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Abstract

One of the main challenges in terms of public health concerns the prevention of bacterial
contamination using rapid, highly sensitive and specific detection techniques. The
development of highly sensitive bacterial sensors for Escherichia coli detection based on
networks of silicon nanowires has been carried out in this work. The interest of these nano-
objects takes advantage in a large contact surface allowing potentially important interactions
with bacteria. Their presence induces a change in electrical interaction through the silicon
nanowires array and is the basis for the development of silicon nanowires based electrical
resistances acting as bacteria sensors. High specificity of these sensors is ensured by chemical
functionalization of the nanowires allowing the binding of specific antibodies targeting the
lipopolysaccharide (anti-LPS) of E. coli, but not S. aureus. The sensor displays a sensitivity of
83 MA per decade of CFU/mL due to the nanometric dimensions of the nanowires. The
electrical measurements ensure the detection of various E. coli concentrations down to 102
CFU/mL. This SINW biosensor device demonstrated its potential as an alternative tool for
real-time bacterial detection as miniaturizable and low-cost integrated electronic sensor

compatible with the classical silicon technology.
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1. Introduction

Direct in situ detection of pathogenic bacteria in food, water and air is an important public
health issue. One of the main challenges concerns the prevention of bacterial contaminations,
with effective, rapid, reliable, highly sensitive and specific prevention techniques.
Conventional methods for the detection of microorganisms require the use of
extraction/amplification/sequencing steps involving long analysis times, thus limiting the
implementation of decontamination procedures. They also require complex instruments, and
ex-situ analysis. An alternative method for bacterial detection is the use of biosensors
(Thompson and Deisingh, 2004), which combines a biological recognition mechanism with a
physical transduction technique. A number of methods have been demonstrated for bacterial
detection, including nanomechanical cantilever sensing (Ndieyira et al., 2008), surface-
enhanced Raman spectroscopy (Premasiri et al., 2005), and quartz crystal microbalance-based
sensors (Bao et al., 1996). In another way, a high number of biosensors have also been
developed for the detection of bacteria, based on electrochemical transduction methods less
time-consuming and more sensitive than other techniques such as amperometry, impedance
spectroscopy or potentiometry (Ahmed et al., 2014); (Andrade et al., 2015)(Huang et al.,
2011)(Kaur et al., 2017)(Benserhir et al., 2022). Another detection method based on electrical
measurements has been developed using classical electronics devices (MOSFET, resistors) as
sensors (So et al., 2008)(Zhang et al., 2012). More particularly, new emerging technologies
based on nano-objects used as sensitive units have been proposed for the development of
ultra-high-performance biosensors. For instance, silicon nanowires (SiNWSs) open up
interesting prospects for the realization of miniaturizable and low-cost biosensors in a fully
compatible classical silicon technology, for the real-time analysis of different strains of
bacteria with high sensitivity and a low detection limit. The interest of nanowires lies in a

large contact surface (high surface/volume ratio) allowing relevant interactions with the



biological object after immobilization, that induces a significant change of the electrical
conduction through the network of silicon nanowires. In this case, a very high sensitivity is
expected for the sensor under investigation.

Silicon nanowires can be synthesized either by top-down approach (Mikolajick et al., 2013), a
technique that requires expensive lithography equipment (electron beam photolithography,
deep UV...), or by bottom-up approach (Fasoli and Milne, 2012), based on self-assembly
method free of high-cost lithography techniques to pattern nanowires. Advantageously,
Vapor-Liquid-Solid (VLS) method (bottom up approach) is compatible with the integration of
silicon nanowires in Complementary Metal Oxide Semiconductor (CMOS) technology. In
addition, silicon nanowires have also the advantage of being functionalizable, by chemical
modification of the silicon surface, allowing a specific antibodies/bacteria binding.

