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a b s t r a c t

We report the fabrication and use of electrodes constructed from single walled carbon nanotubes (SWC-
NTs) chemically assembled on a carbon surface and functionalised with an osmium(II) bipyridine complex
(Osbpy). The ability of the electrodes to transduce biologically generated currents from Proteus vulgaris
has been established. Our investigations show that there are two contributions to the current: one from
eywords:
roteus vulgaris
lectron transfer
smium modified carbon nanotube
lectrode

electroactive species secreted into solution and another from cell redox sites. The modified electrode
can be used to monitor cell metabolism, thereby acting as a whole cell biosensor. The biosensor was
used in a 1-h assay to investigate the toxicity of ethanol, sodium azide and the antibiotic ampicillin and
gave quantitative data that were closely correlated with standard cell plate viability assays. The results
provide proof of principle that the whole cell biosensor could be used for high throughput screening of
antimicrobial activity. One of the modified electrodes was used for approximately 1000 measurements

strati
oxicity sensor over four months demon

. Introduction

In recent years there has been a growing interest in “wiring”
acterial cells to electrodes to allow for direct electrochemical com-
unication (Bond et al., 2002; Busalmen et al., 2008; Coman et al.,

009; Gorby et al., 2006; Peng et al., 2010; Reguera et al., 2005;
ichter et al., 2008). Most of these authors modified an electrode
ubstrate with a redox species or carbon nanotubes and defined the
lectrode as including these surface modifications (Coman et al.,
009; Timur et al., 2007; Vostiar et al., 2004). The ability of bacteria
o transfer electrons directly to an electrode appears to occur by two
ossible routes. One mechanism is via membrane redox molecules
uch as cytochrome complexes of the electron transport chain and
rans membrane electron transport systems (tPMET) (Busalmen et
l., 2008; Peng et al., 2010). The second mechanism is the direct

lectron transfer between electrically conducting pili of bacteria to
n electrode surface (Reguera et al., 2005).

Previous studies of electron transfer between bacteria and elec-
rodes have included the use of bare carbon electrodes (Tender

∗ Corresponding author. Tel.: +64 3 364 2987x7437.
∗∗ Corresponding author. Tel.: +64 3 364 2987x7029; fax: +64 3 364 2590.

E-mail addresses: frankie.rawson@canterbury.ac.nz (F.J. Rawson),
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956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ng the robustness of the system.
© 2010 Elsevier B.V. All rights reserved.

et al., 2002), a glassy carbon electrode (GCE) modified with multi-
walled carbon nanotubes (MWCNTs) (Peng et al., 2010) and a gold
electrode modified with osmium redox polymers (Coman et al.,
2009). In the latter studies, surface modification of the electrode led
to advantageous electrochemical behaviour: higher signals were
obtained after modification with osmium redox polymers (Coman
et al., 2009) while modification of GCE with MWCNTs improved
the reversibility of the electrochemical response. A MWCNT paste
electrode, drop-coated with an osmium polymer, was also reported
to exhibit greater sensitivity than the analogous surface without
MWCNTs (Timur et al., 2007).

The ability of a modified electrode to make contact with cell
redox centres obviates the need for soluble mediators. This may
simplify the design and use of whole cell biosensors, particularly
for on-site applications and for flow systems. Further, the use of
soluble mediators in microbial fuel cells (MFCs) is impractical and
most 3rd generation MFCs rely on organisms that can transfer
electrons without requiring a soluble mediator, i.e. the organism
can self-mediate or transfer electrons directly to the electrode
(Karthikeyan et al., 2009). However, to accelerate the develop-

ment of MFCs there is a need for new electrode materials and
constructions that will permit the use of organisms that cannot
self-mediate or directly transfer electrons to existing electrodes,
thus increasing the types of microbial cells that can be used as MFC
catalysts.

dx.doi.org/10.1016/j.bios.2010.10.016
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:frankie.rawson@canterbury.ac.nz
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In this work we have used vertically aligned single walled car-
on nanotubes (SWCNTs) covalently functionalised with bipyridine
omplexes of Os(II) (Osbpy) as electrodes for electron transfer to
acteria. The PPF-SWCNT-Osbpy electrode construct is fully cova-

ently connected: modified SWCNTs are covalently tethered to an
minophenyl layer which is covalently grafted to a glassy carbon-
ike substrate (pyrolysed photoresist film, PPF) through diazonium
ation chemistry (Garrett et al., 2010). The covalent assembly pro-
ess was adopted because it was expected to lead to a very stable
ensing surface.

