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Unusual methods for specific detection of pathogenic bacteria are becoming key points for control and
identification of problems related to health and (bio)safety. In this context, this work aims to pro-
pose a new approach for the development of nanostructured biosensors based on carbon nanotubes
(CNTs) and antimicrobial peptides for bacterial detection. Firstly, the antimicrobial peptide clavanin A
(ClavA) was chemically immobilized on CNTs and surface-immobilized ClavA was used to detect Kleb-
siella pneumoniae, Enterococcus faecalis, Escherichia coli and Bacillus subtilis in a direct assay format. We
used electrochemical impedance spectroscopy technique to evaluate the effectiveness and sensitivity of
the ClavA-based biosensors by measuring the modifications in their electrochemical responses before
and after incubation in presence of different bacteria concentrations. The biosensor was able to discrimi-
nate between bacteria concentrations in the 102-10% CFUmL~! range. Atomic force microscopy analysis
confirmed the biosensor functionality for bacterial recognition. This new sensor system was capable of dif-
ferentiating between Gram-positive and Gram-negative bacteria, since ClavA showed different affinities

toward the pathogenic bacteria species.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, due to increasing levels of bacterial resistance
infectious diseases are once again being considered as a severe
worldwide health problem. In that regard, Klebsiella pneumo-
niae is an opportunistic pathogen associated at different cases
of infections across the world. K. pneumoniae has been recog-
nized in the group of “ESKAPE” pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacter species), which
present high resistance to conventional antibiotics [1]. Also,
Escherichia coli, a notorious cause of food poisoning Gram-negative
bacterium, produces toxins that may cause multiple symptoms
including skin irritation, vomiting, nausea, diarrhea, fever, inflam-
mations, and liver damage [2]. Hence, the diagnosis and control of
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microbial diseases are a problem of increasing importance in public
health. The most common methods for detection and quantification
of bacteria are based on separation techniques, culture and colony
counting, molecular tests, and on biochemical and immunologic
assays [3]. The classical methods have some clear disadvantages, as
the cost of the necessary equipment and the long periods required
of analysis. Although diverse alternative methods for fast bacteria
detection have been developed, some of them require pretreatment
to extract DNA from the target samples, as polymerase chain reac-
tion (PCR) [4], DNA-based nanobarcode [5] and MALDI MS analyses
[6]. Unfortunately, the use of these more technological methods in
high-throughput pathogen detection requires the presence of prop-
erly trained staff with access to expensive devices [7]. Therefore,
the development of new methods of detecting microorganisms that
dispense pre-treatment, while providing a fast detection, selectiv-
ity and sensitivity, continues to be extremely desirable.

Due to their outstanding selectivity, antimicrobial peptides
(AMPs) are suitable candidates for the development of future
antibiotics [8]. The ability of the AMPs to interact with microorgan-
isms is mainly due to their ability to target the outer membrane
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of bacterial cells, leading to a disruption of electrochemical gra-
dient across the cell, causing the final rupture of the cellular
membrane-cell integrity [9]. It is important to note that the mem-
brane selectivity varies for different peptides [10], with a distinct
specificity of interaction between eukaryotic or prokaryotic cell
membranes [11]. Among such peptides are the clavanins, previ-
ously isolated from hemocytes from the invertebrate Styela clava, a
solitary tunicate [12]. Clavanin A (Clav A) is a helical peptide with a
23-amino-acid residues length [13]. Moreover, Clav A is well known
to be highly effective against Gram-positive and Gram-negative
organisms [14].

It is worth to note that the development of AMPs based biosen-
sors for the detection of pathogenic bacteria could impact areas
as diverse as water-quality monitoring, testing of pharmaceuti-
cal products and analyses of bacterial contamination [15]. Some
authors have used AMPs as bio recognition elements for the devel-
opment of microorganism biosensors with detection limits of
5x 104 cellsmL~1[16,17].

