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1  Introduction

Due to the development of society and technologies, the quality of human life has 
been obviously improved, especially in recent years. However, the following envi-
ronmental issues are becoming increasingly serious. Numerous types of contami-
nants are released by modern factories, suburban farms, and even by urban 
communities, which are threatening human health and destroying the balance of 
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ecosystems. In September 1996, the European Union adopted the Integrated 
Pollution Prevention and Control Directive, which could combine prevention and 
control of pollution to ensure a high level of environmental protection (O’Malley 
1999). Up to now, almost all of the countries have promulgated several related laws 
to control the emission of environmental pollution.

Common environmental contaminants usually include heavy metal ions, organic 
contaminants, antibiotics, pathogens, gas pollutants, and so on. Heavy metals refer 
to those metal elements with a density larger than 5 g cm−3 and the atomic weights 
between 63.5 and 200.6  g  mol−1 (Fu and Wang 2011; Srivastava and Majumder 
2008), which are not biodegradable and easily accumulate in living organisms 
through food chains. Usually, heavy metal ions, such as copper, nickel, zinc, cad-
mium, mercury, chromium, and lead are released along with industrial wastewater 
and car exhausts to the outer environment. Excessive heavy metal ions can cause 
series of health problems, such as skin irritations, gastrointestinal distress, pulmo-
nary fibrosis, and damage to the central nervous system, or even death (Paulino 
et al. 2006; Njau et al. 2000; Zhu et al. 2009; Bojdi et al. 2014; Metters et al. 2012). 
In addition, organic pollutions are also considered as other important environmental 
contaminants. Aromatic compounds are the most harmful to the human health and 
ecological environment among organic pollutions, such as phenolic compounds and 
polyaromatic hydrocarbons. Phenolic compounds are formed by hydroxyl substitu-
tion of hydrogen atoms on benzene rings in aromatic hydrocarbons. According to 
the number of hydroxyl groups, phenolic compounds can be divided into monophe-
nols and polyphenols. Phenolic compounds in the environment come from a wide 
range of sources, including wastewater from chemical and pharmaceutical indus-
tries, degradation of organic pesticides, automobile exhaust, and so on. Phenolic 
compounds are commonly transmitted through water and air and can remain in the 
soil for a long time. Due to their carcinogenic, teratogenic, mutagenic, and other 
potential toxicity, phenolic compounds will cause serious harm to the ecological 
environment, animals, plants, and human health (Teh and Mohamed 2011; Su et al. 
2011; Aksu 2005; Samanta et al. 2002; Falahatpisheh et al. 2001). Similarly, antibi-
otics, as one of the common pollutions, are the most useful drug for bacterial infec-
tion. However, antibiotics are not only used for disease treatment but also extensively 
used for growth-promoting of animals in animal husbandry (Martinez 2009; Smith 
et al. 2002). The release of antibiotics in the natural environment will lead to the 
selection of resistant bacteria, which may cause the appearance of super bacteria 
(Davies 1994). In addition to the above contaminants, gas pollutants mainly include 
carbon monoxide, nitric oxides, oxides of sulfur, and volatile organic compounds, 
and are derived from gaseous industrial emissions, such as the burning of coal, 
petroleum, and other fossil fuels, and automobile exhaust (Li et al. 2012). These gas 
pollutants may cause acid rain and damage the respiratory systems of humans and 
animals.

Highly sensitive detection of environmental pollutants can help to guide the pol-
lution control and also protect humans from the damage of pollutants. In recent 
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years, environmentalists and analytical chemists have devoted plentiful of efforts to 
seek a sensitive detection method to measure and monitor the concentration of envi-
ronmental pollutants. Up to now, much-advanced detection techniques have been 
developed, such as atomic spectroscopy (Hatch and Ott 1968), molecular spectros-
copy (Xu et  al. 2007), spectrophotometry (Baker et  al. 2003), chromatography 
(Reemtsma 2003), mass spectrometry (Daughton 2001), electrochemistry method 
(Metters et al. 2012; Su et al. 2011), and so on. Although the accuracy and sensitiv-
ity of the previously reported methods are acceptable, the detection procedure of 
samples is usually expensive, complex, and time-consuming. These weaknesses are 
not suitable for the development toward civilianization and portability. Fortunately, 
electrochemistry methods, or electrochemical sensors, hold great promise to over-
come the above disadvantage, due to their simplicity, rapid response, high sensitiv-
ity, small size, and low cost. Electrochemical sensors have been widely used to 
determine the amount of trace heavy metals ions in natural waters (Batley 1983), 
carcinogen (Barek et al. 2001), gas pollutants (Wan et al. 2018), and organic pollut-
ants (Yang et al. 2018). Electrochemical biosensors have gradually emerged through 
an effective integration of specific biorecognition elements and electrochemical 
sensors. Benefit from the high selectivity of bio-recognition element, biosensors are 
worked without complex sample processing and can even be applied to multicom-
ponent detection. Hence, the electrochemical sensors and biosensors have shown 
great potential for laboratory-based and on-site analysis of environmental 
contaminants.

