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Abstract: Electrochemical biosensors that combine high selectivity of biochemical affinity with
precise electrochemical detection are one of the most necessary and powerful tools for assessing
environmental pollution. This review addresses electrochemical biosensors that assess environmental
pollutant toxicity. Electrochemical biosensors using enzyme activity inhibition, DNA, whole cells,
and cytochrome P450 will be introduced, their advantages and applications will be discussed, and
trends and challenges for designing reliable sensors for practical use will be addressed.
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1. Introduction

Environmental pollution has existed at least since the time that people started using
fire, and has been an increasing problem worldwide since the rapid development of industry
during the 19th century. In the modern world, a wide variety of toxicants, including heavy
metals, pesticides, detergents, endocrine disruptors, antibiotics, and carcinogens, are on the
list of these pollutants. According to the Royal Commission on Environmental Pollution in
their 24th report, there are some 30,000 chemicals that are commonly being used nowadays,
and each of them may pollute the environment during processing, use, and discard [1].
Environmental pollution reduces the number of wild animals, degrades the functioning of
ecosystems, and poses a threat to human health. Therefore, for environmental safety, the
prompt and precise evaluation of pollutant toxicity has become an urgent task. However,
various chemical substances are mixed in the environment. The measurement of the
toxicity of an individual chemical substance is complicated. To evaluate toxicity under
these circumstances, evaluating the overall toxicity to organisms may be more efficient
than determining the toxicity of individual chemicals. In this context, biosensors may be a
good alternative or a complementary analytical tool.

A biosensor comprises an integral device involving a biological recognition element
and an element that converts a recognition event into an output signal. Biosensors are
classified into basic groups according to their signal transmission methods and biological
recognition principles. Biosensors can be categorized by their transducing element as
electrochemical, optical, piezoelectric, and thermal sensors; and based on the biorecognition
principle, they are immunochemical, enzymatic, non-enzymatic receptor, and DNA and
whole-cell biosensors. In recent times, biosensors have extensively been used for toxicity
determination. Several research works for the toxicity determination of water [2,3], phenol,
and nitrophenols [4], copper (II) ions [5], and other metal ions are available. The biosensors
measured the toxic response of certain chemicals on the enzymatic activity, the respiratory
rate, the assessment of various growth parameters, etc. The microtox method based on the
bioluminescence attenuation in the presence of toxins is a popular method used for toxicity
determination [6]. It is an acute toxicity test biosensor based on the bioluminescence of
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the marine bacterium Vibrio fischeri. MICREDOX, a rapid biosensor developed by Lincoln
Technology was developed for the direct assessment of toxic chemicals on environmental
biological materials [7]. This biosensor is superior for rapid toxicity assessment in terms of
sensitivity, detection time, and reproducibility. Another well-known biosensor for toxicity
determination is ToxTell, a mediated amperometric microbial biosensor [8]. Multiple
bacterial species can be used as biological components to determine precise values of
toxicants in real samples. This bacterial biosensor generates an electric current by passive
electron extraction from the electron transport system, the central metabolic pathway
of the cell. The currents produced with/without the toxin are proportional to the cell
metabolic activity and indicate the inhibition. Several bacterial strains have been produced
that can comprehensively detect the effects of contaminants in samples that may cause
genotoxicity or other toxicity to the human body [9]. By using these toxicity biosensors, the
monitoring of environmental pollutants becomes very easy and convenient. The advantages
of these biosensors are their simplicity, high sensitivity, direct transduction, miniaturization,
facilitation of continuous monitoring, ease of use, and low cost compared to conventional
methods. Their potential to complement laboratory-based and field analytical methods for
environmental monitoring are demonstrated in [10-13].

Electrochemical biosensors combine a biological recognition element immobilized
on the electrode surface and a physicochemical detector. It allows the application of elec-
trochemical methods to biological processes to generate electrical signals corresponding
to the concentration of biological analytes [14]. These biosensors involve biocomponents
and electrodes in different combinations where enzymes, antibodies, nucleic acids, hor-
mone receptors, microorganisms or whole cells, and tissues are immobilized onto the
electrode surfaces [15]. A general schematic for operating the electrochemical biosensor
for evaluating the toxicity of the pollutants is shown in Figure 1. In recent years, materials,
technologies, and applications of biosensors have been studied by various researchers.
Some studies addressed enzyme-based biosensors and the electrocatalytic detection of
small molecules [16,17], while others have provided an overview on the application of
the nanostructured film in biosensors [18]. The development of glucose sensors based
on carbon nanotubes (CNTs) and electrostatic assembly was reviewed by Harper and
Anderson [19]. Additionally, some reviews address specific technologies, such as the devel-
opment of DNA biosensors using peptide nucleic acids [20] and advances in technology
using encapsulated enzymes [21]. Su et al. reported the application of microorganisms
to measure analytes [22]. Among all electrochemical biosensors, some of them focused
on enzyme-based, DNA-based, whole cell-based, and cytochrome P450-based biosensors.
High specificity, sensitivity, fast response, and ease of operation are the advantages of
electrochemical biosensors, which meet the requirements for environmental monitoring
in the field [23]. The current technological progress makes it possible to miniaturize
electrochemical biosensors with nanoscale instrumentation; thus, it becomes very useful
for some sophisticated applications with a small volume of samples. The automation of
electrochemical biosensors and the ability to analyze the opaque medium makes it advan-
tageous over other biosensors. The appeal of electrochemical biosensors is noticed in many
practical applications.
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Figure 1. Type of electrochemical biosensors to evaluate the toxicity of environmental pollutants.
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In this review, the article presents an overview of the research and development of
electrochemical biosensors for the toxicity assessment of environmental pollutants and de-
scribes important progress, as well as trends and challenges for designing reliable sensors
for practical applications. We will review the electrochemical biosensors using inhibi-
tion of enzyme activity, DNA, whole-cell, cytochrome P450, and their uses, advantages,
and limitations.

