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Abstract: Bacterial infections represent one of the leading 
causes of mortality worldwide, nevertheless the design and 
development of rapid, cost-efficient and reliable detection 
methods for pathogens remains challenging. In recent years, 
electrochemical sensing methods have gained increasing 
attention for the detection of pathogenic bacteria, due to their 
increasingly competitive sensitivity. However, combining 
sensitivity with cost efficiency, high selectivity and a facile 
working procedure in a portable device is difficult.  

The presented review provides a summary of biosensing 
strategies for bacteria, published since 2015, by covering 
significant achievements towards custom-designed portable 
point of care devices. Herein, the direct chemical recognition of 
bacteria via enzyme activity or secretion products, as well as 
their detection at various electrode surfaces and materials, such 
as nanomaterials, indium tin oxide or paper-based 
immunosensors, is discussed. Furthermore, newly established 
hyphenated sensing principles, incorporated into lab-on-a-chip 
and microfluidic devices, are presented and remaining technical 
challenges and limitations are considered. 
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1. Introduction 

Research on biosensors for pathogens and infectious 
diseases is becoming a focus point of attention in medical 
research, as its importance becomes increasingly evident in 
health care, the environment, and food monitoring. Annually, 
~340 million new infections related to sexually transmitted 
diseases alone, are recorded worldwide [1], and in general 
bacterial infections remain one of the leading causes of 
mortality.[2] As most infections occur through contaminated 
water, food, and bodily fluids, the spreading of diseases 
progresses rapidly and results in a great need to quickly identify 
pathogens to select most effective treatment strategies on an 
individual basis. As an example, about 53 million lives worldwide 
were saved through the diagnosis and treatment of tuberculosis 
between 2000 and 2016.[3] However, the rapid, cost-efficient 
and reliable detection of pathogens remains a challenge, as 
adequate recognition of infectious diseases still relies on lengthy 
conventional culturing methodologies and requires technical 
staff training.[4]  

In recent years, electrode materials and bioelectrodes 
have emerged for the design of implantable and wearable 
sensors for in vivo analysis of electrolyte levels [5–7] and 
electrochemistry has been acknowledged as a successful tool 
for the detection of whole bacteria, bacterial byproducts and 
metabolites, as well as enzymes[8,9]. In contrast to the glucose 
sensor, which is based on the amperometric recognition of 
glucose in blood and generates global revenues in the order of 
billion dollars per year[10], bacterial biosensors are still not 
ready to enter the global market successfully as routine 
monitoring devices. To reach large scale commercialization of 
bacterial biosensors, the following requirements have to be 
fulfilled: cost efficiency, low detection limit, selectivity, a 
precision of about 5 to 7%, a short analysis time in the order of 5 
to 10 minutes, no necessity of pre-enrichment methods for 
samples, portability to allow on-side monitoring, and no required 
skills to carry out the detection assay are all essential features 
demanded by the medical diagnostic industry.[8] In addition, 
disposable analytical substrates are desired to keep up with the 
increasing demand for test performance.  

Previous recent reviews published on this topic covered 
fundamental sensing principles, case studies and challenges 
faced when aiming to develop portable point of care devices for 
on-site monitoring.[9,11,12] In 2015, Monzó et al. published a 
comprehensive overview of current advantages and 
disadvantages of various electrochemical sensing methods and 
concluded a slow penetration of biosensors into the global 
market due to limitations in sample preparation, analysis time 
and device sensitivity.[9] Distinct importance was attributed to 
the development of low-cost nanomaterials and synthetic 
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polymers, microarray platforms, as well as microfluidic devices, 
allowing an increased mass transport of the analyte towards the 
electrochemical interface. In 2016, Kokkinos et al. provided an 
in-depth review of electrochemical immunosensors, highlighting 
label and label-free immunosensors, magnetoimmunosensors, 
as well as capacitive and impedimetric sensors.[11] The authors 
reached the conclusion that exploiting characteristics of 
electrochemical sensors, such as the miniaturization of 
electrodes and instruments at a reasonable cost, the operation 
of sensing devices at low sample volume and its compatibility 
with clinical samples, will result in a suitable technology to meet 
current biochemical and chemical sensing demands in the field 
of medical diagnostics. An overview of clinical applications of 
sensors for the detection of physiologically important analytes, 
including bacteria, was published by Justino et al. in 2016.[12] 
By comparing the analytical performance of the sensors, the 
authors concluded that microfluidic and lab-on-a-chip devices 
reduce the consumption of costly reagents and shorten the 
experimental analysis time for the detection of bacteria 
significantly. Interestingly, in comparison with literature, antibody 
and epoxysilane-modified indium tin oxide (ITO) electrodes were 
reported as the most sensitive detection method, offering 
sensitivity as low as 1 culture forming unit (CFU) per milliliter.[13] 

In this context, the presented review aims to provide an 
updated summary of biosensing strategies for the detection of 
pathogenic bacteria. Specific focus is laid on techniques already 
highlighted as most promising in previous reviews.[9,11,12] In 
addition to an update on these technologies, general advances 
and challenges in the development of biosensors are covered. In 
the following literature review, we first discuss sensors based on 
the chemical recognition of biological targets at electrodes 
(section 2.1). This includes principles and applications of 
promising detection strategies involving voltammetry, mediator-
based detection, antibodies, and direct sensing of bacterial 
metabolites. Secondly, we discuss the bacterial recognition 
through various electrode surfaces and materials (section 2.2) 
by reviewing various electrochemical sensing probes, including 
carbon-nanotube-based surfaces, graphene-metal-structures 
and composites. Finally, and in contrast to previously published 
reviews, particular focus is laid on hyphenated sensing 
principles (section 2.3), such as flow injection biosensor systems, 
linked with electrochemical detection and chip devices are 
discussed. A comprehensive summary of current technical 
challenges and limitations is provided before conclusions and 
future perspectives are given. 

2. Literature Review 

This section provides an overview of recent publications in 
the field of electrochemical sensing for the detection of 
pathogenic bacteria. We first discuss electrochemical sensors, 
which are based on the chemical recognition of biological targets 
at an electrode, before reviewing the recognition of bacteria at 
different electrode surfaces, including metal nanostructures and 
composite materials. Furthermore, advantages of specialized 
electrochemical techniques, such as the nano-impact method 

and flow injection biosensor systems are presented, before 
advances in the development of hyphenated techniques for the 
sensitive and selective detection of bacteria are introduced and 
discussed. A concise summary of the in the following in detail 
discussed literature is provided in table 1. 

2.1. Chemical Recognition of Biological Targets 

Chemical recognition of biological targets refers to the 
detection of biological species through chemical interactions. 
This principle can be used to detect metabolites, DNA, or whole 
bacteria. The chemical recognition of biological targets can 
result in a straight forward electrochemical signal without the use 
of highly specialized material or instrumentation. However, 
reaching a satisfactory selectivity and sensibility by voltammetry 
is often not trivial. In the following section we provide an 
overview of recent literature, addressing the recognition of 
pathogenic bacteria based on voltammetry, mediator-based 
detection, antibody interactions and the direct sensing of 
bacterial metabolites. 

The detection of the bacterial exotoxins has recently drawn 
attention due to its applicability in the health sector. The 
detection of the exotoxins rhamnolipid and delta toxin by 
electrochemistry was reported by Thet et al. [14] These 
exotoxins are secreted from S. aureus and P. aeruginosa and 
the presented detection principle might find application in smart 
wound dressing technologies.[15] The authors designed 
biomimetic lipid vesicles, containing the redox species 
potassium ferricyanide, which is released upon interaction of the 
toxins with the lipid bilayer and the consequent breakdown of the 
phospholipid vesicles. The enhanced electrochemical current 
response in the presence of the exotoxins results from the 
oxidation of the released potassium ferricyanide redox species. 
The authors successfully detected concentrations of toxins in the 
µmol range and concluded that the low cost, the selectivity and 
real-time electrochemical monitoring of the proposed sensor 
holds great potential for in vivo infection signalling. 

