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ABSTRACT

The emerging research surrounding biosensors has seen an unprecedented rise in recent years: from innovative
methods of exploiting the bio-recognition event to groundbreaking first-generation designs, work around bio-
sensors is playing a more substantial role in all facets of modern biotechnology. This mini-review explores a
type of biosensor that analyzes bio-recognition events through a technique known as electrochemical impedance
spectroscopy (EIS). The EIS technique belongs to the electrochemical class of biosensors and is used to examine
analyte-electrode interactions through the transfer of electrons. While the technique has proved effective in
detecting several virulent bacteria, this review will primarily focus on E. coli O157:H7, L.monocytogenes, and
S. Typhimurium. These three pathogens are all highly contagious and capable of causing severe infections and
thus must be carefully managed in essential resources such as water. Though existing methods are effective,
there are ways EIS biosensing can be further enhanced in terms of accuracy and precision. At the end of the
manuscript, we further overview the state-of-the-art challenges and opportunities in EIS.

Introduction

The Earth’s surface is 71% covered in water, an irreplaceable substance for all life on this planet [1]. Despite
more than two-thirds of the terrain being covered by water, only 0.3% of all water is suitable for human con-
sumption [2]. On top of that, one in three people lives without sanitation and access to safe drinking water [3].
For this reason, one of the 17 global goals agreed to by worldwide leaders is access to clean water for all [4].
Current data shows 771 million people around the globe receiving substandard services to water, with 1 in 4
people lacking access to safely managed drinking water [5, 6]. The Global Burden of Disease is a study that
assessed the risk factors for diseases and deaths. The study estimates that unsafe water is responsible for 1.2
million deaths each year, which was three times the number of homicides in 2019 [7, 8]. In addition, it is
reported that 85,700 under-15 children die from illnesses related to unsafe water [9]. It can, therefore, be rea-
soned that water should be carefully monitored and managed.

Biosensors are promising devices for maintaining water safety, and they work by detecting chemical
components in a target analyte through the use of biological sensing elements. The biosensor is usually made
up of three components: 1) a bioreceptor, 2) a transducer, and 3) an interface. The bioreceptor is a macromole-
cule that attaches to the target analyte, causing a compositional change and generation of electrical signals. The
transducer then receives these signals, which are amplified before being processed by the interface. The inter-
face is the final component of a biosensor that collects electrical signals and converts them to data for further
analysis [10].

Many existing biosensing techniques have been previously researched (e. g. cyclic voltammetry, inte-
grated microfluidics, PCR, electrochemical impedance spectroscopy, etc.) [11, 12, 13, 14]. Electrochemical
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impedance spectroscopy (EIS) is a sensitive technique that utilizes a two-electrode format to measure the im-
pedance in a circuit. EIS offers many advantages over other electrochemical techniques, as it is a steady-state
technique that uses small signal analysis, allowing ultra-sensitive detections. Additionally, most EIS designs
are simplistic, cost-effective, and highly portable. This technique will be focused on throughout the review
when discussing the detection of specific waterborne pathogens.

Multiple reviews have been previously published around EIS techniques to detect pathogens, but none
has focused on the detection of pathogenic waterborne bacteria [15, 16, 17. 18. 19]. This brief review attempts
to offer a cross-disciplinary outlook on recent studies for detecting three pathogenic waterborne bacteria,
namely Escherichia coli 0157:H7 (E. coli O157:H7), Listeria monocytogenes (L.monocytogenes), and Salmo-
nella enterica serovar Typhimurium (S. Typhimurium) using EIS. In the following section, we present the im-
portance of detection, experimental methods, and resulting limits of detection (LOD) of studies.

Detection of E. coli O157:H7, L.monocytogenes, and S. Typhimurium us-
ing EIS

E. coli O157:H7

E. coli O157:H7 is a pathogenic bacteria most commonly contracted by the consumption of contaminated food
or water. The gram-negative bacterium is a Shiga toxin-producing Escherichia coli (STEC); it produces highly
potent toxins that threaten the lining of the intestines and kidneys, causing diarrhea, hemorrhagic colitis, and
hemolytic-uremic syndrome (HUS) [20]. E. coli O157:H7 is responsible for up to 73,000 illnesses, 2,200 hos-
pitalizations, and 60 deaths alone in the United States annually [21]. The EIS technique, which has seen much
success in previous E. coli detection studies, holds great potential for its portability, efficiency, and effective-
ness as an early-warning detector of the pathogen in water [22-24].

A study published in 2018 tested multiple immobilization techniques, one of which used ferrocene as
an electro-transfer mediator (see Figure 1). The use of ferrocene as an electron-transfer mediator between the
E. coli O157:H7 and a gold electrode yielded very LOD, with results equalling 3 CFU/ml. Though ferrocene is
highly conductive, it is still considered a large molecule with a considerable surface area. By treating a standard
gold-cysteamine-ferrocene (Au-Cys-Ferrocene-Ab) electrode surface with cysteamine, the energy lost due to
its surface area decreased, and LOD was brought even lower. This was shown by changes in the faradaic charge
(Q), increasing from 3.98 x 10~ Coulombs (C) to 3.19 x 10* C. When the immunosensors were tested in spiked
milk, the system produced highly sensitive measurements [25]. Overall, the study demonstrates the effective-
ness of using ferrocene as an electro-transfer mediator and the importance of optimizing the surface chemistry
of the electrode to improve LOD.