2. Biosensors Based on Enzyme Inhibition Activity

Enzyme-based biosensors measure the physical response, which yields a quantity
related to the enzyme-catalyzed reaction rate. Enzyme activity is usually evaluated by
direct measuring the electroactive products and co-substrates involved in the enzymatic
reaction. To develop an enzyme-based biosensor, an indispensable step is the enzyme
conjugation on the transducers for analyte quantification. The substrates are catalyzed by
the enzyme and yield products. There are different methods for immobilization, the choice
of which depends on many factors, including the nature and properties of the biological
element, the transducer type, the analyte physicochemical properties, and the biosensor
operation conditions. These considerations are essential for the maximum activity of the
biological elements in the immobilized microenvironment [24-26]. The simplest and fastest
method for immobilization is the adsorption of enzymes on the electrode surface. Many
substances adsorb enzymes on their surfaces, including glass, silica gel, alumina, kaolin,
charcoal, cellulose, and collagen, either by physical or by chemical adsorption. There are
also methods to physically encapsulate the enzyme within a synthetic gel layer (a mixture
of biomaterial and monomer solution that is polymerized to form a gel), or to covalently
bond the functional groups in the biomaterial to the support matrix. Reactions are carried
out under mild conditions at low temperature and ionic strength, with pH in the phys-
iological range. Cross-linking is another method for enzyme immobilization. With this
method, Biomaterials are usually bonded with a cross-linking agent to enhance adhesion.
Glutaraldehyde is a widely used bifunctional agent. Different immobilization issues have
also been discussed in the literature [27-31] and are shown in Figure 2. The recent develop-
ments in the field of enzyme-based biosensors are largely focused on the improvement of
the immobilization and stability of enzymes. Among the various immobilization methods,
covalent bonding offers the highest stability, trailed by cross-linking and encapsulation [32].
The least stable method is the adsorption where the enzymes and transducers are linked by
the weak van der Waals forces, which are not very stable. However, this immobilization
method is very easy to carry out because no reagents are necessary and cleanup is also
inessential [32].

| S
LR N

e

Polymer/gel entrapment Surface adsorption

| |
ok bbb LMY R

Covalent binding Electrostatic
¥l Enzymes I Covalent bond
[ Electrode surface Electrochemically grown polymer

Figure 2. Commonly used methods for enzyme immobilization onto an electrode surface. Adapted
with permission from Ref. [32]. 2010, Royal Society of Chemistry.
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Enzyme inhibition-based biosensors have been applied for various kinds of analytes,
including organophosphorus and organochlorine pesticides, derivatives of insecticides, and
heavy metals [24]. These biosensor systems rely on quantitative analysis of the difference
in enzyme activity before/after exposure to a given target analyte. The working principle
of enzyme inhibition-based biosensors is shown in Figure 3 [25]. The inhibited enzyme
activity percentage after exposure is the quantification of the inhibitor toxicity and the
incubation time [33,34]. The percentage inhibition is calculated as follows:

Ap — A

(%) = =4

x 100 1)
where I (%) is the inhibition percentage; Ay is the enzyme activity before inhibitor exposure;
and Aj is the enzyme activity after the inhibitor exposure. There are various types of enzyme
inhibition-based biosensors, including glucose oxidase, urease, cholinesterase, alkaline
phosphates, etc. They are extensively used for the registration of the environmental toxicity
of different types of pollutants.
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Figure 3. Working principle of enzyme inhibition-based biosensors. Adapted with permission from
Ref. [25]. 2013, Taylor & Francis.

2.1. Glucose Oxidase Inhibition

Glucose oxidase (GOx) is an oxidoreductase enzyme that primarily catalyzes the
oxidation of glucose to hydrogen peroxide and gluconolactone. GOx-coated electrodes have
been used widely since the pioneering works by Clark and Lyons in the 1950-1960s, known
as first-generation biosensors (Figure 4). In these biosensors, the oxidase is immobilized
behind a semipermeable membrane on the surface of the platinum electrode. GOx is a
widely available, cheap, and stable enzyme that is mainly used in biosensors for industrial
processes; it has high specificity for 3-D-glucose and can be registered by the following
reactions [32]:

3-D-glucose + GOx-FAD — GOx-FADH; + 5-D-gluconolactone

GOX-FADH2 + Oz — GOx-FAD + H202

H,Op, = 2e~ + O, + 2H"
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Recently, there have been some research works based on glucose oxidase inhibition,
and most of them address heavy metals toxicity [35-38]. Ghica and Brett developed a
biosensor using glucose oxidase immobilized on the carbon film electrode to determine
copper, cadmium, lead, and zinc using polymerized Neutral Red as a mediator [35]. The
biosensor was found to be sensitive to heavy metals with the detection limits of pg/mL.
Guascito et al. presented an amperometric glucose oxidase biosensor for the determination
of a wide group of heavy metals [36]. The enzyme glucose oxidase was immobilized on
electro-synthesized poly-o-phenylenediamine. The inhibition results revealed that sensibil-
ity, detection limit, linear range, and standard deviation of the electrode make it suitable
for the quantitative environmental analysis of metal ions. An electrochemical biosensor
for mercury detection in compost extract was developed by enzyme immobilization on an
aniline membrane supported on a platinum electrode by glutaraldehyde, with ferrocene as
an electron transfer mediator [37]. A lower detection limit was achieved compared with a
glucose oxidase-based biosensor immobilized on a carbon paste electrode modified with
manganese dioxide [38].
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Figure 4. Oxygen-dependent first-generation amperometric biosensor. Adapted with permission
from Ref. [32]. 2010, Royal Society of Chemistry.

2.2. Urease Inhibition

Urease was the first enzyme crystallized out from jack bean [39]. Biosensors based on
urease inhibition are widely used for measuring heavy metals such as copper, cadmium,
chromium, lead, and mercury [25]. A potentiometric biosensor with urease enzyme im-
mobilized on self-assembled gold nanoparticles was developed and found to possess a
low detection limit (0.05 umol/L), fast response, and regeneration [40]. Do et al. devel-
oped another amperometric biosensor for the determination of mercury by immobilizing
the enzyme on a polyaniline-Nafion film/Au/Al,Os-sensing electrode and achieved the
detection level of (0.01 ppm) [41]. An optical fiber-based biosensor has been developed
for detecting heavy metals in an aqueous sample considering the sol-gel approach [42].
A conductometric biosensor has been developed to determine the metal ions and it was
found that the sensitivity for different metals was Cd?* > Cu?* > Pb?* [43].

