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A b s t r a c t  

As one of  t h e  a p p l i c a t i o n s  of  pu lsed  h i g h  
v o l t a g e  technology t o  t h e  l i q u i d ,  d e s t r u c t i o n  of  
l i v i n g  cells i n  l i q u i d  h a s  been i n v e s t i g a t e d  i n  
a t t e m p t s  t o  s t e r i l i z e  d r i n k i n g  l i q u i d s .  

The s u r v i v a b i l i t y  o f  t h e  ce l l s  and t h e  energy 
e f f i c i e n c y  of  c e l l  d e s t r u c t i o n  f o r  some s p e c i e s  of  
c e l l s  such as "S. c e r e v i s i a e  ( y e a s t ) " ,  "E. c o l i "  e t c .  
have been measured a g a i n s t  peak electric f i e l d ,  p u l s e  
wid th ,  p u l s e  a p p l i c a t i o n  number and c o n d u c t i v i t y  o f  
t h e  l i q u i d  ("phosphate  b u f f e r  s o l u t i o n " ) ,  us ing  
d i f f e r e n t  e l e c t r o d e  systems.  E s p e c i a l l y ,  i n  t h e  
e l e c t r o d e  system o f  "Converged E l e c t r i c  F i e l d  type" 
which p l a c e s  an i n s u l a t i n g  p l a t e  wi th  small h o l e s  
between t h e  p a r a l l e l  p l a t e  e l e c t r o d e s ,  i t  became 
clear t h a t ,  t h e  s u r v i v a b i l i t y  of  t h e  c e l l s  decreased  
t o  10-4%10-6 when t h e  energy i n p u t  t o  u n i t  volume o f  
t h e  l i q u i d  was about  30 cal/cm3. 

The r e s u l t s  sugges t  a p o s s i b i l i t y  of  t h i s  
technology t o  be used as a cont inuous ,  low 
tempera ture  s t e r i l i z a t i o n  process .  

I n  a n o t h e r  method us ing  an underwater  a r c  
d i s c h a r g e  g e n e r a t e d  between t h e  rod-rod e l e c t r o d e ,  
I'B. s u b t i l i s  ( s p o r e s ) " ,  which could  never  be 
des t royed  by t h e  h igh  e l e c t r i c  f i e l d  method could be 
e a s i l y  i n a c t i v a t e d  wi th  much lower energy i n p u t .  I n  
t h i s  method, i t  was o r i g i n a l l y  supposed t h a t  a n  
i n t e n s e  shock wave g e n e r a t e d  by a n  underwater  a r c  
d i s c h a r g e  des t royed  t h e  c e l l s  by mechanical  f o r c e .  
However, it became obvious t h a t  what mainly a t t a c k e d  
t h e  ce l l s  was UV r a y s  emi t ted  from a n  a r c  d i s c h a r g e .  

I. I n t r o d u c t i o n  

Recent p r o g r e s s  i n  t h e  f i e l d  of  h igh  v o l t a g e  
e n g i n e e r i n g  enabled t o  provide  a r e l i a b l e  p u l s e  
s o u r c e  [ I ]  and pulsed  h igh  v o l t a g e  technology having 
t h e  fo l lowing  f e a t u r e s  is now be ing  watched wi th  keen 
i n t e r e s t .  
( 1 )  High d e n s i t y  energy can be s u p p l i e d  by i t s  h igh  

e lectr ic  f i e l d  and c u r r e n t .  (Therefore ,  
molecules  are i o n i z e d  and r a d i c a l i z e d . )  

(2) High e lectr ic  f i e l d  can be a p p l i e d  even i n  t h e  
l i q u i d  s i n c e  e l e c t r o l y s i s  can be reduced by a 
shor t -wid th  pulsed  v o l t a g e .  

( 3 )  I n p u t  energy can be e a s i l y  a d j u s t a b l e  by change 
of peak v o l t a g e ,  p u l s e  f requency and p u l s e  
width.  

For  t h e  f e a t u r e s  d e s c r i b e d  above,  pu ised  h igh  
v o l t a g e  technology can be expected f o r  i ts wide 
a p p l i c a t i o n s  t o  v a r i o u s  f i e l d s ,  e s p e c i a l l y  t o  t h e  
f i e l d s  o f  biotechnology and chemis t ry .  

I n  t h i s  paper ,  as one of t h e  a p p l i c a t i o n s  of  t h e  
pulsed  h igh  v o l t a g e  technology t o  t h e  l i q u i d ,  tes t  
r e s u l t s  on t h e  c e l l  d e s t r u c t i o n  conducted are 
in t roduced  below [21, [31, [4 1 .  
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The technology,  which has  c l o s e  connec t ion  w i t h  
t h i s  s t u d y ,  is  t h e  "cel l  f u s i o n  technology" i n  which 
a pulsed  v o l t a g e  is  a p p l i e d  t o  t h e  ce l l s  i n  o r d e r  t o  
c o n t a c t  each o t h e r .  The d i f f e r e n c e  between ce l l  
f u s i o n  and s t e r i l i z a t i o n  is t h a t ,  t h e  former u s e s  a 
r e v e r s i b l e  breakdown of  t h e  ce l l  wall by r e l a t i v e l y  
low v o l t a g e  p u l s e ,  whi le  i n  t h e  l a t te r ,  i n  o r d e r  t o  
promote t h e  i r r e v e r s i b l e  breakdown of  t h e  c e l l s ,  a 
very  h igh  pulsed  v o l t a g e  of  10%30kV/cm average  
e lectr ic  f i e l d  s t r e n g t h  is a p p l i e d .  

S i n c e  one of  t h e  most impor tan t  p o i n t s  t o  be  
i n v e s t i g a t e d  f o r  i n d u s t r i a l  u s e  is t h e  energy 
e f f i c i e n c y ,  t h e  s u r v i v a b i l i t y  o f  t h e  ce l l s  and t h e  
energy e f f i c i e n c y  of  t h e  ce l l  d e s t r u c t i o n  were mainly 
measured f o r  v a r i o u s  c o n d i t i o n s ,  us ing  some e l e c t r o d e  
systems.  