Confirmation of the utility and stability of the PPF-SWCNT-
sbpy electrode was achieved through the detection of toxicity
f three compounds to Proteus vulgaris. Use of whole cells, typi-
ally bacteria and yeast, is a common approach to rapid toxicity
ensing. The simplest method is based on the principle that the
ate of cell catabolism is a function of a number of factors such as
emperature, pH and substrate supply, and also on the presence
f toxic compounds. With all other conditions held constant, the
resence of toxins becomes the rate determining factor. These mea-
urements can either give information about the potential toxicity
f a sample (D’Souza, 2001; Morris et al., 2005; Rawson et al., 1989;
ogers, 2006), or with genetically engineered organisms (Neufeld
t al., 2006) or by detection of specific biomarkers (Pemberton
t al., 2010), identification and quantification of a specific toxin can
e made. The former approach is well-documented using soluble
ediators, but can be simplified by the removal of the requirement

or a soluble mediator.
This paper reports the preparation and characterisation of the

PF-SWCNT-Osbpy electrode and describes its use as a whole cell
iosensor system for toxicity monitoring.

. Experimental

.1. Chemicals

All chemicals were purchased from Sigma–Aldrich unless oth-
rwise stated. A 10 mM stock solution of glucose was prepared in
terile 50 mM pH 7 0.1 M KCl phosphate buffered saline (PBS). Stock
olutions (10 mM) of NaN3 and ampicillin in sterile PBS were pre-
ared daily. Ethanol (96%) was diluted with PBS, as required, for
oxicity studies.

.2. Electrode preparation and cleaning

PPF electrodes (15 mm by 15 mm) were generated on a silicon
ubstrate as described previously (Brooksby and Downard, 2004).
PF samples with a surface resistance of 18–25 � cm−1 were used
or surface modification.

The strategy for preparation of Osbpy-functionalised SWCNTs
ovalently attached to PPF (PPF-SWCNT-Osbpy) is shown in Fig. 1.
PF samples were modified with aminophenyl (AP) film using a
imilar reported method (Boland et al., 2008). A 10 mL aliquot of a
0 mM solution of 4-aminobenzylamine in 0.5 M HCl at room tem-
erature was rapidly added to 1 molar equivalent of solid NaNO2
nd allowed to react for 3 min. The reaction solution was then
oured into the electrochemical cell and the 4-aminobenzene dia-
onium cation was electrografted to the PPF scanning from 0.2 V
o −0.6 V followed by fixed potential deposition at −0.6 V for 2 min
nd finally a further scan from 0.2 V to −0.6 V to confirm passivation
and hence grafting) of the electrode.
SWCNTs (Carbon Nanotechnologies Incorporated) were cut and
unctionalised with carboxylic groups by sonication for 10 h in a
:1 mixture of concentrated H2SO4 and HNO3. 25 mg of uncut
WCNTs were added to 27 mL of acid. The bath was cooled by
dding ice approximately every 20 min. Following sonication, the
lectronics 26 (2011) 2383–2389

contents were poured into 500 mL of distilled water and left to set-
tle overnight. The SWCNTs were then filtered through a 0.22 �m
hydrophilic PVDF filter (Millipore) under suction, with washing
until the rinse water was close to pH 7. Once dried the SWCNT
mats were peeled off the filter discs. Suspensions of cut SWCNTs
were prepared by sonication of dried SWCNTs mats in dimethyl
sulfoxide (DMSO). SWCNTs were coupled to AP-modified PPF sam-
ples by submerging modified PPF samples in a 0.2 mg mL−1 DMSO
suspension of cut SWCNTs containing of 0.5 mg mL−1 dicyclohexyl
carbodiimide (DCC). The reactants were sonicated for 30 min and
then heated to 65 ◦C for 24 h in a closed cell. After preparation,
PPF-SWCNT electrodes were sonicated in acetone for 2 min and
isopropyl alcohol for 10 s and finally rinsed in Milli-Q water. The
electrodes were dried with nitrogen gas between each washing
step.

