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ABSTRACT

There is now an urgent need to develop reliable, rapid, and cost-effective methods for bacterial detection, particularly for point-

of-care applications. This study explores the unique properties of silicon nanowire (SiNW) arrays as a resistive sensing platform

for detecting Listeria innocua. Vertically aligned SiNWs, fabricated via metal-assisted chemical etching, exhibited high sensi-

tivity to bacterial adsorption. Conductance measurements revealed a more than 10-fold increase as bacterial concentrations rose
from 10° to 10’ CFU/mL, with clear saturation at higher levels. The study employed both direct current (DC) and alternating
current (AC) methodologies, with AC conductance consistently outperforming DC due to reduced potential barrier effects. An
equivalent circuit model was developed to describe the impedance behavior of the SiNW-bacteria system, offering valuable

insights into charge transport mechanisms. These results demonstrate the potential of SINW-based sensors as robust, scalable,

and high-performance diagnostic tools. Beyond bacterial detection, the proposed platform offers promising applications in

clinical diagnostics, environmental monitoring, and food safety.

1 | Introduction

Despite significant advancements in the control of infectious dis-
eases, several infections continue to pose considerable challenges for
accurate and timely diagnosis. One such infection is listeriosis, a
severe condition caused by the bacterium Listeria monocytogenes.
Commonly found in contaminated food, this pathogen can lead to
serious health complications, including meningitis, encephalitis,
septicemia, endocarditis, abscesses, and purulent lesions
(Allerberger and Wagner 2010). The incidence of listeriosis has been
steadily increasing, making it a growing public health concern in
the 21st century. Alarmingly, the disease is associated with a high
mortality rate, with approximately 20% of infected individuals suc-
cumbing to its effects (Oevermann et al. 2010; Zhang et al. 2021).

© 2025 Wiley Periodicals LLC.

The rapid and reliable detection of pathogenic bacteria remains a
critical challenge in medical diagnostics, food safety, and en-
vironmental monitoring. Traditional methods, such as culture
techniques, though highly sensitive, are time-consuming and
labor-intensive, requiring 24-72h for conclusive results. Molec-
ular approaches, such as polymerase chain reaction, offer faster
detection times but require specialized equipment and trained
personnel, limiting their accessibility in decentralized settings.
This underscores the need for advanced biosensor technologies
capable of rapid, sensitive, and cost-effective bacterial detection.

Biosensors have emerged as versatile tools for bacterial detec-
tion due to their ability to convert biological interactions into
measurable physical or chemical signals. Among the various
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types, optical sensors, such as surface plasmon resonance
devices, are renowned for their high accuracy in detecting target
bacteria through changes in optical properties. However, these
systems often rely on bulky and expensive instrumentation, as
well as strict environmental controls, which restrict their use in
field applications. Piezoelectric sensors offer real-time detection
by monitoring changes in oscillation frequencies upon bacterial
binding, yet they typically require extended incubation times
and complex surface regeneration protocols. Electrochemical
sensors, including impedance-based devices, provide a promis-
ing alternative by enabling label-free, direct detection of bac-
terial interactions. Despite these advances, each technology
faces challenges in balancing sensitivity, simplicity, and scal-
ability for widespread application (Kotsiri et al. 2022; Ahmed
et al. 2014; Ivnitski et al. 1999).

For addressing infections caused by pathogenic Listeria, it is
crucial to understand the structural and functional biology of
these bacteria. Listeria monocytogenes, the primary pathogenic
species, is distinguished by its production of internalin B (InlB), a
surface protein that facilitates phagocytosis and hepatocyte
invasion, driving its virulence (Chalenko et al. 2017; Ireton
et al. 2021). Detecting InIB in body fluids such as blood plasma or
urine could serve as a specific biomarker for early listeriosis
diagnosis. However, existing serological methods often suffer
from high rates of false positives and negatives, along with lim-
ited sensitivity and specificity (Lopes-Luz et al. 2021). These
shortcomings underscore the need for advanced diagnostic tools
that can provide accurate, early detection of listeriosis, ultimately
improving patient outcomes through timely intervention.

One promising approach for detecting Listeria and other patho-
gens is the use of resistive biosensors, which have gained pop-
ularity due to their simplicity and effectiveness. These sensors
operate by measuring changes in the electrical resistance of a
sensing material upon interaction with target entities, such as
bacteria (Flammini et al. 2004). The straightforward construction
and operation of resistive sensors have contributed to their
widespread application in diverse fields, including medical di-
agnostics and environmental monitoring (De Boer et al. 2007;
Ilyin et al. 2015; Ilin et al. 2017; Filatova and Rumyantseva 2023).