Meanwhile, many researchers have focused efforts in the study
of carbon nanotubes (CNTs) due to their remarkable sensitivity
to structural changes, large length-to-diameter aspect ratios that
provide high surface-to-volume ratios and the possibility of simple
chemical modifications [18]. CNTs may be assembled in single-
walled (SWCNTs) or multi-walled (MWCNTSs) nanotubes. SWCNTSs
have typically 1 nm of diameter while MWCNTSs tend to have diam-
eters between 2 and 100 nm [19]. As a general trend, CNTs have
shown suitable properties for electrochemical biosensing due to
their ability to accumulate analytes, minimal surface fouling and
good electrocatalytic activity [20,21].

Electrochemical Impedance Spectroscopy (EIS) is an electro-
analytical technique that measures the impedance, a complex
parameter that comprises capacitance and resistance, after the
application of small amplitude sinusoidal voltage signal to the sam-
ple of interest placed on an electrochemical cell, resulting in a
measurable current response [22]. This technique can then be con-
veniently applied to the analysis of (bio)electrochemical processes
that occur at the electrode/solution interface [23]. It is worthy to
note that electrochemical approach is cost-effective, not requiring
expensive instrumentation [24] and allowing a good limit of the
portability [25].

The aim of the present paper is to describe the development
of a selective and sensitive sensor for monitoring Gram-positive
and Gram-negative bacteria based on COOH-functionalized carbon
nanotubes and ClavA using EIS. COOH-functionalized MWCNTs are
known to be excellent analytical platforms to immobilize peptides.
The infectious agents tested were E. coli ATCC 25222, K. pneumoniae
ATCC 29665, Enterococcus faecalis ATCC 29212 and Bacillus subtilis
ATCC 6633, a non-infectious bacterium used as a control system.

2. Experimental
2.1. Materials

Multi-walled carbon nanotubes (>8% carboxylic acid function-
alized, avg. diam. of 9.5nm and length of 1.5um), cysteine,
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich
(St. Louis, USA). Potassium ferri- and ferrocyanide were obtained
from VETEC (Brazil). The bacteria strains were cultured in according
to standard microbiological methods, using adequately sterilized
materials, solutions and culturing nutrient agar medium. All chem-
icals and solvents were of analytical grade and have been used as
received, without further purification. All water used in the experi-
ments was obtained from a Milli-Q plus (Billerica, USA) purification
system.

2.2. Peptide synthesis

Clavanin A was synthesized by Peptides 2.0 (USA) using
the solid-phase with the N-9-fluorenylmethyloxycarbonyl (Fmoc)
strategy and purified by high-performance liquid chromatography
(HPLC). Peptide purity used in biologic assays was higher than 95%.
Moreover, sequence and purity degree was confirmed by MALDI-
ToF analyses (data not shown).

2.3. Microorganism culturing

All bacteria strains were cultivated under the same experimen-
tal conditions, including incubation time and temperature. The
bacteria were immobilized using the adapted protocol described
in Vazquez et al. [26]. The bacteria were grown in Brain Heart Infu-
sion medium for 24 h at 37°C. Then, for each one of the species
considered, we prepared concentrated bacterial suspension with
10 mL of sterile PBS, resulting in a concentration of approximately
15 x 108 CFUmL"!, compatible with the turbidity, which was eval-
uated as tube 5 in the McFarland scale. The bacterial suspension
was centrifuged for 10 min at 3000 rpm; after the supernatant was
discarded, the pellet was washed three times with sterile PBS (pH
7.4). Then, we used formalin solution 0.4 in sterile water for 2 h to
4°C, shaking the tube by inversion, to immobilize the bacteria. After
incubation in 2 h formaldehyde, the bacteria were washed with PBS
solution sterile for three times. Finally, the turbidity of the bacterial
suspension was adjusted tube 5 in the McFarland scale and stored
at 4°C until use.

2.4. Biosensor preparation and bacteria detection

The surface of the bare gold electrode was carefully polished
using 25 wm grain size polishing alumina. The pretreated electrode
was immersed in cysteine aqueous solution for 10 min to obtain a
self-assembled monolayer. Thereafter, the cys-modified electrode
was treated with 0.4 M EDC-0.1 M NHS for 10 min to convert the ter-
minal carboxylic group to activate the NHS ester [27]. Subsequently,
1 pL of CNTs was dropped on the EDC:NHS-Cys-modified elec-
trode and the procedure for activate the NHS ester was repeated.
Finally, the EDC:NHS-CNTs-EDC:NHS-Cys-modified electrode was
immersed in a solution of ClavA (1mgmL-1). 1 uL of each solu-
tion containing different concentrations of the bacterial cells were
dropped on the ClavA-CNTs-Cys-modified electrode and waiting for
10 min. To remove the nonspecifically bound molecules, the sensor
was washed with phosphate buffer saline (PBS, pH 7.4).

