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Introduction
Bacteria are present widely in various environments, such as 

soils, marine and estuarine water, intestinal tract of animals, and 
waste water. Normally, the bacteria are not visible to human eyes 
due to their small size of usually a few micrometers in length, with 
the shapes of spheres, rods or spirals. The presence of bacteria can 
be harmful to human/animal health, food safety, environmental 
conservation, and infrastructure integrity. Therefore, development 
of accurate, effective and rapid methods for bacterial detection 
is essential to prevention and control of harmful of bacteria in the 
environments.1 During the past century, extensive methods have 
been developed for bacterial detection, including traditional culturing 
methods, immunological techniques, molecular biological techniques 
and biosensors. Particularly, biosensors have been one of the most 
important techniques due to demonstrated excellent performance, i.e., 
low cost, fast response, high sensitivity, and high selectivity.2

 The principle of a biosensor is to use biological materials (i.e., 
antimicrobial peptides, lectin, antibody and aptamer) to recognize a 
target molecule, and produce detectable signals. The components of 
the biosensor include biological sensing element, transducer, signal 
amplifier and signal processer. When the biological component 
recognizes the analyte to generate a catalytic or binding event, the 
detectable signals, such as electrical signals or optical signals, are 
produced and captured by a transducer. The signals are proportional 
to the analyte concentration. The performance of the biosensors is 
featured by their response time, dynamic range, limit of detection, 
single-to-noise ratio, and specificity.3 These parameters are strongly 
related to the biological sensing element, transducer and signal 
amplifier, i.e., the most significant components for a biosensor.

Discussion
Biological sensing elements

The most important component for a biosensor is the biological 
recognition element, which determines the selectivity of the 
biosensors. The biological recognition element is closely related 
to the analytic targets, i.e., bacterial components and the whole 
bacteria, in development of bacterial biosensors. The target bacterial 
components, i.e., DNA, RNA (e.g., rRNA), intracellular proteins such 

as enzymes and secreted substances, can be liberated by disrupting 
or lysing bacteria. As a result, molecular recognition elements 
and cell recognition elements have been developed as the most 
common recognition elements in bacterial detection. Similar to other 
biosensors, the molecular recognition elements in bacterial biosensors 
include receptors, enzymes, antibodies, nucleic acids, molecular 
imprints and lectins. Based on the nature of the molecular recognition, 
the biosensor can base biocatalysis or affinity mechanism to recognize 
the bacterial components. Enzymes are the typical biological 
catalysts. While the oldest ones, they are still commonly used as the 
biorecognition element in detecting many different analytes, which 
range in size from individual ions and small molecules to nucleic acid 
and proteins.4 Enzymes are characterized with high turnover rates 
and a high selectivity for a desired analyte. These properties, together 
with the simplicity of the enzymatic biorecognition and the relatively 
low cost, make enzymatic biocatalytic systems almost indispensable 
for detecting bacterial components. Affinity bacterial biosensors rely 
on a selective binding interaction between the bacterial components 
and the biological recognition element such as antibody, nucleic 
acid, aptamers and phages. High affinity antibodies and DNA are 
important to development of affinity bacterial biosensors. Aptamers 
and phages are powerful tools that excel over antibodies in sensibility, 
stability, multi-detection, in vivo measurements and regeneration. 
Phages are superior in stability, screening of affinity-based target 
bacterial molecules, and easy production.5 Living cells have also been 
used as recognition elements in bacterial biosensors.6 The analytical 
signal is detected by measuring the general metabolic status of such 
living cells. Generally whole cells are advantageous over enzymes 
due to high stability, reduced purification requirements, low cost of 
preparation, and effective cofactor regeneration.7

Transducers

When the biological recognition element reacts with a target 
analyte, detectable signal is produced through a transducer, which 
is an analytical tool to provide output quantity proportional to the 
input quantity. Based on the detectable signals, i.e., electric current, 
potential, impedance, fluorescence, piezoelectricity and temperature, 
the transduction for bacterial biosensors can be categorized into 
four main classes, i.e., electrochemical, optical, piezoelectric (mass 
detection methods) and thermal detection platforms. Electrochemical 
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Abstract