2.3. Cholinesterase Inhibition

Cholinesterase is an enzyme that hydrolyzes the neurotransmitter acetylcholine into
choline and acetic acid, necessary reactions for cholinergic neurons to return to a quies-
cent state after activation. This enzyme has been widely used in direct electrochemical
biosensors for pesticide detection. Analyzers based on cholinesterase inhibition are popular
for detecting organophosphorus compounds [24]. Recently, this type of biosensor was
designed based on the amperometric detection [39]. The toxic pollutants detected by this
transduction mode include parathion, methyl parathion, paraoxon, methyl paraoxon, car-
baryl, aldicarb, carbofuran, ppirimicarb, chloropyrifosoxon-methyl, nerve agents, fenthion,
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trichlorofon, and triazophosetc [44—47]. Based on their respective preferences for substrates,
cholinesterase enzymes are of two types: acetylcholinesterase (AChE) hydrolyzes acetyl-
choline and butyrylcholinesterase (BChE) hydrolyzes butyrylcholine. Liu and Lin have
developed an amperometric biosensor using AChE immobilized on CNT-modified glassy
carbon (GC) electrode for detecting organophosphate pesticides and nerve agents [45].
The biosensor integrated with a flow injection system for measuring paraxon reached
the detection limit of 0.4 pM with a 6-min inhibition time. In another study, an assay for
organophosphate paraoxon was developed on the base of AChE immobilized on gelatin
capable of detecting 200 pg for one minute [46]. Sinha et al. also developed a biosensor for
paraxon determination using zinc oxide matrix for the AChE immobilization and paraoxon
detection in the range of 0.035-1.38 ppm [47]. The biosensor has excellent storage ability of
up to 3 months in phosphate-buffered saline (pH 7.4) at 4 °C.

2.4. Alkaline Phosphatase Inhibition

Alkaline phosphatase (ALP) is the most common binding enzyme in immunoassays
due to its high turnover rate, broad substrate specificity, and potential for applications.
Its activity has been determined electrochemically using phenyl phosphate, naphthyl
phosphate, ascorbic acid 2-phosphate, and p-nitrophenyl phosphate stable substrates.
Among them, p-nitrophenyl phosphate is probably one of the most popular substrates
for ALP because it can be used to electrochemically detect enzymatically generated p-
nitrophenol. Numerous studies using alkaline phosphatase enzyme inhibition were carried
out by several researchers [48-50]. Alvarado-Gamez et al. developed an electrochem-
ical chronoamperometric biosensor for the determination of vanadium ions based on
ALP enzyme inhibition [48]. ALP has been immobilized by cross-linking to the screen-
printed carbon electrodes (SPCEs) modified by gold nanoparticles (ALP-AuNPs-SPCEs).
p-Nitrophenyl phosphate sodium salt (PAPP) was used as substrate and the detection
limit of 0.39 £ 0.06 uM was found for vanadium ions with repeatability of 7.7% (n = 4)
and reproducibility of 8% (n = 3). For detecting carbofuran using ALP enzyme inhibition,
another indirect amperometric biosensor was designed where ALP was immobilized on
a carbon nano-powder paste electrode (CNPPE) and chronoamperometric monitoring of
the enzyme activity inhibition was performed [49]. The decrease of the response signal is
monitored after the addition of the inhibitor keeping the substrate (disodium phenyl phos-
phate) concentration constant. The biosensor principle is given in Figure 5. The biosensor is
satisfactory in terms of detection limit, dynamic range, stability, and precision; facilitating
qualitative and quantitative determination of carbofuran. The limit of detection was found
to be 10 pg/L for carbofuran, with a repeatability of 2.3% (n = 3), and reproducibility
was 3.4% (n = 3). Tekaya et al. measured the ALP inhibition from the cyanobacterium,
Arthrospira platensis using physical adsorption of the cells on the ceramic part of gold-
interdigitated transducers [50]. ALP inhibition with ¢ detection limit of 1020 M was
registered with cadmium and mercury. The half-maximal inhibitory concentration (IC50)
was evaluated as 107! M and 1017 M for Cd?* and Hg?*, respectively. The biosensor is
not metal-specific and provides an integral response to the traces of heavy metals in natural
waters and effluents.
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Figure 5. Inhibition of the ALP/CPE biosensor with carbofuran. Adapted with permission from [49].



Environments 2023, 10, 63

7 of 22

2.5. Other Enzymes Inhibition

The previously described enzymes are commonly used for biosensor construction.
In addition to these enzymes, choline oxidase, polyphenol oxidase, nitrate reductase, in-
vertase, horseradish peroxidase/catalase, and protein phosphatase have been reported
in the literature. These enzymes have not been the subject of extensive research for the
development of inhibitory biosensors. The electrochemical assay for MC-LR that we have
developed uses the enzymatic inhibition of protein phosphatase 2A (PP2A). The rapid and
simple measurement of PP2A activity was performed by the p-aminophenol (PAP) electro-
chemical oxidation upon enzymatic conversion using hydrodynamic chronoamperometry.
The ICs( value calculated from the change in PP2A activity under the influence of MC-LR
is well below the WHO provisional standard value of 0.08 ug/L [51].

2.6. Comparison of Different Types of Enzyme Inhibition-Based Biosensor

Table 1 summarizes the comparison of various enzyme inhibition-based biosensor.

Table 1. Enzyme inhibition-based biosensors with comparative analysis of their inhibitors and
detection limit.

Enzyme Type Inhibitors Detection Limit References
Cd(I) 1mg/L [35]
Cu(II) 6mg/L [35]
. Pb(II) 3mg/L [35]
Glucose oxidase Zn(IT) 9 mg/L [35]
049 mg/L [37]
Hg(Ih 0.5 mg/L [38]
0.05 pmole/L [40]
Hg(I) 0.01 mg/L [41]
Urease Cu(Il) 0.1-1 umole/L [43]
Cd() 0.1-10 umole/L [43]
Pb(II) 0.1-1 umole/L [43]
2 ug/L [44]
—12 4
Cholinesterase Paraoxon 04 % 11 (2) ug/niole/L { 42}
0.035-1.38 mg/L [47]
Vanadium 0.39 + 0.06 uM [48]
. Carbofuran 10 pg/L [49]
Alkaline phosphatase cd() 10-2 M [50]
Hg(10) 10~ M [50]

3. DNA-Based Biosensor

To develop the environmental monitoring strategies for specific toxicants, the use of
DNA as a recognition tool is promising due to its simplicity, speed, and low cost of gene
analysis and testing compared to the traditional techniques [52]. Various aptamer sensors
have also been reported, but are not presented in this review. An electrochemical DNA
biosensor is a convenient tool to determine the DNA damages caused by different toxic
events like chemical, drug, and radioactive agents [53,54]. The DNA biosensors are based
on the molecular interaction between surface-bound DNA and the target analyte. The
change occurring due to the binding molecules at the recognition layer being measured
by the transducer is converted to electronic signals. The difference between the signals
before and after the interaction is used for the quantification of these analytes [55-57]. It is
also possible to detect toxic molecules interacting with DNA by monitoring changes in the
guanine oxidation signal in relation to electrochemical DNA biosensors.