Previous studies demonstrated the interesting capacities of these high-sensitivity sensors
based on SiNWs for the detection of low protein concentrations (Cui, 2001)(Kim et al., 2016),
gas detection (Chen et al., 2012)(Ni et al., 2013)(Qin et al., 2018)(Yun et al., 2019), detection
of DNA strands by nucleic acid hybridization(Cui, 2001)(Midahuen et al., 2022), bacteria
(Liao et al., 2019) and SARS-CoV-2 (Gao et al., 2022). Recently, in a previous study carried
out by our group, the detection of Escherichia coli (E. coli) using inter-digitated comb
resistors based on non-functionalized silicon nanowires for yes/no diagnosis was
demonstrated (Le Borgne et al., 2018). But, in this configuration, the weak point of the sensor
was the specific detection and the accurate control of bacterial concentration. In this work, we
report new designed inter-digitated comb resistive sensor-based electrodes containing a large
number of VLS-interconnected nanowires to increase the sensitivity and with functionalized
silicon nanowires for specific detection, acting as proof of concept for linear detection of E.
coli. The novelty of this work uses an approach that directly detects the contribution of
bacteria immobilized on the nanowires with a very low detection level, by optimising the

sensitive surface of the sensors in contact with the drop of bacterial suspension, and by



ensuring selectivity by grafting specific antibodies. The fabrication process compatible with
CMOS silicon technology, the detection protocol and the performances of the sensor are
presented in this work. This study investigates the feasibility of this approach for future

applications in the real-time, specific and quantitative detection of E. coli.

2. Materials and methods

2.1 Materials

The 3-Aminopropyltriethoxysilane (APTES), Glutaraldehyde (25%) in aqueous solution and
Phosphate buffered solution (PBS) with pH 7.4 were purchased from Sigma-Aldrich. The E.
coli lipopolysaccharide (LPS)-specific antibodies were obtained online from GmbH (Bio-Rad,
ABIN2481224), OBT 1844-1 mL (solution 4 mg/mL) and stored at 4 °C. The strains E. coli
green fluorescent GFP protein-producing (GFP) (ATCC® 25922GFP™) was purchased from
the American Type Culture Collection (ATCC) company. The Staphylococcus aureus GFP

MG 003 was kindly provided by INSERM BMR (https://www.pluginlabs-ouest.fr/en/entity/047d436f-

bdb6-4c2f-92f8-7e7fa954831b/arn-regulateurs-bacteriens-et-medecine-brm).

2.2 Fabrication of interdigitated SINWSs electrode arrays

The sensor was a resistor made of inter-digital silicon combs electrodes electrically
interconnected by silicon nanowires, made by a two-mask process flow represented in Fig. 1.
First, a 300 nm thick layer of N* phosphorous in situ doped amorphous silicon was deposited
on oxidized silicon wafer by Low Pressure Chemical Vapor Deposition (LPCVD) at 550°C
and 90 Pa and solid phase crystallized. A first photomask was used to define the electrodes
and the interdigital combs (Fig. 1a) by reactive plasma etching of the in-situ doped
polycrystalline silicon. Then, a second mask was used to deposit 5nm thick gold pads by lift
off technique on teeth of doped polycrystalline silicon interdigitated combs electrodes

(Fig.1b).
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Figure 1: Schematic steps for the fabrication of the bacterial nanosensor: a) definition of
interdigitated comb electrodes, b) deposition of a thin layer of gold by lift-off technique, c)
formation of silicon nanowires by VLS growth method; SEM image of d) sensor with a zoom
on interdigitated comb with nanowires as sensitive units, €) functionalized nanowire (before
LPS-antibody deposition), f) zoom on bacteria binding and g) E. coli cell showing biological

pili connecting the silicon nanowires.