A key factor in the performance of resistive biosensors is the specific
surface area of the sensing material. Low-dimensional systems with
nanostructured morphologies offer a significant advantage by pro-
viding a highly increased surface area. This enhancement improves
sensor sensitivity, enabling the detection of low concentrations of
biological targets—an essential feature in clinical diagnostics (Feng
et al. 2021; Xu et al. 2020; Levitsky 2015; Archer et al. 2005; Gupta
and Gupta 2005; Daraee et al. 2016; Osminkina et al. 2022; Forsh
et al. 2007; Martyshov et al. 2009; Forsh et al. 2008; Gongalsky
et al. 2020; Gonchar et al. 2020; Nazarovskaia et al. 2023). Addi-
tionally, resistive chemical sensors based on low-dimensional sys-
tems can operate at reduced temperatures, require minimal
power, and are adaptable to a variety of application conditions,
making them highly versatile. Their ease of fabrication and the
relatively low cost of the materials further solidify their appeal
as next-generation chemical sensors.

Among the various materials used in biosensor fabrication,
nanocrystalline silicon has emerged as a particularly promising

candidate due to its unique chemical and physical properties.
The nanostructured surface of silicon offers exceptional sensi-
tivity and selectivity for detecting a broad range of targets,
including gases, organic compounds, and biomolecules (Archer
et al. 2005; Osminkina et al. 2022; Forsh et al. 2007; Martyshov
et al. 2009; Forsh et al. 2008; Gongalsky et al. 2020; Gonchar
et al. 2020; Nazarovskaia et al. 2023). For example, porous sil-
icon, with its high specific surface area, significantly enhances
the number of active sites available for analyte interaction,
thereby improving sensor performance (Forsh et al. 2007;
Martyshov et al. 2009; Forsh et al. 2008).

Silicon nanowires (SiNWs) have emerged as a promising platform
for bacterial detection, leveraging their unique morphological fea-
tures, such as high surface-to-volume ratios and well-ordered
structures. These characteristics enhance bacterial adhesion and
facilitate precise measurement of electrical changes during inter-
actions (Gongalsky et al. 2020; Gonchar et al. 2020; Nazarovskaia
et al. 2023). In previous research, SINW arrays were utilized as
sensitive elements to monitor electrical changes caused by bacterial
adhesion. For example, Jeong et al. observed that bacterial cells
adhered preferentially to nanowire arrays, altering electrical resist-
ance due to the disruption of conductive pathways (Jeong
et al. 2013). Similarly, Le Borgne et al. demonstrated that interdig-
itated electrodes connected by SiNWs exhibited significant resist-
ance changes when bacteria were deposited onto the array. The
networked morphology of the SINW arrays ensured efficient bac-
terial capture, enabling precise electrical detection (Le Borgne
et al. 2018).

In this work, we present a simplified yet highly sensitive
resistive platform based on SiNW arrays. The unique morpho-
logical properties of these arrays, carefully optimized in our
approach, significantly enhance bacterial adsorption and enable
precise electrical detection. This method avoids the need for
complex processing steps while maintaining high sensitivity
and rapid detection capabilities, making it a practical solution
for bacterial monitoring systems.

The current study investigates changes in both direct and
alternating current (DC and AC) conductivity of SINW arrays in
response to the adsorption of varying concentrations of non-
pathogenic bacteria, Listeria innocua. Our results demonstrate
that SINW-based sensors offer substantial potential for the rapid
and reliable detection of bacteria, paving the way for advanced
diagnostic tools. These sensors hold particular promise for
clinical applications, where the swift and accurate identification
of pathogenic bacteria is critical for effective treatment and
infection control. Furthermore, the principles established in
this study extend beyond the detection of Listeria, providing a
foundation for the development of low-cost, high-performance
biosensors applicable across diverse diagnostic scenarios.

2 | Materials and Methods

SiNWs were fabricated using the metal-assisted chemical etch-
ing (MACE) method from p-type crystalline silicon (c-Si) with a
crystallographic orientation of (100) and a resistivity of
10-20 Q-cm. Initially, the c-Si substrate was cleaned to remove
potential contaminants by sequentially washing it in acetone
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and isopropanol in an ultrasonic bath, followed by treatment
with 5M HF to eliminate surface silicon oxide.