In a second example, Elliott et al. [16] published the 
detection of pyocyanin, a virulence factor produced by P. 

aeruginosa. The electroactive nature of pyocyanin allows the 
electrochemical conversion of pyocyanin at transparent carbon 
ultramicroelectrode arrays (T-CUAs) by cyclic voltammetry, 
which is an electrochemical technique in which an applied 
potential is swept linearly between two limiting potentials, driving 
a chemical reaction at an electrode. The determined limits of 
detection of 1 to 1.6 µM fall within the range of in vivo cellular 
environments. Hence it is concluded that the proposed method 
represents a promising strategy for the application of T-CUAs for 
the quantitative study of biotoxins. 

The use of thiol-chemistry to introduce a bio-recognition 
element for the specific detection of pathogens has been 
reported in the past [17] and remains a useful method in recent 
literature for the specific immobilization of bacteria for further 
analysis by electrochemistry.[18] Bekir et al. constructed self-
assembled monolayers (SAMs) on gold electrodes and 
successfully detected S. aureus at the electrode using 
electrochemical impedance spectroscopy. An increase in the 
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charge transfer resistance (“off signal”) can be a good indicator 
for the presence of bacteria on the electrode surface. However, 
careful attention needs to be paid to assure that the signal 
blockage is indeed due to target bacteria and not due to 
impurities or nonspecific binding events. For this reason, a true 
“on signal” is generally more desirable, as investigated by Kuss 
et al. [19], who reported the detection of B. subtilis and E. coli 
using the electroactive and colorimetric indicator N,N,N’,N’-
tetramethyl-para-phenylene-diamine (TMPD). In this study, living 
target bacteria are dropcasted onto gold macroelectrodes, 
before exposing the sensor to the radical cation TMPD+•. 
Bacteria expressing cytochrome c oxidase, a transmembrane 
protein complex that plays an important role as an electron 
acceptor in the respiratory electron transport chain, are able to 
oxidize TMPD to TMPD+•, which is converted back to TMPD at 
the macroelectrode, as shown in figure 1. In addition to the 
successful electrochemical pathogen recognition, the expression 
of cytochrome c oxidase was measured for the first time in 
anaerobic E. coli and was quantified and expressed as a 
turnover number. Although not yet specific, this principle is an 
excellent example for the direct detection of bacteria using a 
redox mediator instead of costly materials or instrumentation. In 
general, the detection of whole bacteria and avoiding sample 
pre-treatment remains challenging, as the levels of electroactive 
metabolites or by-products released from bacteria are low 
compared to their intracellular concentration. 

It should be mentioned, although outside the scope of this 
review, that bacterial metabolites and secretion products are not 
just interesting targets for the direct detection of pathogens and 
their biomarkers are important in medical research [20], but 
recently have also been reported useful for the detection of 
environmental pollutants. [21] 

 

Figure 1. Schematic representation of the electrochemical detection of 
bacteria, expressing cytochrome c oxidase. The immobilization of bacteria 
results in the local oxidation of TMPD to TMPD+•. TMPD+• can be converted to 
TMPD at the electroactive surface of the electrode, resulting in an increase in 
reduction current during cyclic voltammetry or chronoamperometry. Reprinted 
from [19], published by The Royal Society of Chemistry. 

 

2.2. Bacterial Recognition through various Electrode 

Surfaces and Materials 

 

2.2.1. Materials 

 
In the last 10 years, enormous advances in nanomaterials 

and sensing approaches, such as the use of graphene [22,23], 
CNTs [24,25], immunomagnetic nanoparticles or beads [26], 
screen printed electrodes (SPEs) [27], paper-based [24] and 
inkjet-printed platforms [28], as well as interdigitated array 
microelectrodes [29] have been achieved to improve the 
specificity and sensitivity of biosensors.[30] Herein, only 
electrochemically relevant materials will be discussed to 
illustrate how improve the sensitivity, specificity and automation 
of the pathogen biosensors can be improved. Interested readers 
are encouraged to read comprehensive reviews, which provide 
previous detailed literature surveys and a deep description of 
some of the employed techniques and methods below.[30–32]  

2.2.1.1. Carbon Nanomaterials 

The integration of nanomaterials into biosensors has 
gained great interest due to their ability to improve sensitivity 
and selectivity. Carbon nanotubes have been integrated into 
electrochemical sensors, primarily with the aim of improving 
electron transfer rates and to increase the working surface 
area.[33,34] However, it is important for the applicability of this 
material to practical sensing tools to keep the fabrication 
procedure simple and straightforward. This requirement 
becomes obvious in recent literature. Tahir et al. report a 
multiwalled carbon nanotube (MWCNTs) based zinc 
nanocomposite DNA platform, which showed high specificity 
towards recognition of the plant pathogen, chili leaf curl 
betasatellite.[35] Although the actual electrochemical recognition 
of complementary DNA using the ferrocyanide/ ferricyanide 
redox couple is straight forward, the elaborative preparation 
procedure, including the preparation of MWCNT-zinc 
nanocomposite, polymerase chain reaction, electrophoresis, 
snap cooling incubation after DNA amplification for 3 h, 
dropcasting and washing procedures, makes this approach less 
efficient, despite the reported three times greater specificity for 
complementary DNA than for non-complementary DNA. In fact, 
such a high specificity, as reported by Tahir et al.[35], is not 
always desirable when investigators are in the process of 
tackling the goal of the simultaneous detection of multiple 
pathogens in physiological samples. In conventional methods, a 
high number of individual tests are required to detect multiple 
types of bacteria in fluid samples, making procedures costly and 
time intense. Hence, the development of array systems is 
currently explored in recent research. An example for the 
efficient simultaneous detection of pathogens is the research by 
Yamada et al., which is based on a multi-junction array system. 
The authors report a single step bacterial detection method, 
using a single walled carbon nanotube- (SWCNT) based multi-
junction sensor.[36] Four SWCNT coated wires were placed and 
soldered onto each disposable sensor chip device, to create a 
2x2 junction array. Bacteria specific antibodies were immobilized 
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onto each junction, created by the SWCNT coated wires. A 
change in current was observed in the presence of E. coli (K-12) 
and S. aureus cultures, indicating their binding to the sensor in 
microbial cocktail samples, and a limit of detection of 102 CFU 
mL-1 was achieved. This procedure offers a relatively short 
analysis time of 10 to 15 min after the substrate modifications of 
the sensor chips are completed and the authors concluded that 
the detection limit might be improved with the use of bacterial 
cell concentration methods. 

2.2.1.2. Indium-Tin Oxide 

An alternative strategy for electrode substrate 
modifications is the use of indium-tin oxide (ITO), which is 
considered an appropriate material due to its optical 
transparency, high electrical conductivity, wide electrochemical 
working window, excellent substrate adhesion and stable 
physical properties.[37] Therefore, ITO has been used in the 
past as substrate for the immobilization of antibodies in 
electrochemical impedance sensors.[13,38] 

In a very recent approach, ITO was employed to increase 
the electroactive surface area and introduce a nanocolumnar 
structure to the surface of an electrochemical impedimetric 
sensor.[39] In the work of Lin et al. ITO is used as a matrix to 
immobilize toll-like receptor proteins (TLRs), known as 
biorecognition molecules. This meso-porous ITO was fabricated 
by glancing angle deposition (GLAD) method, and as a result, 
two different pathogen-associated molecular patterns (PAMPs) 
could be successfully recognized: lipopolysaccharide from E. 

coli (O157:H7) and flagellin from S. typhimurium. By exposure of 
the sensor to PAMPs, a change in the charge transfer resistance 
was measured. This GLAD ITO-based sensor showed superior 
performance compared to the planar ITO-based sensor: An 83 
times lower detection limit (2-3 ng mL-1) and a 30 times higher 
sensitivity. Moreover, the incubation time of 10 minutes for this 
sensor was compared favorably to previous EIS sensors.[40,41] 
The authors concluded that combining of the GLAD ITO-based 
sensor with a microfluidic system could be a promising approach 
towards an automatic device. 