I n  t h e  "Converged E l e c t r i c  F i e l d  type" e l e c t r o d e  
system, a h igh  e lectr ic  f i e l d  formed i n  t h e  h o l e  of 
t h e  i n s u l a t i n g  p l a t e  could e f f e c t i v e l y  d e s t r o y  t h e  
c e l l s ,  whi le  i n  t h e  rod-rod e l e c t r o d e  system, t h e  
c e l l s  seemed t o  be i n a c t i v a t e d  by n o t  t h e  shockwave, 
b u t  U V  r a y s  e m i t t e d  from a n  underwater  arc d i s c h a r g e .  

1. Experimental  Apparatus  

A .  High Voltage P u l s e r  

Fig.1 d e p i c t s  a schemat ic  drawing o f  
exper imenta l  a p p a r a t u s .  I n  t h e  h igh  v o l t a g e  p u l s e r ,  
a ceramic c a p a c i t o r  was charged by a dc h igh-vol tage  
source  and d i r e c t l y  connected t o  t h e  e l e c t r o d e  system 
by a r o t a r y  spark  gap.  Negat ive p o l a r i t y  was used. 
The waveform of  pulsed h igh  v o l t a g e  was recorded  on 
t h e  o s c i l l o s c o p e  through t h e  h igh  v o l t a g e  probe.  
Pulsewidth T1/2 can be changed by a d j u s t i n g  t h e  
c a p a c i t a n c e  C. Conduct iv i ty  of  t h e  sample l i q u i d  
a l s o  a f f e c t e d  t h e  pulse-width.  Pulse  peak v o l t a g e  
can be a d j u s t e d  by t h e  charg ing  dc h igh  v o l t a g e .  The 
p u l s e  f requency was changed from 1 t o  6Opps by 
a d j u s t i n g  t h e  r o t a t i o n  of a r o t a r y  spark  gap by 
i n v e r t e r .  

B. E l e c t r o d e  System 

Fig.2 shows t h e  e l e c t r o d e  c o n f i g u r a t i o n  used i n  
t h i s  experiment .  F ig .Z(a)  shows a wire-cy l inder  
e l e c t r o d e  system. Inner  d iameter  of  t h e  c y l i n d e r  
e l e c t r o d e  was ZOmm, and t h e  wire d iameter  was lmm. 
The wire e l e c t r o d e  was h e l d  by P l e x i g l a s  cap a t  one 
end a t  t h e  c e n t e r  of  t h e  c y l i n d e r .  The l e n g t h  of  t h e  
e l e c t r o d e  system was 1lOmm; 38cm3 o f  l i q u i d  could  be 
conta ined  i n  t h i s  e l e c t r o d e  system. This  e l e c t r o d e  
system was mounted on t h e  stirrer. The l i q u i d  i n  t h e  
c y l i n d e r  was e f f e c t i v e l y  a g i t a t e d  when a r o t o r  of  t h e  
stirrer r o t a t e d  a t  t h e  bottom o f  t h e  c y l i n d e r .  

F i g . 2 ( b )  shows a "Converged E l e c t r i c  F i e l d  type"  
e l e c t r o d e  system. I n  t h i s  e l e c t r o d e  system, 
i n s u l a t i n g  p l a t e  ( t e f l o n )  wi th  small h o l e s  was p laced  



between t h e  p a r a l l e l  d i s c  e l e c t r o d e s .  Sample l i q u i d  
was cont inuous ly  in t roduced  i n t o  t h e  v e s s e l  through 
t h e  h o l e  of  t h e  d i s c  e l e c t r o d e .  The i n n e r  d iameter  
of t h e  v e s s e l  was 20~x0, and t h e  d i s t a n c e  between d i s c  
e l e c t r o d e s  was a l s o  20mm. Standard  t h i c k n e s s  of 
t e f l o n  p l a t e  was lOm, and t h e  d iameter  and number Of 
t h e  h o l e  was v a r i e d .  I n  t h i s  e l e c t r o d e  system, S ince  
c u r r e n t  is coverged i n t o  t h e  s m a l l  h o l e s  of  t h e  
t e f l o n  p l a t e ,  converged h igh  e lectr ic  f i e l d  is formed 
i n  t h e  p a r t  o f  t h e s e  h o l e s  where t h e  c e l l  suspens ion  
flows. 

F ig .Z(c)  shows a rod-rod e l e c t r o d e  system, which 
was made t o  s tudy  t h e  ce l l  d e s t r u c t i o n  by an i n t e n s e  
shock wave g e n e r a t e d  by an  underwater arc d i s c h a r g e .  
The rod e l e c t r o d e  was screwed t o  t h e  t e f l o n  chamber 
and h e l d  a t  t h e  c e n t e r  of  t h e  chamber. The 
s e p a r a t i o n  of t h e  two rod e l e c t r o d e s  was 3m. The 
d iameter  of  t h e  rod e l e c t r o d e  was 4mm. The shape  of 
t h e  rod end was semi-sphere. Sample l i q u i d s  were 
s e p a r a t e d  not  t o  mix up each o t h e r  by t h i n  nylon 
films ( t = 0 . 2 m )  from t h e  water where arc d i s c h a r g e s  
g e n e r a t e d .  Nylon f i l m  was a p a r t  from t h e  d i s c h a r g e  
p o i n t  by 1 5 m ,  and t h e  i n n e r  d iameter  and t h e  l e n g t h  
of  t h e  small v e s s e l  f o r  sample l i q u i d  were 1 5 m  
r e s p e c t i v e l y .  

Fig.Z(d) shows t h e  a p p a r a t u s  t o  s t u d y  t h e  
d e s t r u c t i o n  of t h e  cel ls  i n  t h e  s t o p p e r e d  sample t u b e  
h e l d  i n  t h e  free space  of  water  tank  of  600mm cube. 
The rod e l e c t r o d e s  were suppor ted  by t h e  i n s u l a t o r .  
The cel ls  i n  t h e  sample t u b e  was i n f l u e n c e d  by an  
underwater a r c  d i s c h a r g e  i n d i r e c t l y ,  namely through 
t h e  tube .  The d i s t a n c e  between sample t u b e  and arc 
d i s c h a r g e  p o i n t  was a d j u s t e d .  The s e p a r a t i o n  of  t h e  
two rod  e l e c t r o d e s  was 20mm. The d iameter  of  t h e  rod 
e l e c t r o d e  was 3 .2m.  The rod e l e c t r o d e  had a cone- 
shaped t i p  wi th  40" a n g l e .  Sample t u b e  was made of  
t e f l o n .  The i n n e r  d iameter  was 8 m  and t h i c k n e s s  was 
0 .35m.  S ince  e f f e c t i v e  l e n g t h  was 1.3" about  
0.8" of l i q u i d  could  be conta ined  i n  t h e  sample 
tube .  The a p p a r a t u s  d e s c r i b e d  above was f o r  ba tch  
process .  

