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Abstract

Two different flexible osmium redox polymers; poly(1-vinylimidazole),,-[Os-(4,4’-dimethyl-2,2’-di’pyridy1),Cl,]*** (osmium redox polymer I)
and poly(vinylpyridine)-[Os-(V,N'-methylated-2,2’-biimidazole); ]**** (osmium redox polymer II) were investigated for their ability to efficiently
“wire” Pseudomonas putida ATCC 126633 and Pseudomonas fluorescens (P. putida DSM 6521), which are well-known phenol degrading
organisms, when entrapped onto cysteamine modified gold electrodes. The two Os-polymers differ in redox potential and the length of the side
chains, where the Os®"**-functionalities are located. The bacterial cells were adapted to grow in the presence of phenol as the sole source of organic
carbon. The performance of the redox polymers as mediators was investigated for making microbial sensors. The analytical characteristics of the
microbial sensors were evaluated for determination of catechol, phenol and glucose as substrates in both batch analysis and flow analysis mode.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Microbial cells have a number of advantages as biological
sensing materials in the fabrication of biosensors. They are
present ubiquitously, are able to metabolise a wide range of
chemical compounds and have a great capacity to adapt with
unfavourable conditions and to develop the ability to metabolise
new chemicals. Microbes are also susceptible for genetic
modifications through mutation or through recombinant DNA
technology and serve as an economical source of intracellular
enzymes. Purified enzymes, biological elements with high
specific activities and high analytical specificity, are expensive
and unstable and in this regard, the utilisation of whole cells as a
source of intracellular enzymes avoids the lengthy and ex-
pensive operations of enzyme purification, preserves the enzyme
in its natural environment and protects it from inactivation by
external toxicants. Whole cells also provide a multipurpose
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catalyst especially when the process requires the participation of
anumber of enzymes in sequence [ 1—4]. The major limitation of
microbial biosensors as compared to enzyme sensors is the slow
response, which has been attributed to diffusional problems
associated with the cell membranes. It is well known that
microbial cells are able to reduce small redox compounds such
as ferricyanide, dichlorophenolindophenol, and other organic
dyes in the presence of organic compounds such as glucose and
ethanol [5]. This indicates that microbial cells are able to catalyse
the oxidation of the mentioned substrates using redox com-
pounds as electron acceptors [6]. To follow electrochemically
such processes through mediated electron transfer from micro-
bial systems to electrodes represents a promising alternative to
the use of a Clark electrode [7,8]. Perturbations in microbial
respiration due to changes in substrate or microbial concentra-
tion have previously been detected via the interaction of redox
mediators at electrochemical transducers and found the basis for
a number of devices. Establishing a method for quantitative
evaluation of intact cells as biocatalysts is beneficial for devel-
oping more advanced biofuel cell systems, whole cell-based
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biosensors and bioreactors [5] and also provides useful infor-
mation concerning the enzymatic reactions proceeding within
the intact cells under physiological conditions. Rapid detection
of the concentration of bacteria was achieved using redox-
mediated amperometry [9], which is free from influence by the
turbidity of the bacterial cell suspension and allows the measure-
ments of the consumption rates of artificial dyes by bacterial
catalysis [10]. Mediated whole-cell biosensors have also been
developed for on-line pesticide screening [11]. The reduction of
a range of redox mediators by bacteria [12], including the re-
duction of ferricyanide by E. coli [13], have been studied to
identify the most effective mediator-microorganism combina-
tions for utilising substrates in microbial fuel cells [5,14,15].
Electron mediators perform a special function in biosensors;
their role is to replace the natural electron acceptor usually
oxygen, thus preventing the process from the problem of having
a low oxygen concentration. An advantage of applying medi-
ators is that the amperometric measurement can be performed at
a less drastic potential, which reduces the possibility of inter-
fering reactions to contribute to the response signal and thus
enhancing selectivity. A notable number of mediator type bio-
sensors based on either enzyme or whole microbial cells have
been developed. Aqueous freely soluble mediators such as
ferricyanide and p-benzoquinone, as well as less aqueous sol-
uble mediators including ferrocenes have successfully been used
in these systems [16,17].