Figure 1. Diagram illustrating the biosensor fabrication of anti-E. coli O157:H7 on Au-Cys-Ferrocene-Ab sur-
face. Adapted from Malvano et al. (2018), with permission from PMC.

ISSN: 2167-1907 www.JSR.org 2



HIGH SCHOOL EDITION

@ Journal of Student Research

Volume 12 Issue 1 (2023)

In a different research, anti-E. coli antibodies were immobilized onto a gold electrode through the use
of a self-assembled monolayer (SAM) and produced a LOD of 2 CFU/ml. The SAM contained mercaptohexa-
decanoic acid (MHDA), which created a robust gold-thiolate interaction for the system with an oxidized gold
surface [26]. Fluorescence microscopy was used to assess various detection capabilities of antibodies and bac-
teria. A sandwich technique was used to detect bacteria. In this method, E. coli O157:H7 bacteria were placed
onto an antibody pattern and then incubated with a secondary FITC-conjugated anti-E. coli polyclonal antibody
(refer to Figure 2). The antibody microarray only captured E. coli O157:H7 bacteria, thereby proving its spec-
ificity and binding potency. Furthermore, the absence of bacteria detected outside of the microarray proved that

the non-specific adsorption of proteins or bacteria was inhibited. With the combination of the SAM interaction
and the efficiency of the sensing platform, the design reported low LODs under laboratory conditions [27].

Figure 2. Fluorescence microscopy images of E. coli O157:H7, selectively grafted by anti-E. coli, presenting
low grafting capacity towards a non-specific binding bacteria such as S. Typhimurium. Adapted from Barreiros
dos Santos et al. (2013), with permission from Elsevier.

Listeria Monocytogenes

Listeria monocytogenes (L. monocytogenes) is another pathogenic gram-positive bacteria that enters the body
through contaminated food and untreated water. L. monocytogenes causes an infection known as listeriosis and
is most severe in pregnant women, newborns, elderly, and immunocompromised individuals [28]. There are
approximately 1,600 people diagnosed with listeriosis annually, and about 260 people die from the infection
[29]. Various clinical syndromes have been associated with L. monocytogenes, including sepsis, infections in
the central nervous system, gastroenteritis, and more [30]. Many techniques (e. g. cyclic voltammetry, PCR,
RNA) have been innovated to detect L.monocytogenes, with EIS having seen increased usage and success rates
in recent years [31-33].

A study investigated an immobilization-free EIS biosensor, which combined immunomagnetic sepa-
rated nanoparticles and urease to detect Listeria. The cells were first placed in a urease-AuNP-Listeria-MNP
complex, which is composed of urease, gold nanoparticles, and magnetic nanoparticles (see Figure 3). Then,
the apparatus would be rinsed with polybutylene terephthalate (PBT) and deionized water in a high-gradient
magnetic field to remove excess materials and ions. Following this separation, the processed solution is
reinjected into the solution as ammonium and carbonate ions to increase the overall ionic strength. Finally, the
solution would be measured for impedance changes by an electrochemical workstation with a microfluidic
detection chip and an interdigitated microelectrode. Testing on lettuce samples yielded a detection of Listeria
ranging from 1.6 x 10 to 6 x 10> CFU/ml. Furthermore, the results from the trials also showed an increase in
efficiency, as the time taken for immunomagnetic separation decreased from a conventional 90 minutes down
to 30 minutes [34].
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Figure 3. TEM image of the interaction between L. monocytogenes cells and MNP-Listeria-AuNP complexes.
Adapted from Chen et al. (2016), with permission from Elsevier.
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Figure 4. Schematic diagram that shows a) the platform’s microfluidic module, including microchambers, mi-
crochannels, central and peripheral holes. Beneath this surface contains the b) sensing module with four arrays
of microelectrodes, each composed of four pairs of interdigitated electrodes. ¢) The assembled device with the
microfluidic module aligned with the electrode array at the bottom. Adapted from Chiriaco et al. (2018), with
permission from MDPI.

Another study developed a miniaturized two-layered EIS biochip for the detection of L. monocyto-
genes. The upper layer of the biochip consists of a microfluidic platform while the lower contained an array of
sensing microelectrodes. In this system, the analyte enters through one of the four chambers located near the
surface of the microfluidic platform. Then, microchannels connected to the chambers carry the solution down
toward the array of gold-interdigitated microelectrodes for impedance detection (refer to Figure 4). The appa-
ratus was designed to be capable of analyzing multiple solutions at once, providing greater flexibility and effi-
ciency. When tested with a contaminated milk sample, the biochip was able to detect L. monocytogenes from a
LOD of 2.2 x 10* CFU/ml to 1 x 10> CFU/ml [31]. The use of the microfluidic platform enabled researchers to
reduce the volume of the sample required for analysis, making the technique suitable for the analysis of specific
water samples. Further, the miniaturized design of the biochip allows the biosensor to be highly portable and
easy to use.