F ig .P(e)  shows t h e  a p p a r a t u s  f o r  cont inuous  
process .  S p i r a l  t u b e  i n  which t h e  ce l l  suspens ion  
cont inuous ly  f lows ,  was set  around t h e  rod 
e l e c t r o d e s .  The s p e c i f i c a t i o n  of t h e  tube  is 4 m  i n  
t h e  i n n e r  d iameter ,  lmm i n  t h i c k n e s s  and 1250m i n  
l e n g t h .  The average  d iameter  of t h e  s p i r a l  was 8 0 m .  
The i n n e r  volume o f  t h e  s p i r a l  tube  was about  16cm3. 

C. Experimental  Procedure 

S. c e r e v i s i a e  ( "yeas t"  cel l  ) and E. c o l i  were 
mainly used i n  t h e  experiment.  S. a u r e n s  and 
A. n i g e r  were a l s o  t e s t e d  f o r  comparison. And 
f u r t h e r ,  as a r e p r e s e n t a t i v e  c e l l  of t h e  most tough 
microorganisms, B. s u b t i l i s  ( s p o r e s )  was used. 
S. c e r e v i s i a e  h a s  an  e l l i p s o i d a l  shape ,  wi th  l e n g t h  
about  51.80~1. E.  c o l i  h a s  a c y l i n d r i c a l  shape ,  wi th  
l e n g t h  of  about  1 1 . 2 m .  B. s u b t i l i s  ( s p o r e s )  is a 
egg shape  wi th  l e n g t h  of  about  0 . 8 1 . l m .  (Refer  t o  
t h e  photos  Fig.14 f o r  d e t a i l s ) .  The ce l l s  were 
d i s p e r s e d  i n  phosphate b u f f e r  s o l u t i o n .  The i n i t i a l  
c e l l  c o n c e n t r a t i o n  was a b o u t  107 cells/cm3. The 
s u r v i v a b i l i t y  of  t h e  cel l  was measured by means of  
t h e  c u l t i v a t i o n  method. A s m a l l  amount of  t h e  l i q u i d  
was sampled and implanted on t h e  s u r f a c e  of  mal t  agar 
c u l t u r e  medium i n  a P e t r i  d i s h .  The sampling and 
i m p l a n t a t i o n  was made i n s i d e  a c l e a n  bench. The 
sample was incubated  f o r  2 days a t  30%35"C, and a 
number of  c o l o n i e s  was counted. The measurement was 
repea ted  3 times i n  each exper imenta l  c o n d i t i o n .  

The s u r v i v a b i l i t y  S was measured a g a i n s t  t h e  
e l e c t r i c a l  energy i n p u t  t o  u n i t  volume of t h e  l i q u i d  
P. 

For t h e  ba tch  p r o c e s s ,  P was c a l c u l a t e d  as 
f o l l o w s .  

P = 0.24.1/2.CVc2.N.(1/Vol) (calIcm3) 

where Vc E charg ing  v o l t a g e  of t h e  c a p a c i t a n c e  C ,  
N p u l s e  a p p l i c a t i o n  number, Vol = volume of  t h e  
chamber. 

For t h e  cont inuous  flow p r o c e s s  P was c a l c u l a t e d  
as 

P = 0.24*1/2*CVc2.fp.(1/Q) ( c a ~ c m 3 )  

where f p  = p u l s e  f requency ,  and Q = flow rate of  t h e  
l i q u i d .  

According t o  t h e  test r e s u l t s  r e p o r t e d  by Mizuno 
[ 2 ] ,  t h e  s t o r e d  energy i n  t h e  c a p a c i t o r  agreed  w i t h  
t h e  energy consumed i n  t h e  l i q u i d  w i t h i n  10 p e r c e n t  
e r r o r .  T h i s  means t h a t  a lmost  a l l  t h e  s t o r e d  energy 
was consumed i n  t h e  l i q u i d ,  and t h a t  t h e  energy loss 
a t  t h e  s p a r k  gap and t h e  pulse- feeding  network was 
n e g l i g i b l e .  

T h e r e f o r e ,  i n  t h e  f o l l o w i n g  exper iments ,  t h e  
c a l c u l a t e d  c a p a c i t o r  energy d e s c r i b e d  above is used 
as t h e  energy i n p u t  t o  t h e  l i q u i d .  

IU. Experimental  R e s u l t s  

A. Pulsed-Voltage Waveform 

F i g . 3  shows t h e  examples of  pu lsed  h igh  v o l t a g e  
waveform. F i g . J ( a )  and, 3 ( b )  a r e  t h e  waveforms 
a p p l i e d  t o  wire-cy l inder  e l e c t r o d e  system. 
Capac i tance  C was 10200pF. While F ig .3(a)  is t h e  
waveform a p p l i e d  t o  t h e  phosphate b u f f e r  s o l u t i o n  
w i t h  t h e  c o n d u c t i v i t y  of  500 pS/cm, F ig .3(b)  is f o r  

of 5000 pS/cm. F i g . 3 ( c )  is t h e  waveform a p p l i e d  t o  
"Converged E l e c t r i c  F i e l d "  t y p e  e l e c t r o d e  system. 
The c o n d u c t i v i t y  o f  t h e  s o l u t i o n  i n  t h i s  c a s e  was 
a l s o  5000 pS/cm. Capac i tance  C was 3400pF. The 
v o l t a g e  decreased  e x p o n e n t i a l l y .  The pulsewidth  ~ 1 1 2  
used i n  t h i s  paper  i s  t h e  p u l s e  d u r a t i o n  a t  h a l f  o f  
i ts peak v a l u e .  71/2 of  t h e  waveform i n  F i g . 3 ( a )  i s  
2.5 n s ,  F i g . 3 ( b )  is 250ns. The pulsewidth  
s i g n i f i c a n t l y  accord ing  t o  t h e  l i q u i d  c o n d u c t i v i t y .  
The pulsed  v o l t a g e  waveform F i g . 3 ( c )  i n  t h e  
"Converged E l e c t r i c  F i e l d  type" e l e c t r o d e  system a l s o  
showed t h e  e x p o n e n t i a l  decay, b u t  pu lsewidth  became 
much wider i n  s p i t e  t h a t  s m a l l  c a p a c i t a n c e  was used. 
Thus, u s i n g  t h e  newly proposed "Converged E l e c t r i c  
F i e l d  type" e l e c t r o d e  system, h igh  v o l t a g e  wi th  wide 
pulsewidth  could  be a p p l i e d  even t o  t h e  h igh  
c o n d u c t i v i t y  l i q u i d .  

