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Abstract

Immobilization of whole viable Pseudomonas fluorescens cells was achieved on a graphite electrode modified with a thiophene-based conducting
polymer. Microbial electrodes were constructed by the entrapment of bacterial cells on conducting copolymer matrix using a dialysis membrane.
The biosensor was characterized using glucose as the substrate. As well as analytical characterization, effects of electropolymerization time, pH
and temperature on the sensor response were examined. Finally, operational stability was also tested.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Conducting polymers (CP) have extended m-conjugation
along the polymer backbone. This structure provides them with
unusual electrochemical properties, like low energy optical tran-
sitions, high electrical conductivity, low ionization potential,
high electronic affinities [1,2]. CPs have widespread applications
such as electrochemical batteries, gas separation membranes,
EMI shielding, electrochromic display devices, metal protec-
tion against corrosion, solar cells, ion exchange membrane in
fuel cells and drug release systems [3-8]. CPs have numerous
features, which allow them to act as an excellent material for
immobilization of biomolecules and rapid electron transfer for
the fabrication of efficient biosensors or as sensitive compo-
nents (e.g. gas sensors) [9,10]. The entrapment of enzymes in
conducting copolymer matrices during electrochemical poly-
merization is an alternative procedure for biosensor construction
[11].

Polyheterocycles, such as polypyrrole (PPy), polythio-
phene (PT), polyaniline (PANI), and poly (3,4-ethylenedioxy-
thiophene) (PEDOT), were characterized in the 1980s [12].
Among these materials, polythiophenes are one of the more
extensively studied classes of m-conjugated systems. Both
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the conducting and semiconducting forms are very stable
and readily characterized. Applications of these materials in
light emitting devices, field effect transistors, as well as other
molecular electronic devices have been stimulated by the
improved solubility and process ability of mono-, di-, and
ring-substituted polythiophenes [13—18]. The possibility of
modifying the structure to alter some physical properties is the
main advantage of polythiophenes [19-22]. Furthermore, poly
(3,4-ethylendioxythiophene) (PEDOT) exhibits relatively high
electrical conductivity and also is very stable even during the
electrochemical charging and discharging [23].

Biosensor technology based on enzyme or microorganisms
is well suited for rapid, cost effective, sensitive, selective
and on-line/field monitoring [24]. Microbes have a number
of advantages as biological sensing materials in the fabrica-
tion of biosensors [25]. Although purified enzymes have very
high specificity for their substrates or inhibitors, their applica-
tion in biosensors construction may be limited by the tedious,
time-consuming and costly enzyme purification, requirement of
multiple enzymes to generate the measurable product or need
of cofactor/coenzyme. Microorganisms provide an ideal alter-
native to these bottlenecks [26]. Enzymes are usually more
stable in their natural environment in the cell, coenzymes
and activators are already present in the system [25,27]. On
the other side, the major restriction of microbial biosensors
compared to enzyme sensors is the slow response, which has
been attributed to diffusional problems associated with the
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cell membranes. Cell-based biosensors are frequently used for
determination of BOD, toxic agents and assimilable sugars
[28].

In this study, bacterial cells were entrapped on a thiophene-
based conducting polymer behind a dialysis membrane onto the
surface of graphite electrode to form microbial biosensor. Pseu-
domonas fluorescens was used as a biological component and
the measurement was based on the respiratory activity of the
cells. The optimization and characterization of the sensor were
performed.

2. Experimental
2.1. Apparatus

Chronoamperometric measurements were carried out with a
Radiometer electrochemical measurement unit (Lyon, France,
www.radiometer.com). Ag|AgCl (3 M KCl saturated with AgCl
as an internal solution, Radiometer Analytical, REF321) and a
Pt electrode (Radiometer Analytical, M241PT) were used as the
reference and counter electrodes, respectively.

2.2. Reagents

Glucose, EDOT (2,3-dihydrothieno [3,4-b]-1,4-dioxin), SDS
(sodium dodecylsulfate) were purchased from Sigma Chem. Co.
(St. Louis, MO, USA, www.sigmaaldrich.com). All other chem-
icals were of analytical grade. Dialysis membranes with a cut-off
of 6000-8000 Da were used. Mineral salt medium (MSM) with
the following composition was used as the growth medium for
P. fluorescens; 0.244% Nay;HPO4, 0.152% KH>POy4, 0.050%
(NH4)2S04, 0.02% MgS0O4-7H,0, 0.005% CaCl,-2H;0. The
trace element solution (10 mL/L) was prepared from reagent
grade chemicals. The pH of the growth media was adjusted to
6.9 [29].

