y s i s  of 
the  medium nor  is the  e l e c t r i c  c u r r e n t  i t s e l f  r e q u i r e d ,  s i n c e  pre-anodized 
s i l v e r  is i n h i b i t o r y .  The e l e c t r o c h e m i c a l  products  are e f f e c t i v e  even a f t e r  
d e r e p r e s s i o n  has  occurred.  They appear  t o  act on t h e  process  of p r o t e i n  pro- 
duc t ion  i t s e l f  r a t h e r  than d i r e c t l y  on t h e  l i b e r a t e d  p-ga lac tos ide  enzyme. 

INTRODUCTION 

Bacterial m u l t i p l i c a t i o n  is i n h i b i t e d  by metal  e l e c t r o d e s  (1-7).  The 

b a c t e r i c i d a l  a c t i o n  is  thought t o  be t h e  r e s u l t  of e lec t rochemica l  products  

formed a t  the  e l e c t r o d e  s u r f a c e s  r a t h e r  than  t o  the  e lectr ic  c u r r e n t  i t s e l f .  

Previous s t u d i e s  (1,2,6) have i n v e s t i g a t e d  t h e  e f f e c t s  of weak d i r e c t  

c u r r e n t s  (0.02 t o  20 PA/mmZ of e l e c t r o d e  s u r f a c e  a r e a )  on s e v e r a l  b a c t e r i a l  

s p e c i e s ,  us ing  s i l v e r ,  plat inum, gold ,  s t a i n l e s s  s teel  and copper e l e c t r o d e s .  

29 5 

Copyright 0 1983 by Marcel Dekker, Inc. 

E
le

ct
ro

m
ag

n 
B

io
l M

ed
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
M

cg
ill

 U
ni

ve
rs

ity
 o

n 
11

/2
0/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



296 COWLISHAW, SPADmO, AND BECKER 

A t  the higher cur ren t  values,  growth w a s  inh ib i ted  at a l l  e lec t rodes ,  usua l ly  

i n  conjunction with demonstrable e l e c t r o l y t i c  breakdown of the medium and 

severe corrosion of the metal. A t  the lower current values,  only s i l v e r  

anodes were bac ter ic ida l .  The s i l v e r  anode e f f ec t  was not associated with 

e l e c t r o l y t i c  breakdown of the medium nor with pH changes. The bac te r i c ida l  

agent WBS postulated t o  be s i l v e r  ions t h a t  had been electrochemically ejected 

from the anode. About 5 pg s i lver /ml  is present i n  the medium a f t e r  four 

hours of treatment a t  4 PA. 

To study t h i s  e f f e c t  we have looked at a subce l lu la r  process involved i n  

the  growth of E. e, namely the induction of 

is cultured in  a glycerol-containing growth medium, the genes of t h e  l ac tose  

operon a re  repressed. Addition of inducer to  the cu l ture  i n i t i a t e s  a sequence 

of events which includes derepression, t ranscr ip t ion ,  t r ans l a t ion  and the 

formation of ac t ive  0-galactosidase enzyme. This enzyme a c t i v i t y  is conve- 

n i en t ly  assayed co lor imet r ica l ly  by the conversion of ONPG. The gra tu i tous  

inducer,  IPTG, i s  not metabolized by the cu l tu re ,  thereby f a c i l i t a t i n g  the 

study of the k ine t i c s  of the induction process. 

P-galactosidase. When 5. 

Inh ib i t i on  of enzyme induction i s  a po ten t i a l ly  sens i t i ve  and ea r ly  sig- 

!a1 of c e l l u l a r  damage. The present paper repor t s  the e f f ec t s  of the s i l v e r  

node upon the induction of 0-galactosidase i n  E. &. 
MATERIALS AND METHODS 

Bacterial Culture Methods. Escherichia & B, ATCC 25922, grown i n  

be r t s '  C-minimal  medium + 1X; glycero l ,  was used i n  a l l  experiments. Fxperi- 

n t a l  cu l tu re s  w e r e  prepared by inocula t ing  5 t o  10 m l  of medium from an 

? m i g h t  cu l ture  and growing it a t  room temperature (27°C) with aera t ion  

rough a Pasteur p ipe t t e  u n t i l  exponential phase growth w a s  achieved (about 

minutes doubling time). C e l l  concentration w a s  determined by measurement 

op t i ca l  density at  550 nm. 