The undoped silicon nanowires were then synthesized in LPCVD reactor at 460°C and 40 Pa
following the Vapor-Liquid-Solid (VLS) method, using gold as catalyst and silane (SiH4) as
gas precursor (Fig.1c). Dewetting of the gold thin film to form gold droplets takes place
during the rise temperature of the reactor, before starting the silane precursor gas injection
into the reactor. Interconnection between the nanowires takes place during growth process
carried out in vacuum. Thus, native oxide is not formed at the nanowires/nanowires junctions,
ensuring electrical connection through nanowire network. Interconnected nanowires ensure
electrical contact between the two doped polycrystalline silicon electrodes SiNWSs (Pichon et
al., 2015). In order to optimise the detection of bacteria, the electrodes were made with a
higher number of teeth per unit area than the previous reported structures (Le Borgne et al.,
2018), as shown on Scanning Electron Microscopy (SEM) images (Fig. 1d). The glossy
surface on the nanowire in Fig.le represents the functionalization layer. In addition, the
electrodes were integrated at the bottom of a resin open micro-chamber moulded by a 3D
printing process dedicated to receive the totality of the diluted solution containing the
bacteria. This system avoided any phenomenon of dispersion of the bacteria which would not
be detected because of the solution spreading. The circular active area of the sensor had a
diameter of 6 mm, which included teeth (n=491) of the comb shape electrode, with each tooth

spaced by a distance of 3um.

2.3 Surface functionalization

The samples were first heated at 100°C under vacuum (5 10 mbar) in a reactor. Then, at
room temperature, 2 mL APTES were added under argon in the bottom of the reactor and the
samples were left to react with APTES gas for 5 min. The samples were then heated at 100°C
under vacuum (5 102 mbar) for 1h. 1 mL of glutaraldehyde was then added in the bottom of
the reactor and the samples were left under glutaraldehyde atmosphere for a specific time. The

samples were kept under argon before X-ray photoelectron spectroscopy (XPS) measurement



and antibody attachment.

2.4 Antibody immobilization

The covalent immobilization of anti-E. coli LPS antibodies (anti-LPS) was then performed by
classical procedures before adding E. coli (Fig. 2a). A solution of 10 pL of anti-LPS (Gunda et
al., 2014) was deposited on sensors, stored overnight at 4°C in a humid atmosphere. After this
step, the wafers were washed with Phosphate-buffered saline (PBS). Finally, milk was used as
blocking agent to prevent non-specific binding. The saturation was performed using 10 pL of
the milk powder (50g/L in PBS) and the substrate were kept at a temperature of 37°C in a

humid atmosphere for 30 min.

2.5 Bacteria binding

A solution was prepared from an overnight culture of the bacterial species (E. coli or S.
aureus). For bacterial enumeration, serial dilutions were made in sterile distilled water, and
then 100uL of each dilution was spread with a sterile plastic rake onto the surface of
Columbia agar plates. The number of colonies on each agar plate was achieved after
incubation at 37°C for 48 hours. For the tests on sensors, 10ul of each bacterial dilution (108,
108, 10, 10%and 10? CFU/mL) were deposited at room temperature, to cover the whole active
area of the sensors made of nanowires. After 30 min, the sensors were then rinsed 4 times
with PBS. A schematic of the modified nanowire with grafted antibody, blocking agent and

bacteria immobilization is shown in Fig. 2b.
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Figure 2: a) Functionalization process with APTES/glutaraldehyde and b) Schematic of the
steps: functionalization, immobilization of antibodies, sites saturation with linker and bacteria

binding on nanowires.

2.6 X-ray photoelectron spectroscopy (XPS), Fluorescence and Scanning Electron Microscope
(SEM) experiments

The XPS analysis was performed with a monochromatic Al KaX-ray source (SPECS XR 50
M and FOCUS 500) at 1486.6 eV with a hemispherical analyser, SPECS Phoibos 150 HR.
The analysis chamber was connected to the etching chamber through an ultra-high vacuum
chamber to limit surface contamination. The operating pressure in the analysis chamber was
10° mbar. Spectra were recorded with a pass energy of 14 eV and an energy step of 0.1 eV.
Samples were neutralized with an electron flood gun to compensate the charging effect shift.
Simulation of the experimental peaks was carried out using a Gaussian-Lorenzian mixed
function after background substraction. Fluorescence measurements were performed with a
Leica SPE confocal microscope. Green Fluorescent Protein (GFP), excited at 510 nm, was
used as biological marker on bacteria for visualizing E. coli localization and Fiji software to
process and analyse the fluorescence images. SEM observations were performed with a Field
emission gun (FEG) JEOL 7600. Sample preparation for SEM imaging requires protocol for
preservation of bacteria with several steps: fixation with glutaraldehyde 2.5% for 24 hours

followed by dehydration with a graded ethanol series. After fixing and drying, metallization
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with a thin layer gold is used to minimize damage and improves topographical contrast.

