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a b s t r a c t

Polypyrrole nanowires (Ppy) were assembled onto microfabricated gold interdigitated microelectrodes,
to construct a chemiresistive biosensor for the detection of Bacillus globigii, used as simulant of the threat-
ening bioterrorism agent B. anthracis. The fabricated biosensor showed good linear correlation (r2 = 0.992)
for low spore concentrations ranging from 1 to 100 CFU (colony forming units)/mL, a concentration that
could be used in a bioterrorism attack, with a response time of 30 min, after which the sensor was sat-
eywords:
olypyrrole
anowire
pore detection
acillus sp.

urated. The performance of the biosensor was also assessed in the absence of anti-B. globigii antibodies
and in the presence of non-target bacterial cells (Escherichia coli) showing no significant non-specific
interactions. We believe that Ppy nanowires are a good platform for the detection and also quantification
of large molecules and biocomponents even at low concentrations.

© 2010 Elsevier B.V. All rights reserved.

iosensor
ioterrorism

. Introduction

Rapid detection of hazardous microorganisms is of high impor-
ance, not only to prevent the occurrence of human diseases,
ut also to establish the appropriate diagnosis to start medical
reatment as soon as possible. Infection routes are traditionally
ood or waterborne through the consumption of contaminated
liments or recreational activities. The use of microorganisms as
iological weapons is another global concern that threatens the
ecurity of the populations worldwide. The recent bioterrorism
ttack occurred in the US in 2001 resulted in the death of 5 peo-
le after infection with Bacillus anthracis spores dispersed through
nvelopes.

B. anthracis is a Gram positive spore-forming bacterium caus-
ng the anthrax disease. Traditionally, the detection methods

or this bacterium are based on ELISA tests and/or PCR-based

ethods that require expensive equipment and experienced
ersonnel (see Herzog et al. (2009) for review of different
etection techniques). Alternative techniques have been explored
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but because of the safety level requirements (level 3) for the
manipulation of this bacterium and the fact that not all labo-
ratories can meet these requirements, studies have been often
been performed with simulant bacteria such as B. globigii (Jung
et al., 2003; Rowe et al., 1999; Stratis-Cullum et al., 2003,
2008).

One-dimension structures (1D), including nanowires, nan-
otubes, nanobelts and nanosprings are attractive platforms for the
fabrication of biosensors (Wanekaya et al., 2006). The use of 1-
D instead of two-dimension structures (2-D) has gained interest
in last years which is reflected by the increase in the num-
ber of publications because of their unique properties. Silicon
nanowires (Zheng et al., 2005), gold nanowires (Gamby et al.,
2006), carbon nanotubes (CNTs) (Kim et al., 2009), and conduct-
ing polymers based nanowires such as polypyrrol nanowires (Ppy)
(Bangar et al., 2009) have been used as building blocks for the
fabrication of biosensors. 1-D nanostructures, among other char-
acteristics, are expected to provide a better performance of the
biosensor in terms of sensitivity, since they have a larger spe-
cific surface area per volume unit. Theoretically, this property is
translated into a lower number of target molecules that are nec-

essary to elicit a response by the biosensor. Accordingly, they
have been demonstrated useful for the detection of small proteins
down to 50 fg/mL (Zheng et al., 2005) or nucleic acids at femto-
molar concentrations (Hahm and Lieber, 2004). Gold nanowires,
for example, have been proven useful for the detection of small

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
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olecules like the prostate specific antigen (Pampalakis and Kelley,
009).

Conducting polymers are very promising materials used to
onstruct nanowires as they show unique electrical, physical
nd optical properties together with the fact that their syn-
hesis is relatively easy and inexpensive when compared with
ther 1-D structures such as CNTs (Wanekaya et al., 2006).
hese structures have been successfully integrated onto micro-
lectrodes to construct chemiresistive or field-effect transistors
or protein detection (Bangar et al., 2009). The objective of
his study was to investigate the suitability of Ppy nanowires
or the construction of cost-effective, sensitive and ease-to-use
iosensors to be used as chemiresistive biosensor for the detec-
ion of bioterrorism threatening agents, like B. anthracis spores,
sing B. globigii spores as surrogate. In this case, Ppy nanowires
ere assembled onto interdigitated microelectrodes, taking advan-

age of the enhanced sensitivity generated by this kind of
icrofabricated devices (Laczka et al., 2008b). Covalent function-

lization of Ppy nanowires with N-(3-dimethylaminopropyl)-N′-
thylcarbodiimide hydrochloride/N-hydrosuccinimide (EDC/NHS)
hemistry was chosen for immobilization of antibodies.