The cleaned c-Si was then immersed in a solution of 0.01 M
AuCl; and 5M HF (1:1 volume ratio) for 15s, resulting in the
deposition of gold nanoparticles (AuNPs) on the silicon surface.
Subsequently, the AuNP-coated c-Si was placed in a solution of
5M HF and 30% H,0, (10:1 volume ratio) for 30 min, where
etching occurred in the regions covered by AuNPs. After the
etching process, AuNPs were removed by immersing the sample
in aqua regia (a mixture of nitric acid (HNO3) and hydrochloric
acid (HC]) in a 3:1 volume ratio) for 5 min.

The SiNWs were prepared at room temperature. Following
fabrication, the substrates with nanowires were diced into
0.5 0.5 cm chips for subsequent use in sensor applications.

To investigate the conductivity of the samples and the influence
of bacteria on it, aluminum contacts measuring 1.5 X 3.4 mm
were deposited onto SINW samples (1.2 mm thick) using ther-
mal spraying on a VUP-5 unit. The sputtering process was
carefully controlled to ensure that aluminum particles adhered
to the surface of the nanowires without penetrating the regions
between them, thereby avoiding short circuits between the
contacts and the underlying c-Si substrate. To achieve this, the
sample was positioned at a 70° angle relative to the aluminum
crucible during the deposition process.

The morphology of the obtained SINWs was studied using a Carl
Zeiss SUPRA 40 FE-SEM scanning electron microscope equipped
with an Inlens SE detector. The imaging was performed at an
accelerating voltage of 10kV and an aperture size of 30 um.

The Listeria innocua (L. innocua) strain SLCC3379 was obtained
from the N. F. Gamaleya National Research Center for Epide-
miology and Microbiology (Russia) and stored at -70°C in 10%
glycerol. The bacteria were cultivated overnight in brain heart
infusion (BHI) broth at 37°C under constant shaking at
180 rpm. Following cultivation, the suspension was diluted
1:100 with fresh medium to achieve a concentration of 1.6-10’
CFU/mL (colony-forming units per milliliter).

For SEM imaging of bacteria adsorbed onto SiNWs, an accel-
erating voltage of 2 keV was used. Before imaging, the bacteria
were immobilized on the SINW substrates using a 2% glutar-
aldehyde solution in PBS for 90 min, followed by dehydration

through an ethanol series ranging from 50% to absolute ethanol
(Nazarovskaia et al. 2023).

To investigate the influence of bacteria on the conductivity of
SiNWs, an initial measurement was conducted by placing a
drop of distilled water on the sample and recording its con-
ductivity. Subsequently, drops of bacterial suspensions with
varying concentrations were applied to the samples. The bac-
terial suspensions, prepared in distilled water, ranged from 10°
to 10’ CFU/mL. This approach allowed for a systematic ex-
amination of how bacterial concentration impacts the electrical
properties of the SINW samples.

Schematic representation for obtaining an electrical sensor
based on SiNWs is shown in Figure 1.

AC measurements were carried out using an HP 4192A
impedance analyzer, which operates across a wide frequency
range of 5 Hz-13 MHz. The amplitude of the applied AC voltage
was set to 0.05V to ensure precise impedance characterization.
For DC measurements, a Keithley 6487 source picoammeter
was employed, offering high sensitivity and accuracy for eval-
uating the electrical properties of the samples.

3 | Results and Discussion

Figure 2 shows SEM micrographs of SiNWs, which appear as
quasi-ordered arrays of nanowires predominantly oriented
along the [100] crystallographic direction. The thickness of the
SiNW layer after etching is approximately 13 um (Figure 2a).
Individual nanowires have a diameter of about 100 nm; how-
ever, due to the significant thickness of the SINW layer, the
nanowires tend to adhere to one another, forming agglomer-
ates. These agglomerates measure approximately 1-2um in
size, with an average spacing of about 1um between them
(Figure 2b).

The current-voltage characteristics were linear in the range up to
10V. The change in conductivity with the addition of bacteria was
determined at a bias voltage of 6 V, since at this bias the current has
the most “convenient” value for measurement over the entire range
of bacterial concentrations. The dependencies described below ex-
hibit similar behavior at various bias voltages within the linear
region of the current-voltage characteristic. Therefore, the data for a
bias voltage of 6V are presented here as representative.