2.7 Electrical measurements

Detection of bacteria was carried out by electrical measurements of the current-voltage | (V)
curve of the resistors used as sensors. Static electrical characteristics of the sensors were
collected at room temperature using an Agilent B1500A semiconductor parameter analyzer.
Electrical properties of silicon nanowire arrays involved many randomly oriented nanowires.
The presence of numerous junctions acting as electrical connexions between the nanowires
allowed the current to flow between the interdigitated electrodes. A response reproducibility

study was conducted for 14 biosensors made on each wafer and tested in ambient air.

3. Results

3.1 Optimization of the functionalization protocol

To preserve the three-dimensional entangled structure of the Si nanowires, their
functionalization was performed by silanization followed by reaction with the well-known
cross-linker glutaraldehyde, in vapor phase (Fig. 2a). Indeed, gas phase allowed a good
control of the silanization process with the deposition of only 1 or 2 organic layers on the
surface (Dauphas et al.,, 2009). The functionalization steps consisted firstly by (3-
Aminopropyl) triethoxysilane (APTES) (CoH23NO3Si) vapor deposition, the APTES molecule
created a chemical bond between silicon atoms with the oxygen of the hydroxyl group on the
active layer of SiO,. Secondly, a glutaraldenyde vapor treatment was then performed.
Glutaraldehyde was used as a grafting agent, aldehyde group (COH) creating an imine bond
with the amino group (NH2) of APTES. This immobilization process was first optimized on
SiO; plane surfaces, before to be applied on SiINWSs. The modified surface was analyzed by

XPS after treatment with glutaraldehyde gas. The spectra reported in Fig. 3a and 3b clearly
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highlighted C1s and N1s XPS peaks. A small C1s peak was observed in the reference spectra
corresponding to SiO> surfaces, probably due to pollution by oil vapor of the vacuum system
during SiO. deposition by LPCVD. This peak increased with the reaction time due to the
presence of carbon in the organic layer and stabilized after 30 min reaction (Fig. 3c). The
deconvolution analysis (Fig. 3a) underlined the presence of four peaks at 282.8, 284.6, 286.7
and 288.9 eV, which could be attributed to C-Si, C-C, C-N and C=0 bounds, respectively
(Dauphas et al., 2009)(Wang et al., 1995)(lucci et al., 2010). The last peak at 288.9 eV
attested the presence of glutaraldehyde on the surface. The N1s content also increased
compared with the reference due to the immobilization of APTES (Fig. 3c). The N1s peak
could be deconvoluted into two peaks at 399.6 and 401.9 eV (Fig. 3b), which corresponded to

amine nitrogen and to protonated amine, respectively (Carvalho et al., 2016).
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Figure 3: a) Cls, b) N1s photoemission spectra of SiO2 surfaces modified by

APTES/glutaraldehyde and c) O1s, Si2p, Cls and N1s content vs. reaction time for

glutaraldehyde immobilization.

The C1s/N1s ratio calculated, after subtraction of the blank value, which was due to carbon
pollution, was estimated around 8 after 10 min and 30 min of glutaraldehyde deposition. This
value was consistent with a monolayer of glutaraldehyde. To estimate the thickness of the
different layers grafted on the silicon oxide modified surface, the attenuated intensity of Si2p

peaks was considered according to the relation (1):
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I=lo exp(-d/AcosH) (D)
where lo was the measured signal for SiO; electrons issued from the uncovered surface, | the
signal measured for SiO2 surface covered by an organic layer of thickness d, and A the
attenuation length of SiO> electrons in the organic layer, estimated within the range 20-30 A
(Powell and Jablonski, 2000). The layer thickness was estimated to be around 12-14 A for
APTES/glutaraldehyde, from the signal attenuation of the Si2p peak. This optimized
functionalization process was then applied to modify SiINWs. SEM image of a modified
nanowire is shown on Fig. 1-e, highlighting a glossy surface of the nanowire probably due to
functionalization since it was not visible on unmodified SINWSs. The covalent immobilization
of anti-LPS was then performed before adding E. coli. SEM images of interdigitated combs
with nanowires and zoom on E. coli on nanowires is shown in Fig. 1. Typical size for E.coli
were from 1 to 3 um length range and nanowires had an average diameter of 100 nm with

several micrometers in length.