B. S u r v i b a b i l i t y  Measurement 

1) Wire-Cylinder E l e c t r o d e  System: 

F ig .4  shows t h e  s u r v i v a b i l i t y  of  S. c e r e v i s i a e  
i n  t h e  phosphate b u f f e r  s o l u t i o n  having t h e  
c o n d u c t i v i t y  of  500 pS/cm. The s u r v i v a b i l i t y  was 
measured a t  Vc=20kV wi th  t h e  p u l s e  frequency 
fpr25pps.  A c a p a c i t a n c e  o f  10200pF was used. The 
i n i t i a l  cel l  c o n c e n t r a t i o n  was about  lo7  cells/cm3. 

It became obvious  from a s o l i d  l i n e  @ i n  Fig.5,  
t h a t  pu lsed  h igh  v o l t a g e  can d e s t r o y  t h e  y e a s t  c e l l  
and t h e  s u r v i v a b i l i t y  d e c r e a s e s  less t h a n  1% i n  a 
s h o r t  time. However, t h e  d e s t r u c t i o n  performance 
markedly d e t e r i o r a t e d  w i t h  d e c r e a s e  of  s u r v i v a b i l i t y .  
I n  a s t e r i l i z a t i o n  method, s o - c a l l e d  law of  
l o g a r i t h m i c  o r d e r  of  d e a t h  should  be b a s i c a l l y  
e s t a b l i s h e d .  

To improve t h i s  performance d e t e r i o r a t i o n ,  
stirrer was used t o  promote t h e  a g i t a t i o n  of  t h e  
l i q u i d .  By cont inuous  movement o f  t h e  ce l l s  t o  a 
h igh  e lectr ic  f i e l d  r e g i o n  n e a r  t h e  wire e l e c t r o d e ,  
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t h e  s u r v i v a b i l i t y  l i n e a r l y  decreased t o  % 10 -5 
with i n c r e a s e  of energy i n p u t .  

2 )  "Converged E l e c t r i c  F i e l d  type" E lec t rode  System 

I n  t h e  wi re -cy l inde r  e l e c t r o d e  system, t h e  c e l l  
d e s t r u c t i o n  performance was improved by a g i t a t i o n  of 
c e l l  suspens ion .  However, i n s i d e  t h e  wi re -cy l inde r  
e l e c t r o d e ,  e lectr ic  f i e l d  is e s s e n t i a l l y  d i s t r i b u t e d .  
Namely, s i n c e  e lectr ic  f i e l d  nea r  t h e  c y l i n d e r  wall 
i s  much lower t h a n  t h a t  nea r  t h e  wire e l e c t r o d e ,  C e l l  
d e s t r u c t i o n  performance i n  t h i s  area must be low. 
The re fo re ,  i f  t h e  high and uniform e l e c t r i c  f i e l d  can 
be formed i n  t h e  e l e c t r o d e  system, f u r t h e r  
improvement i n  performance can be expected.  

For a con t inuous  s t e r i l i z a t i o n ,  t h e  a u t h o r s  
proposed t h e  "Converged Electric F i e l d  type" 
e l e c t r o d e  system. As shown i n  F i g . 2 ( b ) ,  i n  t h i s  
e l e c t r o d e  system, an  i n s u l a t i n g  p l a t e  having small 
h o l e s  was p laced  between p l a t e - p l a t e  e l e c t r o d e  t o  
form a h igh  e lectr ic  f i e l d  i n  t h e  ho le .  

Equ iva len t  c i r c u i t  of t h i s  system is a series 
connec t ion  of R I ,  R2, and R I ,  where R1 is  t h e  
r e s i s t a n c e  between t h e  p l a t e  e l e c t r o d e  and t h e  
i n s u l a t i n g  p l a t e ,  and R2 is t h e  r e s i s t a n c e  o f  t h e  
i n s u l a t i n g  p l a t e  w i th  h o l e s  (See Fig.6) .  S ince  t h e  
c r o s s  s e c t i o n  area of t h e  h o l e s  is  very small, t h e  
a p p l i e d  v o l t a g e  is  mainly d iv ided  a t  t h e  h o l e  p a r t ,  
where t h e  ce l l  suspens ion  f lows.  

Fig.6 shows t h e  s u r v i v a b i l i t y  o f  S. c e r e v i s i a e  
f o r  d i f f e r e n t  c o n d u c t i v i t y  c e l l  suspens ions  ( K =500, 
5000 pS/cm 1, and two e l e c t r o d e  systems were 
compared. A c a p a c i t a n c e  of 10200pF was used and 
ave rage  e lectr ic  f i e l d  was 20 kV/cm i n  both cases. 
A s  shown i n  F ig .6 ,  compared t o  t h e  wi re -cy l inde r  
e l e c t r o d e ,  i n  t h e  "Converged E l e c t r i c  F i e l d  type" 
e l e c t r o d e  system, performance was improved and t h e  
s u r v i v a b i l i t y  decreased e s p e c i a l l y  f o r  high 
c o n d u c t i v i t y  ( K ~ 5 0 0 0  pS/cm ) c e l l  suspension.  The 
h i g h e r  performance o f  t h i s  e l e c t r o d e  system may be 
a t t r i b u t e d  t o  t h e  high e lectr ic  f i e l d  formed i n  t h e  
h o l e s  and t h e  i n c r e a s e  i n  t h e  whole r e s i s t a n c e  of t h e  
e l e c t r o d e  system as t h e  load .  