Since the first applications of osmium redox polymers for
reagentless mediated biosensing were described [18—20], poly-
meric mediators still attract attention due to the efficient electron
shuttling properties combined with the polymeric structure pro-
moting a stable adsorption as well as a possibility for multiple
layers of immobilised enzymes as well as microbial cells on the
electrode surface [21]. In developing biosensors, polymers con-
taining dispersed redox centres are promising because of their
synthetic flexibility and the ability to control the formal potential
(E°’), and hence the electron transfer properties [19,21].

In this work, Pseudomonas fluorescens (Pseudomonas
putida DSM 6521) and P. putida ATCC 126633, which are
well-known phenol degrading organisms, were wired with two
different Os-polymers, one polymer with a high E°’-value but
with a restricted length of the side chains (poly(1-vinylimi-
dazole);,-[Os(4,4-dimethyl-2,2-di’pyridyl),CL,]***, osmium
redox polymer I) [19], and one with a low E°’-value but with
long-side chains and with a much higher flexibility (poly
(vinylpyridine)—[Os-(N,N—methylated-Z,2—biimidazole)3]2+/3+,
osmium redox polymer II), [22,23]. The positive effect of
increasing the chain length of the side chain containing the
mediator by the end of the side chain, was shown by Mao et al. in
arecent publication [23], where the efficiency of wiring glucose
oxidase by two different Os-polymers having the same E°’-
value was compared. One of the Os-polymers contained the Os-
functionality at the end of a short length side chain and the other
at the end of a long side chain. The two types of osmium redox
polymers (osmium redox polymer I and II) were used recently,
for electrical wiring of pyranose oxidase to graphite [22].
Osmium redox polymer I was recently shown also to wire whole
living gram-negative bacteria Gluconobacter oxydans cells [24].

In this work the bacterial cells were entrapped together with
either of these two redox polymers behind a dialysis membrane
onto the surface of cysteamine modified gold electrode to form
microbial biosensors. The response characteristics for catechol,
phenol and glucose of the biosensors were investigated in both
batch and flow mode.

2. Material and methods
2.1. Reagents

Poly(1-vinylimidazole),-[Os(4,4’-dimethyl-2,2"-di’pyridyl),
CL]*"*(osmium redox polymer I) and poly(vinylpyridine)-[Os-
(N,N"-methylated-2,2'-biimidazole);]*"** (osmium redox poly-
mer II) were generously provided as gifts from TheraSense
(Alameda, CA, USA). Phenol, catechol, glucose, and cysteamine
were purchased from Merck AG (Darmstadt, Germany). A 5 mM
cysteamine solution was prepared by dissolving the appropriate
amount in ethanol. All other chemicals were of analytical grade
and used without further purification. Solutions used for immobi-
lisation were prepared in ultrapure distilled water (Millipore,
Milford, CT, USA) and the others used as substrate were in
working buffer. Dialysis membranes with a cut-off of 6000—
8000 Da were used.

Mineral standard medium (MSM) with the following com-
positions were used as growth media for P. putida (A) and P,
Sfluorescens (B), respectively;

A. 0.1% NH4NO3, 0.05% (NH4)2SO4, 0.05% NaCl, 0.05%
MgSO47H20, 0.15% K2HPO4, 0.05% KH2P04,
0.0014% CaCl,2H,0, 0.001% FeSO4:7H,O and trace
element solution (1 ml/L), [25,26].

B. 0.244% Na,HPO4, 0.152% KH,PO4, 0.050%
(NH4),S0y4, 0.02% MgS0O4-7 H,0, 0.005% CaCl,-2H,0
and trace element solution (10 ml/L), [27]. The pH of the
growth media was adjusted to 6.9.

2.2. Biological materials

P fluorescens (P. putida DSM 6521) and P. putida ATCC
126633 were obtained from DSMZ (German Collection of
Microorganisms and Cell Cultures, Braunschweig, Germany) and
CCM (Czech Collection of Microorganisms, Masaryk University,
Brno, Czech Republic), respectively, and were sub-cultured in
nutrient agar. Adaptation of the cells to phenol (250 mg/L) was
performed by gradually increasing the phenol and decreasing the
glucose (250 mg/L) concentrations by daily inoculations until the
medium contained 250 mg/L phenol. When the cells were grown,
the biomass was harvested by centrifugation at 10,000 g,
suspended in MSM and then re-centrifuged. The cellular paste
was used for making the biosensor [25].