This chapter has stated the important roles of electrochemical sensors and bio-
sensors for environmental contaminants. We have summarized the common types, 
electrode materials, and composition of electrochemical sensors and biosensors. We 
have focused on the advances of electrochemical sensor technology in an update of 
electrode materials and fabricated strategies. In recent 5 years, applications of elec-
trochemical sensors and biosensors in environmental problems and future trends 
have also been reviewed.

2  Fabrication

2.1  The Principles of Electrochemical Sensor and Biosensors

Electrochemical sensors and biosensors are devices that can sense the physical, 
chemical, or biological changes of analytes and convert them into measurable 
amperometry, voltammetry, impedance, or other electrochemical signals (Fig. 1). 
The electrochemical sensing system usually contains three electrodes: working 
electrode, counter electrode, and reference electrode. The working electrode is 
responsible for generating redox reaction of analytes and sensing redox signal. And 
the counter electrode is used to establish a closed circuit through electrolytic 
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solution so that the voltage/current can be applied to the working electrode. The 
reference electrode serves as a benchmark to maintain a known and stable operating 
potential.

The fundamental of electrochemical detection is redox reaction that occurs on 
the surface of work electrodes. Therefore, environmental contaminants with electro-
chemical activities can be directly sensed by electrochemical sensors. Voltammetry 
is the most widespread technology for electrochemical sensors, which can measure 
the current response to achieve a precise quantitative analysis of target analytes 
under an applied potential. Voltammetry exhibits a wide linear range that is from 
sub-ppb to ppm. A high concentration of analytes with ppm or ppb can be analyzed 
by cyclic voltammetry, differential pulse, or square-wave voltammetry techniques, 
while the analytes with low concentrations with ppb or sub-ppb can be measured by 
the stripping voltammetry techniques. The sensing process is mainly described as 
follows: First, a constant or variational voltage is applied to the working electrode 
that is immersed in the electrolyte containing various analytes. Then, redox reac-
tions will occur on the electrode surface, resulting in the change of the current sig-
nal. Finally, the number of analytes can be obtained through the corresponding 
variations of electrical signals.

In order to improve selectivity and sensitivity for environmental pollutants, elec-
trochemical biosensors were gradually developed, which involved high specificity 
biorecognition elements during their fabrication process. The biosensor is com-
posed of a molecular recognition element and a conversion section. For environ-
mental monitoring, the recognition element must specifically recognize one or 
several particular contaminants from a complex real sample without any interfer-
ence. Therefore, enzymes, antibodies, and nucleic acids with high specificity are 
often used as the recognition element to modify the working electrode. Once the 

Fig. 1 The principle of electrochemical sensors and biosensors for environmental pollutions
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target environmental pollutants are identified and captured by the recognition ele-
ment, electric signals of modified electrodes will be immediately changed.

2.2  Materials for Electrochemical Sensor and Biosensors

As one of the most important parts of electrochemical sensors and biosensors, novel 
electrode materials are widely studied to improve the electrochemical catalytic 
activity of as-fabricated sensors and biosensors. Most electrochemical reactions are 
normally carried out on the surface of working electrodes, so the electrode materials 
should be chemically inert and with good electrical conductivity. Up to now, gold 
electrode (Shen et al. 2008; Lupu et al. 2009), glassy carbon electrode (Zhang et al. 
2019a, b), and indium tin oxide (Fu et al. 2018; Vaishnav et al. 2015) are commonly 
used as substrate electrode to design high sensitive electrochemical sensors. Shen 
and co-workers have developed an enzyme-based electrochemical biosensor based 
on a modified gold electrode for sensitive detection of trace lead ions (Shen et al. 
2008). Li’s group has used glass carbon electrode as the substrate electrode to coat 
a carbon sphere and fabricate electrochemical sensor for the determination of dihy-
droxybenzene isomers (Yang et al. 2019a, b). Vaishnav and co-workers developed 
an indium tin oxide film electrochemical sensor, which exhibits improved perfor-
mance for sensitive and selective detection of benzene (Vaishnav et al. 2015).