2.2.1.3. Paper-based Immunosensors 

Nanomaterials have been proven useful for small scale 
sensors, however, for large scale implementation of biosensors 
the use of inexpensive materials such as paper or plastic is 
more desirable. Therefore, paper-based immunosensors are 
interesting alternatives to metal or ITO materials for pathogen 
detection.[42] Paper-based sensors have several advantages 
such as biocompatibility, easiness to pattern, flexibility, lightness 
and low in costs.[43] In recent years, paper-based 
electrochemical biosensors have attracted increasing attention 
for the detection of bacteria.[24,42,44,45] In general, patterning 
of papers can be achieved by different methods: wax printing, 
inkjet printing, screen printing, photolithography, stamping and 
cutting.[24]  

A disposable, rapid, cost-efficient and label-free detection 
method was established by Liu et al. [44], designing a paper-

based bipolar electrode electrochemiluminescence (pBPE-ECL) 
analysis system for the detection of Listeria monocytogenes. For 
the sensor chip, a hydrophilic channel was produced by wax- 
screen printing and the BPE and driving electrodes were 
fabricated on the hydrophilic channel by a screen printing 
technique with carbon ink. The “light-switch” molecule 
[Ru(phen)2dppz]2+ (phen = 1,10-phenanthroline; dppz = 
dipyridophenazine) intercalates into the base pairs of fabricated 
dsDNA-PCR amplification products, whereby these constructs 
are further introduced to the pBPE-ECL sensor in addition to the 
co-reactant tripropylamine for electrochemical analysis, using a 
photomultiplier tube. This procedure resulted in the specific 
detection of L. monocytogenes until a genomic DNA 
concentration of 10 copies/µL. This study represents a great 
alternative to conventional methods, as costs, associated with 
nanomaterials, can be avoided. The necessity of DNA 
amplification makes this strategy less time efficient; however, 
with a simple addition step and low volume of sample 
suspension, it demonstrates the usefulness of paper-based 
biosensors. 

One of the major advantages of paper-based 
immunosensors is the possibility of working with transparent 
platforms, allowing the comparison between electrochemical 
sensing and colorimetric assays. Adkins et al. successfully 
detected enzyme activity in inoculated food and water samples 
containing E. coli and Enterococcus ssp. using stencil-printed 
carbon electodes (SPCEs), shown in figure 2.[45] The β-
galactosidase and β-glucuronidase production by E.coli, as well 
as β-glucosidase expression by Enterococcus ssp. is detected 
colorimetrically using a simple cardboard box and smart phone.  
 

Figure 2. SPCEs on transparency film shown as a (A) printed sheet that is (B) 
flexible. (C) A single printed electrode image (with background removed for 
visualization) showing working (WE), silver paint reference (RE), and counter 
(CE) electrode geometries and connections. (D) Final device image with 30 µL 
of solution contained within the central well and connected to potentiostat 
leads. Reprinted with permission from [45]. Copyright 2017 American 
Chemical Society. 
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Alternatively, these enzymes can be oxidized and thereby 
recognized electrochemically. Concentrations as low as 10 CFU 
ml-1 could be detected and the authors concluded that while 
electrochemistry did not decrease the overall analysis time, it 
compared favorably with the colorimetric test in terms of 
detection limit. Although rather time intense (4 to 12 h), this 
electrochemical detection method is a paradigm of an 
inexpensive and disposable sensor. 

In recent literature, Bhardwaj et al. demonstrated a paper-
based electrochemical immunosensor for the label-free 
detection of S. aureus, using antibodies, covalently conjugated 
to SWCNTs, [24] The authors used wax printing method to 
create hydrophobic barriers on a Whatman paper. Interestingly, 
after the conjugation of SWCNTs to the paper, the covalent 
linking of antibodies, specific to S. aureus to SWCNTs resulted 
in a fabrication process of approximately 2 h, minimizing the 
damage of the hydrophobic patterns during fabrication and 
increasing the stability of the sensor for over a month. During the 
tracking of current alterations upon antibody-antigen complex 
formation in spiked milk samples, the sensor demonstrated an 
overall analysis time of 30 minutes and a limit of detection of 13 
CFU mL-1. However, the drawback of this combination of paper-
based and nanomaterial-based methodology is evidently its 
insufficient selectivity, as non-specific bacteria resulted in more 
than 50% of current signal compared to the specific response by 
S. aureus. 
 
2.2.2. Techniques 

 

 A number of electrochemical techniques can be used for 
detection and quantification in electroanalytical chemistry.[46] In 
biosensing recent years have seen particular developments in 
impedance based measurements and the development of 
impact electrochemistry.  

2.2.2.1. Nanomaterial-based Impedimetric Biosensors 

Electrochemical impedance spectroscopy (EIS) has been 
used in various applications including detection of pathogens. In 
EIS sensing, the electrical impedance in alternating current at an 
electrode/electrolyte interface is recorded while a sinusoidal 
direct current voltage is applied at certain or a range of 
frequencies. Once the target bacteria bind to the recognition 
probe, the impedance at the interface changes and 
consequently the target bacteria are quantified based on this 
change.[47] The bio-recognition element can thereby be an 
antibody [48], aptamer [47], RNA [49] or polymer.[50] Most 
recently, the integration of nanotubes [51,52] and nanoparticles 
in EIS biosensors has been reported previously.[53–55] As an 
example, a novel and multifunctional sensor for the 
simultaneous detection, elimination and inactivation of bacteria 
was reported by Yang et al.[55] This sensor is based on silver 
nanoparticles (AgNPs) decorated zinc oxide nanorod arrays 
(figure 3). This platform was functionalized with vancomycin for 
specific recognition of S. aureus. Notably, the sensor showed 
50% bacterial elimination efficiency at low concentrations and 
demonstrated excellent antibacterial activity (99.99%), which 

could be due to a synergistic germicidal effect between the 
antibacterial AgNPs and vancomycin.  

Figure 3. Schematic representation of an electrochemical platform, based on 
impedance spectroscopy for the simultaneous detection, elimination, and 
inactivation of S. aureus. Reprinted from [55] with permission from Elsevier. 

2.2.2.2. Nano-impact Method 

A powerful new technique for the detection of single biological 
entities is the “Nano-impact method”. The principle of this 
technique was demonstrated in the detection and 
characterization of silver nanoparticles in solution and is based 
on the Faradaic charge transfer, following the collision of silver 
nanoparticles with an electrode.[56] The movement of silver 
nanoparticle in solution is governed by diffusional Brownian 
motion. When a particle suspension is brought into contact with 
a microelectrode, held under an oxidizing potential (exceeding 
that of the standard potential of silver), the collision of single 
particles with the electrode results in a short current burst (or 
“spike”), as a result of the silver oxidation. Sepunaru et al. 
employed this principle to detect single E. coli bacteria, labeled 
with silver nanoparticles.[57] In this study, the movement of 
bacteria in solution following Brownian motion enables the 
approximation of collision frequency. In accordance with theory, 
at a cell molarity of ∼0.3 pM, the authors recorded bacterial 
impacts on average every 4 seconds, and calculated a total 
charge transfer per impact of 1.2 ± 0.5 × 10−12 C. This 
corresponds to an attachment of about 295 ± 125 silver 
nanoparticles per single E. coli. Given the concentration 
dependency of the impact frequency, information about the 
concentration of pathogenic bacteria in a sample solution can be 
determined electrochemically. Interestingly, although outside the 
scope of this review, the nano-impact method was also utilized 
for the concentration determination of red blood cells in aqueous 
solutions  [58], as well as the detection of single virus entities, 
tagged with silver nanoparticles.[59] These examples present 
the nano-impact method as a promising new approach towards 
the detection of single biological entities. The use of 
nanoparticles, however, is less desirable, as it increases 
analysis time and costs of the overall procedure. 
 A label-free method, based on the nano-impact principle, 
also called single-particle collision method, was established by 
Lee at al.[60] In this study, the authors make use of the redox 
couple ferrocyanide/ferricyanide redox couple, which is oxidized 
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at a carbon fiber microelectrode. As shown in figure 4, single E. 

coli bacteria in solution are detected upon impact at the 
microelectrode, as a result of the physical diffusion blockage of 
the mediator towards the electrode. Consequently, the recorded 
electrochemical current decreases and the impact frequency can 
be monitored, in dependence on the bacteria concentration. The 
advantage of the label-free approach is clearly that it might be 
easier to be transferred to a variety of pathogenic bacteria, in 
contrast to the necessary silver particle tagging during the 
method presented by Sepunaru et al.[57] 
 

Figure 4. Schematic diagram of E. coli detection by collision event on a UME. 
Reprinted from [60] with permission from natureresearch. This work is licensed 
under a Creative Commons Attribution 4.0 International License. 
 