Cell growth was followed spectrophotometrically by mea-
suring the optical density at 560 nm and the relationship between
optical density and the living cells was also investigated [25]. In
all experiments, log-phase bacterial cells were used. Daily pre-
pared enzyme electrodes including fresh cells were used in all
experimental steps.
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Fig. 1. Cyclic voltammograms of (a) P. putida and (b) P. fluorescens cells
mediated with osmium redox polymer I on cysteamine modified gold electrodes
in the absence and presence of substrates at a scan rate of 5 mV s '. [(1) Blank,
(2) Glucose; 1 mM, (3) Catechol; 0.1 mM].

2.3. Equipment

Cyclic voltammetric studies were performed using a CV-100W
voltammetric analyser (BAS, West Lafayette, IN, USA) with a
conventional three-electrode set-up. The microbial sensors were
used as the working electrodes, a saturated calomel electrode
(SCE, Radiometer, Copenhagen Model K-401) as the reference
electrode and a platinum rod served as the auxiliary electrode.

Amperometric measurements were done in both batch and
flow injection modes. Batch mode of analysis was performed
using the same electrodes as for cyclic voltammetry. Successive
portions of sample solution containing substrate were added
into the electrochemical cell containing 25 ml of phosphate
buffer solution (0.1 M at the various pHs) using a sampler.
During the course of experiment the phosphate buffer solution
was stirred using a magnetic stirrer.

Flow injection mode of analysis was performed using a single
line flow injection manifold with a three-electrode electrochem-
ical flow through cell of the wall-jet type [28]. A Gilson peri-
staltic pump model Minipuls 2 (Villier-le-Bel, France) equipped
with silicon tubing (0.89 mm i.d.) propelled the phosphate buffer
(0.1 M at the various pHs) as the carrier into the flow line with a
flow rate of 0.5 ml min~ ', if not stated otherwise. The flow line
was made from Teflon tubing (0.5 mm i.d.). A microbial sensor,
an Ag|AgCl (0.1 M KCI) electrode and a platinum wire were

used as the working, reference and auxiliary electrodes, res-
pectively. A 50 pl sample solution containing substrate was
injected into the carrier stream via a LabPRO six-port injection
valve (PR700-100-01, Rheodyne, Cotati, CA, USA).

The working potential for both modes of analysis was applied
by a three-electrode potentiostat (Zita Electronics, Lund,
Sweden) and the output signal was recorded by a strip chart
recorder (Kipp and Zonen, type BD111, Delft, The Netherlands).
All measurements were performed at room temperature.

2.4. Preparation of the electrode modified with bacterial whole
cells

Gold disk electrodes (A=0.031 cmz, BAS, West Lafayette,
IN, USA) were polished on Microcloth (Buehler, Germany) in
aqueous alumina suspension (0.1 pum, Stuers, Copenhagen,
Denmark), rinsed with Milli-Q water, and then, electrochemi-
cally cleaned by cycling in 0.1 M H,SO, between —0.3 and
+1.7 V vs. SCE, washed thoroughly with water and immediately
used for surface modification.

The electrode surface was modified with cysteamine to form
a self-assembled monolayer by immersion of the electrochem-
ically activated gold electrode into a 5 mM solution of
cysteamine in ethanol for 45 min. Poly(1-vinylimidazole),,-
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Fig. 2. Cyclic voltammograms of (a) P. putida and (b) P. fluorescens cells
mediated with osmium redox polymer II on cysteamine modified gold electrodes
in the absence and presence of substrates at a scan rate of 5 mV s~ '. [(1) Blank,
(2) Glucose; 1 mM, (3) Phenol; 0.2 mM].
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Fig. 3. Variation of response versus pH for (a) P. putida and (b) P. fluorescens
based systems with osmium redox polymer I, [pH 5.5-7.5; potassium phosphate
buffer (50 mM), (For P. putida; catechol concentration; 0.02 mM and glucose
concentration; 0.4 mM), (For P. fluorescens; catechol concentration; 0.01 mM,
glucose concentration; 0.2 mM), applied potential; 300 mV].