Meanwhile, many emerging materials are explored to modify the surface of the 
electrode, such as conducting polymers (Hatchett and Josowicz 2008; Ates 2013), 
metal-based nanomaterials (Wu et al. 2019; Li et al. 2019a, b), carbon nanotubes 
(Şenocak et al. 2019; Alam et al. 2019), graphene (Yi et al. 2019; Shao et al. 2010), 
and metal–organic framework nanomaterials (Cao et al. 2019; Lu et al. 2019a, b). 
This leads to the electrodes with good stability, huge specific area, improved redox 
performance, and recyclability. In the following paragraphs we introduce the appli-
cation of these electrode materials in the construction of electrochemical sensors 
and electrochemical biosensors.

2.2.1  Conducting Polymers

Because of the delocalization of π-bonded electrons over polymeric backbone, the 
conducting polymers exhibit unique electronic properties, such as low ionization 
potentials and high electron affinities (Ates 2013). Owing to excellent electronic 
conductivity properties, operability, and low cost, conducting polymers are deemed 
to be one of the most attractive materials to modify the electrode surface. Liu and 
co-workers have explored the over-oxidized poly(3,4-ethylenedioxythiophene) 
films to replace Nafion films as the fixed layer for the modification of electrodes 
(Liu et al. 2011). Polypyrrole was utilized to enhance electrocatalytic currents in 
this system, attributing to its good conducting performance. Manisankar and 
coworkers have prepared poly(3,4-ethylenedioxythiophene)-modified electrodes 
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and fabricated electrochemical sensors for the detection of pesticides (Manisankar 
et al. 2005). The sensors show excellent performance toward the determination of 
pesticides. Recently, copolymer-based electrode was developed by in situ genera-
tion 3-poly(propylene thiophenoimine)-co-poly(3-hexylthiophene), which was 
applied to design a highly sensitive pyrene electrochemical sensor (Makelane et al. 
2019). In addition, conducting polymers have been also applied to immobilize 
enzymes onto the electrode surface for the preparation of electrochemical biosen-
sors, due to the unique cross-linking properties (Lin and Yan 2012).

2.2.2  Metal-Based Nanomaterials

With the rapid development of technologies, metal nanomaterials have been widely 
used in various fields of catalysis, biomedicine, energy, and environmental analysis. 
Currently, metal nanomaterials with different compositions and morphologies are 
successfully synthesized, in which some of them act as the electrode-modified 
materials used for the fabrication of electrochemical sensors and biosensors. 
Rahman and coworkers have synthesized the gold–silver alloy nanoparticles and 
fabricated an electrochemical sensor for the detecting of pyrene with the low detec-
tion limit of 0.1 μM (Latif ur et al. 2015). Poliana and coworkers have constructed 
an electrochemical sensor with high sensitivity for the quantitative analysis of phe-
nolic compounds, which is on the strength of zinc oxide nanocomposites-modified 
glass carbon electrode (Freire et al. 2016). The synthesized zinc oxide nanoflowers 
can be used to effectively enhance the current response and reduce the separated 
peaks during the process of electrochemical oxidation of phenolic compounds. 
Magnetic ferroferric oxide nanoparticles were synthesized and utilized to fabricate 
an electrochemical sensor for simultaneous detection of multiple heavy metal ions 
(Wu et al. 2019). The integration between as-prepared magnetic ferroferric oxide 
nanoparticles and multiwalled carbon nanotubes has effectively improved the per-
formance of electrochemical sensor. Meanwhile, the metal-based nanomaterials are 
served as electrode materials and also used to fabricate electrochemical biosensors. 
Gu’s group has used multisegment gold/platinum nanowire and nanoparticle hybrid 
arrays as the electrode materials and developed antibiotics electrochemical biosen-
sors with excellent analytical properties, in which l-cysteine and penicillinase were 
considered as biological recognition molecules for tetracycline and penicillin, 
respectively (Li et al. 2019a, b).