2.3. Hyphenated Sensing Principles: Towards custom-

designed portable devices 

Aside from commonly used electrochemical recordings 
using voltammetry or chronoamperometry, specialized and 
hyphenated techniques have emerged, providing novel 
strategies and starting-points for pathogen detection. The most 
recent and remarkable achievements are presented in the 
following. 

2.3.1. Lab-on-a-chip 

Lab-on-a-chip (LOC) systems combine multiple functions 
of a laboratory in a single device and hence provide a 
marketable approach with the potential for on-site analysis of 
pathogens at low cost.[61] As an example that demonstrates the 
principle of LOC devices, a collaboration of seven Fraunhofer 
Institutes in Germany resulted in the development of a fully 
automated LOC cartridge for the analysis of nucleic acids and 
protein markers.[62] The electrochemical chip (16 electrodes 
with a diameter of 350 µm) was modified with different 
immobilized capture molecules, so that different targets can be 
selectively detected. Schumacher et al. proposed the 
configuration of the cartridge to work with a fluorescence 
biosensor or silicon based electrochemical biosensor. In this 
example, using the optical transducer, the simultaneous 
detection of the C-reactive protein and the prostate-specific 
antigen was achieved. The main advantages of this cartridge are 
the high integration of several steps (e.g. pumping, heating, 
cooling, reagent reservoirs and assays), use of common assay 
types and the possibility for mass production. 

The application of LOC chip sensors for the detection of 
pathogenic foodborne bacteria S. aureus and L. monocytogenes 
has been reported recently.[63] This LOC, designed by Primiceri 
et al., is based on electrochemical impedance spectroscopy, and 

was able to detect these bacteria at concentrations as low as 1.2 
(S. aureus) and 5 CFU mL-1 (L. monocytogenes). However, 
further development is required to integrate the chip with a 
sample pretreatment unit in order to implement this device for 
on-field analysis. In other examples, circuit LOC chips consisted 
of up to 100 working electrodes with 30 off-chip contacts and 5 
liquid channels were described.[29,64] These systems revealed 
high sensitivity (1 CFU mL-1) for E. coli and S. aureus [29] and 
require short analysis time (2-5 minutes).[64] In addition, space 
resolved information beyond pathogen detection, such as colony 
imaging, are obtained. 

Most recently, an LOC device based on suspended carbon 
nanowires was presented.[65] The carbon nanowires were 
fabricated in a controlled manner using electrospinning and 
photolithography techniques, as shown in figure 5. This platform 
was then integrated with a microfluidic system to build the LOC 
device. The performance of this chemiresistive bacterial sensor 
was examined for label-free detection of S. typhimuruim bacteria 
using amine-ended aptamer, which was immobilized on the 
nanowires via a carbodiimide crosslinker. The changes in 
conductivity of the nanowires upon binding of bacteria to the 
nanowire were measured from the current-voltage curves. The 
device revealed high specificity and sensitivity for detection of S. 

typhimuruim with a detection limit of 10 CFU mL-1 and an 
analysis time of 5 min. Notably, this limit is much lower than 
conventional methods, such as PCR[66] and even other recent 
reported lab-on-disc devices (2.7×104 CFU mL-1).[67] Moreover, 
the system requires only 5 µL sample volume, which compares 
favorably to other devices (12.5 µL).[67] The authors concluded 
that by employing other specific aptamers, this sensor may also 
be used for the detection of different target analytes such as 
antibodies or DNA. 

Figure 5. Schematic illustration of the fabrication steps of the carbon nanowire 
LOC biosensor using electrospinning and photolithography. Reprinted from 
[65] with permission from Elsevier. 
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2.3.2. Microfluidic Devices 

As mentioned before in section 2.2., aside from achieving 
low detection limits, the simultaneous detection of multiple 
pathogens is currently a challenging topic in the field of 
biosensing. An exciting approach for such multiplexed 
detections is the use of microfluidic systems. Tian et al. have 
presented a novel microfluidic system integrated with 
nanoporous membrane for detection of multiple types of 
foodborne bacteria.[68] The integration of a polyethylene glycol 
(PEG) based microchip with a functionalized alumina membrane 
enabled the sensitive and simultaneous detection of E. coli 
(O157:H7) and S. aureus from mixed samples without labelling. 
As shown in figure 6a, in this device, two pieces of the 
membrane were immobilized with bacteria specific antibodies. 
The sensing mechanism is based on changing the electrical 
impedance across the membrane before and after the bacteria 
capture. Thereby, the bacteria block some of the nanopores, 
which lead to an increase in impedance. This interesting concept 
achieved a detection limit of 102 CFU mL-1, and showed a 
specificity for the target bacteria with a minimum cross-reactivity 
of about 5% to non-target bacteria. This capture/sensing 
principle was utilized and advanced by Ye et al. to monitor the 
bacterial response to antibiotics. The authors modified an 
alumina membrane with graphene quantum dots (GQDs) to 
increase the surface-to-volume ratio.[69] As a result, the 
detection of antibiotic response can be monitored within 30 

minutes with an approximate detection limit of 1 pM. Therefore, 
this sensor has potential application in early disease diagnosis.  

Most recently, the combination of all advantages provided 
by microfluidic systems, together with electrode arrays in a fully 
automated device was achieved by Altintas et al.[70] In this 
publication, the authors provided the design of a portable 
microfluidic-based electrochemical sensing device (MiSens) for 
real time detection of waterborne pathogens. This custom-
designed biosensor realized the integration of a microfluidic 
system, an electrode array and the electrochemical unit in an all-
in-one portable device (figure 6c). In this device, the biosensing 
chip is composed of 8 sets of gold electrode arrays, whereby 
each set consists of 3 working electrodes. The chip was docked 
into the system to constitute the fluidic and electronic 
connections to form a microfluidic channel (7 µL). In this system, 
a sandwich immunoassay was used: E. coli bacteria were 
captured in between a surface antibody, which was immobilized 
onto the chip sensor, and a horse radish peroxidase (HRP) 
labelled detection antibody, as shown schematically in figure 6b. 
The principle of sensing was based on antibody and enzyme 
amplification. To further improve the sensitivity of the proposed 
method, Au nanoparticles were added to the sensing chip in 
order to facilitate the adsorption of the detection antibody. This 
modification led to a detection limit of 50 CFU mL-1. Interestingly, 
this device showed high specificity as the binding to non-specific 
bacteria (Shigella, Salmonella spp., Salmonella typhimurium and 
Staphylococcus aureus) in the presence of an E. coli antibody 
was reported to be less than 13%. 

Figure 6. (A) Sensing mechanism 
of nanoporous alumina membrane 
(upper panel) and illustration of the 
simultaneous detection of two 
types of bacteria using microfluidic 
device integrated with the 
nanoporous membranes (lower 
panel). Reprinted from [68] with 
permission from Elsevier. (B) 
Sensing mechanism of an 
antibody-bacterium-antibody-HRP 
sandwich immunoassay. Reprinted 
from [70] with permission from 
Elsevier. (C) Schematic of a 
custom-designed fully automated 
microfluidic-based electrochemical 
sensor (MiSens) device, image 
also taken from [70].  
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Table 1. Summary of published material reviewed in detail in this report.  