[Os(4,4'-dimethyl-2,2’-di’pyridyl),Cl,]*"* (osmium redox
polymer I) and poly(vinylpyridine)-[Os-(V,N’-methylated-
2,2'-biimidazole);]*"** (osmium redox polymer II) were used,
respectively for the preparation of the biosensors. A 5 pl portion
of a solution of the osmium redox polymer (10 mg/mL in water)
in Milli-Q water was spread over the surface of the modified gold
electrode and water was allowed to evaporate at 25 °C (20 min).
In the following step, 5 pL of the cellular paste (from 0.3 g/L of
bacterial mass, in 0.1 M phosphate buffer, pH 7.0), was evenly
spread on top of the modified electrode and gently dried-up for
1 h at room temperature. Finally the surface of the bacterial
modified electrode was covered with a permselective dialysis
membrane (MWCO <6000-8000) pre-soaked in water. The
membrane was fixed tightly with a silicone rubber O-ring [24].
The microbial sensors were initially equilibrated in MSM
(growth medium) solution and phosphate buffer, respectively.
After 30 min, substrates were added individually to the reaction
cell. Nitrogen was passed from all solutions before use.

3. Results and discussion
A variety of redox-active substances can serve as electron

acceptors and can thus be reduced by certain microorganisms.
They can also serve as electron shuttling molecules between

microbial cells and electrodes. Such ‘mediators’ have been
applied for making microbial fuel cells and for microbial
detection [4,5]. It has been suggested that reduction of the
redox mediator, rather than molecular oxygen, is due to the
metabolic reactions of microorganisms. Hence, instead of oxygen
as an indicator of respiratory metabolic activity, various
mediators, which could be used either in solution or polymerised
on the electrode surface, have been used as the electroactive
compound for the development of amperometric microbial
sensors [29]. Gram-negative bacterial cells have respiratory
redox proteins located in the cell membrane and accessible from
the periplasm via porins, which make the outer membrane
permeable for a wide variety of low molecular-weight mediators
[30]. In this work, two different flexible osmium redox polymers;
poly(1-vinylimidazole),,-[Os-(4,4’-dimethyl-2,2’-di’pyridyl),.
CL]J*"* and poly(vinylpyridine)-[Os-(N,N’-methylated-2,2'-
biimidazole);]*""* were used for electrical wiring of the bacterial
cells to the cysteamine modified gold electrode. The microbial
cells grown initially on glucose but slowly adapted to grow on
phenol as the major organic carbon source were used as the
biological component. After the adaptation step, both bacterial
cells are able to degrade phenolic compounds because of their
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Fig. 4. Variation of response versus pH for (a) P. putida and (b) P. fluorescens
based systems with osmium redox polymer II, [pH 5.5-7.5; potassium
phosphate buffer (50 mM), (For P. putida; catechol concentration; 0.08 mM,
glucose concentration; 0.2 mM, phenol concentration; 0.08 mM), (For P.
fluorescens; catechol concentration; 0.02 mM, glucose concentration; 0.2 mM,
phenol concentration; 0.02 mM), applied potential; —180 mV].
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Table 1

Analytical characteristics of the osmium redox polymer I and II based microbial
sensors fabricated with P. putida and P. fluorescens in batch amperometric
measurements

Table 2

Analytical characteristics of the osmium redox polymer I and II based microbial
sensors fabricated with P. putida and P. fluorescens in flow injection
amperometric measurements

Microbial sensors Substrate Linear Calibration R Microbial sensors Substrate Linear range/ Calibration R
range/mM  equation* mM equation®
Osmium redox P. putida ~ Glucose 02-14  y=13.7x— 0.997 Osmium redox P, putida Glucose 1.0-7.5 y=0.281x+ 0.995
polymer I 0.091 polymer I 0.082
Catechol 0.005-0.025 y=1548.6x+ 0.997 Catechol 0.025-0.2 y=25.26x— 0.994
0.143 0.24
P, Glucose  0.05-1.0  »=100.75x— 0.999 P, Glucose 2.5-15 y=126x-2.3 0.996
fluorescens 0.72 fluorescens Catechol 0.1-1.25  y=5.01x— 0.981
Catechol 0.005-0.02 y=2524x— 0.989 0.1227
2.06 Osmium redox P. putida Glucose 1.0-7.5 y=0.79x+ 0.995
Osmium redox P. putida  Glucose 0.1-2.2  y=262x+ 0.987 polymer IT 0.22
polymer II 1.3 Catechol 0.1-1.0 y=3.22x+ 0.998
Catechol  0.02-0.12 y=142.7x+ 0.998 0.06
0.18 P Glucose 1.0-8.0 y=0.58x— 0.989
Phenol 0.02-0.08 y=394.5x+ 0.999 fluorescens 0.08
0.04 Catechol 0.1-0.8 y=147x+ 0.986
P, Glucose 02-2.0  y=2836x— 0.988 0.061
Sfluorescens 2.6 Conditions: carrier solution; 0.1 M phosphate buffer pH 7.0; flow rate; 0.5 mL min !
Catechol  0.02-0.08 y=278.53x— 0.993 . . . ’
0.58 applied potential for osmium redox polymer I and II polymer based sensors;
Phenol 002-02  y=3774x+ 0.995 :3.00 mV and .718.0 mV vs. .SCE’ res.pectlv‘ely.'
0.84 x; concentration in mM, y; signal intensity in nA.