2.2.3  Carbon Nanotubes

The carbon nanotubes consist of sp2 carbon units, which is different from the tradi-
tional carbon fibers. There are two categories in the family of carbon nanotubes: 
single-wall carbon nanotubes and multiwall carbon nanotubes. Carbon nanotubes 
possess excellent mechanical and electronic properties and can be used in the sens-
ing field. Alam and coworkers have developed an electrochemical sensor for 
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detecting of lead ions in drinking water using the modified multiwall carbon nano-
tubes (Alam et al. 2019). Benefit from high electron transfer efficiency of multiwall 
carbon nanotubes, the sensors exhibit high sensitivity and selectivity for the analysis 
of lead ion. Ahmet and coworkers have synthesized single-wall carbon nanotubes- 
based hybrid material and designed an electrochemical sensor with excellent analy-
sis performance for the determination of serine (Şenocak et al. 2019). Sun’s group 
has developed an ultrasensitive electrochemical aptasensor for chlorpyrifos using 
ordered mesoporous carbon/ferrocene hybrid multiwall carbon nanotubes as elec-
trode materials, which could be provided to enhance the sensitivity of the developed 
biosensor (Jiao et al. 2016).

2.2.4  Graphene

Graphene and its derivatives have attracted tremendous attention from researchers 
in recent years, due to their special physical and chemical properties of good elec-
tric conductivity, strong mechanical strength, and large surface area (Shao et  al. 
2010). These excellent features make them as good candidate electrode materi-
als  for the construction of electrochemical sensors and biosensors. Although the 
basic building unit of graphene is similar to zero-dimension fullerenes and one- 
dimension carbon nanotubes, the two-dimensional structure of graphene and its 
derivatives result in an enlarged specific surface area. Surface modification of work-
ing electrodes through graphene can significantly increase the effective electrode 
area and enhance response signals of electrochemical sensors and biosensors. 
Furthermore, graphene oxide composite materials have been prepared and used as 
the modification electrode materials for the fabrication of sensitive electrochemical 
sensor, which have been applied to simultaneously determine a variety of heavy 
metal ions (Yi et al. 2019). Recently, porous three-dimensional graphene framework 
has also been investigated to enhance the mechanical property. Shi and coworkers 
have synthesized a novel three-dimensional graphene framework/bismuth nanopar-
ticles film with rapid electron transfers ability, remarkably large active area, excel-
lent structure stability, and high mass transfer efficiency, which have been utilized 
to design a heavy metal ions electrochemical sensor with enhanced analytical per-
formance (Shi et al. 2017). Similarly, Sethuraman and coworkers have developed an 
electrochemical catechol biosensor based on reduced graphene oxide-metal oxide 
composite and enzyme, in which the introduced graphene nanocomposites were 
provided to improve the sensitivity of catechol biosensors (Sethuraman et al. 2016).

2.2.5  Metal–Organic Frameworks

The metal–organic framework is an organic-inorganic hybrid material with intra-
molecular pores formed by self-assembly of organic ligands and metal ions or clus-
ters through coordination bonds. In recent years, metal–organic frame materials 
have captured considerable attention, because of their characteristics of porosity, 
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large specific surface area, structural and functional diversity, and unsaturated metal 
sites. Various metal–organic framework materials have been prepared, and have 
important applications in the fields of hydrogen storage, gas adsorption and separa-
tion, sensors, drug release, catalytic reaction, and so on. With the increasing number 
of metal-organic framework materials and the gradual rise of composite metal–
organic framework materials, metal–organic framework materials will have inesti-
mable application prospects. However, there are only a few studies on the application 
of metal-organic framework materials as electrode materials in the fabrication of 
electrochemical sensors and biosensors. Based on as-prepared graphene aerogel–
metal organic frameworks, Wang’s group has developed an effective electrochemi-
cal sensor for simultaneous detection of heavy metal ions (Lu et  al. 2019a, b). 
Owing to the synergy effect of graphene and metal-organic frameworks, the sensors 
show high sensitivity and selectivity. Cao and coworkers have utilized hierarchi-
cally porous copper-based metal–organic framework materials to construct an elec-
trochemical glyphosate sensor, which exhibits high sensitivity with the ultralow 
detection limit of 1.4 × 10−13 mol L−1 (Cao et al. 2019).