. Experimental

.1. Bacterial strains

B. globigii spores were obtained from NAMSA (Northwood, OH,
SA) at a concentration of 107 CFU/mL in phosphate buffer (PB).
10-fold dilution series was prepared in PB to be used for sensing
ith the biosensor. Escherichia coli K12 was used as negative control

o evaluate the performance of the biosensor in the presence of
nterfering bacteria. With this aim, a stock culture was prepared by
vernight culture of the cells in Luria Bertani (LB) broth at 37 ◦C,
ollowed by washing the cells by centrifugation and resuspension
f the cells in PB for three times.

.2. Biomolecules and chemical reagents

Monoclonal antibodies specific towards B. globigii spores (anti-B.
lobigii MAb) were purchased from Tetracore (Rockville, MD, USA)
nd stored at 4 ◦C at a concentration of 1 mg/mL. All the chemicals
sed were of analytical grade and were used as received without
ny further purification unless otherwise stated. The PB stock solu-
ion (0.1 M, pH 7.4) was prepared by mixing 0.1 M K2HPO4 and
.1 M KH2PO4 until reaching the desired pH. A 10-fold dilution of
his stock (10 mM PB) was sterilized by filtration though a 0.22 �m
ore sterile filter (Millipore Corporate, Billerica, MA, USA) and was
sed as working solution. All the solutions were prepared in double
istilled water unless otherwise stated.

.3. Polymerization of Ppy nanowires

Pyrrole was obtained from Sigma–Aldrich (St. Louis, MO, USA),
istilled and stored at −20 ◦C until used. The polymerization was
erformed as described elsewhere (Bangar et al., 2009) using

three-electrode configuration cell, composed by a working
lectrode containing a 200 nm diameter pore alumina template
Whatman International Ltd., Maidstone, England), a platinum
ounter electrode, and a reference electrode (Ag/AgCl, 3 M KCl). A
olution containing 0.5 M pyrrole and 0.2 M LiClO4 (pH 6.3) was

sed as electrolyte for the PPy electrodeposition. The solution was
urged for 30 min with 99.99% nitrogen for 30 min before deposi-
ion. The polymerization of Ppy was performed potentiostatically
t 0.9 V vs. Ag/AgCl for 15 min and the template was removed as
escribed by Bangar et al. (2009).
oelectronics 25 (2010) 2309–2312

2.4. Working electrodes

The fabrication of the gold interdigitated electrodes was made
using standard photolithographic techniques as described else-
where (Streeter et al., 2007). After fabrication, the wafers were
diced into 3 mm × 3 mm individual chips and then wire bonded to
suitable print circuit boards. The encapsulating resin used to pro-
tect the connection pads of the PCB and wire bonds was an Epotek
thermo-curable polymer. These devices, which consisted in dig-
its 10 �m wide separated by 10 �m gaps, had been extensively
characterized as described by Laczka et al. (2008b).

2.5. Biosensor fabrication

The working electrodes were first cleaned with ethanol and
then electrochemically activated in 0.1 M KCl by applying a series
of potential pulses from 0 to −2 V vs. Ag/AgCl (3 M KCl) using a
CHI750C bipotentiostat run by a Windows XP based PC. After this,
10 �l of a 1:100 dilution of the above described nanowire stock
solution were deposited onto the gold microelectrodes and aligned
using AC electrophoresis at 4 MHz and 3 V peak-to-peak for 1 min.
The excess of solution was removed. Subsequent anchoring of the
nanowires was performed as described previously (Bangar et al.,
2009) by gold maskless deposition at −0.5 V and room temper-
ature for 10 min using Technigold (Technic Inc., CA, USA) as the
electrolyte. The three-electrode cell included the above described
counter and reference electrodes, and the interdigitated electrode
with the assembled nanowires as working electrode.