Conditions: electrolyte solution; 0.1 M phosphate buffer pH 7.0; applied
potential for type I and type II polymer based sensors; +300 mV and — 180 mV
vs. SCE, respectively.

*x; concentration in mM, y; signal intensity in nA.

production of phenol hydroxylases (phenol monooxygenases; E.
C 1.14.13.7) during the adaptation phase and further metabolic
enzymes that are produced in the bacterial cells only in the
presence of such substrates in the adaptation phase. Phenol
monooxygenases also known as flavoprotein monooxygenase are
single-component or multicomponent enzymes that catalyse the
initial steps in a variety of aromatic biodegradation pathways and
are of interest for bioremediation strategies as well as for
biocatalytic applications, because the regioselective hydroxylation
of phenols to catechols is notoriously difficult to achieve by means
of chemical methods [31]. The catechol dioxygenases; catechol
1,2-dioxygenase (E.C 1.13.11.1) and catechol 2,3-dioxygenase (E.
C 1.13.11.2) are non-haem iron-dependent metallo-enzymes,
which catalyse the oxidative cleavage of the enzymatic product of
phenol hydroxylases by using molecular oxygen in Pseudomonas
sp. as a part of the bacterial catabolic pathways [32]. Due to these
facts, till now various Pseudomonas sp. have been combined with
a number of different biotechnological processes that have been
employed in several industrial productions, in biomedical
applications and in environmental remediation [33].

Electron transfer mediators are usually needed to be able to
establish an efficient electron transport between redox enzymes
with bound cofactors such as flavin adenine dinucleotide (FAD),
flavin mononucleotide (FMN), pyrroloquinoline quinone
(PQQ), and also for NAD(P)"-dependent dehydrogenases (that
require soluble NAD(P) " cofactor and an electrode catalytically
active for the oxidation of NAD(P)H and regeneration of NAD
(P)") and an electrode [34-36]. The conductive properties of
0s**" redox polymers promote a good electrical communica-

tion between the electron donating systems in the bacteria and
the electrode surface. Because of the good contact between G.
oxydans cells and osmium redox polymer I, an efficient electron
transfer between the bacterial cells and a cysteamine modified
Au-electrode could be established. Modification of the electrode
with a protective self-assembled cysteamine layer prevents any
possible strong adsorption of bacterial cells onto the surface of
the gold electrode, which could cause cell destruction. The
charged character of the cysteamine layer minimises any possi-
ble destructive hydrophobic interactions between the plain gold
electrode and the bacterial cells [24]. Strong electrostatic
interactions between the negatively charged Gluconobacter
cells and the positively charged Os****-polymer further helped
in facilitating electron transfer from the cells to the electrode.
In this work, similar observations to those reported for G.
oxydans [24] have also been found for both P. putida and P,
fluorescens cells. In the presence of an Os>"*"-polymer a res-
ponse current can be observed in the presence of a carbon source.
When using osmium redox polymer I, no signal was observed
for phenol in contrast to catechol. Hence, the amperometric
response might arise from the activity of catechol dioxygenases
instead of phenol hydroxylases in both cells. Moreover, glucose
was also tested as a substrate and caused a response in all

Table 3
Reproducibility of osmium redox polymer I and II based microbial sensors
fabricated with P. putida and P. fluorescens

Microbial sensors [Substrate]/uM RSD (%)
Osmium redox polymer I P. putida Catechol (5) 2.9