3 )  Effects of E l e c t r i c a l  Cond i t ions  

S ince  t h e  energy e f f i c i e n c y  i s  cons ide red  one o f  
t h e  most impor t an t  p o i n t s  t o  be i n v e s t i g a t e d  f o r  
i n d u s t r i a l  u s e  o f  t h e  c e l l  d e s t r u c t i o n  by p u l s e  
v o l t a g e  as a new s t e r i l i z a t i o n  method, t h e  
s u r v i v a b i l i t y  o f  t h e  cel ls  were i n v e s t i g a t e d  f o r  t h e  
v a r i o u s  e lectr ical  c o n d i t i o n s  i n  t h e  converged 
e lectr ic  f i e l d  e l e c t r o d e  system. S. c e r e v i s i a e  and 
E. c o l i  were used. 

a )  E l e c t r i c  f i e l d  s t r e n g t h  and c e l l  s p e c i e s  

The s u r v i v a b i l i t y  of S. c e r e v i s i a e  
d i spe r sed  i n  t h e  phosphate  b u f f e r  s o l u t i o n  
( K =500 pS/cm ) was measured. The capac i t ance  
was C=5100pF. The p u l s e  f requency was 2Opps. 
The s u r v i v a b i l i t y  decreased wi th  t h e  i n c r e a s e  i n  
peak e lectr ic  f i e l d  s t r e n g t h  Ep and t h e  p u l s e  
a p p l i c a t i o n  number N I  bu t  t h e  e f f e c t  o f  Ep on 
t h e  energy e f f i c i e n c y  was r a t h e r  small i n  t h e  
range o f  Ep=15-30 kV/cm. 

Fig.7 shows t h e  r e l a t i o n s h i p  between E and 
P(10-l)  i n  t h e  range o f  Ep less t h a n  15 k\/cm. 
Here, P(10-1) means t h e  energy i n p u t / u n i t  
volume o f  t h e  l i q u i d  necessa ry  t o  reduce t h e  
s u r v i v a b i l i t y  t o  10-1 and was ob ta ined  from t h e  
ave rage  s l o p e  of t h e  p l o t s  between t h e  
s u r v i v a b i l i t y  and t o t a l  energy i n p u t / u n i t  volume 
of t h e  l i q u i d .  The c o n d u c t i v i t y  of t h e  l i q u i d  
was changed from 200 t o  2000 pS/cm and t h e r e f o r e  
p u l s e  width v a r i e d  from 100 t o  10 s. 

A t  t h e  range o f  E p Z  10 kV/cm, t h e  v a l u e  o f  
p(10-1) r educes  t o  4 - 5  cal/cm3. Fig.8 shows 
t h e  r e s u l t s  of comparison test on t h e  
s u r v i v a b i l i t y  o f  S. c e r e v i s i a e  and E. c o l i  f o r  
t h e  c o n d i t i o n s :  C=1700pF, f=20pps,  ~ = 5 0 0  pS/cm. 

The s u r v i v a b i l i t y  o f  t i le both cells  
decreased almost  l i n e a r l y  t o  t h e  l e v e l  of S=10-4 
5 10-5 as a exponen t i a l  f u n c t i o n  of i n p u t  
energy.  I n  E.  c o l i ,  compared t o  S. c e r e v i s i a e ,  
Ep necessa ry  f o r  e f f i c i e n t  c e l l  d e s t r u c t i o n  was 
much h ighe r  and P(10-l)  = 51.6 cal/cm3 was a 
l i t t l e  h i g h e r  t h a n  t h a t  f o r  S. c e r e v i s i a e .  

However, t h e  cel ls  of B. s u b t i l i s  ( s p o r e s )  
could never  be des t royed  by t h e  pu l sed  h igh  
e l e c t r i c  f i e l d  method. 

b )  Pu l se  a p p l i c a t i o n  number 

Fig.9 shows t h e  s u r v i v a b i l i t y  of 
S. c e r e v i s i a e  a g a i n s t  p u l s e  a p p l i c a t i o n  number. 
Experiment was done a t  t h e  c o n d i t i o n  o f  
Ep=15 kV/cm, C=10200pF1 f -6pps,  ~ 1 5 0 0  pS/cm and 
~ 1 / 2 = 8 0 p s .  The survivab?;ity S decreased wi th  
t h e  i n c r e a s e  i n  t h e  pu l se  a p p l i c a t i o n  number N. 
E s p e c i a l l y  around N > 7 ,  s u r v i v a b i l i t y  
d r a s t i c a l l y  decreased t o  and P( 10-l)  
markedly reduced t o  about  4 cal/cm3. Th i s  
r e s u l t  s u g g e s t s  t h a t  minimum p u l s e  number N d n  
e x i s t s  f o r  e f f e c t i v e  i r r e v e r s i b l e  breakdown o f  
t h e  c e l l ,  though may i n c r e a s e  wi th  dec rease  
o f  Ep. 

The re fo re ,  i n  o r d e r  t o  conduct e f f i c i e n t  
c e l l  d e s t r u c t i o n ,  i t  seems t o  be d e s i r a b l e  t h a t  
e lectr ical  c o n d i t i o n s  should be a d j u s t e d  so t h a t  
t h e  t a r g e t  on s u r v i v a b i l i t y  may be achieved w i t h  
10 % 30 pu l ses .  

c )  Pu l se  width and c o n d u c t i v i t y  o f  t h e  l i q u i d  

E f f e c t  of t h e  p u l s e  width on t h e  deg ree  o f  
k i l l  o f  S. c e r e v i s i a e  was t e s t e d  f o r  c o n d i t i o n s :  
Ep=30 kV/cm, ~ = 5 0 0  pS/cm, fp=20pps.  P u l s e  width 
was set  i n  a range of 1-2.5 ps, 4-10 ps, 20-30 
p s  by change of capac i t ance  from 170pF to  
5100pF. Among t h e s e  t h r e e  ranges, p u l s e  width 
of 4-10 ps was most energy e f f i c i e n t .  