E l e c t r i c a l  Treatment. P lex ig lass  chambers containing pa i rs  of 3-ml wells 

used f o r  the electrical treatment ( 6 ) .  Each pair of w e l l s  was connected 
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I N H I B I T I O N  O F  ENZYME INDUCTION 297 

by a s a l t  b r i d g e  -- a t h i n  s lot  which w a s  f i l l e d  with c o t t o n  and then  soaked 

wi th  melted 2%-Bacto-Agar c o n t a i n i n g  growth medium. I d e n t i c a l  e l e c t r o d e s  of 

acetone-cleaned,  pure (99.99%), 15 m i l  s i l v e r  wire were i n s e r t e d  i n t o  each 

p a i r  of w e l l s ;  t h e  wires  were connected t o  ba t te ry-opera ted ,  c o n s t a n t - c u r r e n t  

g e n e r a t o r s  ( 4 0  PA, 4 PA, 0.4 PA, o r  0.04 PA).  The l e n g t h  of s i l v e r  wi re  

i n s e r t e d  i n t o  the s o l u t i o n  was 3.2 cm (nominal area of s i l v e r  s u r f a c e  = 0.84 

cm2). For each exper iment ,  2.5 t o  3.0 m l  of a p p r o p r i a t e l y  d i l u t e d  e x p o n e n t i a l  

phase c u l t u r e  was placed i n  each w e l l .  D i l u t i o n ,  d i s t r i b u t i o n ,  and i n i t i a t i o n  

of c u r r e n t  w a s  completed i n  2.5 minutes. S u f f i c i e n t  a e r a t i o n  could be 

obta ined  by d i r f u s i o n  due t o  the  shal lowness  (<: 0.8 cm) and low ce l l  d e n s i t y  

(< 5x107 c e l l s / m l )  of t h e  c u l t u r e .  The content. of each w e l l  w a s  thoroughly 

mixed wi th  a p i p e t t e  p r i o r  t o  t h e  removal of an a l i q u o t .  During the course  of 

each experiment ,  t h e  v o l t a g e  a c r o s s  and t h e  c u r r e n t  through each p a i r  of wells 

were p e r i o d i c a l l y  measured with a K e i t h l e y  602 Sol id  S t a t e  Elec t rometer .  

I n t e r - e l e c t r o d e  p o t e n t i a l s  remained w e l l  below 1.4 v o l t s  ( a t  which v o l t a g e  

e l e c t r o l y s i s  of water  might become impor tan t )  except  a t  the  h i g h e s t  c u r r e n t  

l e v e l  (40 PA). In  one experiment the  pH of the  w e l l s  was a l s o  measured, and 

i t  remained a t  7.0 2 0.4, i n d i c a t i n g  t h e  absence of any s i g n i f i c a n t  

h y d r o l y s i s .  All experiments  were performed at room temperature  (26.7 2 

0.3"C). 

Enzyme Assay. C u l t u r e s  w e r e  induced f o r  0-ga lac tos idase  by t h e  a d d i t i o n  

of IPTG (Isopropyl-P-D-thiogalactopyranoside, Sigma) t o  a f i n a l  c o n c e n t r a t i o n  

o f  5x10-4 M (8). E i t h e r  0.2 o r  0 .3  m l  a l i q u o t s  were removed to a t e s t - t u b e  

conta in ing  one drop of to luene  and s u f f i c i e n t  growth medium t o  br ing  the  f i n a l  

volume t o  0.5 m l .  These samples were incubated a t  37'C f o r  30 minutes  to  pro- 

mote c e l l  l y s i s .  Upon r e t u r n  of the  tube t o  room tempera ture ,  0.2 m l  of 0.013 