2.5. Electrochemical measurements

We carried out EIS measurements using a Autolab PGSTAT 128N
potentiostat/galvanostat (Ecochemie, The Netherlands) controlled
by NOVA 1.8 software. We used a 10 mM K4 [Fe(CN)g]/K3[Fe(CN)g]
(1:1) solution in all experiments as a redox probe in PBS (pH
7.4). The electrochemical experiments were performed in a con-
ventional electrochemical cell containing three electrodes, using
Ag/AgCl(3MinKCl)asreference, platinum as counter electrode and
abare gold electrode (¢ =2 mm) as working electrode. Nyquist plots
were obtained in a frequency range varying between 100 mHz and
100 kHz with a 10 mV amplitude of the applied sine wave potential.
All electrochemical measurements were performed at room tem-
perature and inside a Faraday cage. Three different samples of each
bacterium (n=3) were run in triplicate for all measurements.

2.6. Atomic force microscopy measurements

Morphological analysis was performed using a commercial
PicoSPM II atomic force microscopy (AFM) (Molecular Imaging,
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Fig. 1. Schematic representation of the fabrication process of the biosensor.

USA) by means of non-contact mode AFM in air at room tem-
perature (approximately 25°C). The images were obtained using
cantilevers with a silicon tip with a resonance frequency of 297 kHz
(Nanosensors, Switzerland).

3. Results and discussion
3.1. Preparation and morphological analysis of the sensor system

The aim of this study was the development of a sensor for detec-
tion of a broad variety of microbial species. We present a schematic
diagram of the sensor system in Fig. 1. Initially, a Cys self-assembled
monolayer is formed on the bare gold electrode surface. After that,
the surface was activated by the formation of NHS ester using
EDC:NHS solution [27], allowing the coupling of the CNTs. Finally,
the peptide is bound on the CNTs surface and the interaction of
the sensor with the bacteria is evaluated. The immobilization of
ClavA on the CNTs was carried out through a stable acyl amino
ester intermediate that was generated by the EDC:NHS solution.

a
. i
‘ O0nm
17.1 nm
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b

384.6 nm
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In Fig. 2 we show typical AFM topographical images of the step-
wise processes adopted in the manufacturing of the biosensor and
in the testing against bacteria. In Fig. 2a one can see a densely
packed self-assembled Cys monolayer, in an evidence of a homoge-
neous uniform covering of the gold electrode surface, with a mean
height of (17.1 +2.3) nm, in agreement to a previous work [28]. The
height of the CNTs covalently linked on the Cys monolayer corre-
sponds to (10.2 +3.1) nm and appears to be constant over its entire
length (Fig. 2b). Subsequently, COOH functional groups on CNTs
surfaces were modified with ClavA, resulting in an apparent incre-
ment of height of about 2-4 nm (Fig. 2¢). According to Zorbas et al.
[29], when peptides become attached to the carbon nanotubes an
additional height of 1-3 nm results.

We observed a significantincrease in the roughness of the sensor
surface after the interaction with the bacteria occurs. In addition,
the observed differences in the film roughness could be correlated
to the specificity of ClavA for diverse bacteria. The typical heights of
the different bacteria E. coli, K. pneumoniae, E. faecalis and B. subtilis
on the sensor surface were (384.6 +£28.5)nm, (379.5+31.9)nm,

C
27.2nm 304 nm
Onm Onm
272.2nm 30.4 nm
onm onm
167.3 nm 151.9 nm
onm Oonm

1519 nm
onm

167.3 nm
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Fig. 2. AFM images of the gold electrode coated with Cys (a), Cys-CNTs (b), Cys-CNTs-ClavA(c), Cys-CNTs-ClavA-E. coli (d), Cys-CNTs-ClavA-K. pneumoniae (e), Cys-CNTs-