Fig.  10 shows t h e  energy i n p u t  P( 10-1) 
necessa ry  f o r  t h e  10-1 s u r v i v a b i l i t y  a g a i n s t  t h e  
c o n d u c t i v i t y  of t h e  l i q u i d  K .  Test was 
conducted wi th  E.  c o l i  f o r  c o n d i t i o n s :  
Ep=30 kV/cm, C=1700pF, N=20 ( s h o t s ) .  P( 10-1) 
depended upon t h e  l i q u i d  c o n d u c t i v i t y  o r  t h e  
p u l s e  width and d e c r e a s e s  wi th  i n c r e a s e  o f  
l i q u i d  c o n d u c t i v i t y  up t o  5000 pS/cm. I n  t h e  
case o f  E.  c o l i ,  a t  around ~ ~ 5 0 0  pS/cm, P(10-1) 
had a minimum va lue  of 5 cal/.cm3. 

Desp i t e  t h e  r e d u c t i o n  o f  t h e  pu l sewid th  
less than  l o p s ,  t h e  ce l l s  could be des t royed .  
This  may be a t t r i b u t e d  t o  t h e  i n c r e a s e  i n  t h e  
peak pu l se  c u r r e n t  due t o  t h e  i n c r e a s e  i n  t h e  
l i q u i d  conduc t iv i ty .  

On t h e  o t h e r  hand, i n  t h e  case o f  
S. c e r e v i s i a e  t e s t e d  f o r  cond i t ions :  Ep=15kV/cm, 
C=5100pF1 N=12 ( s h o t s ) ,  a t  t h e  low c o n d u c t i v i t y  
range o f  K 500 pS/cm, similar tendency was 
observed wh i l e  a t  t h e  high c o n d u c t i v i t y  range of  
K > 2000 S/Cm, P(10:l) i n c r e a s e d  o r  became 
energy i n e f f i c i e n t .  However, even i n  t h e s e  
cases, P( 10-I)  could be improved to  t h e  similar 
l e v e l  of P ( lO- l )=5  a t  K =500 pS/cm by widening 
p u l s e  width by changing i n s u l a t i n g  p l a t e  o r  
capac i t ance .  

From t h e  test r e s u l t s  t h i s  time, t h e  effect 
of t h e  p u l s e  width and t h e  l i q u i d  c o n d u c t i v i t y  
on t h e  ce l l  d e s t r u c t i o n  e f f i c i e n c y  cou ld  not 
become c l e a r .  Th i s  seems t o  be i n f l u e n c e d  by 



v a r i o u s ,  completed f a c t o r s  such as t h e  rise 
time, t h e  peak v o l t a g e  and t h e  o p e r a t i n g  time 
( p u l s e  width)  o f  t h e  pu l sed  high v o l t a g e  working 
d i r e c t l y  i n  t h e  c e l l  wall. 

4 )  Method us ing  underwater arc d i s c h a r g e  

Using t h e  e l e c t r o d e  system shown i n  F ig .Z(c ) ,  
e f f e c t  o f  an underwater  a r c  d i s c h a r g e  on t h e  
s u r v i v a b i l i t y  o f  S. c e r e v i s i a e ,  E.  c o l i  and 
B. s u b t i l i s  ( s p o r e s )  was p r e l i m i n a r i l y  i n v e s t i g a t e d  
f o r  t h e  c o n d i t i o n s :  Vc=26kV, Cs4OOOOpF (energy p e r  
one p u l s e  Pp=13.5 J / p u l s e ) ,  f p = l p p s ,  K =IO00 pS/cm. 
The o r i g i n a l  concept  of t h i s  method was t h a t  a ve ry  
i n t e n s e  shock wave gene ra t ed  by an  underwater  a r c  
d i s c h a r g e  d e s t r o y s  t h e  ce l l s  by its mechanical f o r c e .  

A s  shown i n  Fig.  11,  t h e  s u r v i v a b i l i t y  S of  t h r e e  
s p e c i e s  of c e l l s  decreased wi th  t h e  i n c r e a s e  i n  t h e  
p u l s e  a p p l i c a t i o n  number N. What should be noted 
above a l l  is t h a t  B. s u b t i l i s  ( s p o r e s ) ,  which cou ld  
never  be des t royed  by pu l sed  high v o l t a g e ,  was e a s i l y  
i n a c t i v a t e d  by t h i s  method i n  t h e  similar tendency t o  
S.  c e r e v i s i a e  and E.  c o l i .  

According t o  t h e  waveform of t h e  pu l sed  p r e s s u r e  
a t  t h e  wall measured wi th  p i ezosenso r ,  t h e  peak va lue  
and t h e  p u l s e  width were abou t  170kg/cmZG and 20ps 
r e s p e c t i v e l y .  

Before conduct ing a con t inuous  s t e r i l i z a t i o n  
test wi th  t h e  a p p a r a t u s  shown i n  F ig .Z(e ) ,  
fundamental  s tudy  on t h e  effect  o f  underwater  arc 
d i s c h a r g e  on t h e  s u r v i v a b i l i t y  o f  v a r i o u s  cells was 
performed by ba tch  p rocess  wi th  t h e  method us ing  
sample tube  shown i n  F ig .Z(d ) .  Fig.12 shows t h e  
s u r v i v a b i l i t y  o f  B. s u b t i l i s  cel ls  d i spe r sed  i n  a 
phosphate  b u f f e r  s o l u t i o n  f o r  t h e  c o n d i t i o n s :  
Vc=40kV, C=150000pF, f p = l p p s ,  ~ 0 1 0 0 0  pS/cm, peak 
va lue  of pulsed p r e s s u r e  Pp=60-550 kg/cmZG. The 
p u l s e  width was about  5 ps. T e s t s  were done by 
changing t h e  d i s t a n c e  D between arc d i s c h a r g e  p o i n t  
and sample tube.  A s  t h e  d i s t a n c e  D i n c r e a s e d ,  peak 
va lue  of t h e  pulsed p r e s s u r e  and ce l l  d e s t r u c t i o n  
performance decreased.  The pa ren thes i zed  f i g u r e s  i n  
Fig.12 expres s  t h e  peak v a l u e  o f  t h e  pulsed p res su re .  

