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Microarray technologies that integrate multiple high-density DNA and protein chips are
revolutionizing the genomics and proteomics fields by facilitating the multiplexed detection
of biomarkers on a single platform.!1=51 In the field of bacteria detection, a microarray of
sensors could determine the absence of multiple pathogenic strains in a sample, a key factor
to avoid infection.[®8] However, the detection of pathogens imposes other restrictions:
pathogen detection must be fast and sensitive to determine the presence of hazardous
microorganisms in low numbers before they grow and become a severe health threat due to
the rapid growth of microorganisms. The robust in-field detection of pathogens is also
desirable to lower the risk of infection and hence miniaturized multisensors fully integrated
with signal-processing circuits will be extremely useful. Furthermore, a reusable sensor chip
with a simple washing procedure is critical to make such a compact device cost effective for
its widespread application as a point-of-care sensor.
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To score highly in these requirements, we previously introduced the peptide-nanotube
biochip for the label-free detection of virus.[?! In this biochip, antibody-conjugated peptide
nanotubes were positioned at the gap between electrodes and the binding event between
virus and nanotubes generated the impedimetric signal for pathogen detection. While this
biochip can detect virus at a concentration of 100cfu mL~! or higher, reuse of the sensor for
multiple measurements is not straightforward due to the strong interaction between
pathogens and antibodies on the peptide nanotube. In this Communication, we report the
development of novel peptide-nanotube-based bacterial multisensor chips that do not require
the preimmobilization of these nanotubes on electrodes and are therefore totally reusable. In
this detection scheme, as antibody-conjugated peptide nanotubes agglutinate the cells in
solution via specific biorecognition, the bacteria—nanotube complexes sediment quickly onto
the surface of the transducer and the presence of the insulating cells changes the distribution
of the electric-field lines and currents to increase the impedance at high frequency (Figure
1). In contrast, peptide nanotubes modified with nonspecific antibodies do not agglutinate
the pathogens, thus resulting in a smaller variation of the impedance with time. Since this
nanotube is not immobilized on the electrode, the bacteria— nanotube complex can be
washed out easily by gently rinsing with water. The key sensing feature of this robust
pathogen-detection scheme with reusable multisensory chips is achieved by the
characteristic alternating current (AC) field impedimetric transduction mechanism and the
use of circulating nonconductive peptide nanotubes as pathogen catchers. AC probes can
detect the nonconductive bacteria—nanotube complexes without fixing the nanotubes firmly
on the electrodes. In conventional immunosensor designs based on the use of conductive
nanowires, the nonreversible nature of the antibody—pathogen interaction is problematic for
the cleaning and reuse of the devices and the requirement of intimate contact between the
nanowire and the electrode to transduce the signal can affect the reproducibility among
different sensor chips due to variability of the contact resistance.l19-141 However, in our
sensor design, the AC current is transmitted through the solution and not through the
nanotubes and therefore intimate contact between the tubes and the electrodes is not
necessary to transduce the signal.[%15:16] The nanotubes are especially well suited for this
application because the hollow structure of the nanotubes makes them transparent to the
electric field and, consequently, decreasing the signal of the blank leads the sensitivity of the
sensor being maximized. In addition, because the biorecognition events occur in the solution
and not at the transducer surface, the sensors can be easily reused by washing existing cells
and peptide nanotubes away with a simple rinsing procedure (Figures S1-S5 in the
Supporting Information). Using this fully reusable electronic sensor chip, E. coli and S.
typhi cells were successfully detected in the range from 102 to 10* cells within one hour,
which makes the proposed detection platform suitable for the rapid detection of multiple
pathogens.

In the proposed pathogen biochip, the specific recognition between antibody nanotubes and
pathogens is a key factor to detect multiple bacterial strains simultaneously. To demonstrate
the specific recognition of a bacterial strain by peptide nanotubes, the bindings of E. coli
cells to both anti-E. coli coated peptide nanotubes (with affinity for E. coli) and rabbit-IgG-
coated peptide nanotubes (with no affinity for E. coli) were compared. After mixing with a
solution containing E. coli cells for one hour, anti- E. coli nanotubes recognized and
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agglutinated E. coli cells (Figure 2¢), whereas rabbit-IgG-conjugated peptide nanotubes did
not recognize the cells with the same procedure, as shown in Figure 2e. These results
demonstrate that antibody nanotubes interact specifically with a particular bacterial strain
via biomolecular recognition.