DNA immobilization onto the transducer surface strongly affects the performance
of the electrochemical DN A-based biosensors. The main goal of this method is to ensure
proper molecular orientation of single-stranded DNA (ssDNA) probes and high accessibility
to target DNA fragments [58]. Various immobilization methods have been developed,
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including physical and electrochemical adsorption, film encapsulation, affinity binding
(e.g., avidin-biotin complex), chemisorption, and covalent bonding [8,58-61] (Figure 6).
The self-assembled monolayers (SAM) formed from alkanethiols on gold substrates are
very appropriate linkers for covalent immobilization of ssDNA probes on the electrode
surface [62-65]. To develop dynamic surfaces that can tune their biochemical functionality
is the new challenge in the development of DNA biosensors [65].

DNA Probe MM ‘{’ Complementary DNA (target)
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Figure 6. DNA immobilization onto the electrode surface. (A) Electrochemical adsorption of DNA
probe applying a positive potential to an electrochemical transducer. (B) Hybridization between the
probe and the target with the same positive potential. (C) DNA immobilization involving avidin-
biotin complexation between avidin and biotinylated DNA probe. (D) DNA immobilization by
covalent attachment of thiol-derivatized probe on the surface of the gold electrode. (E) ssDNA immo-
bilization on glassy carbon electrodes through deoxyguanosine group (dG), -DNA) by carbodiimide
method (EDC: 1-3(-dimethylaminopropyl)-3-ethyl-carbodiimide; NHS: N-hydroxysulfosuccinimide).
Adapted with permission from Ref. [59]. 2017, Elsevier.

To determine the suitability of the DNA biosensor, the performances of a disposable
electrochemical DNA biosensor and Toxalert®100 commercial toxicity test based on the
bioluminescence inhibition of the bacterium Vibrio fischeri were compared for detecting
toxicants in water samples [66]. Electrochemical measurements were performed using an
electrochemical cell comprising three screen-printed electrodes, which can be “dropped and
sensed” with as little as 10 puL of sample solution. The study found that DNA biosensors
are efficient due to their rapid and easily registered response to the presence of small
compounds compared to the commercial toxicity test. This single use of a disposable
biosensor prevents contamination among the samples and can be used in situ because
of its portability. The main advantages include the easy immobilization of the DNA
layer and fast measurement process. Another study investigated the voltammetric and
spectrophotometric study of complexing heavy metals (Fe3*, Cu?*, Pb%*, and Cd?*) with
DNA, especially with denatured ssDNA [67]. A biosensor was constructed using a fixed
mercury membrane electrode (SMFE) with and without silver support as the working
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electrode. The detection limit was found to be 4.0 x 10711, 1.0 x 1010, 1.0 x 10?2, and
5.0 x 10~% M for Cu?*, Pb?*, Cd**, and Fe’*.

Electrochemical DNA biosensors have been under development in recent years based
on nanosized labels and amplification platforms. These nanosized materials lead to rapid
current response for target molecules through the acceleration of electron transfer [52].
There are two types of nanomaterials: polymeric nanoparticles and metal nanoparticles.
Polyaniline, polypyrrole, polythiophene, polyacetylene, and polyindole are widely studied
nanoparticles, and numerous studies have been reported that explore the properties of Au,
Ag, Pt, and Pd nanoparticles for the design of amphoteric bioelectronic devices [68-72].
Nanomaterials provide ultrasensitive biosensors with their favorable electronic properties,
large surface area, and electrolytic activity [73]. Recently, magnetic microbeads [74] and car-
bon nanotubes [75,76] also gained popularity as nanomaterials. Galandova et al. developed
a disposable electrochemical biosensor for detecting deep DNA damage [77] based on the
adsorption of a multiwall carbon nanotubes—chitosan composite followed by depositing
double stranded DNA. The presence of immobilized DNA was evaluated using conven-
tional differential pulse voltammetry (DPV) using the [Co(phen)3]3+ DNA marker, and by
cyclic voltammetry and electrochemical impedance spectroscopy (EIS) with [Fe(CN)]>~
as a redox probe in solution. The CV and EIS methods have been introduced instead
of a complicated procedure with the [Co(phen)g,]:)“r marker. They found the DNA-based
biosensors with bionanocomposite interfaces formed by multiwalled carbon nanotubes and
chitosan are effective, inexpensive, and non-toxic compared to mercury-based elements
and the highly stable disposable sensors of chemical toxicity that are easy to prepare.

4. Whole-Cell Biosensor

Whole-cell biosensors (WCBs) are a very useful alternative to classical biosensors and
have recently been introduced by several authors [78,79]. Entire prokaryotic or eukaryotic
cells are used in WCBs as a single element integrating both bioreporter and transducer
(Figure 7). They provide the qualitative or quantitative information regarding the substance
present in the experimental medium. They also allows the measurement of the total
bioavailability of given toxicants rather than its free form [7]. In a WCB, a sufficiently
quantifiable signal is obtained using microorganisms with a high growth rate and short
generation time [80]. There are several advantages of using microorganisms in WCBs
over the purified enzymes as the biocomponent of biosensors. In the natural environment,
the existence of different kinds of microorganisms allows the choice of suitable strains
for specific purposes, and it is also possible to grow them in the culture medium [81].
The ability to analyze samples with multiple enzyme involvement is another important
advantage of WCBs. Different types of microorganisms are used in WCBs, including
bacteria [82], algae [83], yeast [84], fungi [85], and plant cells [86]. Among them, bacteria
and algae are the most-used microorganisms.