3.2 Validation of bacteria immobilization using fluorescence analysis

Immobilization of bacteria on the nanowires was investigated by fluorescence analysis to
confirm the binding. The dark image (Fig. 4a), reported after fluorescent analysis of
functionalized silicon nanowires without bacteria and antibody free, confirmed that the
surface did not contain any fluorescent element. In contrast, the immobilization of GFP
bacteria on samples showed a significant difference of fluorescence signal intensity for two
concentrations of bacteria: 106 CFU/mL and 108 CFU/mL (Fig. 4b and 4c). The image
analysis allowed an estimate of the number of bacteria: 600 and 3387 respectively on square
image (scale 200 pum). These fluorescence tests confirmed the validity of bacteria binding

protocol on the modified surface of silicon nanowires for the anti-LPS/E. coli recognition.
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Figure 4: Fluorescence images of functionalized silicon nanowires a) without antibodies and
bacteria as reference (blank), b) with antibodies and 108 CFU/mL E. coli, ¢) with antibodies

and 108 CFU/mL E. coli (scale: 200 pum).

3.3 Electrical measurements before E. coli immobilization

At first, sensors were electrically characterized after the steps of chemical functionalization,
antibodies immobilization and non-site-specific saturation on sensitive area made of SINWSs.
The corresponding | (V) plot in Fig. 5a served as reference to control the binding of bacteria
with antibodies. The curve is quasi-symmetrical with a non-ohmic behaviour at low voltages,
as previously observed in a preliminary study with similar resistors for E. coli detection for
yes/no diagnosis, for which no functionalization of silicon nanowires was performed (Le
Borgne et al., 2018). This behaviour is related to the electrical model of the global electrical
resistance (Riwt) of the resistor (Fig. 5b). Due to the symmetrical physical structure of the
resistor Ryt can be written as Rt = V/I = 2XRs + Ro/2n, where n is the total number of
interconnected teeth, Rs and Ro represent the series and two adjacent teeths interconnected
nanowires resistances, respectively. In this model, Rs is referred to the contact electrical
resistance at the SINW/N type polycrystalline silicon electrode interfaces. At low voltages,
Ro/2n dominates due to the high electrical resistivity of the undoped silicon nanowires array.

In this case, energy barriers are induced at the interface between two interconnected SiINWSs
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(Pichon et al., 2015). For high voltages these energy barriers are lowered resulting to a
decrease of Ro, and in this case the global electrical resistance is both controlled by the
contributions of Ro and Rs. Therefore, the domain of interest for bacteria detection was
chosen for measurements at low voltages (-2V to 2V) where the nanowires electrical

resistance dominated.

3.4 Electrical measurements after E. coli immobilization

Several dilutions with different concentrations 102-108 CFU/mL were then tested, and results
are reported on Fig. 5c. After bacteria binding, an intensive rinsing was performed to remove
the residues of the buffer solution and then the sensors were dried before the electrical
measurements. The electrical measurements were performed in dry conditions to overcome
the Debye length limitation due to the presence of other ions in solution. The electrical
characteristic 1(\V) of the sensor shows no variation after buffer rinsing and drying as shown in
Fig. S1. The value of the current level (Fig. 5c) raised with increasing bacteria concentrations.
The current shift caused by bacteria was measured for several bias between 0 and 2 V and an
optimised slope is observed for a voltage of 1.5V (Fig. 5d). The current level (measured at 1.5
V), increased linearly with the number of cells present in solution in the concentration range
102-108 CFU/mL, with a regression coefficient of 0.995. The estimated sensitivity, given by
the slope of the current versus bacterial concentration characteristic, was 83 A per decade of
CFU/mL. This sensitivity remains interesting for the detection of pathogenic bacteria in most
biological media. Bacterial culture thresholds beyond which an infection can be concluded are
above this limit. For example: in the event of a urinary tract infection, the threshold is set at
<10% CFU/mL, in the event of a pulmonary infection the significant threshold is between 102

