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2188161 MEDI ATORS FOR BI CELECTROCHEM CAL CELLS Field of the

lpvention This invention relates to bioelectrochemcal cells, for use in
suring mcrobiological "activity in a sanple. Backgrounzzjs

oel ectrochem cal cells, especially for neasuring bacter &1 B/Ity,

ferricyani de has been proposed as a nediator for electron transfer between

the bacteria and the el ectrodes. 1, 4-Benzoquinone is also known as a

nedi at or of electnn1ﬁﬁgg y@' ﬁfﬁT%ﬁLQégk@E Wiéi nbgﬂﬂgerem:levels
of response, and for Em?né%1r5gni%knnnmﬁrfqnaNﬂagjg%—g—-g—-aerug 0sa)

normal |y have a rather poor response conpared with, say, E. coli using
ferricyanide as nediator. Large differences in response fromdifferent
m croorgani sns nakes it difficult to relate the signal to the anount of
m crobi ol ogi cal activity, unless one is expecting a particu- |ar

m croorganisield &f cghel paventHoamary of the Invention It has now been
found that a ferricyanide and a | 4-benzo- qui none can exhibit an
unexpectedly high | evel of nediator

This invention relates to bioelectrochemical cells, for use

in measuring microbiological activity in a sample.

.Background

In bioelectrochemical cells, eépecially for measuring
bacterial activity, ferricyanide has been proposed as a
mediator for electron transfer.between the bacteria and the
electrodes. 1l,4-Benzoquinone is also known as a mediator of
electron transfer. Different bacteria present different
levels of response, and for ekample Pseudomonas spécies

(e.g. P. aeruginocsa) nofmally have a rather poor response

compared with, say, E. coli ﬁsing ferricyanide as mediator.
Large differences in response from different'microorganisms_“
‘makes it difficult to relate the signal to the amouﬂt of
microbiological activity, unless one is expecting a particu-

lar microorganism to predominate.

Summary of the Invention

It has now been found that a ferricyanide and a 1l,4-benzo-

quinone can exhibit an unexpectedly high level of mediator



activity conpared with férricyanide al one, or even conpared with

‘si ghtfi-cant |y "hi gher, and can even be |ower, than using the nediators

1, 4-henzoqui none al one, whereas in sone cases the response is not (i/)

sepafately. The effect is such that a norfe even response can normally be

expected from general or non-specific mcrobiological activity using the

_ cocktai l of mediators; while a particularly enhanced response can be
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expected when testing for many jndividual qicroq¥%§nisns usi ng the nedi at or
cocktail. DeséﬁﬁﬁqkﬁNoF°Pﬂﬁﬁﬁ4r%HtEnﬁ@&ﬁﬁﬁﬂﬂ?l §lanRart i 9h aWen qempared

further illustr e&{p¥ Leferencg to the follow_ng exanp] es. EXAMPLE 1 Use
of 1, 4-benzoq¥it sha PEEAIR P RE 8 Sr| WHLESARy LPefQMReCasSes the

bi oel heni_cal | I, (BEC) The BEC . H7.0 d
phosphat ¢ but FERPERS ol AGe “HC LEASHALAY ioPata B SRR Ariash B dover
f I - id .ation. Laitizal | Yt h . | 4i

BEC response CiRhgeBdnd| PEr FRRIARRY separdtt®l e st g cobell P

ferricyani de HYeredeohen | e d ek, A '
resul (5 are s owno‘{ 1 éra%Pe %f%‘i}&d‘é)é' caHIGL I ROEE Pebe? e Frlom gHieral
" or non-specific microbiological activity using the cocktail
of mediators;'while a particularly enhanced response can be

expected when testing for many individual microorganisms

\_ using the mediator cocktail.

Description of Preferrred Embodiments

The invention will be further illustrated by reference to

the following examples.
EXAMPLE 1

USe.of l,4-benzoquinone and ferricyanide cocktail in

a two electrode biocelectrochemical cell (BEC)

Thé BEC was set ué at pH 7.0 in a sodium phosphate buffer.
‘Benzoquinone was prepared at 25mM concentration and ferri-
‘cyanide at 250mM concentrétion. Initially the E. coli
- (150ul) BEC response using 500ul ferricyanide was compared
with that of 500ul ferricyanide + 500ul benzoquinone added

together as a cocktail. The results are shown in Table 1.