M ONPG (0-mitrophenyl-P-D-galactopyranoside, Sigma) d i s s o l v e d  i n  0.25 M sodium 

phosphate  b u f f e r  (pH 7 )  w a s  added t o  the  tube and incubated .  Color 

development w a s  stopped a f t e r  a s u i t a b l e  i n t e r v a l ,  At, by the  a d d i t i o n  of  2 .5  

ml of 1 M Na2CO3. O p t i c a l  d e n s i t i e s  were determined on e i t h e r  a Coleman Spec- 
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298 COWLISHAW, SPADARO, AND BECKER 
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trophotometer, EPS-3T, or a Bausch and Lomb Spectronic 20. Correction for 

turbidity was made by calculating AOD = OD420nm - 1.65 OD550nm (9) .  Enzyme 

concentrations were calculated according to equation: 

Enzyme units/ml 

= A S  1 enzyme unit 1 mpmole ONP/ml final vol. 
At 1 mpmle ONP/min ,0075 OD units vol. aliquot 
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RESULTS 

Effect of Silver Electrodes on 0-Galactolidase Induction. Figure 1 shows 

the results of the induction of 0-galactosidase in cultures exposed to silver 

Minutes After Addition of IPTG 

FIGURE 1 

Inhibition of P-galactosidase induction at a silver anode. culture 
was diluted at time zero t o  about 4x107 cells/ml in growth medium containing 
the inducer IPTG to a final concentration of 5x10-4 M. The culture w a s  dis- 
tributed to wells containing silver electrodes by 2-1/2 minutes. Aliquot6 
were removed for enzyme assay. The ordinate represents the mean of duplicate 
experiments normalized to the initial cell concentration. 

An E. 
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I N H I B I T I O N  OF ENZYME INDUCTION 299 

+IPTG-C,D I Electrodes to A,B, 4pA 
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+ I  PTG-A,B 

Enzyme 
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mi 
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Minutes  

FIGURE 2 

p-Galactosidase i n d u c t i o n  i n  the  absence of concomitant c u r r e n t .  An uninduced 
c u l t u r e  was d i s t r i b u t e d  t o  two p a i r s  of wells one pair (A-, B+) conta in ing  
s i l v e r  e l e c t r o d e s  connected t o  a 4 PA g e n e r a t o r .  A t  30 minutes  these  elec- 
t r o d e s  were d isconnec ted ,  removed, r i n s e d  l i g h t l y  in d i s t i l l e d  water ,  and 
placed i n  the  o t h e r  p a i r  of w e l l s ,  but  wi th  no c u r r e n t  (C, D ) .  Inducer ,  IPTG, 
was added t o  a c o n c e n t r a t i o n  of 5x10-4 M a t  34 minutes  (A,  B) and 61 minutes  
(C,  0). Aliquots  were removed f o r  enzyme assay .  

e l e c t r o d e s .  The k i n e t i c s  of i n d u c t i o n  i n  t h e  cathode w e l l s  a t  all c u r r e n t  

l e v e l s  were e q u i v a l e n t  to  c o n t r o l  c u l t u r e s ,  with o r  without  s i l v e r  wi re .  En- 

zyme induct ion  in the  anode wells was i n h i b i t e d  a t  all c u r r e n t  l e v e l s .  The 

e f f e c t  w a s  j u s t  beginning a t  21 minutes  a f t e r  i n i t i a t i o n  of c u r r e n t .  Thus, 

t h e  c e l l  dea th  t h a t  r e s u l t e d  from s e v e r a l  hours’  t r e a t m e n t  wi th  a s i l v e r  anode 

was foreshadowed by a much e a r l i e r  e f f e c t  on at least one i n d u c i b l e  enzyme 

system. 