2.3. Biological material

P. fluorescens (Pseudomonas putida DSM6521) was obtained
from DSMZ (German Collection of Microorganisms and Cell
Cultures, Braunschweig, Germany, www.dsmz.de) and sub-
cultured on nutrient agar. Cells were inoculated into 50 mL of
MSM containing 250 mg/L glucose and incubated at 28 °C on
an orbital shaker at 175 rpm. After 16 h, the biomass was har-
vested by centrifugation at 10,000 rpm and suspended in MSM
and then re-centrifuged. The supernatant was removed and the
cellular paste was used for the construction of biosensor. Bacte-
rial cells in logarithmic phase were used during the experiments
and the cell growth was followed spectrophotometrically via
measuring optical density at 560 nm [30,31]. Daily-prepared
electrodes with fresh cells, which have 1.34 x 10 cell titer were
used in all experimental steps. Since respiratory activity of intact
cells was followed during the experiments, microbial electrodes
were immersed into MSM containing glucose when not in use
[29,31].

2.4. Electrode preparation

Prior to the electropolymerization, spectrographic graphite
rods, (Ringsdorff Werke GmbH, Bonn, Germany, type RW001,
3.05mm diameter and 13% porosity) were polished on wet
emery paper (Tufback Durite, P1200) and washed thoroughly
with distilled water, sonicated for 2 min, rinsed with bi-distilled
water and dried at 105 °C.

Electrochemical polymerization of EDOT (0.1 M) on the
graphite electrode via constant potential electrolysis was per-
formed at +1.0V in the presence of SDS (1 mg/mL) as the
supporting electrolyte. The polymer film was washed with
bi-distilled water to remove the supporting electrolyte and unre-
acted monomer [32].

For immobilization of bacterial cells, 25 pLL of bacterial cell
were spread over the modified electrode and allowed to dry
at ambient conditions for 30 min. Then, the layer was washed
with working buffer solution and MSM, respectively, to remove
unbound cells from the surface and covered with a dialysis mem-
brane, pre-soaked in water. The membrane was fixed tightly with
a silicone rubber O-ring.

2.5. Measurements

All measurements were carried out at 30 °C under constant
stirring. After each run, the electrode was washed with distilled
water and kept in 50 mM phosphate buffer (pH 7.5) solution
at 30 °C for 10 min. Working buffer solution has been renewed
after each measurement. The microbial sensor was initially equi-
librated in MSM solution and phosphate buffer. After 30 min,
substrate was added to the reaction cell. The biosensor responses
were registered as current densities (wA/cm?) by following the
oxygen consumption at —0.7 V due to the metabolic activity of
bacterial cells in the presence of glucose [33].

Control experiments were done using entrapped cells behind
a dialysis membrane on the electrode, however, without poly-
mer no significant response signal was observed at the working
potential in the presence of substrate.

3. Results and discussion

Enzymes and cells have been used in biosensor construction
for many decades. Both concepts have some advantages and
challenges [34]. There have been various strategies to modify
the microbial cells for application to microbial biosensors. The
principle of the bacterial biosensor is rather simple, and sensor
productions only require growth of the microorganisms. There
are multiple strategies how to use catalytic activities present in
microbial cells ranging from using viable cells, non-viable cells,
permeable cells, or membrane fractions. These cell-derived bio-
catalysts serve as an economical substitute for enzymes; the
additional benefit for the biosensor performance is that the
enzymes are still linked to the respiratory chain [35].

Conducting polymers can act as transducers in biosensors
and coating electrodes with CPs under mild conditions opens up
various possibilities for the immobilization of biomolecules and
biosensing materials, the enhancement of their electrocatalytic
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properties, rapid electron transfer and direct communication.
Co-immobilization of redox mediators or cofactors by entrap-
ment within electropolymerized films or by covalent binding on
the surface allows simple fabrication of reagentless biosensors
[36].