Fig.13 shows t h e  e f f e c t  of underwater  arc 
d i s c h a r g e  on t h e  s u r v i v a b i l i t y  o f  v a r i o u s  s p e c i e s  of 
c e l l s  f o r  t h e  c o n d i t i o n s :  Vc=40kV, C=150000pF, 
f - l p p s ,  P -550 kg/cmZG (D-30"). Though t h e  effect  
d f f f e r e d  Po> ce l l  s p e c i e s ,  s u r v i v a b i l i t y  i n  every 
case  decreased t o  t h e  l e v e l  less than  

S ince  t h e  f a c t  t h a t  t h e  ce l l  having high h e a t i n g  
r e s i s t a n c e  l i k e  B. s u b t i l i s  was e a s i l y  i n a c t i v a t e d  a t  
t h e  low temperature  r ange ,  seemed t o  be a new 
f i n d i n g ,  t h e  e f f e c t  of arc d i s c h a r g e  method t r i e d  t o  
be checked i n  t h e  commercialized d r i n k i n g  l i q u i d s  
such as milk,  c o f f e e ,  tea ,  etc.  The r e s u l t  was t h a t  
performance markedly decreased e s p e c i a l l y  f o r  t h e  
d r i n k i n g  l i q u i d  o f  deep c o l o r .  F u r t h e r ,  a u t h o r s  
no t i ced  t h a t  t h e  o r d e r  of t h e  s u r v i v a b i l i t y  of f o u r  
s p e c i e s  of c e l l s  i n  Fig.13 seems t o  a g r e e  with t h a t  
of t h e  r e s i s t a n c e  f o r  UV r a y s  o f  each ce l l .  
The re fo re ,  i n  o rde r  t o  i n v e s t i g a t e  t h e  e f f e c t  of UV 
r a y s ,  t h e  s u r v i v a b i l i t y  tes t  was conducted us ing  t h e  
sample tube  wrapped wi th  SC f i l t e r  (SC-37) which 
s h i e l d s  UV r ays .  Thickness  of t h e  f i l t e r  was 90 pm. 
A s  shown i n  Fig.13, under t h i s  c o n d i t i o n ,  B. s u b t i l i s  
c e l l s  were ha rd ly  des t royed .  From t h e  tes t  r e s u l t s  
desc r ibed  above, i t  became obvious t h a t ,  what mainly 
a t t a c k s  t h e  c e l l  i n  arc d i s c h a r g e  method is 
unexpectedly,  no t  t h e  shock wave, bu t  UV r ays  emi t t ed  
from arc d i scha rge .  Though f u r t h e r  s tudy  on t h e  
e f f e c t  o f  pu l sed  UV r a y s  may be necessa ry ,  it i s  
g e n e r a l l y  s a i d  t h a t  UV r a y s  is  u n d e s i r a b l e  f o r  
s t e r i l i z a t i o n  of d r i n k i n g  l i q u i d s  and foods because 
they are f i n a l l y  ox id i zed .  

P. Discussion 

A .  Observat ion of t h e  des t royed  ce l l  
Using an  e l e c t r o n  microscope, t h e  des t royed  

ce l l s  were observed.  A p a i r  o f  photos  i n  Fig.14 f o r  
t h r e e  s p e c i e s  o f  c e l l s  which were taken b e f o r e  and 
af ter  pu l sed  high v o l t a g e  t r ea tmen t  with converged 
e l e c t r i c  f i e l d  type  e l e c t r o d e  system f o r  t h e  
cond i t ions :  E -30kV/cm, C=1700pF, K =500 pS/cm, 
T1/2=12 ps, N=25:-P=36 cal/cm3. The l i q u i d  was 
phosphate  b u f f e r  s o l u t i o n .  The upper photos  were t h e  
photo t aken  be fo re  t r ea tmen t .  The s u r f a c e  of 
S. c e r e v i s i a e  c e l l  is o r i g i n a l l y  smooth, as shown i n  
t h e  upper photo o f  F i g . l 4 ( a ) .  

The lower photo o f  F i g . l 4 ( a )  shows des t royed  
ce l l s .  S u r v i v a b i l i t y  a t  t h i s  c o n d i t i o n  was less than  
10-4, and almost  a l l  t h e  ce l l s  observed should have 
been des t royed .  S ince  energy i n p u t  was about  
35 cal/cm3, d e s t r u c t i o n  by h e a t  should be n e g l i g i b l e .  
Almost a l l  t h e  ce l l s  d i d  no t  change t h e  e l l i p s o i d a l  
shape,  b u t  t h e i r  s u r f a c e  became very rough. 
Something l i k e  f i n e  d e b r i s  were observed t o  a t t a c h  on 
t h e  ce l l  s u r f a c e .  

Among t h e  des t royed  ce l l s ,  a deformed ce l l  
having a h o l e  a t  i t s  c e n t e r  could be r a r e l y  observed.  
The h o l e  may be formed by t h e  s t r o n g  breakdown o f  t h e  
c e l l  membrane where pulsed c u r r e n t  flowed through.  
The d e b r i s  may be discharged from t h e s e  breakdown 
p o i n t s .  

For  t h e  E. c o l i  c e l l s ,  as shown i n  F i g . l 4 ( b ) ,  
similar change could be a l s o  observed.  Namely, t h e i r  
shape  was n o t  b a s i c a l l y  changed, bu t  t h e  s i z e  became 
r a t h e r  small and t h e  s u r f a c e  became rough. F u r t h e r ,  
on t h e  c e l l  s u r f a c e  something l i k e  f i n e  d e b r i s  were 
a l s o  observed.  F i g . l 4 ( c )  were t h e  photos  o f  
B. s u b t i l i s  ( s p o r e s )  which showed no change i n  
s u r v i v a b i l i t y  between b e f o r e  and af ter  t r ea tmen t .  