3  Application of Environmental Contaminants

Currently, many efforts have been devoted to the research and developments of 
technologies toward a decrease or detection of the impacts of environmental pollu-
tions (Maduraiveeran and Jin 2017). The potential of electrochemical sensors and 
biosensors was explored for detecting commonly environmental contaminants 
including heavy metal ions, phenolic compounds, polyaromatic hydrocarbons, pes-
ticides, antibiotics, pathogens, gas pollutants, and so on (Fig. 2). Due to their sim-
plicity, accuracy, and portability, electrochemical sensors and biosensors have been 
widely demonstrated to be useful for the recognition and quantitative analysis of 
specific compounds (Ramnani et al. 2016; Rotariu et al. 2016; Saidur et al. 2017). 
The detailed applications of electrochemical sensors and biosensors in the detection 
of environmental pollutions are depicted as follows.

3.1  Heavy Metal Ions

When the specific gravity of metals is larger than 5 and metals with a density greater 
than 4.5 g cm−3, the metals can be generally defined as heavy metals, containing 
gold, silver, copper, iron, mercury, lead, cadmium, and so on (Bansod et al. 2017; 
Cui et al. 2015; Zhang et al. 2019a, b). Heavy metals can cause chronic poisoning 
when the accumulation reaches a certain extent in the living organism. However, 
heavy metals usually involve lead, cadmium, mercury, chromium, metalloid 
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arsenic, and other crucial biological poisonous heavy elements in the matter of envi-
ronmental contaminants. Heavy metals are very hard to biodegrade and can be eas-
ily accumulated in vivo through the biomagnification effect of the food chain. Thus, 
the aggregated heavy metals can cause some irreversible damages to human beings, 
because they can lead to chronic poisoning and inactivation of enzymes and proteins 
in the human body. Due to the increasing industrial activities of human beings, 
heavy metal ions have become a significantly serious environmental problem that 
cannot be ignored. Therefore, it is urgent to develop an efficient, rapid, sensitive, 
accurate, and highly selective approach for the determination of heavy metal ions.

Compared with the traditional methods (Liu et  al. 2017; Barbosa et  al. 2016; 
Liang et al. 2000; Sun et al. 2017), electrochemical technique can be regarded as 
one of the most potential methods for the detection of heavy metal ions, due to its 
simplicity, rapid, high selectivity, and sensitivity. The process of electrochemical 
determination of heavy metal ions primarily involves two parts: recognition process 
and signal translation process. The detection mechanism of heavy metal ion electro-
chemical sensors and biosensors are both mainly based on the conversion of the 
specific recognition reaction between recognition element and target analytes to a 
measurable electrochemical signal (Saidur et al. 2017). And the generated signal 
response is related to the concentration of studied analyte, so heavy metal ions can 
be quantitatively analyzed by electrochemical sensors and biosensors.

Fig. 2 The classification of commonly environmental pollutions
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3.1.1  Lead Ions

Lead ions, as one of the most toxic metallic pollutants, can accumulate in living 
organisms through the food chain and cause a series of adverse effects on human 
health (Wang et al. 2018; Dolati et al. 2017; Zhou et al. 2016). Due to the potential 
threats of lead ions to public health, many countries and organizations have strict 
hygiene regulations on the content of lead ions in drinking water. The maximum 
limit for lead ions contaminant in drinking water has been set to be 72 nM by the 
U.S. Environmental Protection Agency, while the International Agency for Research 
on Cancer has defined the safety limit of lead ion as 48.26 nM in food and drinking 
water (Guo et al. 2015). Thus the development of a novel analytical approach is 
significant for effective and routine detection of lead ions in the environment.

Currently, various lead ions electrochemical sensors and biosensors have been 
developed for highly selective and sensitive determination of lead ions. Zhang and 
coworkers have prepared Mn1−xZnxFe2O4s-modified electrodes and used for directly 
electrochemical detection of lead ions, and the analytical performance of this sensor 
was enhanced by the introduction of zinc ion and Nafion (Zhang et al. 2019a, b). 
Additionally, several electrochemical biosensors have also been designed for the 
effective determination of lead ions. For example, Wei and coworkers have pro-
posed a highly sensitive lead ion electrochemical aptasensor, which is based on gold 
nanoparticles-modified graphene nanocomposite as a signal probe to achieve ultra-
sensitive determination of lead ions (Fig. 3) (Wang et al. 2019a, b).