When antibody-modified nanotubes bind pathogens, the resulting nanotube—bacteria
complexes sediment faster on the transducer due to their increased total mass and generate
the impedimetric signal via perturbation of the AC field by these insulating objects (Figure
2a). To demonstrate this hypothesis, a solution containing the complexes in Figure 2c was
spotted onto one transducer of the microarray and the real part of the impedance at 316 kHz
was measured with time to detect the presence of the complexes. At this frequency cells can
be considered as purely insulating objects that deviate the path of the electric-field lines and
currentst3] and the interdigitated transducer can monitor the resulting perturbations of the
AC field sensitivelyl!7! (see Sections S3 and S4 in the Supporting Information). As shown in
Figure 2d, the agglutinated bacteria induce a large variation of Z with time, whereas, in
Figure 2f, the nonagglutinated bacteria do not sediment fast enough to increase Z~
significantly. These results demonstrate the proposed transduction mechanism that
measuring Z”at high frequency as the bacteria fall onto the transducers can detect the
presence of pathogens after the agglutination by specific antibody nanotubes. Moreover,
since the nanotubes modified with rabbit IgG generate a much smaller variation of Z”they
can be used in control experiments to subtract nonspecific contributions to the signal,
including temperature drift, parasitic components of the electric circuit, and nonspecific
adsorption of the bacteria to the nanotubes. Remarkably, this experiment was repeated at
least twenty times by simply rinsing the transducer for 10 s with deionized water and no
nanotube—bacteria complexes were found on the surface (Figures S1-S5); the variation of the
performance of the sensor after each washing step was found to be less than 5% (Section S2
in the Supporting Information), demonstrating the reusability of this pathogen biochip for
bacteria detection.

After validating the specific detection of a particular bacterial strain with antibody
nanotubes, the proof of concept of the multiplexed detection of pathogens was demonstrated
by assaying two model bacteria, E. coli and S. typhi, at different concentrations with the
peptide-nanotube biochip. The variation of the sensitivity among the transducers was
observed to be less than 5% and therefore any transducer on the chip could be used
indistinctively for the impedimetric detection of bacteria (see Section S2 in the Supporting
Information). After samples containing four different concentrations of either E. coli or S.
typhi were prepared (0, 102, 103, and 10* cells), each bacteria solution was mixed with either
antipathogen nanotubes or control nanotubes for one hour. Every immunoassay was repeated
twice, yielding a total of 32 measurements on the microarray. After subtracting the signal of
the control to remove the nonspecific contributions, a variation of Z "with bacterial
concentration was observed, as shown in Figure 3a. In this figure, AZ /increases more
rapidly as the number of E. coli cells increases because more cells are agglutinated via
biorecognition with the anti-E. coli nanotubes and the increased mass of the bacteria—
nanotube complexes induces a fast sedimentation on the transducers to increase 2 , as
discussed in Figure 2. While these plots contain valuable information for specialists, the
readout could become more accessible for nonexpert users if converted to a visual output,
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especially in point-of-care applications. To compare the results of different bacterial strains
and concentrations visually, AZ “at 15-s detection time in Figure 3a was converted into color
charts, whose intensity is directly proportional to the amount of pathogens in the sample. In
Figure 3b, both E. coli and §. thyphi generate signals that are easily associated with the
concentrations of pathogens in the sample, therefore validating the effectiveness of the color
chart approach for the rapid determination of pathogens in the low number. Since the
dynamic range of the sensor, from 102 to 10* cells, is well below the minimum infective
dose for the pathogenic strains of E. coli and S. typhi as well as for most foodborne
pathogens,!18] the peptide-nanotube biochip is adequate for the early detection of multiple
pathogens, a key factor to avoid infection.