é§§£3|e 1 Use of 1, 4-benzoqui none + ferricyanide’ cocktail "as, an alternatlve'
lator |50[err] E coli 1.7 x 109 org/m Medi at.or '

Q response [err]/mn ferricyanide (509ul) : ' ‘0. 15 "\T}<:=J
ervicyanide (500[err]l) + benzoqui none (500ul) . 1.1 P~
aeruglnosa 1.7 x 1010 org/m Cell volune L f
BEC response in BEC (ul) Medi at or [err]7mn
© 1000 ferricyani de (500] 0. 23 S00
- ferricyanide (500[err]) f@ﬂﬁégék ' - - ferricyanide

(500 err]) + f %@Fﬁﬁg ] 10 sec.
500 USPT é)(r%]; |1d?a%!e8'e£% err| % rpé%e %%{Jﬁ]%n%o‘flgbﬁj[l

20.33 Fromthe foregoing it Ju Idn bf) st Al ddifi Lokt ail gave about a
7.5-fol d enhancenent over the ferricyanide alone for E. coli. This

~experinment was repeated using P. aeruginosa.

150ul E. coli 1.7 x 109 org/ml

Mediator. _ BEC response uA/min

ferricyanide (500ul) 0.15

ferricyanide {500ul) +.

benzogquinone (500ul) . 1.1
P. aeruginosa 1.7 x 1010 org/ml
Cell volume BEC response
in BEC (ul) Mediator : _ ud/min
1000 ferricyanide (500ul) _ 0.23
500 | ferricyanide (500ul) 0.13
1000 ferricyanide (500ul) + off scale in
benzogquinone (500ul) ‘ 10 sec. |
500 ~ ferricyanide (500ul) +
benzoquinone fSOOui) : 20.33

From the foregoing it will be seen that the cocktail gave

‘about a 7.5-fold enhancement over the ferricyanide alone for.

E. coli. This experiment was repeated using P. aeruginosa.
In this case the cocktail gave about a 750-fold enhancement

‘over the ferrlcyanlde alone.



In this case the cockt.ail gave' about a 750-fol d enhancenment over the

- ferricyani de al one. " 4 EXAMPLE 2 Further investigation of the cocktai f
: ég

[T S S

Exalpl-e<t was *nmade. The response of the,benzoqui none cocktail was conpa
with that of the two individual conponerits. The results are shown in Ta

2. Table 2 Conparison of the BEC response of the benzoquinone cocktail wth
that of the two individual conponents 150 [err] P. aeruginosa 1.2 x 1010

org/ m Medi at or BEC response [err]/mn
benzoqui none (500ul) EXAMPLE(264 benzoqui none (1000[err])
1.1 benzoqui none (500[err]) + ferricyanide (500ul)

2.9 ferricyanide (500[err]) 0. 06 These results showed

that the rat g, otychange of CULEPON ME Dbl TBRDAIN"SE Wibho2® 1730 ke

The response of the Behzoquinone'cocktail was compared with
that of the two individual components. The results are shown

in Table 2.

Table 2
k/ Comparison of the BEC response of the benzoquinone cocktail

with that of the two individual components

150ul P. aeruginosa 1.2 x 1010 org/ml

Mediator . o _ _ . .BEC response uA/min
" ‘benzoguinone (500u1) 0.64
benzogquinone (1000ul) 1.1

benzoguinone (500ul) +
ferricyanide (500ul) 2.9
ferricyanide (500ul) 0.06

These results showed that the rate of change of current with
time obtained with the mediator cocktail was more than the
sum of the slopes of the individual components. In this case
‘the cocktail gave a 48-fold enhancement over ferricyanide

alone.




the slopes of the individual conponents. In this caSe the cocktai
a 48-fol d enhancenent over ferricyani de al one. EXAMPLE 3 It was R
{-that the BEC response using 1nml o% benzoqui none’was greater: than that{ 5
usi'ng 0.5m ; therefore the concentra- tion of benzoqui none relatlve Lo -
ferrlcyanlde was increased in an attenpt to further enhance the BEC'
response. The results are shown in Table 3. Table 3 Effect of varying
benzoqui none concentration in the cogkimptrofp the BEC response 150[err] P.
aeruginosa 1.2 x 1010 org/m Mediator - BEC
response [err]/mn benzoqui none (1000[err]) - . 0. 88

benzoqui none (1000[err]) + ferricyanide (500[err]) 1.22
benzoqui nona f 564 enblled+ et i tly@rBEE féﬂ&{mﬁé]x)smg lml of benzoqu1n&n87
ferricyanide (500[err]) 0. 09

was greater than that usxng 0. 5m1° therefore the concentra-

tion of benzoguinone relative to ferricyanide was increased
in an attempt to further enhance the_BEC‘respense, The

results are shown in Table 3.