Different electrochemical detection methods have been used
to integrate microbes with various immobilization matrices.
Bacillus subtilis were immobilized in a sol—gel composite mate-
rial of silica and poly(vinyl alcohol)-grafted-poly(vinylpyridine)
copolymer to form optical BOD sensor [37]. Previously, intact
P. fluorescens cells were entrapped together with osmium redox
polymers onto the surface of cysteamine modified gold elec-
trode and the sensor response were investigated for catechol,
phenol and glucose in both batch and flow mode [29]. In this
study, bacterial cells were fixed on the outer layer of conduct-
ing polymer and then covered with a dialysis membrane to
avoid leakage of biological material during the measurements.
Response characteristics of the resulted system were examined
for glucose. In addition, developed system could be adapted
for many purposes such as estimation of biochemical oxygen
demand (BOD), which is the most important and widely used
environmental index especially for monitoring organic pollu-
tants in wastewater. It can be also used as a toxicity sensor and
a bioanalyzer for certain substances. In case of BOD detection,
usage of microorganisms with broad-range substrate specificity
like P. fluorescens could be more advantageous due to the
need for the rapid oxidation of diverse range of compounds
[38].

3.1. Optimization of the microbial biosensor

3.1.1. Effect of electropolymerization time

The amount of conductive polymer on the electrode surface
can be controlled by adjusting the polymerization time, which
has a direct effect on the resulting current values. It has been
previously reported that the microstructure of a conducting poly-
thiophene film changes with the increase in the thickness. As
the thickness depends on the deposition time, more and more
defects such as voids and large molecule agglomerates could
appear, causing the degradation and incompact microstructure
of the films [39]. In order to observe the effect of electropolymer-
ization time, EDOT was polymerized onto the graphite surface
for different periods (5, 10 and 20 min) (Fig. 1), and then modi-
fied electrodes were used to form microbial biosensors as given
in experimental section. The best current values were obtained
by 10min of polymerization time. However, a decrease was
observed when the polymerization time was higher. This could
be due to the improper film structure related with the thickness
after 10 min of electropolymerization time for the cell immobi-
lization.

3.1.2. Optimum pH

According to the optimization studies, the effect of pH on the
electrode response was investigated in 50 mM phosphate buffer
(pH 6.0-8.0). The current response of the microbial electrode to
glucose (1 mM) increased significantly from pH 6.0 to 7.5 and
then a sharp decrease was observed at higher pH values (Fig. 2).
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Fig. 1. Effect of electropolymerization time on the biosensor response (in phos-
phate buffer, 50 mM, pH 7.5, 30°C, —0.7 V).

As aresult, pH 7.5 was chosen as the optimum pH and further
studies were conducted with this value.

3.1.3. Analytical characteristics

The analytical characteristics of the developed microbial
sensor were examined under optimized conditions. A linear
calibration graph between current density and substrate con-
centration was obtained between 0.25 and 4.0mM glucose
with an equation, y=0.472x (R2 =0.992) (where y is the sen-
sor response in terms of current density (wA/cm?) and x is the
substrate concentration in mM). As it is stated before differ-
ent types of microbial sensors based on Pseudomonas sp. were
previously developed and characterized by using glucose as the
substrate [29-31]. Some characteristics of these systems in terms
of linearity for glucose detection, immobilization matrices, and
transducers were summarized in Table 1.

The repeatability of the biosensor was tested for 1.0 mM
glucose (n=15) and the standard deviation (S.D.) and the varia-
tion coefficient (cv) were calculated as +£0.024 mM and 2.4%,
respectively.

A calibration curve was also obtained for the microbial elec-
trode containing adsorbed bacterial cells on the modified surface
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Fig. 2. Effect of pH on the biosensor response (pH 6.0-8.0 phosphate buffer
(50mM), 30°C, —0.7 V).



D. Odaci et al. / Electrochimica Acta 53 (2008) 4104—4108 4107

Table 1

Some characteristics of microbial sensors based on Pseudomonas sp.

Microorganism Transducer/immobilization matrix Linear range for glucose (mM) Reference
P. fluorescens CNT-GECE gelatin 0.54.0 [31]

P. putida CNT-CPE Os-redox polymer, (Type I) 0.05-2.0 [30]

P. putida Gold Os-redox polymer, (Type I) 0.2-1.4 [29]

P. fluorescens Gold Os-redox polymer, (Type II) 0.05-1.0 [29]

P. putida Gold Os-redox polymer, (Type I) 0.1-2.2 [29]

P. fluorescens Gold Os-redox polymer, (Type II) 0.2-2.0 [29]

CNT-GECE: carbon nanotube-graphite epoxy composite electrode; CNT-CPE: carbon nanotube-carbon paste electrode, Os-redox polymer, Type I: poly(1-
vinylimidazole)12-[Os-(4,4'-dimethyl-2,2'-dipyridyl), Cl, 1>***; Os-redox polymer, Type II: poly(vinylpyridine)-[Os-(N,N'-methylated-2,2'-biimidazole)3]*/3*.
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Fig. 3. Effect of the presence of dialysis membrane on the calibration graph (in
phosphate buffer, 50 mM, pH 7.5, 30°C, —0.7 V).

in the absence of dialysis membrane (Fig. 3). Lower and insignif-
icant current responses were observed due to the cell leakage
from the surface after 9—10 measurements. It is clear that dial-
ysis membrane keeps the cells on the electrode and provides
operational stability at the working conditions.