Fig. 3 The scheme of fabrication of lead ion electrochemical aptasensor. Note the Au@p-rGO 
was prepared and supplied to immobilize the aptamer, which showed excellent electrocatalytic 
activity toward H2O2. Based on this, a highly sensitive electrochemical aptasensor was constructed 
and exhibited good performance for the detection of lead ions. Au@p-rGO Gold-modified porous 
reduced graphene oxide, Apt1 sulfydryl-labeled substrate strand, Apt2 sulfhydryl-labeled catalytic 
strand, MCH 6-mercapto-1-hexanol. Reprinted from Wang et al. (2019a, b), with permission from 
Elsevier
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3.1.2  Cadmium Ions

Cadmium ion is also one of the heavy metal pollutions that easily accumulates in 
the environment through the food chain (Si et al. 2018). It is highly toxic and endan-
gers the health of humans and the environment. Thus, it is of great importance for 
researchers to develop a rapid, convenient, low-cost, and high-efficiency technique 
to monitor and detect trace amounts of cadmium ions in the environment.

Due to their simplicity and cost-efficiency, electrochemical sensors have been 
frequently used in cadmium ion detection in recent 5 years (Si et al. 2018; Zhao 
et al. 2016). For example, a novel cadmium ions electrochemical sensor on account 
of reduced graphene oxide–gold nanoparticles–tetraphenylporphyrin nanoconju-
gates has been proposed by Si and coworkers (Si et al. 2018). The cadmium ions can 
be effectively detected, according to the coordination effect between cadmium ions 
and porphyrin. The sensitivity of the as-developed electrochemical sensor could be 
enhanced by the introduced Au nanoparticles.

3.1.3  Mercury Ion

As one of the most toxic heavy metal contaminants, accumulated mercury ion can 
cause serious adverse effects on human and environmental health. The mercury ions 
determination has attracted extensive attention to environmental monitoring. In 
recent 5 years, numerous literatures based on electrochemical detection mercury 
ions have been reported (Akbari Hasanjani and Zarei 2019; Xu et al. 2018; Isa et al. 
2017; Wang et al. 2016). For example, Li and coworkers have constructed a highly 
sensitive electrochemical biosensor for the quantitative analysis of mercury ions, in 
which the electrical signals have been amplified by the synergistic effect between 
DNA-based hybridization chain and silver@gold core–shell nanoparticles with a 
positive charge (Li et al. 2016). This mercury ions electrochemical biosensor shows 
excellent performance with a low detection limit of 3.6  nM.  Subsequently, He’s 
group has utilized the specific thymine-Hg2+-thymine base pair to fabricate a highly 
sensitive mercury ions electrochemical biosensor (Fig. 4) (Yu et al. 2019). Toluidine 
blue integrated with hybridization chain reaction could effectively realize mercury 
ions signal amplification. The developed biosensor exhibited a remarkable response 
for mercury ions, which includes a low detection limit of 0.2 pM and a wide linear 
range from 1 pM to 100 nM.

3.1.4  Arsenic Ions

Arsenic ion is also considered as a category of toxic environmental pollution, which 
can bring about various health and environmental issue, such as the skin, kidneys, 
urinary bladder, and lungs (Kato et al. 2016; Jaishankar et al. 2014). Therefore, it is 
necessary to develop a convenient, rapid, and efficient approach for quantitative 
analysis of arsenic ions in the environment. In contrast with traditional spectroscopy 
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methods (Kempahanumakkagari et  al. 2017), electrochemical methods are more 
suitable for the monitor of arsenic ion content in terms of their easy operation, low- 
cost, and high sensitivity. For example, Gumpu and coworkers have fabricated a 
preeminent sensor for electrochemical determination of arsenite and arsenate, on 
the basis of ruthenium bipyridine–graphene oxide nanocomposite modified elec-
trode (Fig.  5) (Gumpu et  al. 2018). This as-developed sensor exhibits excellent 
properties toward the determination of arsenic(III) and arsenic(V) with the detec-
tion limits of 21 nM and 34 nM, respectively.

3.1.5  Simultaneous Detection of Heavy Metal Ions

As well known, common heavy metal ions in the environment mainly include lead, 
cadmium, mercury, arsenic, and other metal ions. Although numerous literatures on 
electrochemical detection heavy ions have been reported (Cui et al. 2015; Si et al. 
2018; Akbari Hasanjani and Zarei et al. 2019; Kato et al. 2016), it is still important 
in terms of research significance of the simultaneous monitor for various heavy 
metal ions due to the complexity of actual samples. As illustrated in Fig. 6, Ferreira’s 
group has investigated the impacts of the incorporation of gold nanoparticles into 
layer-by-layer films of emeraldine salt polyaniline and sodium montmorillonite 
clay mineral and constructed an electrochemical sensor for simultaneous several 
heavy metal ions detection (de Barros et al. 2017). Electrochemical sensors exhib-
ited high performance toward the detection of trace-level cadmium, lead, and cop-
per ions with the induced gold nanoparticles.