"mable 3

- Effect of varying benzoquinone concentration ~
in the cocktail on the BEC response
150pl P. aeruginosa 1.2 x 1010 org/ml

Mediator | ' BEC response.uA/mln
benzoquinone (1000u1) ~0.88
benzoquinone (1000ul) + ..
ferricyanide (500ul) 1.22
benzoguinone (500ul) + | “
ferricyanide (500ul) 1.37 EJ

ferricyanide (500ul) 0.09

It will be seen that increasing_the'relative amount of
.benzoquinohe_in the mediator cocktaii_did_not.further
enhance the BEC response. 1lml Benzoquinone + 500u1.ferri-
cyanide produced a 13.6-fold enhancement of the response

whereas 500ul beqzoquinone + 500ul ferricyanide resulted in



It will be seen'that‘ipc}easrng the rel ative anmount of benzoquinone in the -
did not further enhance the BEC response. 1ni

medi at or cockt ai

t he sresponse whereas 500[ err] benzoqui none + 500[err] ferricyanide res B0

Bénﬁ;{iquir'h’ﬁ’h'e + 500[err]. ferri- .cyanidegroduced a 13.6-fold enhanceme' -

in 6 a 15.2-fold enhancenent.

up overnight,
150[ err] a
Medi ator: (i)

Benzoqui none (25m\V), or

250[ err] .
cont ai ni ng KC

The bacteria to be examined were grown up overnight,

250[ err]
(iii)

] EXAMPLE 4 The effect of the nediator
cocktail wmth a variety of bacteria The bacteria to be exam ned were grown

250[ err]

or (ii)

The effect of the mediator cocktail with

a variety of bacteria

150ul
500ul
Mediatorﬁ
(1) 250ul
(ii) 250ul
(iii) 250ul
250ul

- Ferricyanide

Glucose (25mM)

then tested in a BEC using the following composition:

Bacterial suspension

Ferricyanide

Benzoquinone

Benzoquinone

(250mM), or
(25mM), or -
(250mM) +
(25mM) .

: t ested in a ,BEC using the followi ng conposition:
q_r%(é%j%e&géit (ef’é’i‘?lﬂce:‘ﬂ?@[tefr r Bacterial suspension

Ferricyani de (250mV),
Ferricyani de (250mV) +

Benzoqui none (25mMV) . gSa@ipt® hosphate buffer (50mM pH 7.0)

250[ err]

and

Sodium phosphate buffer (50mM, pH 7.0) containing KC1l

(to a final concentration of 100mM in the BEC) to a

final BEC volume of 1l0ml.

The work was carried out at 30°C using a platinum working

electrode and a silver/silver chloride reference electrode.

The results were obtained as mean values of a minimum of

four runs.

The standard BEC. solution was prepared and the

response was observed with each of the three mediator com-



(to-a final concentration of 100nMin the BEC) to a-final’ BEC vol une of

1M ) The work was carried out at 30[e9r] using a platlnun1m0rk|ng - .
eldetrode and a silver/silver chloride’reference el ectrode. The Tesults~ i
sdé obt ai ned as nmean val ues of a minimum of four runs. The standard BEC:

sol ution was prepared and the response was observed with each of t he three

nmedi ator com bi nati ons gi ven above. The resul'ts are shown in Table 4,
Tabl e 4 Meabined iRei®sq FERRl QLU OE ( Bh BENZSDULRONET § oghowoKim Tewhe 4.
ORGANI SM (a) (a) (b)

Aci net obact er - 8.3 44. 4 189. 8
Agr obact eri um t unef aci ens 208.5 36.9 32. 4

Al cal i genes faecalis ' 80.4 47.5 78.1
Bacillus licheniforms - 176.7 65. 1 41. 3
Baci | | us negaterium 205.7 maple 4 - 67.9 36. 6
Escherichia coli 6.2 — 41,1 211. 2

M crococcus |ysodei kti cus . 2.Measured Rates . 85.6 113.6
Pseudononas aer ugi nosa - 0.6 61. 4 161. 4

FERRICYANIDE (%) BENZOQUINONE (%) COCKTAIL (%)

ORGANISM (a) (a) (b)
Acinetobacter - o - 8.3 44.4 189.8 \J
Agrobacterium tumefaciens . - 208.5 . 36.9 32.4
Alcaligenes faecalis 80.4 | 47.5 78.1
Bacillus licheniformis 176.7 . 65.1 41.3