ClavA-E. faecalis (f) and Cys-CNTs-ClavA-B. subtilis (g).
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Fig. 3. Nyquist plots of the stepwise immobilization of Cys-CNTs-ClavA and peptide interaction with different bacteria (a) E. coli, (b) K. pneumoniae, (c) E. faecalis and (d) B.
subtilis. The impedance spectra were taken for 10 mM [Fe(CN)s]*~/[Fe(CN)s]*~ 1:1+0.15M NaCl in 10 mM PBS (pH 7.4) in the frequency range from 100 mHz to 100 kHz. All
electrochemical measurements were performed in triplicate using three different samples (n=3).

(167.3+£26.3)nm and (151.9 +24.6) nm, respectively (Fig. 2d-g).
In Fig. 2d we show that a complete covering of the sensor surface
occurs due to the sensor recognition of E. coli bacteria. K. pneu-
moniae bacterium, otherwise, does not appear to be continuously
attached across the biosensor surface (Fig. 2e). Also, as shown in
Fig. 2f and g, the sensor system has a non-significant recognition
for E. faecalis and B. subtilis bacteria.

3.2. Selectivity of the sensor

EIS is a powerful technique that has shown high sensitivity and
specificity when applied to the study of biosensor interfaces [30].
One should stress that selectivity in bacteria detection is an impor-
tant factor for biosensors development. Since our studies were
aimed to the elucidation of factors determining the selectivity of
the sensor for pathogenic Gram-negative vs. Gram-positive species,
by using a non-pathogenic species as control, we investigated the
selectivity of our sensor system toward diverse bacterial species,
including E. coli, K. pneumoniae, E. faecalis and non-pathogenic B.
subtilis.

It is important to describe that sensor selectivity will be directly
related to AMP specificity. In our case clavanin A is a promis-
cuous peptide with ability to control both Gram-positive and
-negative bacteria [31], a fact that should reduce the possibility
of better discriminating between them. Moreover, this low selec-
tivity seems to be intrinsic related to the nature of AMPs, which

are small amphiphilic compounds with ability to bind to multi-
ple targets at same time [32]. Mannoor et al. [15] demonstrated
that AMP is a useful molecule for the development of biosen-
sors for microorganisms, since a dramatic change in the dielectric
properties of the system seems to occur when the sensor is in
contact with the bacteria. According to Zelada-Guillen et al. [33],
the detection of microorganisms in liquid samples based on elec-
tric measurements requires control of the ionic strength of the
sample, due to the presence of different charged species in the sam-
ples that may induce false-positive responses. Because of that, the
microorganisms used in this work were further eluted in a con-
trolled PBS medium, prior to impedimetric measurement with the
biosensor.

The Nyquist impedance plots of the stepwise process are shown
in Fig. 3. Nyquist plots show the simultaneous changes in the
real (Z') and imaginary (Z") parts of the complex impedance over
the entire frequency range. ClavA immobilized in ClavA-CNTs-Cys-
modified electrode exhibited a clear distinction of binding toward
Gram-negative and Gram-positive species (Fig. 3a-d). The sen-
sor obtained had a higher selectivity for Gram-negative bacteria
than toward Gram-positive bacteria and non-pathogenic B. subtilis;
for instance, ClavA exhibited a higher impedimetric response for
Gram-negative species (E. coli and K. pneumoniae) than to Gram-
positive species (E. faecalis and B. subtilis). Indeed, other authors
[14,15,34] have previously demonstrated the ability of antimicro-
bial peptides to selectively differentiate between Gram-negative
and Gram-positive bacteria.
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sensor system and its respective interaction with genomic DNA target at different
concentrations. Supporting electrolyte: 10 mM [Fe(CN)s 4~ /[Fe(CN)s]*~ 1:1+0.15M
NaCl in 10 mM PBS (pH 7.4) solution; scan rate of 50 mVs~'.