Target Bacteria Sensing Strategy Material LOD achieved Analysis 

time 

Pre-Treatment Ref 

S. aureus 

P. aeruginosa 

Detection of bacterial exotoxins using 
potassium ferricyanide, released from 
lipid vesicles in presence of toxins 

Biomimetic 
lipid vesicles 

11 and  

2.9 µM 

1 h Supernatant preparation 
from bacteria 

[14] 

P. aeruginosa Electrochemical conversion of 
pyocyanin 

Polystyrene 
spheres 

1 to 1.6 µM Not 
specified 

-- [16] 

S. aureus Thiol chemistry to immobilize bacteria 
via antibodies, EIS 

-- 10 CFU mL-1 Not 
specified 

Antibody immobilization, 
bacteria exposure to sensor 

[18] 

E. coli 

B. subtilis 

Electrochemical reduction of TMPD+• 
to TMPD, which is oxidized by 
bacteria (voltammetry) 

-- 5x 106 bacteria 5 min -- [19] 

S. aureus SWCNT conjugation to paper,  
antibody immobilization, DPV 

Paper, 
SWCNTs 

13 CFU mL-1 30 min Antibody immobilization, 
bacteria exposure to sensor 

[24] 

E. coli 

S. aureus 

Circuit LOC chips, cyclic voltammetry 
in ferrocyanide 

-- 1 CFU mL-1 1 to 2 h Lysis of bacteria, chip 
functionalization, sensor 
exposure to lysate 

[29] 

Chili leaf curl betasatellite MWCNT-Zn-DNA platform, 
ferrocyanide/ ferricyanide redox 
couple, signal reduction in the 
presence of complementary DNA 

MWCNTs 5 mM Several 
hours 

DNA amplification, drop 
casting 

[35] 

E. coli 

S. aureus 

2x2 junction array, constructed from 
SWCNT coated wires, antibodies  
immobilization, current change 
observed in the presence of bacteria 

SWCNTs 102 CFU mL-1 10 to 15 
min 

Bacteria exposure to sensor [36] 

S. aureus Silver nanoparticle decorated zinc 
oxide nanorod arrays, platform 
functionalized with vancomycin, EIS 

AgNPs 

ZnO nanorods 

330 CFU mL-1 Not 
specified 

Bacteria exposure to sensor [55] 

E.coli 

S. typhimurium 

ITO as antibody substrate, EIS ITO 2-3 ng mL-1 10 min Bacteria exposure to sensor [39] 

E. coli Nano-impact method AgNPs 0.3 pM 10 min Silver nanoparticle tagging 
of E. coli 

[57] 

E.coli Diffusion blockage of redox mediator 
species towards carbon fiber 
microelectrode  

-- 1 bacterium Not 
specified 

-- [60] 

L. monocytogenes DNA intercalation with 
[Ru(phen)2dppz]2+, ECL 

Paper 10 copies/µL of 
DNA 

30 min DNA amplification, bacteria 
exposure to sensor 

[44] 

E.coli 

Enterococcus spp. 

Oxidation of bacterial enzymes β-gal, 
β-glucur and β-gluco using square 
wave voltammetry 

Paper 10 CFU mL-1 4 to 12 h Sample mixing with media, 
incubation, centrifuging, 
sonication 

[45] 

S. aureus 

L. monocytogenes 

Microfluidic LOC platform with 
electrochemical impedance sensors, 
bacteria recognition via antibodies 

-- 1.2 CFU mL-1 (S. 
aureus)  

5 CFU mL-1 (L. 

Not 
specified 

Antibody immobilization, 
bacteria exposure to sensor 

[63] 
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monocytogenes) 

P. aeruginosa Circuit LOC chip, containing thin film 
gold electrodes, square wave 
voltammetry 

-- 2.6 µM for 
metabolite 
phenazines 

2 to 5 min Phenazines extraction from 
agar 

[64] 

S. typhimurium Microfluidic LOC chip, based on 
carbon nanowire 

carbon 
nanowires 

10 CFU mL−1 5 min 
assay 

-- [65] 

E. coli 

S. aureus 

Microfluidic device with integrated  
nanoporous membranes, bacteria 
captured by antibodies,  EIS 

Nanoporous 
alumina 
membrane 

102 CFU mL-1 > 24 h Antibody immobilization, 
bacteria exposure to sensor 

[68] 

S. typhimurium Microfluidic device with integrated  
nanoporous membranes, bacteria 
captured by antibody- GQDs 
conjugation, EIS 

GQDs 1 pM 24 h to 
bind 
bacteria 

30 min to 
detect 
antibiotics 

Antibody-GQDs-
conjugation, antibody-GQDs 
immobilization, bacteria 
exposure to sensor 

[69] 

E. coli All-in-one device (microfluidic 
system, electrode array, 
electrochemical unit), bacteria 
captured by antibodies, 
amperometric measurements 

AuNPs 50 CFU mL-1 Not 
specified 

Antibody immobilization, 
bacteria exposure to sensor 

[70] 

SWCNTs: single-walled carbon nanotubes; MWCNTs: multi-walled carbon nanotubes EIS: electrochemical impedance spectroscopy; DPV: differential pulse 
voltammetry; AuNPs: gold nanoparticles; AgNPs: silver nanoparticles; ITO: indium tin oxide; ECL: electrochemiluminescence; LOC: lab-on-a-chip; TMPD: 
N,N,N’,N’-tetramethyl-para-phenylene-diamine; GQDs: graphene-quantum-dots 

 

3. Conclusions and Perspectives 

The ongoing and growing research towards the 
development of functional biosensors for the detection of 
bacterial pathogens demonstrates the significance and urgent 
need of such devices. Although numerous reports on the 
detection of pathogens using electrochemical sensors have 
been published, a product for real sample applications has still 
not entered the commercial market. Particular challenges 
include a sufficiently low detection limit, high selectivity, cost 
efficiency, short analysis, no or minimal pre-enrichment methods 
for samples, no required skills to carry out the detection, and the 
portability of the sensor to allow on-side monitoring. Ideally, all of 
the above aspects will be realized in a fully functional 
commercial product in the future, and the present review 
outlines great progress that has been made in recent years, 
regarding particular features, such as sensitivity and selectivity.  

One of the key advantages of electrochemical sensing 
technology is its sensitivity and hence detection limits as low as 
one or very few culture forming units (CFU) have been 
achieved.[18,24,29,45,60,63,65,70]  However, it has to be 
questioned if detecting infections at such low bacterial counts 
will truly be beneficial. It has recently been reported [71], with 
the example of urinary tract infections (UTIs), that diagnosing 
patients on the basis of CFU of less than 105 per mL, resulted in 
treatment of non–clinically significant UTIs and inappropriate use 

of antibiotics. Of course the threshold for clinical significance 
might vary with individual pathogens, but in general we conclude, 
given the already excellent performance of current 
electrochemical sensing methods, that less focus should be laid 
in reaching detection levels below 105 CFU mL-1, but rather on 
other aspects of sensing devices, as discussed below. 

The integration of nanomaterials in biosensors has 
provided significant improvements in terms of selectivity and 
analysis time of biosensing methods.[24,36,55,57,65,69] 
Considering the type of nanomaterial for sensor applications is 
crucial, as most of these materials are rather costly or require 
lengthy synthesis procedures. Furthermore, the possible release 
of nanoparticles in the environment and associated risks has 
been reported [72] and should be taken into consideration. 
Current research in nanotechnology is growing, and thus further 
development of smart nanomaterials with useful functions at an 
efficient cost level is expected for the future. In this context, the 
presented report has discussed examples for the recent 
development of paper or plastic-based materials, which often 
also offer a facile procedure of handling.[24,44,45]  

Straightforward sensing principles are crucial for the 
applicability of biosensors in routine monitoring, as extensive 
training of staff needs to be avoided. Sensors based on 
nanomaterials, or ideally, the direct measurement of bacterial 
metabolites and secretion products, represent thereby desirable 
approaches.[14,16,19] These methods offer pathogen detection 
via an “on” signal, rather than an “off” signal, as obtained during 
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impedance measurements and hence are less prone to cause 
false positive results. The integration of such direct or semi-
direct bacterial detection methods into portable devices would 
represent a major advance in the field of biosensor development. 
The design of universal sensors, which are able to detect 
foodborne and waterborne pathogens has been discussed 
[36,55,62,68], and although multiple types of bacteria can be 
recognized simultaneously, unfortunately, these devices still 
require complex assembly and costly components. The progress 
towards the integration of all sensing units as demonstrated in a 
fully automated device by Altintas et al. [70] is remarkable, 
however, this particularly complex example, consisting of 
microelectrode arrays, a microfluidic system, antibody 
immobilization and the use of nanoparticles, shows that the cost-
efficient commercialization of a small easy to construct and 
handle, portable and compact device for on-site rapid disease 
diagnosis is still challenging. Therefore, future progress can 
certainly benefit from collaborations between research areas, 
such as engineering, material science, biology, chemistry and 
medicine, but also from engagements between academia, 
industry and the health care system to develop a consumer 
friendly product, addressing important issues such as material 
development, sample preparation, long-term stability study, 
clinical approval, real sample applications, design engineering 
and marketing. 

Acknowledgements 

The authors thank the support from the European Commission 
under the Marie Curie Programme (grant number 702009). The 
contents reflect only the authors' views and not the views of the 
European Commission. Hatem M.A. Amin gratefully 
acknowledges the German Research Foundation (DFG) for 
funding (grant number AB 702/1-1). 