Osmium(II)bis-2,2-bypyridine(p-aminomethylpyridine)chlorido
hexafluorophosphate was prepared using a modified literature
procedure (Jenkins et al., 2009; Zakeeruddin et al., 1992). 100 mg
of NH4OsCl6 (0.23 mmol) was added to 10 mL of ethylene glycol
and stirred for 15 min under nitrogen. 2.1 molar equivalents
of 2,2′-bipyrdine (78 mg) was added and the solution refluxed
under nitrogen for 1 h. The solution was cooled to room temper-
ature and 10 mL of saturated Na2S2O4 was added to ensure full
reduction of the Os(III) to Os(II) centre. The solution was stirred
at 0 ◦C for 1 h and the product, Os(bpy)2Cl2,was collected by
filtration. 100 mg of Os(bpy)2Cl2 (0.174 mM) was added to 10 mL
ethylene glycol and stirred for 10 min. 1.1 molar equivalents of
4-aminomethylpyradine (20.7 mg) was added and the solution
refluxed for 1 h. After cooling, excess (approximately 100 mg)
NH4PF6 in 10 mL water was added, the solution was stirred at 0 ◦C
for 1 h and the product, Os(bpy)2Cl(4-aminomethyl pyridine)·PF6
was collected by filtration.

Os(bpy)2Cl(4-aminomethyl pyridine)+ was coupled to the car-
boxylic acid-terminated tips of immobilised SWCNTs by first
submerging the SWCNT-modified PPF samples in a 40 mM aque-
ous solution of 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide
hydrochloride (EDCI) and 10 mM N-hydroxysuccinamide (NHS)
solution for 1 h and then transferring the samples to a 5 mM solu-
tion of the complex dissolved in pH 6 phosphate buffer and ethanol
(7:3). The electrodes were allowed to react for 24 h before being
removed and washed with Milli-Q water.

After each use, cells if present, were discarded and the electrodes
were immersed in 70% ethanol for 1 min to kill any remaining cells
and then rinsed in distilled water, air dried and stored at room
temperature.

2.3. Cell culture

P. vulgaris (NTC4175) strain number 6 was maintained on tryptic
soy agar at 4 ◦C. Bacterial cultures were grown in 50 mL of organic
media 79 broth (10 g peptone, 10 g glucose, 6 g NaCl, 2 g of pancre-
atic of digest, 2 g of yeast extract per litre). Media were sterilised
before use. A pre-culture was incubated in a shake flask at 37 ◦C,
180 rpm for 5 h and then 10 mL was transferred to 50 mL of the
same medium and cultured for a further 18 h at 37 ◦C. Cells were
harvested in a centrifuge at 4500 × g and washed twice in 25 mL of
sterile 0.05 M pH 7 PBS. The optical density of the cell suspension
was adjusted to give an OD600 of 10 using an LKB Novaspec II spec-
trophotometer. Cells were used over a 5 h period and kept at 5 ◦C
between each assay.
2.4. Electrochemical measurements

Electrochemical measurements were made using an eDAQ
potentiostat and PowerLab 2/20 with eDAQ EChem data acqui-
sition software. All measurements were made in a Faraday cage
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Fig. 1. (A) Schematic diagram of the fabrication procedure for PPF-SWCN
dapted from Garrett et al. (2010).

t 37 ◦C. The working electrode was PPF-SWCNT-Osbpy, bare PPF
r PPF modified with chemically assembled SWCNTs. The work-
ng electrode was positioned horizontally in the bottom of the
lectrochemical cell. A viton o-ring (8 mm diameter) defined a
orking area of 0.50 cm2. The reference and auxiliary electrodes
ere Ag/AgCl and Pt, respectively.

Unless otherwise stated, linear sweep voltammograms (LSVs)
f P. vulgaris were performed at a scan rate of 2 mV s−1 with an
nitial potential of 0.0 V and a final potential of 0.6 V. Working
olutions contained cells at an OD600 of 1.0 and 1 mM glucose in
0 mM PBS pH 7. Unless otherwise stated, cells were incubated in
he electrochemical cell (which included the working electrode)
t 37 ◦C for 1 h prior to electrochemical measurement. The exper-
mental control was a solution of 50 mM PBS pH 7 and 1 mM
lucose.