The selectivity of peptides for Gram-positive and Gram-negative
bacteria can be explained by the balance that must exist between
electrostatic and hydrophobic interactions, a phenomenon that
could underlie the mechanism of bacterial cell binding by AMPs
[8,15]. Gram-negative and Gram-positive bacteria have differences
in their membrane structures, which contributes for their charac-
teristic responses in presence of the peptide. Of note, negatively
charged lipopolysaccharides (LPS) are found in the outer mem-
brane of Gram-negative bacteria, as well as a thin peptidoglycan
layer. On the other hand, Gram-positive bacteria are composed by
a thick peptidoglycan layer and a cell wall composed by teichoics
and lipoteichoics acid.

As shown in Fig. 3a-d, the ClavA-CNTs-Cys-modified electrode
was able to differentiate between Gram-positive and Gram-
negative bacteria. From the analyses of the Nyquist plot at low
frequencies, it was observed that the measured value of real part of
the impedance increases with the increase in the concentration of
the microorganism cells present in the samples. It is important to
note that this response is proportional to the number of bacterium
cells, with the higher response being observed for 106 CFUmL™1,
In addition, the contribution from the microorganism cells to the
impedance response of the system begins to be noticeable with a
decrease in frequency, as a result of the increasing dielectric relax-
ation of the smaller dipoles (including those of water molecules) in
the buffer solution, upon [15].

In Fig. 4a we show the equivalent model circuit that gives an
electrical response equivalent to that of the Nyquist plot of inter-
est. This equivalent circuit is composed by a solution resistance
(Rs) in series with a phase constant element (Q) and charge trans-
fer resistance (R.) disposed in parallel. While Rt and Q depend on

the dielectric and insulating features at the electrode/electrolyte
interface, R is directly related to the kinetics of the redox reaction.
On the other hand, Q is related to the heterogeneous nature of the
electrode/solution interface as, for instance, the dispersion caused
by the surface roughness [35]. In addition, the capacitance of the
modified electrode is inversely proportional to the thickness of the
dielectric layer [36]. The changes in the R¢; during the deposition
of molecules on the sensor surface can be measured in presence of
aredox mediator, a process known as Faradic impedance. At inter-
mediate frequencies, the Nyquist diagram consists in a semicircle
segment that corresponds to the electron-transfer limited process.
Finally, at low frequencies a straight-line segment that represents
diffusion limited electron transfer process is observed.

Our results demonstrate that the peptide retains the capabil-
ity to act at the bacterial membrane surface (Table 1). As it can
be seen from the data represented in Fig. 4b, an increase in the
charge transfer resistance (Rc¢) follows the increase of the bacterial
concentration; hence, the performance of the modified electrode
for detection of bacteria may be evaluated through the relative
variation of this parameter (AR ) [30], according to

RCT(recog) - RCT(sensor)

ARcr(%) = x 100, (1)

RCl'(sensor)

where Rerrecog) iS the value of the electron-transfer resistance after
the bacterial peptide recognition, and Rcrsensor) cOrresponds to the
Rcr value of the sensor layer. The ARcr results can be used to assess
the sensitivity for the presence of pathogenic and non-pathogenic
bacteria. In the cases of E. coli and K. pneumoniae (Fig. 5), we have
found a trend for saturation in the relationship between the ARcr
and bacteria CFUmL™!, indicating that the interactions between
ClavA and these bacterial cells can be sensed by the modified elec-
trode. We found lower values of ARt in the cases of E. faecalis and
B. subtilis, a fact that reflects the ClavA capability in interacting with
surface structures present in Gram-negative pathogenic strains. A
detection limit of 102 CFU mL~! was estimated from the signal-to-
noise (S/N) characteristics of these data (S/N=3), where the S/N
ratio was obtained by taking the quotient of the impedimetric vari-
ation to the standard deviation [37]. We also evaluated unspecific
interactions in the sensor system by exposing a SWCNT electrode
not functionalized with the ClavA to increasing concentrations of
bacteria, starting from 102 CFUmL~! up to 106 CFUmL"!; the fact
that no response was obtained confirms the importance of ClavA
functionalization of the carbon nanotubes.