P. fluorescens Catechol (5) 1.9
Osmium redox polymer II P. putida Phenol (20) 2.6

P. fluorescens Phenol (20) 32

RSD, relative standard deviation for 5 times repetitive measurements.
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Fig. 5. Calibration trace obtained for (a) glucose and (b) catechol using a
microbial sensor fabricated with P. putida and osmium redox polymer IL
Conditions: carrier solution; 0.1 M phosphate buffer pH 7.0, flow rate; 0.5 mL/
min, applied potential; —180 mV vs. Ag|AgCl. Number above peaks denotes
concentration of substrate in mM.

systems probably because of quinoprotein glucose dehydro-
genases [E.C 1.1.5.2], found in the outer surface of the cyto-
plasmic membrane [37] in P. fluorescens and NAD" dependent
glucose 1-dehydrogenases [E.C 1.1.1.118] in P. putida [38].
However, lower responses for glucose were obtained compared
to those for catechol most likely as the result of the adaptation
process. Cyclic voltammograms of bacterial cells wired with
osmium redox polymer I and II, respectively, on cysteamine
modified gold electrode in the absence and presence of sub-
strates are shown in Figs. 1 and 2, respectively.

The formal redox potentials of the two polymers were
originally determined to be +140 mV and —195 mV, respec-
tively [19,23], very similar to values reported in our previous
work, i.e., +140 mV and — 185 mV for osmium redox polymer I
and II [22].

The mentioned data were used to choose the proper working
potentials of our systems and the potential dependence of the
sensitivity toward phenol as substrate was investigated (results not
shown). High and stable responses were obtained at +0.300 V and
—0.180 V vs. SCE for osmium redox polymer I and II, respect-
ively, and used throughout all amperometric measurements.

3.1. Effect of pH

The effect of pH on the sensor response was tested using
phosphate buffers (0.1 M) between pH 5.5 and 7.5. The results
of the relative activity versus pH are shown in Figs. 3 and 4.

The optimum pH of the osmium redox polymer I based
systems was obtained as 7.0 for both catechol and glucose. A
decrease in the response was observed at lower and higher pH
values for both types of bacterial cells. However, in the case of
using the other redox polymer, osmium redox polymer II, the
pH optimum was found to be between 6.5 and 7.0 for P. putida
and between 6.0 and 7.0 for P. fluorescens and a drop was also
observed for lower and higher pH values. As can be seen in
Figs. 3 and 4, the pH optima were dependent on both the
metabolic process i.e., glucose or catechol consumption, as well
as type of redox polymer. It seems as though differences in ionic
properties and degree of hydrophobicity of the two redox
polymers due to the change of pH affect the interactions of the
polymers with the redox enzymes in the catabolic pathway of
the bacteria. A variation in pH optima depending on redox
polymer was also observed in our previous study on “wiring”
pyranose oxidase [22]. As a result, pH 7.0, which is also very
close to the pH of the growth medium, was chosen as optimum
and used for further studies.

3.2. Analytical characteristics

Calibration equations and linear dynamic ranges were
obtained using catechol and glucose as substrate for both
osmium redox polymer I and II based sensors fabricated with P,
putida and P. fluorescens at the selected conditions. As has been
indicated in Table 1, the use of the alkylated biimidazole
complex (osmium redox polymer II) with the longer tethers with
respect to osmium redox polymer I, caused approximately a ten

Current / nA

Time/min

Current / nA

Time/min

Fig. 6. Calibration trace obtained for (a) glucose and (b) catechol using a
microbial sensor fabricated with P. fluorescens and osmium redox polymer II.
Conditions: carrier solution; 0.1 M phosphate buffer pH 7.0, flow rate; 0.5 mL/
min, applied potential; —180mV vs. Ag|AgCl. Number above peaks denotes
concentration of substrate in mM.
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times higher sensitivity similar to those results obtained in a
previous study [22]. Also, phenol could additionally be detected
besides catechol and glucose using the osmium redox polymer
II based sensors. This might be due to the good electrical
communication between the longer tether of the osmium redox
polymer II and phenol hydroxylase enzymes in the cells.