Fig. 4 The fabrication of the mercury ions electrochemical biosensor. Note CuO dandelion-like 
microspheres modified with Au nanoparticles were prepared and used as electrode materials to 
enhance the analytical properties of biosensors. And toluidine blue, as redox indicator, was inte-
grated with the hybridization chain reaction for signal amplification. D-CuO-Au gold nanoparticle 
modified dandelion-like copper oxide, P1 thiolated probe; P1: other oligonucleotide H1 and H2 
two hairpin DNA, HCR hybridization chain reaction, TB toluidine blue. Reprinted from Yu et al. 
(2019), with permission from Elsevier
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3.2  Phenolic Compounds

Phenolic compounds are prototype poisons substances and are as one of the 129 
priority controlled pollutants identified by the US Environmental Protection Agency, 
which has great potential harm to human health and ecological environment (Huang 
et al. 2016; Xie et al. 2006). Phenolic compounds, as one of the main pollutants, are 
mainly derived from dye, pesticide, petrochemical, and other enterprises discharged 
wastewater, which are widely distributed in the natural environment (Gan et  al. 
2017). It is of great significance for precise analysis of trace phenolic compounds in 
the real sample.

Common analytical methods for phenolic compounds mainly involve spectro-
photometry (Han et al. 2014), high-performance liquid chromatography (Hofmann 
et  al. 2015), gas chromatography (Kovács et  al. 2011), and electrochemical 

Fig. 5 Schematic of electrochemical detection of arsenic ions. Note a preeminent sensor for elec-
trochemical determination of arsenite and arsenate, on the basis of ruthenium bipyridine–graphene 
oxide nanocomposite ([Ru(bpy)3]2+-GO)-modified electrode. And [Ru(bpy)3]2+-GO was used as 
interface and promoted electron transfer rates. Reprinted from Gumpu et al. (2018), with permis-
sion from Elsevier

Fig. 6 Schematic of simultaneous electrochemical detection of several heavy ions. Note the 
impacts of the incorporation of gold nanoparticles into layer-by-layer films of emeraldine salt 
polyaniline and sodium montmorillonite clay mineral have been investigated. On the basis of this, 
an electrochemical sensor was constructed for simultaneous detection of cadmium, lead, and cop-
per ions by square wave anodic stripping voltammetry. Reprinted from Barros et al. (2017), with 
permission from Elsevier
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technologies (Freire et al. 2016; Gan et al. 2017). In contrast, electrochemical meth-
ods have attracted increasing attention among the determination of phenolic com-
pounds because of their easy operation, simplicity, preeminent selectivity, and low 
cost (Wee et al. 2019). Different electrochemical sensors have been fabricated for 
the quantified analysis of phenolic compounds in recent 5 years (Govindhan et al. 
2015; Jiang et al. 2019; Camargo et al. 2018; Lima et al. 2018). Generally, oxidation 
signals of phenolic compounds are often recognized through conventional bare 
electrodes with high over potentials. In terms of the development of various elec-
trode materials or optimizing the experimental conditions, many efforts have been 
devoted to magnifying measurable signals for the electrochemical detection of phe-
nolic compounds (Lima et al. 2018; Maikap et al. 2016; Huang et al. 2015). For 
example, a titanium dioxide-based electrochemical sensor was designed for the 
detection of bisphenol A, in which high-energy {0 0 1}-exposed titanium dioxide 
single crystals were served as the electrode material to amplify the signal (Fig. 7) 
(Pei et al. 2018). This as-fabricated sensitive sensor obtained excellent performance 
toward the bisphenol A with a low detection limit of 3.0 nM.

Phenolic catalytic enzymes are involved during the development of electrochem-
ical biosensors, which can be used to effectively catalyze oxidation phenolic com-
pounds (Apetrei et al. 2013; Roychoudhury et al. 2016). Tyrosinase, laccase, and 
polyphenol oxidase are commonly applied to construct phenolic biosensors, which 
have advantages of rapid response, high sensitivity, and selectivity, long-term stabil-
ity (Andreescu and Sadik 2004). As a significant polyphenol oxidase, laccase can 
oxidize the phenolic hydroxyl to generate the measurable signal (Rodríguez- 
Delgado et  al. 2015). For instance, Jiang and coworkers have constructed a new 
electrochemical biosensor for simultaneous determination of catechol and hydro-
quinone (Fig. 8) (Jiang et al. 2019). Meanwhile, tyrosinase has the capacity for the 
oxidization of mono and diphenol compounds among the most phenolic biosensors, 
which is due to its two copper atoms within the active sites (Sethuraman et al. 2016). 