2.6. Biofunctionalization of Ppy nanowires and sensing procedure

Biofunctionalization of the anchored nanowires was performed
as previously described (Dhand et al., 2007). Briefly, the nanowires
were incubated with 0.1 mg/mL of anti-B. globigii MAb (5 �l) in
the presence of 60 mM EDC and 2 mg/mL NHS. The reaction was
allowed to proceed for 3 h at room temperature. EDC/NHS reacts
first with the –COOH groups in the antibody, and then to the –NH
group on the nanowire surface. For the negative control experi-
ments, designed to evaluate the level of spore non-specific binding,
the antibody solution was replaced by bovine serum albumin (BSA)
(0.1 mg/mL). After completion of the reaction, the electrodes were
washed three times with PB–Tween 20 (0.1%, V/V) and three more
times with PB, followed by sensor blocking with BSA (1%, W/V) for
1 h at room temperature and two new series of washing steps as
described above. The biosensor was then ready to be used for the
sensing purposes. Target capture was performed by sensor incu-
bation with increasing concentrations of the microorganisms to be
detected for 30 min at room temperature, followed by washing of
the biosensor as described before prior to the measurement.

2.7. Electrochemical measurements

Linear sweep voltammetry measurements were performed
using a semiconductor parameter analyzer (model 4155A, Agilent
Technologies Inc., CA) from −0.2 to 0.2 V. The slope of the cur-
rent/voltage (I/V) plot between −0.1 and 0.1 V was calculated using
linear regression analysis and the inverse of this value, the resis-
tance (R), was used for comparison purposes. All measurements
were carried out in 10 mM PB, pH 7.4. All results are expressed as
the mean of at least three independent replicates with its corre-
sponding standard deviation.
3. Results and discussion

The dimensions of the fabricated Ppy nanowires (∼200 nm in
diameter by 15–20 �m in length) were in accordance with data
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reached a plateau/saturation above 100 CFU/mL and no further
increase in resistance was registered. Additionally, the biosensor
responses were highly reproducible with small standard devia-
tions. A possible explanation of the narrow dynamic range of the
ig. 1. Schematic representation of the biosensing platform after the assembly of
right) obtained at (a) bare nanowires, (b) Ab-functionalized nanowires, and (c) Ab-fu
o increase its resistance (R).

eported previously for this electropolymerization method (Bangar
t al., 2009). The stock solution of nanowires was diluted 100-fold in
2O, deposited onto the electrodes’ surface and subjected to elec-

rophoretic alignment as described in Section 2 (Fig. 1). Assembly
f the nanowires onto the interdigitated electrodes correlated with
n initial change in resistance of around 100 k� (Fig. 1) that was
ighly reproducible. The electrodes were then kept at room tem-
erature for 24 h to allow stabilization and were then subjected to
iofunctionalization and biosensing.

Biofunctionalization of PPy nanowires with anti-B. globigii MAbs
hrough EDC–NHS chemistry resulted in stable attachment of the
bs to the nanowires. An average increase of 60% in resistance was
etected after EDC/NHS mediated Ab conjugation (Fig. 1) and was
table for at least 24 h (data not shown). The correct orientation of
he Abs and their accessibility to their target is of outmost impor-
ance to produce a sensor with good sensitivity (Lu et al., 1996).

hile the covalent linkage method employed in this work can not
uaranty the correct orientation of the Abs, it has some advantages
ver other methods usually employed for the biofunctionalization
f conducting polymers (Cosnier, 2000) such as the physical entrap-
ent (Minett et al., 2002) or direct adsorption (Khan and Wernet,

997; Smith and Knowles, 1990). In the first case, the entrapment
n the polymer can result in loss of activity of the biomolecules
ecause of the harsh conditions used for the polymerization and
herefore the suitability of the method will strongly depend on the
haracteristics of the biomolecule to be immobilized. On the other
and, direct adsorption of polyclonal Ab has been described to pro-
ide efficient and stable surfaces for the sensing of complex targets,
uch as bacteria (Laczka et al., 2008a), but usually generates poorer
erformance in the case of monoclonal Ab (Butler, 2000). Although
ovalent functionalization with EDC/NHS chemistry cannot guar-
nty the correct orientation of Abs, the fact that the nanowire
tructure has a high surface area/volume ratio may overcome this
rawback by allowing exposure of enough Ab units attached to the
urface. Also, the fact that as few as 5 �l of antibody solution is
eeded to perform the EDC–NHS reaction, it is a good immobiliza-
ion method to be used with this kind of sensor. In fact, the results

f a previous work comparing EDC/NHS chemistry to other cova-
ent linking methods, such as glutaraldehyde coupling, suggested
hat the former generated more efficient immuno-functionalized
anowires for the production of chemiresistive sensors (Bangar et
l., 2009).
nowires onto the gold interdigitated microelectrodes (left). Illustration of I/V plot
nalized nanowires after spore immuno-capture. Nanowire modification contributes