In general, the interaction between AMPs and bacteria increases
the R¢; due to the blocking of the electron transfer between redox
pair and electrode surface. Therefore, occurs a reduction of the
effective area associated to the increase of the R.; and consequently
a decrease in the phase constant element (Q) [38]. It should be
noted, however, that the exact reasons why non-specific binding
occurs is not completely elucidate [38].

The low detection limits achieved demonstrate that our sensor
system could be used to detect bacteria in complex samples at con-
centrations close to the limit specified in the regulations. During
bacteremia, the concentration of bacteria in blood rarely exceeds
103 mL-1 [39,40]. Other authors [15] developed a sensor for bacte-
ria based on Magainin I immobilized on gold microelectrodes with
detection limits of 103 CFUmL!, a clinically useful range of val-
ues. We obtained an even lower detection limit of 102 CFUmL™!
for E. coli and K. pneumonia, a result probably due to the higher
affinity of ClavA to specific bacteria compared to Magainin L.

Although the R values may vary among different electrodes
because of sensor-to-sensor variability and the complexity of mul-
tiple incubation steps, the impedimetric signal was stable in the
concentration range analyzed. The observed differences in the
detection limits for the studied bacteria may be due to the varying
degrees of the affinity of the peptide for LPS O-antigen components
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Table 1
Values of the equivalent circuit elements from fitted impedance results. All electrochemical measurements were performed in triplicate using three different samples (n=3).

Modified electrode Bacteria concentration (CFUmL-") Rer (kS2)? Q(WF)? n?

Bare gold electrode - 0.21 £ 0.02 2.20 £+ 0.36 0.35 £+ 0.04
ClavA-CNTs - 10.7 + 0.08 3.38 +£ 041 0.77 £ 0.05
ClavA-CNTs-E. coli 102 21.1 £1.21 6.11 +£ 1.73 1.00 + 0.05
ClavA-CNTs-E. coli 103 323+ 135 3.23 + 1.46 0.95 + 0.08
ClavA-CNTs-E. coli 104 424 +1.79 1.64 + 0.04 0.94 + 0.03
ClavA-CNTs-E. coli 10° 47.6 + 1.53 1.18 + 0.09 0.81 + 0.06
ClavA-CNTs-E. coli 108 47.5 + 2.74 1.40 + 0.06 0.99 + 0.09
ClavA-CNTs-K. pneumoniae 10? 258 +2.18 1.65 + 0.04 0.48 + 0.01
ClavA-CNTs-K. pneumoniae 103 28.6 + 1.64 1.08 + 0.02 0.58 + 0.06
ClavA-CNTs-K. pneumoniae 104 30.6 + 1.59 8.39 + 0.07 0.62 + 0.02
ClavA-CNTs-K. pneumoniae 10° 329 +£1.25 4.20 £+ 0.03 0.72 + 0.03
ClavA-CNTs-K. pneumoniae 10° 376 £1.75 5.12 £ 0.05 0.68 + 0.07
ClavA-CNTs-E. faecalis 102 16.5 + 1.31 3.57 +£ 047 0.73 + 0.08
ClavA-CNTs-E. faecalis 103 17.2 £ 148 5.18 £ 0.39 1.00 + 0.12
ClavA-CNTs-E. faecalis 104 18.0 + 1.05 5.52 £ 0.89 1.00 £+ 0.09
ClavA-CNTs-E. faecalis 10° 213 £1.45 3.05 + 0.68 0.78 + 0.05
ClavA-CNTs-E. faecalis 108 22.0 + 1.67 3.45 + 034 0.76 + 0.04
ClavA-CNTs-B. subtilis 10? 11.2 +£ 143 1.98 + 0.05 0.84 + 0.06
ClavA-CNTs-B. subtilis 10° 13.8 +1.37 2.26 + 0.06 0.64 + 0.02
ClavA-CNTs-B. subtilis 104 142 £ 1.70 1.21 + 0.05 0.95 + 0.04
ClavA-CNTs-B. subtilis 10° 143 + 1.65 6.22 +0.19 0.64 + 0.07
ClavA-CNTs-B. subtilis 10° 16.2 + 1.39 1.19 + 0.06 0.98 + 0.05

2 Values of the equivalent circuit elements from fitted impedance results.

of the outer membranes [16,41]. In addition, other AMPs, such as
cecropins, defensins, etc., may have higher affinities for one or both
targets [16].