Keywords: Bioelectrochemistry • Biosensors • Bacteria • 

Pathogens • Analytical Chemistry • Electrochemical Sensors 

References 

[1] C.L. Satterwhite, E. Torrone, E. Meites, E.F. Dunne, R. Mahajan, M. 

Cheryl Bañez Ocfemia, J. Su, F. Xu, H. Weinstock, Sexually 

transmitted infections among US women and men: Prevalence and 

incidence estimates, 2008, Sex. Transm. Dis. 40 (2013) 187–193. 

http://www.scopus.com/inward/record.url?eid=2-s2.0-

84874043582&partnerID=40&md5=047ff653eda427e8f6a8c85da1a

b2bd9. 

[2] Department of Health, Annual Report of the Chief Medical Officer: 

Infections and the rise of antimicrobial resistance, 2011. 

https://www.gov.uk/government/publications/chief-medical-officer-

annual-report-volume-2. 

[3] World Health Organization, Global tuberculosis report 2017, 2017. 

http://apps.who.int/iris/bitstream/handle/10665/259366/9789241565

516-

eng.pdf;jsessionid=C04A151B461B042AF2B96D5ACEE384E9?seq

uence=1. 

[4] O. Lazcka, F.J.D. Campo, F.X. Muñoz, Pathogen detection: A 

perspective of traditional methods and biosensors, Biosens. 

Bioelectron. 22 (2007) 1205–1217. doi:10.1016/j.bios.2006.06.036. 

[5] F. Wu, P. Yu, L. Mao, Bioelectrochemistry for in vivo analysis: 

Interface engineering toward implantable electrochemical 

biosensors, Curr. Opin. Electrochem. 5 (2017) 152–157. 

doi:https://doi.org/10.1016/j.coelec.2017.08.008. 

[6] R. Jalili, A. Kanneganti, M.I. Romero-Ortega, G.G. Wallace, 

Implantable electrodes, Curr. Opin. Electrochem. 3 (2017) 68–74. 

doi:https://doi.org/10.1016/j.coelec.2017.07.003. 

[7] M. McCaul, T. Glennon, D. Diamond, Challenges and opportunities 

in wearable technology for biochemical analysis in sweat, Curr. Opin. 

Electrochem. 3 (2017) 46–50. 

doi:https://doi.org/10.1016/j.coelec.2017.06.001. 

[8] D. Ivnitski, I. Abdel-Hamid, P. Atanasov, E. Wilkins, S. Stricker, 

Application of electrochemical biosensors for detection of food 

pathogenic bacteria, Electroanalysis. 12 (2000) 317–325. 

doi:10.1002/(SICI)1521-4109(20000301)12:5&lt;317::AID-

ELAN317&gt;3.0.CO;2-A. 

[9] J. Monzó, I. Insua, F. Fernandez-Trillo, P. Rodriguez, Fundamentals, 

achievements and challenges in the electrochemical sensing of 

pathogens, Analyst. 140 (2015) 7116–7128. 

doi:10.1039/c5an01330e. 

[10] J.D. Newman, A.P.F. Turner, Home blood glucose biosensors: A 

commercial perspective, Biosens. Bioelectron. 20 (2005) 2435–

2453. doi:10.1016/j.bios.2004.11.012. 

[11] C. Kokkinos, A. Economou, M.I. Prodromidis, Electrochemical 

immunosensors: Critical survey of different architectures and 

transduction strategies, TrAC - Trends Anal. Chem. 79 (2016) 88–

105. doi:10.1016/j.trac.2015.11.020. 

[12] C.I.L. Justino, A.C. Duarte, T.A.P. Rocha-Santos, Critical overview 

on the application of sensors and biosensors for clinical analysis, 

TrAC - Trends Anal. Chem. 85 (2016) 36–60. 

doi:10.1016/j.trac.2016.04.004. 

[13] M. Barreiros dos Santos, S. Azevedo, J.P. Agusil, B. Prieto-Simón, 

C. Sporer, E. Torrents, A. Juárez, V. Teixeira, J. Samitier, Label-free 

ITO-based immunosensor for the detection of very low 

concentrations of pathogenic bacteria, Bioelectrochemistry. 101 

(2015) 146–152. 

doi:https://doi.org/10.1016/j.bioelechem.2014.09.002. 

[14] N.T. Thet, A.T.A. Jenkins, An electrochemical sensor concept for 

the detection of bacterial virulence factors from Staphylococcus 

aureus and Pseudomonas aeruginosa, Electrochem. Commun. 59 

(2015) 104–108. doi:10.1016/j.elecom.2015.01.001. 

[15] A. McLister, A. Mathur, J. Davis, Wound diagnostics: Deploying 

electroanalytical strategies for point of care sensors and smart 

dressings, Curr. Opin. Electrochem. 3 (2017) 40–45. 

doi:https://doi.org/10.1016/j.coelec.2017.05.002. 

[16] J. Elliott, O. Simoska, S. Karasik, J.B. Shear, K.J. Stevenson, 

Transparent Carbon Ultramicroelectrode Arrays for the 

Electrochemical Detection of a Bacterial Warfare Toxin, Pyocyanin, 



FOCUS REVIEW          

For internal use, please do not delete. Submitted_Manuscript 

 

 

 

 

Anal. Chem. 89 (2017) 6285–6289. 

doi:10.1021/acs.analchem.7b00876. 

[17] R. Maalouf, C. Fournier-Wirth, J. Coste, H. Chebib, Y. Saïkali, O. 

Vittori, A. Errachid, J.-P. Cloarec, C. Martelet, N. Jaffrezic-Renault, 

Label-Free Detection of Bacteria by Electrochemical Impedance 

Spectroscopy: Comparison to Surface Plasmon Resonance, Anal. 

Chem. 79 (2007) 4879–4886. doi:10.1021/ac070085n. 

[18] K. Bekir, H. Barhoumi, M. Braiek, A. Chrouda, N. Zine, N. Abid, A. 

Maaref, A. Bakhrouf, H.B. Ouada, N. Jaffrezic-Renault, H.B. 

Mansour, Electrochemical impedance immunosensor for rapid 

detection of stressed pathogenic Staphylococcus aureus bacteria, 

Environ. Sci. Pollut. Res. 22 (2015). doi:10.1007/s11356-015-4761-

7. 

[19] S. Kuss, E.E.L. Tanner, M. Ordovas-Montanes, R.G. Compton, 

Electrochemical Recognition and Quantification of Cytochrome c 

Expression in Bacillus subtilis and aerobe/anaerobe Escherichia coli 

using N,N,N’,N’-tetramethyl-para-phenylene-diamine (TMPD), Chem. 

Sci. 8 (2017). doi:10.1039/c7sc03498a. 

[20] A. Buzid, J.H.T. Luong, F.J. Reen, F. O’Gara, J.D. Glennon, G.P. 

McGlacken, Rapid electrochemical detection of pseudomonas 

aeruginosa signaling molecules by boron-doped diamond electrode, 

Methods Mol. Biol. 1673 (2018) 107–116. doi:10.1007/978-1-4939-

7309-5_9. 

[21] H. Abu-Ali, A. Nabok, T. Smith, M. Al-Shanawa, Development of 

electrochemical inhibition biosensor based on bacteria for detection 

of environmental pollutants, Sens. Bio-Sensing Res. 13 (2017). 

doi:10.1016/j.sbsr.2016.10.007. 

[22] M. Sedki, R.Y.A. Hassan, A. Hefnawy, I.M. El-Sherbiny, Sensing of 

bacterial cell viability using nanostructured bioelectrochemical 

system: rGO-hyperbranched chitosan nanocomposite as a novel 

microbial sensor platform, Sensors Actuators, B Chem. 252 (2017) 

191–200. doi:10.1016/j.snb.2017.05.163. 

[23] C. Andronescu, W. Schuhmann, Graphene-based field effect 

transistors as biosensors, Curr. Opin. Electrochem. 3 (2017) 11–17. 

doi:https://doi.org/10.1016/j.coelec.2017.03.002. 

[24] J. Bhardwaj, S. Devarakonda, S. Kumar, J. Jang, Development of a 

paper-based electrochemical immunosensor using an antibody-

single walled carbon nanotubes bio-conjugate modified electrode for 

label-free detection of foodborne pathogens, Sensors Actuators, B 

Chem. 253 (2017) 115–123. doi:10.1016/j.snb.2017.06.108. 