Independence of Electric Curren t .  We asked whether t h e  i n h i b i t i o n  re- 

q u i r e s  s imultaneous e lectr ic  c u r r e n t  ( F i g u r e  2 ) .  Exponent ia l ly  growing cul-  

t u r e  was placed i n  f o u r  w e l l s ,  one p a i r  of which (A-, Bf) conta ined  s i l v e r  
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COWLISHAW, SPADARO, AND BECKER 300 

e lec t rodes  connected to a 4 PA generator.  Thi r ty  minutes l a t e r ,  the elec- 

trodes were disconnected from the generator,  removed from t h e i r  w e l l s ,  r insed 

l i g h t l y  in  d i s t i l l e d  water, and then placed in the second pair of wells. 

Inducer was added t o  the f i r s t  set of w e l l s  (A,B) a t  t h i s  time, and to the  

second set of wells 30 minutes l a t e r .  Induction occurred i n  the two cathode 

wel l s ,  A- and C. Induction in the anode well B+, through which current had 

passed f o r  30 minutes pr ior  t o ,  but not during induction, was inh ib i ted  com- 

p l e t e ly .  Induction i n  anode well  D was subs t an t i a l ly  depressed (75%) even 

though no current had been applied to tha t  cu l ture ;  t h a t  is, the pre-anodized 

s i l v e r  wire w a s  s u f f i c i e n t  to i n h i b i t  enzyme induction. These r e s u l t s  a r e  

cons is ten t  with the hypothesis tha t  the inh ib i tory  agent is an electrochemical 

product formed a t ,  and loose ly  attached to,  the s i l v e r  anode. 

Ef fec t  of Po la r i ty  Reversal. We studied the e f f ec t  of reversing the elec- 

t r i c a l  attachments to  the two s i l v e r  e lec t rodes .  An experiment was begin a t  4 

pA under the conditions of Figure 1. After 30 minutes, the po la r i ty  of the 

electrodes w a s  reversed and the experiment continued fo r  another 60 minutes. 

A t  the o r ig ina l  cathode, induction was subs t an t i a l ly  under way a t  30 minutes 

(following the k ine t i c s  shown i n  Figure l), but i t  ended about 25 minutes 

a f t e r  the po la r i ty  reversa l .  This demonstrated tha t  a derepressed cu l tu re  was 

1 sens i t i ve  to  the inh ib i to ry  e f f e c t .  In the other w e l l ,  o r ig ina l ly  anod- 

induction was inh ib i ted  during the f i r s t  30 minutes; t h i s  i nh ib i t i on  was 

re l ieved  by reversa l  of po la r i ty  over the next 60 minutes. 

Direct Effect on Enzyme Act iv i ty .  Because the s i l v e r  ion is known to  be 

an enzyme inh ib i to r  ( l o ) ,  we tes ted  the p o s s i b i l i t y  tha t  i nh ib i t i on  w a s  the 

r e s u l t s  of d i r e c t  inac t iva t ion  of P-galactosidase by electrochemical reac t ion  

products. To do t h i s  we challenged crude enzyme preparations with various 

agents pr ior  to enzyme assay. The enzyme preparations were prepared by tolu- 

ene-lysis of an induced cu l tu re ,  grown and t rea ted  as i n  Figure 1, but without 

e lec t rodes .  The preparations were l e f t  unpurified to r e t a in  the protein-rich 

environment i n  which the anode e f f ec t  occurs. C e l l  cu l ture  concentrations 

were 3-5 x l o 7  ce l l s /ml  from which were obtained f i n a l  enzyme concentrations 
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I N H I B I T I O N  OF ENZYME INDUCTION 301 

i n  the range of 35-50 enzyme uni ts / rnl .  The r e s u l t s  of t h r e e  experiments  are 

presented  i n  Table  1 i n  which enzyme p r e p a r a t i o n s  were chal lenged by: ( a )  

s i lver -anode- t rea ted  medium, ( b )  silver-anode-treated/toluene-lysed c u l t u r e ,  

and ( c )  s i l v e r  n i t r a t e  s o l u t i o n s .  