For electrochemical investigation of cell pellets and super-
atants, cells were harvested and washed as described in Section
.3, and the cell pellet was placed on the PPF-SWCNT-Osbpy elec-
rode. LSV was performed as described in above, but without an
ncubation period. The cell pellet was then transferred to a 1.5 mL
ppendorf tube and centrifuged at 12,000 rpm for 12 min. The
upernatant was removed and transferred to the electrochemical
ell for investigation by LSV. The cell pellet was re-suspended in
mL of buffer containing 1 mM glucose and incubated at room tem-
erature for 5 h. This was then centrifuged at 12,000 rpm for 10 min
nd the supernatant placed in the electrochemical cell and analysed
y LSV.
.5. Toxicity monitoring

Toxin assay solutions (10 mL) contained 1 mM glucose and P.
ulgaris cells at an OD600 nm of 1 and added toxins: ethanol with final
bpy electrodes and (B) AFM images of AP- and AP-SWCNT modified PPF.

concentrations of 12.5%, 25%, 50%, and 75%; sodium azide with final
concentrations of 0.125, 0.25, 0.5; and 1.0 mM and ampicillin with
final concentrations of 0.5, 1, 2 and 4 mM. The assay control was a
10 mL solution of 1 mM glucose and cells at an OD600 nm of 1. The
assay solution was added to the electrochemical cell and placed in
a 37 ◦C incubator for 1 h prior to analysis by LSV. LSV was also per-
formed on blank solutions which contained 1 mM glucose and the
corresponding concentration of toxin. Three LSVs were obtained
for each solution.

At the end of the voltammetric analysis the assay solution was
agitated to ensure an even distribution of the cells before preparing
dilutions of 1 × 103 and 1 × 106. A 100 �L aliquot of each dilution
was spread on a tryptic soy agar plate. Spread plates were prepared
in triplicate and were incubated at 37 ◦C for a minimum of 16 h
before counting.

3. Results and discussion

3.1. Electrochemical characterisation of PPF-SWCNT-Osbpy and
cellular electrochemistry

The procedure for preparing PPF electrodes modified with
covalently-coupled SWCNTs and subsequent functionalisation
with an Os(II) bipyridine complex (PPF-SWCNT-Osbpy) is outlined
in Fig. 1. Preparation of the SWCNT-modified surface has been
described in detail previously and the surfaces have been fully
characterised by microscopy and electrochemical measurements

(Garrett et al., 2010). Attachment of the Os(II) bipyridine complex
via amide bond formation between an amine-substituted pyridine
ligand and carboxylate groups on the SWCNTs followed the gen-
eral procedure previously established for coupling the complex to
carboxylate-terminated surface films (Boland et al., 2008). Cyclic
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Fig. 2. (A) CVs obtained in solutions of 50 mM PBS, pH 7 at a freshly prepared PPF-
SWCNT-Osbpy electrode. CVs were obtained at scan rates of 2, 10, 20, 50, 100, and
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Table 1
Oxidation peak currents at a PPF-SWCNT-Osbpy electrode obtained from LSVs of a
cell pellet and supernatant without prior incubation of cells, and supernatant after
a 5 h incubation.

Conditions ipa (nA) Blank subtracted (nA)

PBS blank 292
Cell pellet 768 476
00 mV s−1. (B) Plot of oxidation peak currents versus scan rate for the CVs in (A). (C)
ypical LSVs obtained in the absence (I) and presence (II) of P. vulgaris cells which
ere incubated for 1 h on the PPF-SWCNT-Osbpy electrode prior to obtaining the

SV.

oltammetry of the surfaces in 50 mM PBS, pH 7 containing 1 mM
lucose (Fig. 2A) shows a chemically reversible couple with an
1/2 ∼ 0.274 V vs Ag/AgCl. This E1/2 is very close to that reported

2+/3+
or the Os couple of the similar complex covalently attached
o a glassy carbon electrode surface grafted with carboxyphenyl
roups (E◦ ∼ 0.268 V vs Ag/AgCl), consistent with immobilisation
f the complex (Boland et al., 2008). Further evidence for sur-
ace immobilisation was obtained by examining the relationship
Supernatant 347 55
Supernatant after 5 h 500 308

between oxidation peak currents and scan rate. Fig. 2B shows there
is a linear relationship for scan rates between 2 and 200 mV s−1, as
expected for a surface-confined redox process.