Bacillus megaterium 205.7 67.9 - 36.6
Escherichia coli 6.2 41.1 211.2
Micrococcus lysodeikticus 2.4 85.6 : 113.6
Pseudomonas aeruginosa : 0.6 ' 61.4 161.4
Pseudomonas fluorescens 4.5 122.6 78.7
Staphylococcus aureus ' 18.3 ' 70.6 112.5 -
Streptococcus faecalis | 4.7 79.8 118.2 \J
(a)s rate as % of COcktail— resédnse

(b): cocktail rate as % of response of both mediators combined




| Pseudonmonas fl uorescens -

4.5 122. 6 78.7
i Staphyl ococcus aureus . 18. 3 : 70. 6 112.5
* Strigftoceccis-faecalis 4.7 8 79. 8 118.2 (p)y/
'fratQ_as % .of cocktail response (b) cocktail rate as % of response
'“ both nedi at ors conbi ned 8 ~ Table 4 was conpiled from neasured data,
: exanpl es of which are shown in Table 5. Table 5 Or gani sm at
> BEC RESPONSE ( [err]/mn) 1 x 109/ m Cockt ai
. Ferricyani de'l\adcd@rﬁcwaa mmmled from measugeRly data, examplesy ghothiaks
“licheniforms 1. 33 Pseudonobnas aer ugi nosa
©1.39 arQOSQWWnnﬁﬂmTah%q 2+ion in relative responses
. 11-fold 200-fold The Table 5 data include E.coli, which is the best

“responder with the cocktail (out of those tested), P. aeruginosa, which is
. the poorest responder with ferricyaniq%sﬁéngz and

Organism at BEC RESPONSE (uA/min)
1 x 109/ml Cocktail Ferricyanide
Escherichia coli 8.57 0.53
Y, Bacillus licheniformis . 0.75 1.33
| Pseudomonas aeruginosa 1.39 0.007

Total wvariation in

relative responses 1l1-fold 200-fold

"The Table 5 data include E.coli, which is the best responder

with the cocktail (out of those tested), P. aeruginosa,

which is the poorest responder with ferricyanide alone, and

B. licheniformis, a strain whose response is decreased with

" the cocktail relative to ferricyanide alone. It will be
seen that the cocktail has greatly evened out the response

of a mixed culture at a given concentration.

Tables 6 and 7 illustrate the effect of varying the relative

concentrations of the two mediator components.



digg>ichenifornis, a strain whose response is decreased w.t'h the cockt ai

In Table 6, with E. coli, the ferriéyanide:benzoquinone

ratio varies from 1000:1 to 10:1 with only a séveh-fold_

-

tive to ferricyanide alone. It will be seen that thé cocktail has.
grg@tly evened out the response of a miged culture at’a given * ol TRy A
contentration. Tables 6 and 7 illustrate the effect of varylng t he- rglat|ME'
concentrations of the two nediator conponents. _ 9 Table 6 BENZOQUINONE h
CONCENTRATI ON (uM BEC RESPONSE ([err]/m n) 250
3.95 100 5 25
0.74 2.5 : : 2221%;§8 Ferricyani de concentration:
~2.5mM Sanpl e: 5 x 106 org/m E. coli Table 7
COCKTAI L COVPCOSI TI ON S BEC RESPONSE FERRI CYANIDE (mV)
BENZOQUI NONBENZMDUINONE  CONCENTHATIGN /(i) 12.5  BEC RESPONSE {uZAnin)
10.70 12.5 0. 25 10. 62
250 3.95
100 1.05
25 _ ' 0.74
2.5 0.58
- Ferricyanide concentration: - 2.5mM _ _ ;)
Sample: _ 5 x 105 org/ml E. coli
Table 7
COCKTAIL COMPOSITION BEC RESPONSE
FERRICYANIDE (mM) BENZOQUINONE (mM) (uA/min)
12.5 : 1.25 10.70
12.5 0.25 _ 10.62 )
6.25 0.625 o 11.70 v/
2.5 1.875 . 10.67
1.0 ' 1.25 - , ' 9.98
Sample: P. aeruginosa 5 x 108 org/ml



. 6.25 0625 .. - 11.70 2.5 1.875 "