The substrate specificities of the biosensor to different
compounds (galactose, xylose, mannose, sucrose, phenol and
ethanol) were tested and results were given in Fig. 4. As seen
from the figure, proposed system showed response towards
galactose and xylose and lower signals were obtained for these
sugars compared to the glucose. No response was observed for
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Fig. 4. Substrate specificity of the biosensor (in phosphate buffer (50 mM, pH
7.5),30°C, —0.7 V, substrate concentration; 3.0 mM)).

mannose, sucrose, phenol and ethanol in our working conditions.
It is known that P. fluorescens cells were adapted to grow in the
presence of phenol as the sole source of organic carbon. After
adaptation process, it could be possible to enhance the substrate
specificity and to prepare microbial sensors for the detection
of phenolic compounds [29]. Additionally, Pseudomonas sp.
based microbial sensors were reported to be used for different
compounds such as benzene, caffeine as well as phenol [40—42].
To investigate the operational stability of the system, micro-
bial biosensor was immersed in the reaction cell containing
the buffer solution for 5.5h at optimized working conditions
where no decrease at the initial activities for the biosensor was
observed. During this period, 22 measurements were done and
it can be concluded that even more measurements can be car-
ried out for longer times. Operational stability might be also be
attributed by the proper microstructures of the polymer film that
was optimized by adjusting the electropolymerization time.

4. Conclusion

CPs, which have an organized molecular structure, serves as
proper and functional immobilizing platforms for biomolecules.
These matrices provide a suitable environment for the immo-
bilization and preserve the activity for long duration [2]. In
the present paper, we have described a microbial biosensor in
which combination of bacterial cell and a thiophene based con-
ducting polymer was utilized. The proposed system does not
require any complicated immobilization procedure for the con-
struction of biosensor. The preparation is simple, cheap and not
time consuming. The biosensor showed a good linear range, a
good repeatability and a high operational stability. It can be con-
cluded that the proposed system could also be a good alternative
for BOD and toxicity estimation.

References

[1] M. Gerard, A. Chaubey, B.D. Malhotra, Biosens. Bioelectron. 17 (2002)
345.

[2] T. Ahuja, L.A. Mir, D. Kumar, R. Kumar, Biomaterials 28 (2007) 791.

[3] K.A. Mauritz, I.D. Stefananithis, S.V. Davis, R.W. Scheetz, R.K. Pope,
G.L. Wilkes, Appl. J. Polym. Sci. 55 (1995) 182.

[4] S. Panero, B. Scrosati, J. Power Sources 40 (1992) 299.

[5] A. Kaynak, J.U. Geoffrey, E. Beard, R. Clout, Mater. Res. Bull. 28 (1993)
1109.

[6] D.D. Borole, U.R. Kapadi, P.P. Mahulikar, D.G. Hundiwale, Mater. Lett.
60 (2006) 2447.

[7] A. Cirpan, Y. Guner, L. Toppare, Mater. Chem. Phys. 85 (2004) 222.



4108 D. Odaci et al. / Electrochimica Acta 53 (2008) 4104—4108

[8] B.D. Malhotra, A. Chaubey, S.P. Singh, Anal. Chim. Acta 578 (2006) 59.
[9] M. Gerard, B.D. Malhotra, Curr. Appl. Phys. 5 (2005) 174.

[10] K. Arora, G. Sumanaa, V. Saxena, R.K. Gupta, S.K. Gupta, J.V. Yakhmi,
M.K. Pandey, S. Chand, B.D. Malhotra, Anal. Chim. Acta 594 (2007) 17.

[11] A. Arslan, S. Kiralp, L. Toppare, Y. Yagci, Int. J. Biol. Macromol. 35 (2005)
163.

[12] N.K. Guimard, N. Gomez, C.E. Schmidt, Prog. Polym. Sci. 32 (2007) 876.

[13] M. Berggren, O. Inganas, J. Rasmusson, G. Gustafsson, M.R. Andersson,
O. Wennerstrom, T. Hjertberg, Nature 372 (1994) 444.