The ability of the PPF-SWCNT-Osbpy electrode to inter-
act with cellular redox processes was examined by LSV (scan
rate = 2 mV s−1) in the absence and presence of P. vulgaris cells
(Fig. 2C). A LSV was obtained in the absence of cells (scan I) and
then cells were added to give an OD600 nm of 1. After incubation at
37 ◦C for 1 h, the LSV was repeated (scan II). Addition of cells gives
an increased current for oxidation of the complex, indicating that
electrochemically generated Os3+ centres are reduced by the cells
leading to catalytic enhancement of the signal. The mechanism for
this is an EC’ process (Kissinger and Heineman, 1984): scanning
in a positive direction electrochemically oxidises the Os2+ to Os3+,
the cells then chemically reduce Os3+ back to Os2+, presumably via
membrane bound redox sites, leading to redox cycling of osmium
centres and the observed increased currents (Fig. 2). Other work-
ers have shown that such catalytic enhancement depends on cell
metabolic rate and thus can be used to monitor this rate (Timur
et al., 2007). This forms the basis of the toxicity sensor described in
the next section.

When the experiment was repeated using bare PPF and PPF
modified with non-functionalised SWCNTs, no oxidation peaks
were obtained in the presence or absence of cells, confirming that
the immobilised Osbpy is essential for mediating electron transfer
from the P. vulgaris.

There are many reports of ‘wiring’ of cells to electrodes
for electrochemical communication (Alferov et al., 2009; Coman
et al., 2009; Timur et al., 2007; Vostiar et al., 2004). Wiring
implies that the observed current enhancement in the pres-
ence of cells comes from redox centres incorporated in the cell
membrane rather than from soluble redox-active cell exudates.
To investigate the origin of the cell-related current enhance-
ment observed for P. vulgaris at the PPF-SWCNT-Osbpy electrode
(Fig. 2C), LSVs were obtained for a cell pellet (prepared by
centrifugation) and for the supernatant collected after micro-
centrifugation of the pellet (Section 2.4). After electrochemical
measurement, the cell pellet was re-suspended in 1 mL of 1 mM
glucose in PBS and incubated for 5 h and analysis of the super-
natant was repeated. The magnitudes of the oxidation peak
current of all LSVs were measured by extrapolating the base-
lines and measuring the peak heights, giving the results shown in
Table 1.

The data in Table 1 reveal that current is generated both by
the cell pellet (which incorporates cells and supernatant) and the
supernatant alone. This confirms that there is direct wiring of the
PPF-SWCNT-Osbpy electrode to membrane redox sites of P. vulgaris
that are in contact with the electrode. The blank-corrected current
for supernatant collected from the cell pellet without a prior incu-
bation period is very small, but after 5 h incubation of cells and
extraction of the supernatant, the current is significantly larger,

consistent with accumulation of a species secreted from the cells.
Hence these results establish that in the presence of P. vulgaris,
current is generated both from cells wired to the electrode and also
from a solution species released by the cells.
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ig. 3. Mean LSV anodic peak currents versus incubation time for solutions contain-
ng P. vulgaris at an OD600 nm of 1 in the presence of 1 mM glucose. Incubation was
t 37 ◦C in the electrochemical cell. Error bars represent ±1 SE of the mean (n = 3).

The finding that the biologically generated oxidation currents
re largely due to wired cells led to an investigation of the optimum
ime for incubating P. vulgaris on the surface of the electrode, prior
o obtaining LSVs. All measurements were carried out using cells
tored at 5 ◦C for 90 and 165 min after harvesting, as well as cells
sed immediately, and the mean currents obtained at each incuba-
ion time are plotted in Fig. 3. Two important points are highlighted
y the data. First, for cells with an OD600 nm of 1 in the presence of
mM glucose, the peak currents increase with incubation time (at
7 ◦C) up to 45 min and are approximately constant over a longer
eriod. Thus it appears that the cells take approximately 45 min
o settle and form the maximum number of connections with the
lectrode and produce the maximum current. Second, the constant
eak currents obtained after 45 and 60 min incubation times estab-

ish that cell metabolism is constant over this time period and hence
hat the concentration of glucose is not limiting cell metabolism
ver a 1 h incubation. Thus all further measurements were made
ith P. vulgaris at an OD600 nm of 1, with 1 h incubation in the elec-

rochemical cell at 37 ◦C in the presence of 1 mM glucose. It should
e noted however that there are significant changes in response
ven after 15 min incubation. Hence shorter incubation times could
e used for biosensing applications, giving much reduced assay
imes.