10.67:1.0 . S 1.25 9.98 Sanple: P
. aerdginesa *© 5 x 108 oig/m I.n Tabl ey, with E. coli, the )
. ferfdicyani de: henzoqui none ratio varies from1000:1 to 10:1 with only a (01
seven-fol d 10 change in signal. In Table 7, wth P. aeruginosa, that

ratio varies from50:1 to 0.8:1 with virtually no change in signal. The
~ratios therefore do not appear, to be critjcal. Likew se the overall
B rg olgahs B

- concent r at i ofBa%I € hd et ARG S dod? & &it2eLpgingsa, ithat
| ower than those exem plified. especial by,w the more,sensitiyve .
mcr oorgan! sﬁ%.él%vﬁﬁﬁsgf tF?ﬂePodanﬁsﬁr f%dwgggvé’,“{%@a{ég 8P ¢ . T NGt f’!{f‘or
cocktail "wi't; exaip! espRf 953%%05&%}‘&8@@ aggpggaabm RACHE b2itIRGH €
and non-notile~organi sms, rods and COCCI .

' Likewise the overall concentrations of the mediators does
not seem to be critical, and can be lower than those exem-
plified, especially with the more sensitive microorganisms.
We have further demdnstrated above, the use of the mediator

cocktail with examples of gram positive and gram negative

bacteria, motile and non-motile organisms, rods and cocci.
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i oel ectrochenical cell for use in measuring mcro- .biological
y in a sanple, characterised by the incorporation’of a ferricyanide. "

, 4- benzoqui none as a mediator of ldlectran transfer. 2. A method of 7/ «
g for mcrobiological activity in a SaHDLE_!@LQQ_QQﬂpLLses_ﬂEa§uriImi;:

.

an electrical signal froma bioel ectrochem cal cell containi he 'sanpl e,
characterised in that the cell incorporates a f “‘ﬂuﬂml‘ lﬁ 1,4 S
benzoqui none ;g pmgedi at or  of el ectron transferﬂl , ording to
claim2 wher&™m TNE. m croorgani sns conpri se granfpo&itﬁve bacteria. 4. A
met hod according to claim2 wherein the m croorgani sns conprise gram
negative bacteria. 5. A nethod according to claim2 wherein the
m croor gani sis. cAnpricedldctrothemd.cal neehdd faar oxslendnt e s mi A gnineirer o
the m croorgani snms conpri se Pseudononas aerugi nosa. 7. A nethod -accordi ng
to claim2 whdrediogibaln acdoighbysie conpamgel ¢4 cicdvaregd ¢ yised kbivcushe
12 '

incorporation of a ferricyanide and a 1l,4-benzoquinone as a.

mediator of electron transfer.

2. A method of testing for microbiological activity in a
sample which comprises mgasuring.an elgcﬁricél signal from a .
bioelectrochemical cell containing the sample, characterised
in that the cell incorporates a ferricyanide and al,4-

benzoguinone as a mediator of electron transfer.

3. A method according to claim 2 wherein the microorganisms

comprise gram positive bacteria.

4. A method according to claim 2 wherein the microorganisms
comprise gram negative bacteria. |

s
5. A method accordihg to claim 2 wherein the microorganisms

comprise E. coli.

6. A method according to claim 2 wherein the microorganisms

comprise Pseudomonas aeruginosa.

7. A method according to claim 2 wherein the microorganisms

comprise Micrococcus lysodeikticus.




8 A nethod according .to.cl-aim 2 wherein the nicroorgani sms conprise

; Staphylococcus aureus. 9. A method according to claim2 wherein the

o m _m_aLganrénB conpri se Streptococcus f alis._10. A _nethod accordi ng

- claiin 2 wherei,n the n1croorganisns conprise Aci-netobacter. 11. A nethod

" accoidi ng to any one of claimg 2 to 10 \/\herel m mm,ﬁ,m ins a

. mxture of different species of genera or micr ﬁ"ﬁa

- bi oel ectrochem cal cell according to claim1, subst afi- Pially as described

. herein. 13. A nethod for testing for mcrobiological activity according to

- claim 2, substantlall%.as descri_bed herei /\i ) ) ]
. method according to claim wherein the microorganisms

comprise Staphylococcus aureus.

9. A method according to claim 2 wherein the microorganisms

comprise Streptococcus faecalis.

10. A method according to claim 2 wherein the microorganisms

i) comprise Acinetobacter. .

11. A method according to any one of claims 2 to 10 wherein
the sample contains a mixture of different species of genera

or microorganism.

12. A bioelectrochemical cell according to claim 1, substan-

tially as described herein.

13. A method for testing for microbiological activity

according to claim 2, substantially as described herein.