In conclusion, the peptide-nanotube biochip features multiplexed detection capability and
cost-effective reusability with outstanding sensitivity, which can be easily integrated with the
circuitry. The detection strategy involves the agglutination of bacteria with nonconductive
antibody-conjugated peptide nanotubes, whose fast sedimentation induces an increase of
impedance at high frequency on transducers. By converting the signal to color charts, the
presence and relative amount of multiple pathogens can be estimated easily and quickly,
therefore emphasizing the suitability of this approach for infield measurements.

Experimental Section

Fabrication of the array of electrodes was carried out in a microfabrication clean room using
common deposition and patterning techniques. Fabrication started with the deposition of a
triple layer of Ti/Ni/Au (500A/500A/500A) on a 500-um-thick Pyrex wafer. After the metal
layers were patterned with standard photolithography and wet etching of the metals, a 1-um-
thick silicon oxide passivation coating was deposited and patterned. Finally, the passivation
layer was removed from the pads and from the interdigitated area with a second
photolithography step and oxide dry etching. The peptide nanotubes were prepared by self-
assembly from the bolaamphiphilic peptide monomer bis(N-a-amidoglycylglycine)-1,7-
heptane dicarboxylate and used as templates for the immobilization of antibodies as reported
previously.l9-2091 To obtain antibody nanotubes, after centrifuging 1 mL of the peptide-
nanotube solution at 14000rpm for 1h, the resulting pellet was suspended in 100 pL of
phosphate buffer (PB, 1my;, pH 7) containing either anti-E. coli (goat polyclonal, 0.1 mg mL
-1, Abcam), anti-S. yphi (rabbit polyclonal, 0.1mgmL~!, Abcam), or IgG from rabbit serum
(0.1 mg mL~!, Sigma) overnight. Then, 500 L of bovine serum albumin (BSA, 10 mg mL
-1y were added for 1h to block free adsorption sites on the tubes and the nanotubes were
washed once with PB by centrifugation. After mixing 10mL of antibody nanotubes with 10
uL of bacteria solutions in PB with different concentrations for 1h, 1 pL of the resulting
nanotube—bacteria adducts were spotted on each transducer and Z "at 316kHz was measured
with a 1260 Solartron Impedance Analyzer by applying a peak-to-peak excitation voltage of
10mV. The x axis in Figure 3 shows the number of cells in the 10mL solution. In Figure 3b,
Z at 15-s sedimentation time of bacteria—nanotube complexes was converted into a color
code by calculating the percentage variation of this parameter with respect to the maximum
signal and tuning the brightness of the spot accordingly. Scanning electron microscopy
(SEM) images were taken with a Zeiss Supra 55VP microscope by using an acceleration
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voltage of 0.5kV after depositing the samples onto porous membranes (0.1-um-diameter
pore size, Whatman) and coating them with carbon.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Peptide-nanotube biochip. Left: detection platform consisting of 36 interdigitated

transducers; right: on each transducer, antibody-modified peptide nanotubes recognize and
bind cells to generate an impedimetric signal for pathogen detection via fast sedimentation
of these complexes onto the transducer.
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Figure 2.
Label-free detection of pathogens with antibody-modified peptide nanotubes. a) Bacteria

agglutinated by the interaction with antibodies on peptide nanotubes sediment quickly and
the increased number of the insulating cells on the transducer via the sedimentation
increases the impedance at 316 kHz. b) Controlnanotubes modified with rabbit IgG that do
not interact specifically with E. coli do not sediment these cells fast enough to generate the
impedance signal. ¢) SEM image of E. coli agglutinated by anti-E. coli nanotubes. d)
Increase of the real part of the impedance (£ /) at 316 KHz with time due to the fast sediment
at ion of bacteria—nanotube complexes in (c) on the transducer. ¢) SEM image of control
nanotube modified with rabbit IgG that does not interact with E. coli. f) A significantly
smaller Z /change as compared to (d) when E. coli cells are mixed with control
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Multiplexed detection of pathogens with the peptide-nanotube biochip. a) Variation of the
real part of the impedance (£ ) generated by 10* cells (blue), 103 (red), 102 cells (black), and
0 cells (green) of E. coli. b) Z “at 15 s was converted into a color chart for E. coliand S.
typhi as duplicates on the array (see also Figure S9 online).
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