In the past decades, biosensors have been developed for detection and diagnose of the 
presence of bacteria in various service environments. Biological recognition elements, 
transducer and signal amplifier are the main components of a biosensor, affecting the 
selectivity and sensitivity and signal-responding time of the tool. Various biological 
materials, including enzymes, antibodies, DNA and aptamers, are combined with 
the signal transducers made of electrochemical, optical, piezoelectric and thermal 
detection platforms, as well as nanomaterials, i.e., carbon nanotubes, graphene, 
metallic nanoparticles and magnetic nanoparticles, to improve the performance of the 
biosensors. This paper reviews the trends in bacteria detection, the primary biosensor 
techniques.
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biosensors for bacterial detection, such as amperometric, 
potentiometric and impedance biosensors, are the most widespread 
class as they are economic and have a fast response time. The transduces 
of these biosensors are usually made of inert materials, such as glassy 
carbon, gold, platinum, or graphite. Compared to amperometric 
and potentiometric biosensors, impedimetric biosensors are a very 
promising choice for the detection of whole bacteria, because they are 
label free, less costly, highly sensitive, and not affected by the presence 
of other analytes or colored compounds in the sample matrix.8 Optical 
biosensors are rapid, specific, sensitive, cost effective and suitable 
for real-time on-site bacterial detection. They are often divided into 
two categories, i.e., fluorescence based and label free. The tunable 
fluorescence properties of semiconductor nanoparticles, e.g., zinc 
oxide nanomaterials, titanium dioxide nanomaterials and quantum 
dots, have been used for the photonic detection of biorecognition 
processes. The major disadvantage of using fluorescence-based 
optical biosensors for bacterial detection is the requirement for sample 
labeling with fluorescent reagents, which adds time and cost to the 
procedure. Surface plasmon resonance (SPR) is a label-free method of 
optical sensing, and it has been employed for the detection of whole 
bacterial cells using a variety of bioreceptors, including antibodies, 
bacteriophages, and lectins.9 Piezoelectric biosensors are based on the 
coupling of the bioelement with a piezoelectric component, usually a 
quartz-crystal coated with gold electrodes. Many types of materials 
(i.e., quartz, tourmaline, lithium niobate or tantalate, oriented zinc 
oxide, and aluminum nitride) exhibiting the piezoelectric effect are 
used as the transducer. For example, quartz-crystal microbalance 
(QCM) sensors are label-free piezoelectric biosensors, and they 
have been developed for the detection of whole bacterial cells, 
including Escherichia coli, Salmonella enterica serovar Typhimurium, 
Campylobacter jejuni and Bacillus anthracis.10 Temperature sensors 
is the transducer for a thermal biosensor, and which are usually 
thermistors and thermocouples. Their high sensitivity to thermal 
changes makes thermistors ideal for such applications. Unlike other 
transducers, thermal biosensors do not need frequent recalibration 
and are insensitive to the optical and electrochemical properties of the 
sample. Common applications of this type of biosensor include the 
detection of pesticides and pathogenic bacteria.11

Signal amplifiers

Similar to the other biosensors, signal amplification is the direct 
method for improving the sensitivity of the biosensors for bacterial 
detection. Nanomaterials have been widely used as the signal 
amplifiers in development of bacterial biosensors due to their good 
conductivity, good photoelectrochemical activity, and large surface/
volume ratio. Three approaches have been developed for signal 
amplification of nanomaterial biosensors for bacterial detection.12 
Metal and semiconductor nanoparticles with enzyme-like activities 
are directly used as active labels for the electrochemical amplification 
detection of bacterial proteins. For example, Fe3O4 nanoparticles and 
Fe3O4 nanoparticles-based hybrid materials can exhibit enhanced 
peroxidase-like activity, and have been used for detecting bacteria.13 

Nanomaterials are used as carriers to load a large quantity of active 
species. Enzyme-functionalized nanomaterials are used as the label 
to enhance the detection sensitivity, which is achieved by increasing 
the enzyme loading toward a sandwich immunological reaction event 
in bacterial detection.14 The carbon nanotubes, bio-compatible metal/
metal oxide nanomaterials (e.g., Au, Ag, and ZnO), graphene based 
materials (graphene, graphene oxide and reduced graphene oxide) 
are some of the promising materials to amplify the signal. Highly 
attractive electrochemical properties and electrocatalytic activity 

of these nanomaterials have facilitated achievement of enhanced 
signal amplification needed for the fabrication of ultrasensitive 
electrochemical affinity biosensors to detect a lot of analytes, including 
bacterial components and whole bacteria.15 Recent advancement 
in nanotechnology allows the development of new nanostructured 
materials, which impacts greatly the overall performances of the 
bacterial biosensors.16,17 

Conclusive remarks 

Despite the considerable progress made in the detection of 
bacteria using biosensors, the sensitivity of the biosensors is required 
to improve for rapid identification of bacterial species and strains. 
Additional challenges include the ability to detect bacteria in real 
environments and the response time. To meet the increasing demand 
for bacterial detection, innovative biosensor devices featuring with 
a satisfactory combination of precision, sensitivity, specificity, speed 
and usability, need to be developed. The interaction mechanism 
between the recognition element and bacterial cells can provide a 
great help to develop specific detection strategies. The new functioned 
materials, i.e., nanoparticles, nanowires and quantum dots, provide 
access to sensitive signal transduction methods to detect bacterial cells. 
An excellent integration of biochemistry, biology, nanotechnology, 
physics and electronics would facilitate the development of high-
performance biosensors for bacteria detection. 
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