The long term stability of the PPF-SWCNT-Osbpy electrodes was
stablished by comparing the mean anodic peak currents of LSVs
btained at the same electrode in blank solutions (50 mM PBS with

dded 1 mM glucose) over 96 days. During this time period, the
lectrode was used for approximately 1000 measurements, the
ajority in the presence of P. vulgaris. Fig. 4 shows that before use

n cell solution (0 days datum point) the mean anodic peak current
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ig. 4. Magnitude of the mean anodic peak currents obtained from LSVs obtained
t a PPF-SWCNT-Osbpy electrode in a solution of 50 mM PBS at pH 7 with 1 mM
lucose at a scan rate of 2 mV s−1 over a 96-day time period. Error bars represent
1 SE of the mean (n = 3 except for days 60 and 72 for which n = 1).
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was 507 nA with a coefficient of variation (CoV, SD/mean × 100) of
6.0%. There was a steady decrease in response after use in the pres-
ence of P. vulgaris, but after 20 days and approximately 50 uses,
the response became constant, with a CoV of 9.3%. We assume that
use of the electrode in the cell solution either results in adsorption
of a layer of electroinactive cell-derived species that decreases the
response or alternatively, that surface active cell-derived species
remove non-covalently coupled SWCNTs or Os(II) bipyridine com-
plex from the surface. The latter proposal is supported by the results
of Boland et al. (2008) who investigated the stability of modi-
fied electrodes prepared by reaction of the same osmium complex
with an acid-terminating tether layer grafted to GC. Those workers
noted an initial decrease in response of the osmium complex on
repeated potential cycling which they attributed to the removal of
non-covalently bound material (Boland et al., 2008). Importantly,
in the present work, the surface attained after 20 days use is highly
stable. This stability is attributed to the mode of electrode mod-
ification: the AP tether layer is covalently grafted to the carbon
substrate with formation of C–C bonds. SWCNTs are coupled to the
tether layer through hydrolytically stable amide bonds and simi-
larly the Os(II) bipyridine complex is attached to the SWCNTs via
amide bonds. Interestingly however, even after 20 days use, the
biologically derived current was observed to decrease slowly with
increased number of uses in cell solutions. This phenomenon is cur-
rently unexplained but we tentatively suggest that with increased
use, cell debris on the surface of the electrode forms a physical bar-
rier making it more difficult for cell wiring. It should also be noted
that repeat preparations of PPF-SWCNT-Osbpy electrodes gave sur-
faces with somewhat different currents for the Os2+/3+ couple, but
all surfaces gave reliable measurement of biologically derived cur-
rents.

3.2. Application of PPF-SWCNT-Osbpy electrodes in toxicity
testing

The ease of use and excellent stability of PPF-SWCNT-Osbpy
electrodes are ideal properties for sensors for rapid routine assays
such as toxicity testing. To demonstrate this application, three tox-
ins with different mechanisms of toxicity were selected: ethanol
(cell membrane disruptor), azide (catabolism disruptor) and ampi-
cillin (cell wall synthesis inhibitor). P. vulgaris at an OD600 nm of 1
was incubated for 1 h in the electrochemical cell in the presence
of 1 mM glucose and varying concentrations of each toxin. LSVs
were recorded at the end of this period giving the mean, blank-
subtracted anodic peak currents shown in Fig. 5 (A), (C) and (E).
(For these experiments, the blank currents were obtained from
LSVs recorded in the presence of 1 mM glucose and the toxin at
the appropriate concentration.) To corroborate the electrochemi-
cal toxicity results, cell viability counts were carried out in parallel
giving the data shown in Fig. 5 (B), (D) and (F). For all toxins, the
electrochemical assay gives very similar results to the cell viability
counts. For example, in the presence of 12.5% ethanol, the elec-
trochemical signal (Fig. 5A) decreases by 70% while the number
of viable cells decreases by 72% (Fig. 5D). This indicates that the
PPF-SWCNT-Osbpy electrode can accurately monitor the decrease
in biologically generated currents revealing the inhibitory effects
of ethanol on the bacterial cells. Ethanol is toxic because it inter-
acts with biological membranes, resulting in decreased membrane
integrity which causes an increased flux of protons into the cell,
leading to the dissipation of the proton motive force and a decrease
in ATP production, resulting in death of the cell (Sikkema et al.,

1995).