Amperometric responses of the microbial sensors for glucose
and catechol were also investigated in the flow injection mode.
The effect of the flow rate on the microbial amperometric res-
ponse was explored for the osmium redox polymer II based
sensor fabricated with P. putida using 2 mM glucose as sub-
strate. As a result of this experiment, current values were found
to be 3 nA, 2.2 nA and 1.1 nA for 0.25 ml min_ !, 0.5 ml min~'
and 1.0 ml min !, respectively, reflecting the strongly
kinetically controlled response. For a flow rate of 0.25 ml
min "', a higher response peak was obtained but the peak width
was about 4 min. For further experiments a flow rate of 0.5 ml
min~ ' was chosen as a compromise between response intensity
and sample throughput. The results are given in Table 2.

As was obvious, when the biosensors were used in the flow
injection system because of the restricted contact time of the
substrate with the bioactive microorganism layer in combina-
tion with dilution of the sample concentration in the flow system
before reaching the electrode surface, lower responses were
observed in comparison with responses obtained for batch
measurements. Additionally, even though all solutions were
carefully degassed and kept under N, some O, may leak into the
carrier solution and may compete with the osmium redox
polymer as the electron acceptor, which would cause a decrease
in the response.

The reproducibility of the fabricated sensors was determined
by repetitive injection of catechol and phenol solutions. The
results are given in Table 3.

Studies of the operational stability of the fabricated sensors in
batch analysis showed that the osmium redox polymer I based
sensors fabricated with P. putida and P. fluorescens, lost 58%
and 41% their activity, respectively, in repeated use over 480 min
(40 assays) and the corresponding values for the osmium redox
polymer II based sensors fabricated with P putida and P.
Sfluorescens were about 25% and 35%, respectively. The im-
provement of the operational stability, which was observed for
microbial sensors based on osmium redox polymer II can be an
important advantage for practical use of the wired bacterial
systems as a part of microbial fuel cell as well as part of sensor
for BOD measurements. In Figs. 5 and 6 some flow injection
peaks for both P putida and P fluorescens using various
concentrations of both glucose and phenol are shown using
osmium redox polymer II. The figures also show the
reproducibility between the response for the injected samples
and additionally that the shape of the peaks are different for the
two substrates possibly reflecting different kinetic restrictions
for the metabolism of glucose compared with that for phenol.

4. Conclusion

The concept of directly electrically ““wiring’’ the enzymes in
the respiratory chain of intact bacteria has already been studied

[24]. In the case reported here, the basis of “wiring” whole
bacterial cells is mainly based on electron transfer between
redox enzymes, which are not membrane bound, and artificial
polymeric electron acceptors. The bacterial cells used in this
work were grown in the presence of phenol for the adaptation
process. Since, phenol was reported to act as a membrane active
agent that increases the permeability of the cytoplasmic
materials such as amino acids, purines and pyrimidines [39],
hence, the adaptation process enables cytosolic enzymes such as
phenol hydroxylase and catechol dioxygenases to be accessible
somehow for the redox polymers. The mechanism behind this is
not known. Besides porins, the presence of accessory proteins in
the cytoplasmic membrane, which might act as channels for
redox polymers to reach the cytosolic enzymes, has also been
reported in early studies to explain the phenomena by which
microbes respond to environmental changes [39]. Natural
charge transfer pathways between the cytosolic redox enzymes
and the respiratory redox enzymes located in the periplasmic
membrane may also be involved and explain the possibility to
“wire” the cells studied here and obtain a response originating
from redox reactions occurring in the cytosol. All these facts
might be effective to be able to receive a response from the
fabricated microbial sensors. However, as far as P, fluorescens
based sensors were concerned, the response for glucose in
contrast to the responses to phenol and catechol was probably
due to the interaction of the membrane bound quinoprotein
glucose dehydrogenases with Os polymers as already observed
for G. oxydans cells [24].

Moreover, several microbial species have been reported to
release electrons to an electrode directly or with the use of their
electroactive metabolites [5,40]. However, bacterial species do
not readily release electrons directly with electrodes and hence
the intervention of synthetic and/or natural compounds, i.e.,
redox mediators, is required [41,42]. A different type of
microbial fuel cell has been described, designed for the treatment
of sewage and landfill effluent wastewater [41]. It could be also
possible to use Pseudomonas sp. and osmium redox polymers,
which provide oxygen independent measurement with high
sensitivity, owing to the fast electron collection efficiencies of
the osmium redox polymers that compete very well with mole-
cular oxygen, as a part of microbial fuel cell studies as well as
BOD measurements.
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