To confirm the biological recognition, we assumed that the fill-
ing of the biorecognition sites could be obtained by the bacterial
surface coverage (0) as

1-R
Q= —_PEP 2
Rbact ( )

where Rpep is the charge transfer resistance for ClavA-CNTs-Cys-
modified electrode and Ry, is the charge transfer resistance
obtained for cells unit of the bacterial cell onto ClavA-CNTs-Cys-
modified electrode. In Fig. 6 we present a plot of 8 as a function of
concentration of bacterial CFUmL~!, where one can observe that
the value of 8 increases with the increase in the bacterial cells con-
centration. At 104 CFUmL-1, 0 is found to be ~0.74 (74%) and ~0.69
(69%), for E. coli and K. pneumoniae, respectively, while lower values
of @ were obtained to E. faecalis and B. subtilis.

400
—a— E. coli
—a&— K. pneumoniae I I
—a— E. faecalis i ?
300 4 | —*— B. subtilis e
S
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Fig. 5. ARcr% of the sensor system after exposure to different bacterial strains.
The experimental data used to calculate ARcr% is shown in Table 1, including the
standard deviation. All experiments were performed in triplicate using three differ-
ent samples (n=3).

B. subtilis mE. faecalis K. pneumoniae ®E. coli

0.9
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@
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0
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Fig. 6. Bacterial surface coverage (6) as a function of concentration of bacterial
CFU mL-'. The experimental data used to calculate 6 is shown in Table 1, including
the standard deviation. All experiments were performed in triplicate using three
different samples (n=3).

4. Conclusions

We obtained a very low limit of response of the nanostruc-
tured biosensor based on CNTs and peptide in the detection of
diverse bacteria at a concentration of 102 CFUmL~!, which corre-
sponds to ~0.1 bacterium wL~!. Recently, using an interdigitated
microelectrode array (IMA), Mannoor et al. [15] obtained a limit
of 1bacterium pL~! (103 CFUmL-!). The limit obtained by these
authors using IMA can be attributed to the electrical double layer
resulting from the electrode polarization effect at low frequencies
[15]. Other authors developed immunosensors for E. coli with the
detection limit of 106 CFUmL~! [42] and 103 CFUmL"! [27]. Ruan
et al. [43] reported an impedimetric sensor for bacteria detection
based on the use of enzyme-labeled horseradish peroxide, with
a linear response between 104 and 107 CFUmL 'and the detec-
tion limit of 103 CFUmL-'. Impedimetric label-free detection of
E. coli bacteria has also been developed [44] and the correspond-
ing sensor showed a good performance, with a detection range of
103-107 CFUmL-1.

Here, we demonstrated the development of a very sensitive
nanostructured sensor that can be useful to detect the presence
of infectious microorganisms belonging to a broad spectrum of
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pathogenic bacteria species. A label free biosensor using carbon
nanotubes and ClavA as an impedimetric platform for the detec-
tion of bacteria was obtained. From the AFM images, it can be
visualized that ClavA is immobilized specifically on CNTs and that
the sensor was correctly structured. An equivalent electrical cir-
cuit was effective to explain the sensing mechanism. The biosensor
presented good reproducibility for n=3 and low limits of detec-
tion (~0.1 bacterium pL~1): for E. coli and K. pneumoniae, the lower
and upper detection limits of the sensor were102 CFUmL~! and
108 CFUmL™1, respectively. In the case of E. faecalis and B. subtilis
the lower detection limit is 103 CFU mL~!. The nanostructured sen-
sor developed in this work was able to detect K. pneumoniae, E.
faecalis, E. coli and B. subtilis in a specific manner, with good selec-
tivity and sensitivity. Our sensor was able to differentiate between
Gram-positive, Gram-negative, pathogenic and non-pathogenic
bacteria. We demonstrated the feasibility of nanostructured sys-
tems composed by CNTs and peptide to identify microorganisms
based on impedimetric measurements. Hence, the present work
has introduced a simpler system for detecting and identifying
pathogens when compared to traditional complex procedures.
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