It is interesting to note that at ethanol concentrations of 25%,
50% and 70%, small but easily measurable signals are obtained using
the PPF-SWCNT-Osbpy electrode (Fig. 5A), but plate counts showed
that the mean number of viable cells was 4.33 × 105, 1.33 × 105,
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Fig. 5. Plots of mean peak currents (A, C, E) obtained from LSVs of P. vulgaris, and
viable cell numbers calculated from plate viability counts (B, D, F) exposed to vary-
ing concentrations of ethanol (A, B), sodium azide (C, D) and ampicillin (E, F). LSV
peak currents have been blank subtracted using LVSs obtained for corresponding
solutions in the absence of cells. Error bars represent ±1 SE of the mean (n = 3).
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6.67 × 105 cells/mL, respectively (Fig. 5B). This indicates that the
cells are respiring but at these concentrations they are unable to
replicate. Similar behaviour has been reported for Saccharomyces
cerevisiae cells held at 45 ◦C and then subcultured on agar plates.
Metabolism was detected in the cells at 45 ◦C but they could not
replicate on the agar plate (Kiran Sree et al., 2000; Schaetzle et al.,
2008; Walker and Walker, 2006).

Sodium azide is a well known toxin for gram negative bacteria
(Lichstein and Soule, 1944) and is used as a positive control in the
Ames bacterial mutagenicity assay (McCann et al., 1975). Surpris-
ingly, the electrochemical assay showed that lower levels of sodium
azide are more toxic than higher levels (Fig. 5B); this finding was
confirmed by cell viability counts (Fig. 5E). These results are in con-
trast to those reported by Lichstein and Soule (1944) who found a
positive correlation between increasing dose of sodium azide and
inhibition of growth for P. vulgaris. It appears that in the strain of
P. vulgaris used in the present work, higher doses of sodium azide
increase the transcription and translation of genes which limit the
toxicity. Sodium azide is known to inhibit protein translocation and
one mechanism of resistance has been shown to be a mutation in
the protein translocation gene. A mutation to a nucleotide base in
the gene that codes for this protein would result in insertion of a
different amino acid. The resulting conformational change to the
protein may prevent sodium azide from binding allowing translo-
cation to continue. Such a mechanism may explain why sodium
azide is less toxic at the higher doses (Oliver et al., 1990).

The final example demonstrating the reliability of the electrode
used ampicillin, a bactericide which inhibits cell growth by inhibit-
ing the production of the cell wall (Kaldalu et al., 2004). The toxicity
of ampicillin, revealed by the electrochemical assay, shows excel-
lent agreement with the plate viability results (Fig. 5C and F). It
should be emphasised that for all of these examples the electro-
chemical biosensor assay was undertaken with a 1 h incubation
whereas the plate counts required at least 16 h incubation. Fur-
thermore, as noted above, a shorter incubation time could be used
with the electrochemical assay making this a suitable method for
rapid screening.

3.3. Conclusions

This work demonstrates that PPF electrodes that are modified
with chemically assembled SWCNTs and functionalised with an
Os(II) bipyridine complex can accept electrons from bacterial cell
surface redox sites. In addition, a soluble electroactive cell exudate
is also shown contribute to the measured current. Work is under-
way to characterise and identify this species. A key advantage of the
sensing surface is its long-term stability, which is attributed to the
fully covalent incorporation of components onto the surface (over
four months use and approximately 1000 measurements). Incor-
poration of the Os(II) bipyridine complex on the sensing surface
removes the need for a soluble mediator and simplifies use of the
electrochemical approach.

The ability of the electrode to accurately report cell metabolic
rate has been applied to toxicity sensing, giving results that show
good agreement with those obtained from plate viability counts.
This electrode will be useful in a wide range of applications includ-
ing environmental toxicity assessment, sensing applications such
as antibiotic screening and biochemical oxygen demand (BOD). This
electrode will also permit the use of organisms that cannot self-
mediate, thus increasing the types of microbial cells that can be
used in microbial fuel cells.
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