[14] Z. Bao, A.J. Lovinger, Chem. Mater. 11 (1999) 2607.

[15] S.A. Sapp, G.A. Sotzing, J.R. Reynolds, Chem. Mater. 10 (1998) 2101.

[16] R.D. Mc Cullough, R.D. Lowe, M. Jayaraman, D.L. Anderson, J. Org.
Chem. 58 (1993) 904.

[17] T.A. Chen, X. Wu, R.D. Rieke, J. Am. Chem. Soc. 117 (1995) 233.

[18] M.L. Blohm, J.E. Pickett, P.C. Van Dort, Macromolecules 26 (1993) 2704.

[19] S. Spiekermann, G. Smestad, J. Kowalik, L. Tolbert, M. Gratzel, Synth.
Met. 121 (2001) 1603.

[20] D. McQuade, A. Pullen, T. Swager, Chem. Rev. 100 (2000) 2537.

[21] R. Elsenbaumer, K. Jen, R. Oboodi, Synth. Met. 15 (1986) 169.

[22] M. Arroyo-Villan, G. Diaz-Quijada, M. Abdou, S. Koldcroft, Macro-
molecules 28 (1995) 975.

[23] M. Kalbac, L. Kavan, M. Zukalova, L. Dunsch, Carbon 45 (2007) 1463.

[24] P. Mulchandani, Y. Lei, W. Chen, J. Wang, A. Mulchandani, Anal. Chim.
Acta 470 (2002) 79.

[25] S.F. D’Souza, Biosens. Bioelectron. 16 (2001) 337.

[26] Y. Lei, W. Chen, A. Mulchandani, Anal. Chim. Acta 568 (2006) 200.

[27] J. Racek, Cell-Based Biosensors, Technomic Publishing Co., Lancaster,
1994.

[28] K. Riedel, Enzyme and Microbial Biosensors: Techniques and Protocols,
Humana Press, Totowa, 1998.

[29] S. Timur, B. Haghighi, J. Tkac, N. Pazarlioglu, A. Telefoncu, L. Gorton,
Bioelectrochemistry 71 (2006) 215.

[30] S. Timur, U. Anik, D. Odaci, L. Gorton, Electrochem. Commun. 9 (2007)
810.

[31] U.A. Kirgoz, S. Timur, D. Odaci, B. Perez, S. Alegret, A. Merkoci, Elec-
troanal. 19 (2007) 893.

[32] H.B. Yildiz, E. Sahmetlioglu, A.E. Boyukbayram, L. Toppare, Y. Yagci,
Int. J. Biol. Macromol. 41 (2007) 332.

[33] U.A.Kirgoz, D. Odact, S. Timur, A. Merkogi, N. Pazarlioglu, A. Telefoncu,
S. Alegret, Bioelectrochemistry 69 (2006) 128.

[34] J. Tkac, I. Vostiar, P. Gemenier, E. Sturdik, Bioelectrochemistry 56 (2002)
127.

[35] J. Svitel, J. Tkac, I. Vostiar, M. Navratil, V. Stefuca, M. Bucko, P. Gemenier,
Biotechnol. Lett. 28 (2006) 2003.

[36] J.C. Vidal, E. Garcia-Ruiz, J.R. Castillo, Microchim. Acta 143 (2003) 93.

[37] N.Y. Kwok, S. Dong, W. Lo, K.Y. Wong, Sens. Actuators, B: Chem. 110
(2005) 289.

[38] N. Pasco, K. Baronian, C. Jeffries, J. Webber, J. Hay, Biosens. Bioelectron.
20 (2004) 524.

[39] X.S. Wang, X.Q. Feng, J. Mater. Sci. Lett. 21 (2002) 715.

[40] V.R. Sarath Babu, S. Patra, N.G. Karanth, M.A. Kumar, M.S. Thakur, Anal.
Chim. Acta 582 (2007) 329.

[41] Y.H. Lanyon, G. Marrazza, 1.E. Tothill, M. Macsini, Biosens. Bioelectron.
20 (2005) 2089.

[42] A.M. McMahon, E.M. Doyle, K.E. O’Connor, Enzyme Microb. Technol.
36 (2005) 808.



	Use of a thiophene-based conducting polymer in microbial biosensing
	Introduction
	Experimental
	Apparatus
	Reagents
	Biological material
	Electrode preparation
	Measurements

	Results and discussion
	Optimization of the microbial biosensor
	Effect of electropolymerization time
	Optimum pH
	Analytical characteristics


	Conclusion
	References