The performance of the biosensor was assessed by monitor-
ing the changes in the resistance of the system after successive
incubations of increasing concentrations of bacterial spores. Using
interdigitated microelectrodes was expected to provide enhanced
system sensitivity compared to the use of a single pair of micro-
electrodes. The reason is that interdigitated electrodes of smaller
features show significantly higher perimeter and smaller surface
areas than single electrodes occupying a similar footprint. It has
been demonstrated that the perturbation produced by the bind-
ing of big targets, such as bacteria, becomes more significant for
electrodes of smaller active surface area (Laczka et al., 2008b).
Additionally, the unique design and characteristics of interdigi-
tated microelectrodes eliminates the need for a reference electrode,
providing a simpler experimental setting than classical three or
four electrode systems (Varshney and Li, 2009). As shown in
Fig. 2, the fabricated biosensor showed a lower detection limit of
1 CFU/mL (3 times the standard deviation of the response obtained
for blanks/buffer) and a linear dynamic range between 1 and
100 CFU/mL, with a response time of 30 min. The sensor response
Fig. 2. Calibration plot for B. globigii spores biosensing at PPy nanowires covalently
functionalized with anti-B. globigii Abs (�) vs. PPy nanowires with no Abs, blocked
with BSA (�). The differences in response confirm that spore detection is achieved
through Ab-spore specific immuno-capture and not due to spore non-specific bind-
ing.
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Fig. 3. Optical microscope image showing attachment of spores onto the PPy
nanowires.
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ig. 4. Negative control experiment performed at PPy nanowires covalently func-
ionalized with anti-B. globigii Abs in the presence of E. coli. The non-target bacterial
ells generated undetectable levels of non-specific adsorption onto the sensing sur-
ace up to titers of 106 CFU/mL.

ensor is as follows. The isoelectric point of B. globigii spores ranges
etween 2 and 3.6 (Ahimou et al., 2001; Yamaha and Abe, 1934).
ence, at the pH used in the electrochemical measurements (pH
.4), the spores display an overall negative charge. Taking into
ccount that the average dimension (1.22 �m × 0.65 �m) of the
pores (Carrera et al., 2007) is much greater than the Debye length
haracteristic of a semiconductor immersed in a 10 mM PB solution
Kim et al., 2009), only the negative charges on the section of the
pore surface placed in proximity to the sensor surface contribute
o the measured signal. Spore binding was additionally confirmed
y optical microscopy (Fig. 3).

The specificity of the biosensor was also assessed by measuring
he response in the absence of anti-B. globigii antibodies (negative
ontrol) (Fig. 2) and in the presence of non-target bacterial cells (E.
oli) (positive control) (Fig. 4) in solution. None of these controls
howed significant levels of non-specific interactions, even at very
igh concentrations of bacteria (106 CFU/mL) were used.

The use of nanowires for the fabrication of biodevices has
ttracted the interest of researchers for many applications includ-
ng, among others, the detection of small proteins (Bangar et al.,
009) and DNA molecules. To our knowledge this is the first study
eported using a chemiresistive nanowire-based sensor for the
etection of bacterial spores. Pal et al. (2007) reported a direct elec-
ron transfer biosensor for the detection of B. cereus as model for B.

nthracis based on sandwich assay format using two sets of poly-
lonal Ab coupled with polyaniline nanowires and capillary flow for
he transport of reagents. The detection limit and dynamic range
btained by this millimeter size biosensor were similar to that
btained with our chemiresistive nanosensor. The results obtained
oelectronics 25 (2010) 2309–2312

in our work are very promising for the future development of
low cost, sensitive, ease-to-use and portable bio-MEMs for the
detection of spores using a straightforward methodology for the
fabrication. Also, it is expected that the methodology developed in
this study can be applied for the detection of other larger targets,
such as bacteria and even yeasts, using an appropriate recognition
molecule, since they all have isoelectric points below 7. Further,
multiple targets can be analyzed simultaneously in very small sam-
ple and rapidly using an array with multiple sensors.

4. Conclusions

In summary, we have developed biosensor with excellent sen-
sitivity, a detection limit of 1 CFU/mL and a dynamic range up to
100 CFU/mL in PB 10 mM. The results were highly reproducible.
Besides, the ease of manipulation and the straightforward method-
ology needed for their synthesis makes them very promising
structures to be used for the construction of label-free, cost-
effective, ease-to-use, miniaturized biosensors for detection of
different microorganisms.

.
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