1 2
_1 2, LU
HF:AuCl; - HF:H,0,
c-Si AuNPs on c-Si SiNWs
HCI:HNOs | 3
4
—_— [LULL
bacteria
electrical sensor SiNWs

FIGURE1 |

Schematic representation of the preparation of an SiNW-based electrical sensor.
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FIGURE 2 |

To gain a deeper understanding of the charge transfer mechanisms
in the SiNWs-bacteria system within distilled water, AC measure-
ments were conducted. Figure 3 shows the impedance hodographs
for SINW samples at different concentrations of L. innocua bacteria
(0, 10, 10°, and 10’ CFU/mL). The data are approximated using an
equivalent circuit comprising a series resistor (R,), a parallel resistor
(Ry), and a capacitor (C). The real (ReZ) and imaginary (-Im Z)
parts of the impedance change with varying bacterial concentra-
tions. The formulas for the impedance Z and the hodograph of the
proposed equivalent circuit are as follows:

I R
Z=R +|— + inC =R+ ———
Rz 1+ (C()Cllzz)2 (1)
_i wCR?
1+ (CUCR2)2
2 2
(Re Z- [Rl + % ) +(m Z)p= (%) @)

In this equivalent circuit, resistor R; represents the resistance
between the sputtered contacts and the SiNWs, while resistor R,
corresponds to the resistance of the SiNWs. The capacitor C,
accounts for the polarization processes occurring in the space
between the nanowires, which is filled with water and bacteria,
as well as the capacitance of the boundaries between the na-
nocrystals composing the SINWs.

The approximation curves, shown in Figure 3 as red lines, align
with the theoretical model. Similar associations between phys-
ical processes and elements of equivalent circuits are commonly
employed in the study of the electrical properties of nanocrys-
talline semiconductors (Barsoukov and Macdonald 2005).

The measured values of the real and imaginary parts of the
impedance were sufficiently high to ensure accurate measure-
ments using the available equipment. However, the impedance
was measured with good accuracy only at higher frequencies,
where the signal-to-noise ratio was more favorable. At higher
frequencies, the hodograph follows a counterclockwise trajec-
tory along the points in Figure 3, with a corresponding reduc-
tion in the real part of the impedance. Consequently, the first
quarter of the semicircle, corresponding to lower frequencies
and higher values of real impedance as predicted by Equation
(2), is not visible.

SEM micrographs of an SiNWs sample: (a) side view, (b) top view.

2
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0.0 0.2 0.4 0.6 0.8 1.0
Re Z (10° Q)
FIGURE 3 | Impedance hodographs of SiNW samples with the

addition of distilled water containing different concentrations of L. in-
nocua bacteria. The numbers on the graph correspond to the bacterial
concentration: 1 - no bacteria (control), 2 - 10° CFU/mL, 3 - 10° CFU/
mL, 4 - 10’ CFU/mL. Red lines represent the approximation of the
experimental data using the equivalent circuit shown in the inset.

The dependencies indicate that the addition of bacteria into the
space between the nanowires alters the resistance R, and
capacitance C, leading to nonlinear impedance changes. At low
bacterial concentrations (10° CFU/mL), there is a slight
decrease in impedance compared with the control sample (0
CFU/mL), likely due to insufficient filling of the space between
the nanowires (Figure 4a,b). As the concentration increases (10°
and 10’ CFU/mL), bacteria begin to form coatings also on the
surface of the SiNWs (Figure 4c,d), increasing both the resist-
ance R, and the capacitance C, which results in higher real and
imaginary impedance values.

Thus, the complex dependence of impedance on bacterial
concentration is driven by competing effects involving changes
in the resistance of the nanowires R, and the capacitive
component C of the structure. These changes confirm the
high sensitivity of the sensor to varying levels of bacterial
contamination.
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FIGURE 4 |
(a, c) show a 45° tilt view, while (b, d) show a top view.

From Equation (1), we derive an expression for the conductance
G(w) as follows:

R
1+ El + w’R R, C?

_rell) = >
G(w) = Re(ZJ R+ R + RERO) 3)
TR 2 (WRy

Figure 5 shows the frequency dependence of conductance for
SiNW samples exposed to L. innocua bacteria at a concentration
of 10° CFU/mL. Similar frequency dependencies were observed
for other bacterial concentrations. The conductance exhibits a
consistent increase with frequency and is well approximated by
Equation (3), as indicated by the quadratic relationship repre-
sented by the red line.