B. Conf igu ra t ion  o f  i n s u l a t i n g  p l a t e  i n  converged 
e lectr ic  f i e l d  type  e l e c t r o d e  system 

E f f e c t  o f  t h e  c o n f i g u r a t i o n  of t h e  i n s u l a t i n g  
p l a t e  on t h e  s u r v i v a b i l i t y  of t h e  c e l l  was 
i n v e s t i g a t e d .  Thickness  of t h e  i n s u l a t i n g  p l a t e  was 
2.5mm, 5mm and 1Omm. Combination of t h e  d i ame te r  and 
number o f  t h e  h o l e  through t h e  p l a t e  was 4mm4x 1 ,  
2mm4 x 4,  lmme x 16 and 0 .5m4  x 64, each having t h e  
same open c r o s s  s e c t i o n  area. From t h e  
i n v e s t i g a t i o n ,  i t  became obvious t h a t ,  i n  o r d e r  t o  
conduct  a r e l i a b l e ,  energy e f f i c i e n t  c e l l  
d e s t r u c t i o n ,  high e lectr ic  f i e l d  should be formed i n  
t h e  h o l e s  and t o  p u t  i t  c o n c r e t e l y ,  t h e  c o n f i g u r a t i o n  
such as  t h i c k n e s s ,  d i ame te r  and number of t h e  ho le  o f  
t h e  p l a t e  should be s e l e c t e d  so t h a t  R1/R2 may be 
l a r g e r  t h a n  20 a t  t h e  least .  €31 is t h e  r a t i o  o f  t h e  
r e s i s t a n c e  of t h e  i n s u l a t i n g  p l a t e  and R2 is  t h e  
r e s i s t a n c e  between t h e  p l a t e  e l e c t r o d e  and t h e  
i n s u l a t i n g  p l a t e  R2 (See F ig .6 ) .  

C. Necessary c o n d i t i o n s  f o r  s t e r i l i z a t i o n  

From t h e  tes t  r e s u l t s  desc r ibed  above, i t  can be 
suggested t h a t  i n  t h e  pu l sed  high v o l t a g e  method, t h e  
necessa ry  c o n d i t i o n s  for  s t e r i l i z a t i o n  are t h e  
f ol lowings : 

1)  e lectr ic  f i e l d  s t r e n g t h  Ep > 10 kV/cm 

3)  p u l s e  a p p l i c a t i o n  number N > 1 0  ( s h o t s )  

F u r t h e r ,  i t  became obvious t h a t ,  f o r  t h e  l i q u i d s  
having t h e  c o n d u c t i v i t y  of 200%5000 vS/cm, t h e  
s u r v i v a b i l i t y  of t h e  cel ls  could be reduced t o  

and energy i n p u t  necessa ry  f o r  e f f e c t i v e  
s t e r i l i z a t i o n  could be minimized t o  P( 10-l)  = 4 6 

2 )  p u l s e  width T1/2 ' 8 J S  
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cal/cm3 by a d j u s t i n g  t h e  e l e c t r i c a l  c o n d i t i o n s  and 
t h e  shape of t h e  i n s u l a t i n g  p l a t e .  

V .  Conclusion 

References  

S. Masuda e t  a l . ,  "Fundamental behaviors  of  
d i rec t -coupled  submicro second p u l s e  
e n e r g i z a t i o n  i n  e l e c t r o s t a t i c  p r e c i p i t a t o r s " ,  i n  
Conf. Rec. Annu. Meeting, I n s t .  E l e c t r o s t a t .  
Japan ,  1985, p.1. 
A.  Mizuno e t  a l . ,  "Des t ruc t ion  of Liv ing  Cells 
by Pulsed High-Voltage Appl ica t ion" ,  IEEE Trans ,  

untreated 
liquid 

I 

E f f e c t i v e  d e s t r u c t i o n  of l i v i n g  cel ls  i n  l i q u i d  
by h igh-vol tage  p u l s e  a p p l i c a t i o n  has  been confirmed. 
The s u r v i v a b i l i t y  of  t h e  cel ls ,  and t h e  energy 
e f f i c i e n c y  of t h e  ce l l  d e s t r u c t i o n  f o r  v a r i o u s  k i n d s  
of  ce l l s  have been measured us ing  d i f f e r e n t  e l e c t r o d e  
geometr ies .  E s p e c i a l l y ,  u s i n g  t h e  e l e c t r o d e  system 
of  Vonverged E l e c t r i c  F i e l d "  t y p e ,  a r e l i a b l e ,  
energy e f f i c i e n t  c e l l  d e s t r u c t i o n  can be r e a l i z e d  
even f o r  t h e  h igh  c o n d u c t i v i t y  l i q u i d .  On t h e  
s u r v i v a b i l i t y  of t h e  ce l l s ,  "law of l o g a r i t h m i c  o r d e r  
of  dea th"  b a s i c a l l y  e s t a b l i s h e d ,  namely t h e  
s u r v i v a b i l i t y  decreased  as a n  e x p o n e n t i a l  f u n c t i o n  of 
t h e  t o t a l  energy i n p u t .  The energy i n p u t  P necessary  
t o  achieve  t h e  s u r v i v a b i l i t y  of  could  be 
e s t i m a t e d  about  25-35 cal/cm3 wi th  some s c a t t e r  f o r  
t h e  c e l l  s p e c i e s .  Though f u r t h e r  s t u d i e s  e s p e c i a l l y  
on t h e  change i n  t a s t e  and f r a g r a n c e  of d r i n k i n g  
l i q u i d s ,  t h e  va lue  s u g g e s t s  t h a t  pu lsed  h igh  v o l t a g e  
method can be a low-temperature s t e r i l i z a t i o n  
process .  

Using an  i n t e n s e  underwater a r c  d i s c h a r g e  i n  t h e  
rod-rod e l e c t r o d e  sys tem,  even B. s u b t i l i s  ( s p o r e s ) ,  
which could  never be des t royed  by e l e c t r i c  f i e l d  
method, can  e a s i l y  be i n a c t i v a t e d  and P markedly 
decreased  less t h a n  5 cal/cm3. However, it became 
obvious t h a t ,  what mainly a t t a c k s  t h e  ce l l  i n  t h i s  
method is, unexpected ly ,  n o t  t h e  shock wave, b u t  UV 
r a y s .  
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Fig.3 Examples of pulsed voltage waveforms us ing  
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F ig .14  Cel ls  b e f o r e  a n d  a f t e r  t r e a t m e n t  u s i n g  t h e  
c o n v e r g e d  e l e c t r i c  f i e l d  t y p e  e l e c t r o d e  s y s t e m  
( u p p e r  p h o t o :  b e f o r e  t r e a t m e n t ,  l o w e r :  a f t e r  
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