In ( a ) ,  growth medium treated by anodic  s i l v e r  w a s  added t o  enzyme prep- 

a r a t i o n s  and each sample w a s  immediately assayed f o r  enzyme a c t i v i t y .  In  ( b ) ,  

uninduced c u l t u r e s  were t r e a t e d  by anodic  s i l v e r  fo r  60 m h u t e s ,  then l y s e d  

wi th  to luene  and edded t o  the  enzyme p r e p a r a t i o n s .  In  t h i s  experiment  por- 

TABLE 1 

Enzyme A c t i v i t y  i n  Crude 0-Galactosidase P r e p a r a t i o n s  a f t e r  
R e a t m e n t  wi th  P o t e n t i a l  I n a c t i v a t i n g  Agents 

ELECTRICAL TREATMENT PRE-ASSAY CONTACT ENZYME ACTIVITY 
Magnitude Length of TIME WLTH ENZYME (Enzyme Uni t s  

M a t e r i a l  of Current  Treatment PREPARATION p e r  d) 
Trea ted  (CIA) b i n )  (min) 

( a )  
Growth 4 0 3 40 
medium 10 36 

40 35 
70 35 

( b )  
h i n d  uced 
c u l t u r e  

40 

60 

60 

60 

Treatment wi th  S i l v e r  Nitrate 
( F i n a l  S i l v e r  Concent ra t ion  i n  pg/ml) 

5 

2 
6 0  

180 
1380 

2 
60 

180 
1380 

2 
60 

180 
1380 

90 
90 
90 
90 
90 
90 
90 

51 
59 
58 
65 
49 
51 
58 
61  
47 
55 
59 
62 

0.0 
0.71 

33 
33 
36 
36 
3 1  

2 
0.4 
0.08 
0.016 
0.0032 
0 

E
le

ct
ro

m
ag

n 
B

io
l M

ed
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
M

cg
ill

 U
ni

ve
rs

ity
 o

n 
11

/2
0/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



302 COWLISHAW, SPADARO, AND BECKER 

t i o n s  of each mixture  were assayed f o r  enzyme a c t i v i t y  p e r i o d i c a l l y  over  23 

hours. No s i g n i f i c a n t  decrease  i n  0-galactosidase a c t i v i t y  w a s  observed i n  

e i t h e r  (a)  or (b) .  

I n  ( c ) ,  a series of d i l u t i o n s  of s i lve r  n i t r a t e  was prepared and mixed 

wi th  enzyme prepara t ions .  High s i l v e r - i o n  concent ra t ions  abol i shed  enzyme ac- 

t i v i t y .  A t  5 pg s i l v e r / m l  a s l i g h t  white opalescence of p r e c i p i t a t i n g  mater- 

i a l  was v i s i b l e .  The concent ra t ion  dependence was sharp,  and t h e  i n a c t i v a t i n g  

e f f e c t  disappeared a t  s i l v e r  ion  concent ra t ions  below about 1 fig s i l v e r / m l .  

The absence of an e f f e c t  on 0-galactosidase below t h i s  l e v e l  suppor ts  t h e  idea  

t h a t  anodica l ly  d ispersed  s i l v e r  i n t e r f e r e s  pr imar i ly  wi th  the  product ion of 

g a l a c t o s i d a s e  r a t h e r  than its a c t i v i t y  per se. 

DISCUSSION 

S i l v e r  anodes i n h i b i t  and k i l l  a wide v a r i e t y  of bacterial spec ies  a f t e r  

s e v e r a l  hours a t  microampere c u r r e n t  l e v e l s .  In  t h i s  s tudy we have shown an 

e a r l i e r  e f f e c t ,  d iminished i n d u c i b i l i t y  of 8-galactosidase i n  E. s. Inhi- 

b i t i o n  occurred even at t h e  lowest c u r r e n t  va lues  t e s t e d .  The importance of 

t h i s  observa t ion  is t h a t  it may relate t o  the  mechanism of s i l v e r  i n h i b i t i o n  

i n  many organisms. In  p a r t i c u l a r ,  t h e  experiments i n d i c a t e  the  fol lowing 

c h a r a c t e r i s t i c s  of this phenomenon. 