The c-Si substrate used in this study has dimensions of 5 X 5cm
and a resistivity of 10-20 Q-cm, corresponding to a conductivity
of 0.05-0.1 S/cm. Given the geometry of the experimental setup,
where the distance between the electrical contacts is signifi-
cantly smaller than the substrate dimensions, the conductance
of the c-Si substrate between the contacts is calculated to be
approximately 0.005-0.01 Q~*. This value is several orders of
magnitude higher than the conductance of the SiNWs, which is
on the order of 107°Q™". As such, the contribution of the c-Si
substrate to the measured conductance is negligible, ensuring
that the recorded values accurately reflect the conductance of
the SINW array alone. This highlights the reliability of the
method and confirms that the substrate does not introduce
measurement artifacts.

Figure 6 illustrates the change in conductance under DC and
AC conditions as a function of bacterial concentration on
SiNWs, ranging from 10° to 10’ CFU/mL. AC conductance

SEM micrographs of SiNWs with adsorbed L. innocua at concentrations of (a, b) 10> CFU/mL and (c, d) 10’ CFU/mL. Images
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10° 10 108 108 107
Frequency (Hz)
FIGURE 5 | Frequency dependence of conductance for SiNWs with

L. innocua bacteria at a concentration of 10° CFU/ml (black squares)
and its approximation by quadratic law (red line).

measurements were performed at a frequency of 10 kHz, as the
dependence on bacterial concentration stabilizes at higher fre-
quencies. Additionally, conducting measurements at higher
frequencies is less practical due to increased labor intensity.

As shown in Figure 6, increasing bacterial concentration from
10° to 10’ CFU/mL results in a more than 10-fold rise in con-
ductance for both DC and AC measurements. The AC con-
ductance follows a similar trend to DC conductance, with an
initial rapid increase at lower bacterial concentrations and a
saturation effect as the concentration approaches 10’ CFU/mL.
However, AC conductance values are consistently higher than
DC conductance across the entire concentration range,
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FIGURE 6 | Dependence of SINW conductance at AC (blue squares,

curve 1) and DC (black squares, curve 2) on L. innocua concentration. AC
measurements were performed at 10 kHz. Error bars represent the range
of 2-4 independent measurements performed for each bacterial con-
centration to ensure data reproducibility.

reflecting the enhanced sensitivity of the system to AC at the
chosen frequency (10 kHz). This difference can be attributed to
the reduced influence of potential barriers during AC mea-
surements, as oscillating electric fields enable charge carriers to
more effectively overcome these barriers (Ilyin et al. 2015; Forsh
et al. 2008; Ilin et al. 2019). The observed saturation at 10’ CFU/
mL for both DC and AC conditions indicates the limited
capacity of the nanowire system to further enhance conduct-
ance under these conditions.

4 | Conclusion

In this study, we demonstrated the feasibility of detecting L. innocua
bacteria using a resistive method based on SINW arrays. These
arrays, consisting of vertically oriented SINWs approximately 13 um
in length and 100nm in diameter, exhibited high sensitivity to
bacterial adsorption. Our findings revealed significant changes in
the conductance of SINWs when exposed to L. innocua, enabling
detection at concentrations as low as 10° CFU/mL. Conductance
increased more than 10-fold as bacterial concentration rose from 10°
to 10” CFU/mL, with a clear saturation effect at higher concentra-
tions. Both DC and AC measurements confirmed the nonlinear
relationship between bacterial concentration and conductance, with
AC conductance consistently higher than DC conductance,
reflecting the reduced influence of potential barriers under AC
conditions.

This study also introduced an equivalent circuit model that effec-
tively describes the impedance behavior of the SINW-bacteria sys-
tem. The model and derived analytical expressions for impedance
and the frequency dependence of conductance provided valuable
insights into charge transport mechanisms in the presence of
bacteria.

While the results underscore the promise of SINWs for bacterial
detection, several limitations must be acknowledged. First, the study

was conducted using L. innocua as a model organism, which is
nonpathogenic and less representative of more -challenging
clinical pathogens like L. monocytogenes. Future research should
include pathogenic strains to validate the method's clinical
applicability. Second, the experimental setup relies on distilled
water as the medium, which simplifies the system but may not fully
replicate real-world biological fluids, where matrix effects could
influence sensor performance. Lastly, the fabrication of SINW ar-
rays, while relatively straightforward, may require further optimi-
zation to enhance scalability and reduce variability across samples.

Despite these limitations, the results highlight the potential of
SiNW-based sensors as cost-effective, high-performance tools for
bacterial detection. The principles demonstrated in this study
pave the way for the development of advanced diagnostic devices
suitable for clinical, environmental, and food safety applications.
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