4.1. Bacteria Based Whole-Cell Biosensor

Bacteria have high adaptability to different extreme conditions such as high tempera-
tures, excessive salinity, pH, and environments polluted with a high concentration of heavy
metals, and are highly favored by the researcher in WCB development [87]. Recently, re-
searchers have been working with Escherichia coli (E. coli) for the toxicity assessment of toxic
chemicals, metals, pesticides, organic pollutants, etc. [88-94]. Liu et al. performed a direct
toxicity assessment based on an electrochemical method using E. coli and the chemicals
3,5-dichlorophenol (DCP), KCN, and As;Os, and some heavy metal ions Cu?*, Pb%*, Ni?+,
and Hg?* were chosen as toxicants [88]. Chronoamperometry incorporating ferricyanide as
a redox probe was employed to understand the overall effect of chemical toxicity on E. coli
respiration, rather than chemical identification. Yong et al. developed an electrochemical
biosensor using E. coli as a model organism for the rapid determination of pesticide toxicity
by adopting ferricyanide instead of natural electron acceptor Oy [91]. Various chemicals,
such as 3,5-dichlorophenol (DCP), Ametryn, Fenamiphos, and Endosulfan, were chosen
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as toxicants. In both of the studies, it was found that the electrochemical method using
E. coli is an inexpensive, rapid, reliable, and sensitive method for toxicity assays and is able
to be used in a range of applications. Another study used recombinant E. coli to produce
a heavy metal biosensor for Zn and Cu [95]. Verma and Singh constructed a biosensor
based on Bacillus sphaericus for the monitoring of nickel ions in industrial effluents and
foods [96]. The urease enzyme (synthesized within the cell) inhibition was used to quantify
the concentration of Ni. Sochor et al. used the growth and metabolic rate of Staphylococcus
aureus for cadmium (Cd) detection [97], and Oh et al. used the sulfur-oxidizing ability of
sulfur-oxidizing bacteria for chromium (Cr) detection [2].

Classic Biosensor

Biological Elements i Physicochemical Elements
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Figure 7. Classic and whole-cell biosensor elements [80]. In a classic biosensor, bioreceptor and
transducer are two different things whereas in a whole-cell biosensor both bioreceptor and transducer
are incorporated within the same cell. Adapted with permission from [80].

4.2. Algae-Based Whole-Cell Biosensor

Algae are highly sensitive to environmental pollutants and provide an excellent
option for scientists to develop biosensors for toxicity determination [98,99]. Generally,
they constitute the bioreceptor element as an integrated whole-cell sensor. In biosensor
applications, microalgae are commonly used due to their microscopic size, which make
them easy to culture and immobilize, and have a high reproductive rate [87]. Among the
algal species used in biosensors development, Chlorella vulgaris is the most common and
widely used by several researchers. Around the extracellular membrane, several enzymes
act as reporters in the presence of heavy metals, making them a very functional species.
One of these enzymes is alkaline phosphatase [100].

Some research works address alkaline phosphatase activity (APA) of the microalgae
C. vulgaris [83,100-103]. Singh and Mittal [83] designed a biosensor based on inhibitory
action of mercury toward alkaline phosphatase enzyme present in the cell wall of C. vulgaris.
The algal species was immobilized on the glassy carbon surface using bovine serum albumin
and glutaraldehyde crosslinker. The quantification was carried out amperometrically by
measuring the current generated by oxidation of enzymatically formed electroactive p-
nitrophenol. The sensitivity of 1074 M to 10~® M for mercury was not interfered by the
presence of alkali, alkaline earth and other transition metal ions. Chouteau et al. [100,102]
and Guedri and Durrieu [101] developed conductometric biosensor using immobilized
C. vulgaris microalgae as bioreceptors and tested for APA analysis to detect the changes
in conductivity induced by the catalytic reaction of the enzyme after the exposure to
heavy metals, including Cd, Pb, and Zn. A very low ppb detection level was obtained
for heavy metals that was more sensitive than bioassays. Berezhetskyy et al. also used
a conductometric microtransducer to detect Cd, Cu, Ni, Pb, and Zn in wastewater and
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found detection limits of about 1 ppb for Cd?*, Co?*, Ni?*, Pb** and 10 ppb for Zn?* [103].
Amperometric algal biosensors were developed by Shitanda et al. to evaluate water toxicity
using C. vulgaris [104,105]. Oxygen generated by photosynthetic activity of the algae was
registered amperometrically. The biosensor responses to toxic chemicals including 6-chloro-
N-ethyl-N-isopropyl-1,3,5-triazine-2,4-diamine (atrazine) and 3-(3,4-dichlorophenyl)-1,1-
diethylurea (DCMU), toluene, and benzene were evaluated by inhibition ratios of the
reduction current. They found the biosensor could be fabricated faster and at a lower cost
than the conventional Clarke oxygen electrode-based algae biosensor.

Another algal species, Chlamydomonas reinhardtii, was used for whole-cell biosensors
by other researchers. The species was used by Shitanda et al. to develop electrochemical
biosensors for detecting toxic chemicals such as toluene, Cu?*, and Ni?* based on motility
and negative gravity [106]. The changes in the collective flagellar motility of the algae
induced by the coexisting toxicants were registered as redox currents variations. The
gravitational axis-based flagellate biosensor was more strongly affected by the coexistence
of toluene than the conventional algal biosensor employing photosynthetic activity. We
have also successfully measured the toxicity of heavy metals (Hg, Cd, Pb, Zn, Cu) from
inhibition of alkaline phosphatase (ALP) enzyme in C. reinhardtii [107]. ALP activity
was induced in C. reinhardtii by phosphate starvation, and electrochemical oxidation of
PAP associated with enzymatic conversion, which was altered by the inhibitory effect of
heavy metals, was measured. Rapid measurement of enzyme activity was provided by
hydrodynamic voltammetry using a rotating disk electrode (RDE) mounted on a 50-uL
micro-droplet (Figure 8). With this method, a detection limit of the enzyme activity was
5.4 x 1077 U, with a reaction time of only 60 s.
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Figure 8. Microalgal bioassay based on ALP with hydrodynamic electrochemical detection using
RDE in a micro-droplet. Adapted with permission from Ref. [107]. 2017, Elsevier.

4.3. Other Types of Whole-Cell Biosensors

Besides bacteria and algae, protozoa and plant cells are also used for biosensor devel-
opment. The protozoa with no cell walls increase the sensitivity of the biosensors and have
more similar metabolic characteristics with human cells [87]. The research work performed
by Amaro et al. primarily reported a ciliated protozoan Tetrahymena thermophila as a whole-
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cell biosensor of the bioavailable heavy metals in polluted soil or water [108]. They created
a transformed T. thermophila containing a metallothionein promoter that activated in the
presence of heavy metals and successfully expressed the linked luciferase genes. Biosensors
based on the T. thermophila metallothionein promoter are the most sensitive eukaryotic
metal biosensors and are more sensitive than some prokaryotic biosensors.