[25] A. Liu, Q. Lang, B. Liang, J. Shi, Sensitive detection of maltose and 

glucose based on dual enzyme-displayed bacteria electrochemical 

biosensor, Biosens. Bioelectron. 87 (2017). 

doi:10.1016/j.bios.2016.07.050. 

[26] H. Jayamohan, B.K. Gale, B. Minson, C.J. Lambert, N. Gordon, H.J. 

Sant, Highly sensitive bacteria quantification using immunomagnetic 

separation and electrochemical detection of guanine-labeled 

secondary beads, Sensors (Basel). 15 (2015). 

doi:10.3390/s150512034. 

[27] A.J. Killard, Disposable sensors, Curr. Opin. Electrochem. 3 (2017) 

57–62. doi:https://doi.org/10.1016/j.coelec.2017.06.013. 

[28] A. Moya, G. Gabriel, R. Villa, F. Javier del Campo, Inkjet-printed 

electrochemical sensors, Curr. Opin. Electrochem. 3 (2017) 29–39. 

doi:https://doi.org/10.1016/j.coelec.2017.05.003. 

[29] B. Lam, J. Das, R.D. Holmes, L. Live, A. Sage, E.H. Sargent, S.O. 

Kelley, Solution-based circuits enable rapid and multiplexed 

pathogen detection, Nat. Commun. 4 (2013). 

doi:10.1038/ncomms3001. 

[30] G.F. Duffy, E.J. Moore, Electrochemical Immunosensors for Food 

Analysis: A Review of Recent Developments, Anal. Lett. 50 (2017) 

1–32. doi:10.1080/00032719.2016.1167900. 

[31] F. Mustafa, R.Y.A. Hassan, S. Andreescu, Multifunctional 

nanotechnology-enabled sensors for rapid capture and detection of 

pathogens, Sensors (Switzerland). 17 (2017). 

doi:10.3390/s17092121. 

[32] Y. Takahashi, Y. Zhou, T. Fukuma, Development of carbon-based 

nanoelectrodes for biosensing and electrochemical imaging, Curr. 

Opin. Electrochem. 5 (2017) 121–125. 

doi:https://doi.org/10.1016/j.coelec.2017.07.014. 

[33] J. Okuno, K. Maehashi, K. Kerman, Y. Takamura, K. Matsumoto, E. 

Tamiya, Label-free immunosensor for prostate-specific antigen 

based on single-walled carbon nanotube array-modified 

microelectrodes, Biosens. Bioelectron. 22 (2007) 2377–2381. 

doi:https://doi.org/10.1016/j.bios.2006.09.038. 

[34] G. Zhao, X. Zhan, W. Dou, A disposable immunosensor for Shigella 

flexneri based on multiwalled carbon nanotube/sodium alginate 

composite electrode, Anal. Biochem. 408 (2011) 53–58. 

doi:https://doi.org/10.1016/j.ab.2010.08.039. 

[35] M.A. Tahir, S. Hameed, A. Munawar, I. Amin, S. Mansoor, W.S. 

Khan, S.Z. Bajwa, Investigating the potential of multiwalled carbon 

nanotubes based zinc nanocomposite as a recognition interface 

towards plant pathogen detection, J. Virol. Methods. 249 (2017) 

130–136. doi:10.1016/j.jviromet.2017.09.004. 

[36] K. Yamada, W. Choi, I. Lee, B.-K. Cho, S. Jun, Rapid detection of 

multiple foodborne pathogens using a nanoparticle-functionalized 

multi-junction biosensor, Biosens. Bioelectron. 77 (2016) 137–143. 

doi:10.1016/j.bios.2015.09.030. 

[37] X. Sun, K.D. Gillis, On-Chip Amperometric Measurement of Quantal 

Catecholamine Release Using Transparent Indium Tin Oxide 

Electrodes, Anal. Chem. 78 (2006) 2521–2525. 

doi:10.1021/ac052037d. 

[38] X. Lv, W. Ge, Q. Li, Y. Wu, H. Jiang, X. Wang, Rapid and 

ultrasensitive electrochemical detection of multidrug-resistant 

bacteria based on nanostructured gold coated ITO electrode, ACS 

Appl. Mater. Interfaces. 6 (2014) 11025−11031. 

doi:10.1021/am5016099. 

[39] D. Lin, K.D. Harris, N.W.C. Chan, A.B. Jemere, Nanostructured 

indium tin oxide electrodes immobilized with toll-like receptor 

proteins for label-free electrochemical detection of pathogen 

markers, Sensors Actuators, B Chem. 257 (2018) 324–330. 

doi:10.1016/j.snb.2017.10.140. 

[40] R.M. Mayall, M. Renaud-Young, N.W.C. Chan, V.I. Birss, An 

electrochemical lipopolysaccharide sensor based on an immobilized 

Toll-Like Receptor-4, Biosens. Bioelectron. 87 (2017) 794–801. 

doi:10.1016/j.bios.2016.09.009. 

[41] K. Amini, I.I. Ebralidze, N.W.C. Chan, H.-B. Kraatz, Characterization 

of TLR4/MD-2-modified Au sensor surfaces towards the detection of 

molecular signatures of bacteria, Anal. Methods. 8 (2016) 7623–



FOCUS REVIEW          

For internal use, please do not delete. Submitted_Manuscript 

 

 

 

 

7631. doi:10.1039/c6ay01978a. 

[42] A.C. Marques, L. Santos, M.N. Costa, J.M. Dantas, P. Duarte, A. 

Gonçalves, R. Martins, C.A. Salgueiro, E. Fortunato, Office paper 

platform for bioelectrochromic detection of electrochemically active 

bacteria using tungsten trioxide nanoprobes, Sci. Rep. 5 (2015). 

doi:10.1038/srep09910. 

[43] K. Scida, B. Li, A.D. Ellington, R.M. Crooks, DNA detection using 

origami paper analytical devices, Anal. Chem. 85 (2013) 9713–9720. 

doi:10.1021/ac402118a. 

[44] H. Liu, X. Zhou, W. Liu, X. Yang, D. Xing, Paper-Based Bipolar 

Electrode Electrochemiluminescence Switch for Label-Free and 

Sensitive Genetic Detection of Pathogenic Bacteria, Anal. Chem. 88 

(2016) 10191−10197. doi:10.1021/acs.analchem.6b02772. 

[45] J.A. Adkins, K. Boehle, C. Friend, B. Chamberlain, B. Bisha, C.S. 

Henry, Colorimetric and Electrochemical Bacteria Detection Using 

Printed Paper- and Transparency-Based Analytic Devices, Anal. 

Chem. 89 (2017). doi:10.1021/acs.analchem.6b05009. 

[46] A.J. Bard, C.G. Zoski, eds., Electroanalytical Chemistry: A Series of 

Advances, 1st ed., Taylor & Francis Group, 2017. 

[47] R. Radhakrishnan, P. Poltronieri, Fluorescence-free biosensor 

methods in detection of food pathogens with a special focus on 

listeria monocytogenes, Biosensors. 7 (2017). 

doi:10.3390/bios7040063. 

[48] C.M. Pandey, I. Tiwari, V.N. Singh, K.N. Sood, G. Sumana, B.D. 

Malhotra, Highly sensitive electrochemical immunosensor based on 

graphene-wrapped copper oxide-cysteine hierarchical structure for 

detection of pathogenic bacteria, Sensors Actuators, B Chem. 238 

(2017). doi:10.1016/j.snb.2016.07.121. 

[49] G. Henihan, H. Schulze, D.K. Corrigan, G. Giraud, J.G. Terry, A. 

Hardie, C.J. Campbell, A.J. Walton, J. Crain, R. Pethig, K.E. 

Templeton, A.R. Mount, T.T. Bachmann, Label- and amplification-

free electrochemical detection of bacterial ribosomal RNA, Biosens. 

Bioelectron. 81 (2016) 487–494. doi:10.1016/j.bios.2016.03.037. 

[50] M. Golabi, F. Kuralay, E.W.H. Jager, V. Beni, A.P.F. Turner, 

Electrochemical bacterial detection using poly(3-

aminophenylboronic acid)-based imprinted polymer, Biosens. 

Bioelectron. 93 (2017) 87–93. doi:10.1016/j.bios.2016.09.088. 