Salmonella Typhimurium

The other pathogenic bacteria of interest, Salmonella enterica serovar Typhimurium (S. Typhimurium), also
enters the body through the consumption of contaminated food and water. This gram-negative bacterium is a
common serotype that leads to nontyphoidal salmonellosis (NTS) [35], causing gastroenteritis, bacteremia, and
subsequent focal infection. Annually, the bacteria causes 153 million cases of gastroenteritis and up to 57,000
deaths around the globe [36]. Portable and sensitive biosensors like EIS have seen many novel applications in
the detection of S. Typhimurium in food and water samples [37-40].
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A study based on EIS assessed the effects of different sample treatments, including combinations of
heat and sonification, to increase detection sensitivity. An S. Typhimurium antibody was first immobilized to a
screen-printed electrode (SPE) through a cysteamine monolayer (see Figure 5). The activation of this monolayer
through glutaraldehyde provided a robust protein immobilization for the antibody [41], thus increasing the
measurement sensitivity. Various sample treatments found that heat-treated and sonicated Salmonella produced
the lowest LOD of 1 x 1073 CFU/ml with a 20-minute total analysis time. A similar method was later tested
with milk but slightly decreased in sensitivity, resulting in a LOD of 9 x 10° CFU/ml [38].
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Figure 5. Illustration of antibody immobilization (left); design of SPE electrode (right). Adapted from Fark et
al. (2016), with permission from Wiley.

Another study looked into interdigitated microelectrodes using glutathione (H>O,) to break down
Si02@MnO2 nanocomposites into Mn2+ for enhanced sensitivity (see Figure 6). The model immobilized mon-
oclonal S. Typhimurium antibodies to magnetic beads for separation processes. Subsequently, a sandwich com-
plex was developed by conjugating monoclonal antibodies with SiO2@MnO2 nanocomposites. The samples
were then immersed in the H202 solution, causing MnO2 to decompose and release Mn2+, which was used as
a way to increase the overall conductance of the system. The reduction of MnO2 to Mn2+ by reducing agent
glutathione to monitor glucose abundance in biological organisms has been previously studied [40-41]. MnO2-
modified SiO2 nanocomposites release Mn2+, which is detected as impedance changes by interdigitated array
microelectrodes. Testing this method in spiked milk samples yielded sensitive and efficient detection of S.
Typhimurium, with a reported LOD of 2.1 x 10 CFU/ml in 45 minutes [38].
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Figure 6. Design of the impedance biosensor for detecting S. Typhimurium through immunomagnetic separa-
tion and MnO, reduction by H,O,. Adapted from Wang et al. (2020), with permission from Elsevier.

Discussion and Future Directions

Though a powerful technique for detecting waterborne pathogenic bacteria, applications of EIS face some lim-
itations. The main drawback of the technique is the amount of time and labor required for reliable data. Due to
the low signal-to-noise ratio, EIS must be precautionary in label-free assays to avoid false positive results [44].
It is, therefore, necessary to implement extensive experimental controls to avoid errors caused by non-specific
binding. Furthermore, it is an expensive technique with many necessary components to perform adequately.

Two future steps for EIS biosensors innovation include 1) increasing surface area for higher detection
sensitivity and 2) using intermediate steps to conduct a more successful experiment. The idea behind applying
nanocomposite materials to EIS biosensors is to further minimize the possibility of non-specific binding be-
tween the analyte and bioreceptor. The implementation of nanocomposites (e.g. Au@Pt-TiO2, Pt@TiO2,
Au@Ti02) into EIS increases the surface area of the electrode while improving the conductance of the sensing
interface [45]. This allows greater chemical accessibility to the analyte and improves analyte-receptor binding.
Additionally, using atomic force microscopy (AFM) imaging to observe binding reactions will improve the
accuracy of experimental results. AFM imaging should be an intermediate step in observing binding reactions.
It serves as a powerful validation tool to greatly reduce experimental errors.

Conclusion

In this review study, we have highlighted the potential that various EIS techniques have on the detection of
waterborne pathogenic bacteria, specifically E. coli O157:H7, L.monocytogenes, and S. Typhimurium. EIS bi-
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osensors are potent tools for on-site quantitative detection of bacteria, and thus serve important roles in improv-
ing water quality through sensitive detection in a global setting. Recent advancements in EIS biosensors for the
detection of these bacteria have all aimed to lower LOD by increasing electrode surface area and improving
electrical conductivity. Further advancements in EIS design are envisaged to enhance detections in similar
ways, specifically through the addition of nanocomposite materials and AFM as intermediate steps.
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