The application of widely available natural cell-bound dyes, such as carotenoids, in
biosensors is less familiar. In plants, carotenoids absorb energy from chlorophyll and
dissipate it as heat through internal conversion, thereby reducing the formation of reactive
oxygen species. Their production increases in the presence of heavy metals and at the same
time increase oxidative stress in plants. Thus, the effect of natural cell-bound carotenoids
on heavy metal exposure is well anticipated. A rapid method for prompt detection of heavy
metals (Cu, Pb, Zn) based on the response of natural cell-bound carotenoids in Daucus
carota was reported [86]. D. carota cell suspensions were exposed to heavy metals and the
response of intracellular carotenoids was detected.

5. Biosensors Based on Cytochrome P450

Cytochromes P450s (CYPs) are members of a family involving over 3000 hemeproteins
that catalyze the NADPH-related monooxygenation and other biotransformation reactions
such as epoxidation, hydroxylation, and heteroatom oxidation. They are involved in the
metabolism of over 1,000,000 different xenobiotic compounds [109]. CYP enzymes have
been identified in almost all domains of life, including animals, plants, fungi, protists,
bacteria, archaea, and even viruses [110-112]. More than 7700 individual CYPs are known,
among which, 57 CYP species were found in the human liver. Only fifteen human CYP
members can metabolize drugs and other chemicals; and five of them (CYP1A2, 2C9, 2C19,
2D6, and 3A4) are responsible for approximately 95% of CYP-mediated drug metabolism
in the body, while each one is specific for certain types of reactions involving different
substrates [113]. Due to the involvement of distinct classes of biotransformation reactions,
CYPs are very promising for the pharmaceutical industry.

The CYP family has attracted the attention of enzyme engineers since the early 1970s
due to their specific catalytic activities. However, the significant advancement in this area
was achieved with the development of appropriate CYP immobilization methods [114].
By immobilizing CYDP, it can function as a biosensor, receiving electrons directly from the
electrode without the need for an electron donor or an enzyme as an electron transfer
partner. The change of current flow upon the electric potential application correlates
with the catalytic activity of the enzyme against certain substrates. Immobilization of
biosensors for CYPs are fabricated mainly by adsorption on bare electrodes [115,116], and
the electrode environment has been found to have a significant effect on the electrical
activity of CYPs [109]. To design a better CYP biosensor, electrodes were modified with
protein-friendly materials that adequately prevent the denaturation on the electrode surface.
The electrodes were modified by various strategies such as layer-by-layer (LbL) adsorption,
encapsulation in polymers and gels, and covalent attachment, such as self-assembled
monolayers (SAMs) on gold electrodes. The electrode modifications used in CYP biosensors
are presented in Table 2. These studies use the combination of analytical and electrochemical
techniques to confirm that it is possible to detect different xenobiotic compounds with a
CYP biosensor using its electroactivity.

Table 2. The outline of different types of electrodes in CYP biosensors.

Materials Used as

Modification Types CYP Enzyme Electrode Modification of Electrode Reference
Laver-by-Laver CYP3A4 Gold MPS SAM followed by PDDA [117]
yeroy--ay CYP1A2 and CYP3A4 Pyrolytic Graphite Multilayer films of PEI and PSS [118]
Adsorption Basal-Plane Pyrolyti Multilayer films of CYP and
CYP1A2 and CYP2E1 asal-Plane Pyrolytic ultilayer films o an [119]

Graphite CPR /b5
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Table 2. Cont.
Modification Types CYP Enzyme Materials Used as Modification of Electrode Reference
Electrode
Adsorption to Thin CYP3A4 fusion protein Glassy Carbon . PDDA [120]
. Edge-Plane Pyrolytic
Films CYP27B1 . DDAB [121]
Graphite
CYP101 Glassy Carbon Covalent attachment to thin [116]
film of pyrene maleimide
. CYP11A1 Rhodium-graphite Gold nanoparticles [109]
chien—Prénted CYP2B4 Graphit Mixture of gold nanoparticles [122]
ectrodes phite and DDAB
CYP2B4, 1A2,3A4, . Mixture of gold nanoparticles

11A1, 51b1 Graphite and DDAB [123]
L CYP2B6 Glassy Carbon Mixture of ch1tos.an and gold [124]

Encapsulation in nanoparticles
Polymers of Gels CYP2B4 Gold Polypyrrole [125]

CYP102 (P450BM-3) Platinum and Glassy
Mutant Carbon Polypyrrole [126]
Amine coupling via

Covalent Attachment CYP2C9 Gold EDC/NHS to a mixed SAM of [127]

to Self-Assembled OT and MUA

Monolayers on Gold Amine coupling via
CYP3A4 fusion protein Gold EDC/NHS to a mixed SAM of [128]
6HT and 7MHA

CYP2EL Single Gold DTME SAM [129]

Cysteine Mutants

MPS: mercaptopropenesulfonic acid; SAM: Self-assembled monolayer; 6HT: 6-hexanethiol; PEI:
Poly(ethylenimine); = PDDA: Poly(dimethyldiallylammonium chloride); = PSS:Poly(styrenesulfonate);
CPR: Cytochrome P450 reductase; DDAB: didodecyldimethylammonium bromide; EDC: 1-Ethyl-3-
[3-dimethylaminopropyl]carbodiimide hydrochloride; ~Didodecyldimethylammonium bromide; NHS:
Nhydroxysuccinimide; OT: Octanethiol; DTME: Dithio-bismaleimidoethane; MUA: 11-mercaptoundecanoic acid;
7MHA: 7-mercaptoheptanoic acid.

There have been several review articles focused on CYP enzymes and biosensors.
A review by Schneider and Clark focused on the immobilization strategies and different
electrode materials for CYP biosensors [130]. Moreover, they placed special emphasis
on the CYP electrode surface characterization and electrochemically-mediated catalysis.
They mainly focused on a biosensor based on human-drug-metabolizing CYPs. The CYP
biosensors based on mediated electron transfer, protein electrochemistry, and direct electron
transfer of CYP were overviewed by Bistolas et al. [114].