and 10° CFU/mL depending on the types of samples.
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Figure 5: Electrical characteristic I (V), a) with antibodies, b) equivalent electrical model: the
electrical résistance related to the SINWs network varies after bacteria immobilization, c) with
various concentration 102 to 102 CFU/mL E. coli bacteria on a single sensor or anti-LPS
alone, and d) current shift versus bacterial concentration for a fixed 1.5 V bias, the slope of

linear fit presents a regression coefficient of 0.995.

3.4 Specificity of the detection

We studied the specificity of electrical detection using E. coli anti-LPS antibodies, with
Gram-negative (E. coli) and Gram-positive (S. aureus) strains. Two sensors were used and the
nanowires were functionalized in the same way as those used previously. Thus, anti-LPS were

attached to the surface, a blocking agent was applied to the sites between the silicon
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nanowires, followed by the deposition of S. aureus (108 CFU/mL) and E. coli (108 CFU/mL)
on each sensor (Fig. 6a). The SEM image in Fig. 6b showed round-shaped S. aureus with a
diameter of about 1.5 um. Fig. 6¢ showed the electrical response of the 2 sensors with anti-
LPS functionalized nanowires, and after deposition of S. aureus and E. coli respectively (108
CFU/mL). S. aureus did not form a covalent bond with the antibody unlike the E. coli and
thus, after washing and drying, the current was significantly higher on the sensor with E. coli.
This confirms the elimination of non-specific bacteria after rinsing, thus demonstrating the

specific detection of this system.
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Figure 6: a) Schematic of the steps: functionalization, immobilization of antibodies, blocking
agent and binding of bacteria (E. coli and S. aureus) on nanowires, then rinsing, b) SEM
image of S. aureus bacteria on nanowires and c) electrical detection of E. coli and S. aureus

bacteria (108 CFU/mL) using sensor with anti-LPS functionalized nanowires.
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4. Discussion on the detection mechanism

The sensor developed in this study presents a very large number of interleaved and
functionalized silicon nanowires facilitating the attachment of biomolecules and allowing an
increased sensitivity to the detection of bacteria thanks to the nanometric dimensions of the
nanowires and their high surface/volume ratio. A previous work (Lu et al., 2008) reported the
electrical detection of E. coli using functionalized interdigited gold electrodes based sensors.
In this work, only bacteria bridging the adjacent teeth of the electrodes are detected. In our
sensor, numerous SEM observations have shown that bacteria preferentially cling to the
functionalized nanowires and we did not observe bacteria on the silicon oxide surface located
between the electrode teeth. The added values in using silicon nanowires network are: i) the
three-dimensional configuration of the bacterial capture zone which offers an increased
interaction surface between the sensitive part (the nanowire network) and all bacteria to be
detected, and also ii) the possibility of field effect into the nanowires due to the electrical
charge contained in the membrane of the bacteria acting as biological gate. These effects
make it possible to expect an increased detection sensitivity compared to a sensor without
nanowires. However, further study could be conducted to verify the benefit for using silicon
nanowires in comparison with the direct use of bacteria to bridge electrodes reported in (Lu et
al., 2008).

The sensor highlights specific detection of E. coli. The sensitivity we estimated with our
sensor was 83 PA per decade of CFU/mL. This result is very promising for this type of
biosensor for direct electrical detection at low levels of bacterial contamination (10> CFU/ml)
required to ensure food safety (Huang et al., 2021)(Benserhir et al., 2022).