a )  Current  per se is not  requi red  s i n c e  pre-anodized s i l v e r  a l s o  had an 

i n h i b i t o r y  e f f e c t ,  a l though with reduced e f f i c i e n c y .  It must have c a r r i e d  

e lec t rochemica l  products  on its s u r f a c e  t h a t  i n h i b i t e d  enzyme induct ion  i n  

f r e e l y  d i f f u s i n g  c e l l  c u l t u r e s .  E l e c t r o l y s i s  of t h e  medium is  also not  neces- 

s a r y  t o  produce t h e  e lec t rochemica l  agent .  

b) Act ive P-galactosidase enzyme is r e l a t i v e l y  i n s e n s i t i v e  to  s i l v e r  

anode products  and t o  s i l v e r  n i t r a t e .  Thus, t h e  s i t e  of a c t i o n  a t  these  cur- 

r e n t  l e v e l s  is = t h e  enzyme i t s e l f ,  but  r a t h e r  some c e l l u l a r  component re- 

quired f o r  i t s  production. 
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c) The induct ion  sequence appears  t o  be blocked a t  some p o i n t  subsequent  

t o  d e r e p r e s s i o n  of the  l a c  operon,  s i n c e  a derepressed  c u l t u r e  remains s e n s i -  

t i v e  t o  i n h i b i t i o n  by anodic  s i l v e r .  

d )  The 2 0 m i n u t e  d e l a y  between i n i t i a t i o n  of anodic  c u r r e n t  and i n h i b i -  

t i o n  of P-ga lac tos idase  product ion  i s  presumably the  consequence of a number 

of f a c t o r s :  t h e  accumulat ion of s u f f i c i e n t  s i l v e r  i o n s  ( o r  complexes) ,  t h e i r  

r e l e a s e  and d i f f u s i o n  throughout  the  chamber, and the  d e l a y  between the  bind- 

ing of s i l v e r  and the  h a l t i n g  of p r o t e i n  product ion .  

The weight of these  experiments ,  a s  w e l l  as previous  o b s e r v a t i o n s  wi th  

s i l v e r  anodes and b a c t e r i a ,  s t r o n g l y  i m p l i c a t e s  the s i l v e r  ion  or a s i l v e r  ion 

complex as the  c a u s a t i v e  agent .  Assuming t h i s ,  Faraday 's  Law p r e d i c t s  t h a t  a t  

the  lowest  e f f e c t i v e  c u r r e n t  t e s t e d ,  the  maximum c o n c e n t r a t i o n  of s i l v e r  l i b -  

e r a t e d  w a s  0.02 p g  s i l v e r / m l  (11). This  is two o r d e r s  of magnitude below t h e  

c o n c e n t r a t i o n  of s i l v e r  ( a s  n i t r a t e )  t h a t  produces a measureable decrease  i n  

0-ga lac tos idase  a c t i v i t y  i t s e l f .  It is  a l s o  w e l l  below the  0.5 p g / d  ( a s  

n i t r a t e )  shown by Bragg and Rainnie  (12)  t o  i n h i b i t  r e s p i r a t i o n  in E. &. 
Such s e n s i t i v i t y  l e a d s  us t o  suspec t  t h a t  t h e  i n i t i a l  t a r g e t  of the  s i l v e r  ion  

was a s t r u c t u r e  (such as t h e  ce l l  membrane) which could ampl i fy  t h e  e f f e c t  of 

the  phenomenon, a sugges t ion  which may he lp  e x p l a i n  its t h e r a p e u t i c  e f f e c t i v e -  

ness  a g a i n s t  many o r g a n i s m  and may d e l i n e a t e  a p o s s i b l e  mode of b i o e l e c t r i c  

e f f e c t  . 
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