Among the CYP members present in the human body, cytochrome P450 3A4 (CYP3A4)
is considered the most important drug-metabolizing enzyme in the P450 family, which is in-
volved in the oxidation of almost half of the drugs metabolized by CYP members [113,130].
Therefore, the development of a biosensor for drug detection based on the changes in
CYP3A4 activity using both metabolism and inhibition becomes an obvious goal. The
CYP3A4 activity changes are usually determined from the metabolites formation rate by
electrons donated from NADPH to CYP3A4. Later, an electrode was used as an alterna-
tive electron source to NADPH for electrochemically driven catalysis of P450 enzymes.
Electrochemical biosensors based on the direct electron transfer (DET) between CYP3A4
and an electrode were recently studied for drug metabolites detection. An amperometric
biosensor based on the redox properties of human CYP3A4 was developed by Joseph
et al. [117], which addressed the biocatalysis of CYP3A4 for four substrates (verapamil,
midazolam, quinidine, and progesterone) at a poly(dimethyldiallylammoniumchloride)
(PDDA) and 3-mercapto-1-propenesulfonic acid (MPS)-modified gold electrode. Dodhia
et al. demonstrated that coupling efficiency and catalytic activity at electrode surfaces
could be significantly enhanced by tuning the electron flow to CYP3A4 [120]. They ob-
tained DET at thiol reactive cystamine-maleimide-modified gold and polyion-modified
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GC electrodes. Artificial redox chains were applied to regulate the electron flow. Some
other researchers additionally found DET at a gold electrode modified with aromatic com-
pounds and CYP3A4/CPR microsomes [131,132]. All of the above-mentioned studies used
modified layers for immobilizing proteins and accelerating DET, because electrochemical
processing of CYP directly on an electrode without a modifying layer is complicated. Niwa
and co-workers developed an electrochemically driven CYP3A4 biosensor based on DET
for detecting drug metabolism and its inhibition using a carbon nanofiber (CNF)-modified
film electrode [133]. The electrocatalytic activity of CYP3A4 co-immobilized with different
carbon nanomaterials such as CNTs and carbon black (CB) was also investigated. CYP3A4
and CNF (CYP3A4/CNF)-modified film electrodes exhibit higher reduction current than
that in CNTs and CB-modified film electrodes. CNFs possessing a high conductivity and
large surface area provide a suitable microenvironment, providing excellent DET and
biocatalytic properties.

In another study, Niwa and co-workers successfully detected the DET from a human
CYP layer adsorbed on a bare indium tin oxide (ITO) film (polycrystalline and amorphous)
electrode without any modifying layers [134]. They applied this technique to the evaluation
of drug metabolism and inhibitors, and found that polycrystalline ITO films were superior
to amorphous ITO films and other conventional electrodes as biocatalytic electrodes for
more efficient DET. With these techniques, it is possible to construct simple CYP drug-
metabolizing biosensors with high throughput. There are different types of electrode
modification strategies mentioned in the Table 2 and presented in Figure 9.
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Figure 9. Strategies of electrode immobilization for fabrication of CYP biosensors [130]. (A) Adsorp-

=

Electrode Connections

tion to a bare electrode. (B) Layer-by-layer (LbL) adsorption. (C) Adsorption to a thin film. (D) Screen-
printed electrode. (E) Encapsulation in polymers or gels. (F) Covalent attachment to SAMs on a gold
electrode. Adapted with permission from Ref. [130]. 2013, Elsevier.

5.1. LbL Adsorption

The LbL adsorption provides a more protein friendly environment for electrochem-
ically driven CYP catalysis. Using this process, it is possible to build numerous layers
of oppositely charged films and CYPs on the electrode surface. Joseph et al. [117] devel-
oped a biosensor by the CYP3A4 immobilization on a gold electrode sequentially mod-
ified with MPS and PDDA. Similar modification with PEI and PSS films on pyrolytic
graphite (PG) was made by Sultana et al. to detect electrochemically driven epoxidation
of styrene [118]. Krishnan et al. studied LbL films in the form of recombinant CYP1A2
or 2E1 and CPR/cytochrome b5-containing microsomes on basal-plane pyrolytic graphite
(BPG) electrodes [119]. They found that the electron transfer at the CYP electrode follows a
natural catalytic pathway, via CPR to P450.
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5.2. Adsorption to Thin Films

Tween 80 nonionic detergent. The aminopyrine and benzphetamine drug substrates
were detected by amperometry [135]. The highest amount of electroactive 2B4 was obtained
when using the mixture of sodium montmorillonite clay, Tween, and 2B4 deposited on
the GC electrode. Furthermore, a composite membrane of nanosodium montmorillonite
clay and detergent dihexadecyl phosphate was used to immobilize rat CYP1A1 on EPG
electrodes for detection of benzo[a]pyrene [136]. The first study detected reversible reduc-
tion and oxidation peaks at a formal potential of —295 mV for Ag/AgCl at the GC/Clay
+ Tween/2B4 electrode, whereas the second study revealed a pair of redox peaks at a
potential of —0.360 mV. These studies evidence the efficiency of thin films made of clay
nanoparticles for the fabrication of efficient CYP biosensors.

5.3. Screen-Printed Electrodes

Screen-printed electrodes remarkably simplify the fabrication of CYP biosensors due to
their low cost and ease of conductive additives mixing into the electrode paste. It is possible
to construct many different sizes and configurations of electrodes using screen-printed
electrodes [130]. Antonini et al. studied the direct electrochemical deposition of CYPs
on riboflavin—graphite screen-printed electrodes to fabricate a CYP1A2 biosensor [137].
The immobilization was performed by encapsulation of 1A2 in a glycerol and agarose gel
matrix. They successfully detected the drug clozapine electrochemically. To construct CYP
biosensors, screen-printed electrodes were combined with lipid DDAB. Shumyantseva
et al. [138] developed a biosensor using screen-printed graphite electrodes modified with
gold nanoparticles and DDAB and compared with cytochromes P450 2B4 (CYP2B4), P450
1A2 (CYP1A2), sterol14a-demethylase (CYP51b1) DET. Gold nanoparticles were found
to increase the reduction current observed in the aerobic CV scan. They also studied the
electrochemically driven benzphetamine catalysis with DDAB/AuNP/2B4 electrodes [123].