Several hypotheses could explain the increase of the current through the sensor after
attachment of bacteria considering that: i) bacteria act as additional electrical conductive paths

into the silicon nanowire array, ii) negative electrical charges of bacteria have a biochemical
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gate effect allowing a change in electrical conduction of silicon nanowires by field effect, or
iii) a possible transfer of electrical charges takes place into the nanowires. Silicon nanowire
arrays have two major advantages: they have a significantly increased surface area compared
to thin layers (high surface/volume ratio) and their conductance is very sensitive to their
surface properties. Several conduction mechanisms are involved in conduction in SINWs and
the understanding of these mechanisms can be explained by several hypotheses, the main ones
described by (Borowik et al., 2012) being Au-mediated surface conduction along the NW
sidewalls and conduction through the SiNWs. In addition, this device can be adapted
according to the needs, because it could be grafted with varied and modifiable specific
antibodies according to the needs (airborne bacteria, targeted pathogenic bacteria, etc.). It is
also transportable and could be used on different surfaces (clean rooms, operating rooms, etc.)
or allow the detection of microorganisms in multiple environments.

With the presence of bacteria immobilized on the nanowires, conduction might be dominated
by the electrical interaction between the nanowires and the membrane of E. coli cells. The
outer membranes of Gram-negative bacteria are mainly composed of LPS molecules. Each
LPS molecule has multiple negative electrical charges from phosphate and acid groups in the
lipid A and core-polysaccharide (Adams et al., 2014). Since each bacterium carries negative
electrical charges, the surface density of additional charges immobilized on the surface of the
nanowires after bacteria attachment is then directly related to the measured current in the
sensor. In their work, Susarrey-Arce et al. (Susarrey-Arce et al., 2016) have already
investigated the interaction of E. coli with functionalized SiNWs surfaces. They explained
that for Gram-negative E. coli, many adhesins are displayed on pili or fimbriae, which are
hair-like appendages on bacterial cells that allow single cell to attach to surfaces. These
extracellular structures and the rod-like shape of E. coli cells can generate multiple contact
points with the irregular SINWSs arrays. Some authors have suggested that extracellular

electron transport may be facilitated by extracellular conducting filaments, called bacterial
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nanowires. Reguerra et al. indicated that the pili might serve as biological nanowires,
transferring electrons from the bacterial cell surface to another surface (Reguera et al., 2005).
El Naggar et al. demonstrated electrical transport along bacterial nanowires acting as a viable
microbial strategy for extracellular electron transport (EI-Naggar et al., 2010). These
assumptions seem to be confirmed by the SEM image of E. coli (Fig. 1g) showing biological
pili connecting the silicon nanowires. Then, the presence of bacterial nanowires and
identification of the electron-transfer components that are required for electrical conductivity
provide important advancements toward understanding the mechanisms involved in electron
transfer. To demonstrate the concept of our system, we chose to test two very different
bacterial types: Gram + cocci and Gram - bacilli, in order to be able to demonstrate that the
electrical measurements carried out were possible, proportional to the quantity of bacteria,
and specific considering the two species tested. This work is therefore a preliminary study to

test the efficiency of the sensor.

4. Conclusions

The sensor developed in this study presents a very large number of interleaved and
functionalized silicon nanowires facilitating the attachment of biomolecules and allowing the
detection of bacteria thanks to the nanometric dimensions of the nanowires and their high
surface/volume ratio. This work uses an approach that directly measures the contribution of
bacteria, immobilized on the nanowires between two electrodes, by a significant current
change. We thus demonstrated the feasibility of label-free detection for different
concentrations of E. coli. The electrical measurements allowed the linear detection of
bacterial concentrations in the range 102-108 CFU/mL with a high sensitivity of 83 pA per
decade of CFU/mL and a specific detection. The results reported in this study show that the

silicon nanowires-based resistor acts as a proof concept of sensor for direct and specific
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detection of E. coli by electrical measurements. This SINW biosensor device demonstrated its
great potential as an alternative tool for future applications, as real-time bacterial detection
with miniaturizable and low-cost electronic sensor for real time bacterial detection compatible

with the classical silicon technology.
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