[51] M.A.R. Khan, F. T.C. Moreira, J. Riu, M.G. F. Sales, Plastic 

antibody for the electrochemical detection of bacterial surface 

proteins, Sensors Actuators, B Chem. 233 (2016) 697–704. 

doi:10.1016/j.snb.2016.04.075. 

[52] M.A.R. Khan, A.R. Aires Cardoso, M.G.F. Sales, S. Merino, J.M. 

Tomás, F.X. Rius, J. Riu, Artificial receptors for the electrochemical 

detection of bacterial flagellar filaments from Proteus mirabilis, 

Sensors Actuators, B Chem. 244 (2017) 732–741. 

doi:10.1016/j.snb.2017.01.018. 

[53] Y. Wu, H. Chai, Development of an electrochemical biosensor for 

rapid detection of foodborne pathogenic bacteria, Int. J. 

Electrochem. Sci. 12 (2017) 4291–4300. doi:10.20964/2017.05.09. 

[54] M. Moreno-Guzmán, L. García-Carmona, Á. Molinero-Fernández, F. 

Cava, M.Á. López Gil, A. Escarpa, Bi-enzymatic biosensor for on-

site, fast and reliable electrochemical detection of relevant D-amino 

acids in bacterial samples, Sensors Actuators, B Chem. 242 (2017) 

95–101. doi:10.1016/j.snb.2016.11.037. 

[55] Z. Yang, Y. Wang, D. Zhang, A novel multifunctional 

electrochemical platform for simultaneous detection, elimination, 

and inactivation of pathogenic bacteria based on the Vancomycin-

functionalised AgNPs/3D-ZnO nanorod arrays, Biosens. Bioelectron. 

98 (2017) 248–253. doi:10.1016/j.bios.2017.06.058. 

[56] Y.-G. Zhou, N. V Rees, R.G. Compton, The electrochemical 

detection and characterization of silver nanoparticles in aqueous 

solution, Angew. Chemie - Int. Ed. 50 (2011) 4219–4221. 

doi:10.1002/anie.201100885. 

[57] L. Sepunaru, K. Tschulik, C. Batchelor-McAuley, R. Gavish, R.G. 

Compton, Electrochemical detection of single E. coli bacteria 

labeled with silver nanoparticles, Biomater. Sci. 3 (2015) 816–820. 

doi:10.1039/c5bm00114e. 

[58] L. Sepunaru, S. V Sokolov, J. Holter, N.P. Young, R.G. Compton, 

Electrochemical Red Blood Cell Counting: One at a Time, Angew. 

Chemie - Int. Ed. 55 (2016) 9768–9771. 

doi:10.1002/anie.201605310. 

[59] L. Sepunaru, B.J. Plowman, S. V Sokolov, N.P. Young, R.G. 

Compton, Rapid electrochemical detection of single influenza 

viruses tagged with silver nanoparticles, Chem. Sci. 7 (2016) 3892–

3899. doi:10.1039/c6sc00412a. 

[60] J.Y. Lee, B.-K. Kim, M. Kang, J.H. Park, Label-Free Detection of 

Single Living Bacteria via Electrochemical Collision Event, Sci. Rep. 

6 (2016). doi:10.1038/srep30022. 

[61] L.R. Volpatti, A.K. Yetisen, Commercialization of microfluidic 

devices, Trends Biotechnol. 32 (2014) 347–350. 

doi:https://doi.org/10.1016/j.tibtech.2014.04.010. 

[62] S. Schumacher, J. Nestler, T. Otto, M. Wegener, E. Ehrentreich-

Förster, D. Michel, K. Wunderlich, S. Palzer, K. Sohn, A. Weber, M. 

Burgard, A. Grzesiak, A. Teichert, A. Brandenburg, B. Koger, J. 

Albers, E. Nebling, F.F. Bier, Highly-integrated lab-on-chip system 

for point-of-care multiparameter analysis, Lab Chip. 12 (2012) 464–

473. doi:10.1039/c1lc20693a. 

[63] E. Primiceri, M.S. Chiriacò, F. De Feo, E. Santovito, V. Fusco, G. 

Maruccio, A multipurpose biochip for food pathogen detection, Anal. 

Methods. 8 (2016) 3055–3060. doi:10.1039/c5ay03295d. 

[64] D.L. Bellin, H. Sakhtah, J.K. Rosenstein, P.M. Levine, J. Thimot, K. 

Emmett, L.E. Dietrich, K.L. Shepard, Integrated circuit-based 

electrochemical sensor for spatially resolved detection of redox-

active metabolites in biofilms, Nat. Commun. 5 (2014) 3256. 

doi:10.1038/ncomms4256. 

[65] A. Thiha, F. Ibrahim, S. Muniandy, I.J. Dinshaw, S.J. Teh, K.L. 

Thong, B.F. Leo, M. Madou, All-carbon suspended nanowire 

sensors as a rapid highly-sensitive label-free chemiresistive 

biosensing platform, Biosens. Bioelectron. 107 (2018) 145–152. 

doi:10.1016/j.bios.2018.02.024. 

[66] L. Wang, Y. Li, A. Mustapha, Rapid and simultaneous quantitation 

of Escherichia coli O157:H7, Salmonella, and Shigella in ground 

beef by multiplex real-time PCR and immunomagnetic separation, J. 

Food Prot. 70 (2007) 1366–1372. doi:10.4315/0362-028X-70.6.1366. 

[67] A. Sayad, F. Ibrahim, S. Mukim Uddin, J. Cho, M. Madou, K.L. 

Thong, A microdevice for rapid, monoplex and colorimetric detection 

of foodborne pathogens using a centrifugal microfluidic platform, 

Biosens. Bioelectron. 100 (2018) 96–104. 



FOCUS REVIEW          

For internal use, please do not delete. Submitted_Manuscript 

 

 

 

 

doi:10.1016/j.bios.2017.08.060. 

[68] F. Tian, J. Lyu, J. Shi, F. Tan, M. Yang, A polymeric microfluidic 

device integrated with nanoporous alumina membranes for 

simultaneous detection of multiple foodborne pathogens, Sensors 

Actuators, B Chem. 225 (2016) 312–318. 

doi:10.1016/j.snb.2015.11.059. 

[69] W. Ye, J. Guo, X. Bao, T. Chen, W. Weng, S. Chen, M. Yang, Rapid 

and sensitive detection of bacteria response to antibiotics using 

nanoporous membrane and graphene quantum dot (GQDs)-based 

electrochemical biosensors, Materials (Basel). 10 (2017). 

doi:10.3390/ma10060603. 

[70] Z. Altintas, M. Akgun, G. Kokturk, Y. Uludag, A fully automated 

microfluidic-based electrochemical sensor for real-time bacteria 

detection, Biosens. Bioelectron. 100 (2018) 541–548. 

doi:10.1016/j.bios.2017.09.046. 

[71] J.H. Kwon, M.K. Fausone, H. Du, A. Robicsek, L.R. Peterson, 

Impact of laboratory-reported urine culture colony counts on the 

diagnosis and treatment of urinary tract infection for hospitalized 

patients, Am. J. Clin. Pathol. 137 (2012) 778–784. 

doi:10.1309/AJCP4KVGQZEG1YDM. 

[72] B. Nowack, T.D. Bucheli, Occurrence, behavior and effects of 

nanoparticles in the environment, Environ. Pollut. 150 (2007) 5–22. 

doi:https://doi.org/10.1016/j.envpol.2007.06.006. 

 
 

 



FOCUS REVIEW          

For internal use, please do not delete. Submitted_Manuscript 

 

 

 

 

 

Entry for the Table of Contents  

 

 

FOCUS REVIEW 

Bacterial infections represent 
one of the leading causes of 
mortality worldwide and the 
development of rapid, cost-
efficient and reliable detection 
methods for pathogens 
remains challenging. The 
presented review provides a 
summary of recent biosensing 
strategies, by covering direct 
sensing methods as well as 
procedures, using various bio-
recognition elements towards 
custom-designed portable 
point of care devices. 

   
Sabine Kuss, Hatem M.A. Amin, 

Richard G. Compton* 

Page No. – Page No. 

Electrochemical Detection of 

Pathogenic Bacteria - Recent 

Strategies, Advances and 

Challenges 

 

  

 

 