5.4. Encapsulation in Polymers or Gels

To enhance the electroactivity of electrodes, numerous works addressed the encapsu-
lation of biosensors in polymers or gels for immobilizing P450s on the electrode surface.
Some commonly used conductive polymers are polypyrrole and polyacetylene, etc. The
first study of a CYP biosensor based on this technique was published by Sugihara et al. by
immobilizing camphor-induced cytochrome P-450 (P450canm) in polypyrrole polymerized
on an ITO electrode [139]. A recent study by Alonso-Lomillo et al. [125] used the encapsu-
lation in polypyrrole technique for the 2B4 immobilization on a gold working electrode
in a CYP2B4 biosensor. The chronoamperometric analysis revealed a current signal for
the substrate Phenobarbital with a detection limit of 0.289 umol/ dm3. In another study,
a CYP3A4 biosensor was fabricated by immobilizing 3A4 in a matrix composed of epoxy
copolymers P (GMA-co-MPC) and acetylene black on a glassy carbon electrode [140]. The
composite significantly accelerated the electron transfer between 3A4 and the electrode by
providing a biocompatible microenvironment. The biosensor responded amperometrically
to diethylstilbestrol and displayed a detection limit of 5.9 x 10~% mol/L. CYPs were encap-
sulated on electrodes in another hydrophilic gel comprising sol-gel, chitosan, and agarose
to facilitate the electron transfer [130].

5.5. Covalent Attachment to Self-Assembled Monolayers on Gold

The covalent attachment of CYPs to SAMs on a gold electrode provides a simple
and strong technique for CYP biosensor construction. Various finishing reagents, such as
carboxyls, amines, and maleimides, are usually used to modify gold electrodes. However,
it is unclear from the literature on CYP biosensors whether short- or long-chain SAMs
accelerate the electron transfer. Some biosensors used long-chain alkanethiols, for exam-
ple, 11-mercaptoundecanoic acid (MUA) or hexanoicacid, and some used shorter chain
thiols such as dithio-bismaleimidoethane (DTME) for CYP immobilization [129]. Different
immobilizations strategies are used for covalent attachment of CYPs to SAMs formed on
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gold electrodes; among which, amine coupling is the most common strategy. Fantuzzi
et al. successfully immobilized a CYP3A4 fusion protein and flavodoxin (FLD) on a gold
electrode using amine coupling of 6-hexanethiol (6HT) and 7-mercaptoheptanoic acid
(7MHA) to a mixed SAM [128]. The formation of inactive CYP species was observed in
bacterial and mammalian CYP immobilized on SAMs [130].

5.6. Recent Advancements in CYP Biosensing

Recently, micro-fabricated electrodes and nanostructured materials such as multiwall
carbon nanotubes (MWCNTs) have been widely used for CYP biosensor construction.
Cararra et al. developed a CYP biosensor using MWCNT-modified screen-printed elec-
trodes from 3A4, 2B4, and 2C9 CYPs for detecting the Benzphetamine, Cyclophosphamide,
Dextromethorphan, Naproxen and Flurbiprofen drugs [141]. Comparing 3A4 biosensors
prepared with bare or MWCNT electrodes to the drug cyclophosphamide, it was found
that MWCNTs incorporation greatly enhances the sensitivity. Nanostructured gold and
quantum dots are also being used to construct CYP biosensors. It was found that the
electroactivity of CYP3A4 adsorbed on the surface could be enhanced through the naph-
thalenethiolate SAM built on the surface of the sputtered gold electrode [142]. In another
study, the direct electrochemistry of 3A4 was examined by immobilizing 3A4 on gold
nanodome arrays made by micro-fabrication [143]. The effects of a nanostructured surface
on the direct electrochemical reaction of CYPs were demonstrated using ZnSe quantum
dots [144].

6. Conclusions

Biosensors combining a selective biochemical recognition and a high sensitivity of
electrochemical detection are widely used in practice. They are currently applied in medical,
pharmaceutical, and environmental monitoring. Recent progress regarding electrochemical
analysis has been published in various review articles [145-150]. Currently, electrochem-
ical biosensors have become reliable techniques for the determination of environmental
toxicity. These biosensors have shown progress in several areas, such as the use of genetic
modification of enzymes and microorganisms, creative ways to immobilize recognition
elements, and improved sensor interfaces. The technological progress of these biosensors
have made them rapid, reliable, able to be used in real time, cost effective, and portable.
They also require a minimal volume of sample solution. However, there are still barriers to
a broader range of applications.

There have been significant research activities regarding the development of enzyme
inhibition-based biosensors. However, analytical applications of these biosensors are still
limited due to their inability to distinguish different toxic compounds in the same sample,
for example, pesticides and toxic metal ions. These are the barriers to their use for regulatory
purposes. Despite their limitations, the enzyme inhibition-based biosensors show high
sensitivity, and provide simple and cost-effective techniques, especially when used for
pesticides. The development of a screen-printed electrode to avoid electrode fouling is
also possible with this technique. Currently, some researchers are also working to use
genetically modified enzymes for biosensor design.

The development of DNA biosensors is of interest to many researchers due to their
ability to quickly obtain sequence-specific information, their simplicity, and their cost-
effectiveness. Electrochemical DNA biosensors are particularly interesting due to their
sensitivity and miniaturization of technology. Nanomaterials are important for the develop-
ment of these biosensors, and they provide high reactivity and the ultimate miniaturization
level. Future research on DNA biosensors could include the development of reliable de-
vices that can be used by non-specialized personnel or the development of compact and
portable devices.

Whole-cell biosensors can respond to changes that occur in their environment and
are suitable for eco-toxicity testing and environmental monitoring use. These biosensors
have remarkable sensitivity and accuracy in environmental applications. These biosensors
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are continuously developing in terms of their size, detection time, and field applicability.
However, they have some limitations in their selectivity, stability, and storability, and need
to be improved for proper use. Future research should address these issues.

The uses of whole-cell-based biosensors have some advantages and disadvantages
over enzyme-based biosensors. Some enzymes are deactivated when their molecular
structure is altered by separation or immobilization; therefore, the use of whole cells
avoids enzyme extraction. The enzymes occurring within the cells in nature remain with
coenzymes and activators of biochemical pathways, which eliminates the need to add
them to the medium. Whole cells must be used to get functional information, that is, to
determine how some factors affect the organism. The reduced signal generation rate and
the low selectivity are the most common drawbacks of whole-cell biosensors.

Cytochrome P450 cytochrome-based biosensors are of great interest to researchers due
to their ability to measure the toxicity of drugs and other foreign compounds, since the
other available methods are expensive and time consuming. These biosensors provide a
cheap, simple, selective, and rapid alternative for the quick measurement of drugs and
metabolites. Direct electron transfer from electrode to CYP is the most suitable approach
for developing CYP biosensors. Proper CYP immobilization onto the electrode surface is
essential to optimize the DET to the CYP. There are different types of electrode modification
techniques that can be used to optimize the DET. Future research should deal with electrode
miniaturization using nanostructured materials to test the real feasibility of this biosensor
to detect drugs and metabolites.
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