Fig. 7 Schematic of electrochemical detection of bisphenol A. Note high-energy {0 0 1}-exposed 
titanium dioxide single crystals were prepared and served as the electrode material to amplify the 
signal. The fabricated electrochemical sensor was applied for the detection of bisphenol A with 
wide linear range. Reprinted from Pei et al. (2018), with permission from American Chemical Society
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A highly selective biosensor was built for the electrochemical determination of cat-
echol on the basis of enzyme-modified electrode (Sethuraman et al. 2016).

Simultaneous determination of phenolic isomers is of great significance due to 
the coexistence of them in actual samples. However, similar physicochemical prop-
erties of phenolic isomer would result in the overlapping peak potentials, which is a 
key obstacle for their quantitative analysis (Huang et al. 2016). Some researchers 
have carried out electrochemical pretreatment on the surface of screen-printed elec-
trode through different methods and obtained a fine peak separation of hydroqui-
none and catechol (Wang et al. 2010).

Fig. 8 Lactase-based electrochemical biosensor for the simultaneous detection of catechol and 
hydroquinone. Note each prepared Prussian blue analog crystal with the high surface area can be a 
benefit for the combination of enzyme center and Prussian blue analog crystal, which can acceler-
ate the electron transfer. Based on the synergy between electrode materials, the as-prepared pheno-
lic biosensor was designed and obtained simultaneous detection for the trace hydroquinone and 
catechol with high sensitivity under various applied potentials. PBA Prussian blue analog. 
Reprinted from Jiang et al. (2019), with permission from Elsevier
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3.3  Polyaromatic Hydrocarbons

Polyaromatic hydrocarbons are volatile hydrocarbons and important environmental 
and food pollutants commonly generated by incomplete combustion of coal, oil, 
wood, tobacco, organic polymer compounds, and other organic compounds 
(Makelane et al. 2019). Up to now, more than 200 kinds of polyaromatic hydrocar-
bons, such as benzo α pyrene, benzo α anthracene, and so on, are easily carcino-
genic, and widely distributed in the environment (Tovide et  al. 2014). A large 
number of polyaromatic hydrocarbons in the environment are worrying because 
they are known to be highly toxic and have adverse health effects at low concentra-
tions. Thus the determination of polyaromatic hydrocarbons in food, seawater, and 
lakes has aroused intensely research interest. To date, electrochemical sensor has 
been considered as a vital analysis tool for environmental determination, which is 
mainly based on the electrooxidation behavior of polyaromatic hydrocarbons 
(Makelane et al. 2019; Tovide et al. 2014). Iwuoha’s group has exploited an anthra-
cene electrochemical sensor based on graphenated polyaniline nanocomposite 
(Tovide et al. 2014). The amount of anthracene could be directly quantified through 
the electrooxidation behavior of anthracene on the surface of the modified electrode.

3.4  Pesticides

Generally, pesticides refer to chemicals extensively used in agriculture to control 
diseases and insect pests and regulate plant growth. Pesticides are the most affluent 
among the whole environmental contaminants, which are widely presented in atmo-
sphere, water, soil, food, and plants (Uniyal and Sharma 2018; Kaur and Prabhakar 
2017; Kumar et al. 2015). It is well known that pesticides are highly toxic and have 
an adverse impact on human’s health and ecological balance. Therefore, it is vitally 
important to exploit a highly sensitive, facile, and low-cost approach for the accu-
rate determination of pesticides in the environmental samples.

Traditionally, the detection methods of pesticides are general mass spectrometry 
(Chamkasem and Harmon 2016) and chromatography (Berijani et  al. 2006), but 
these methods have some disadvantages of time-consuming, require a professional 
operation, and expensive. As a novel analytical method, electrochemical analytical 
technologies have been also extensively used due to their simplicity, sensitivity, and 
selectivity (Pérez-Fernández et al. 2019). In recent 5 years, various electrochemical 
sensors have been fabricated and applied for the quantitative analysis of pesticides 
through the direct redox reaction (Şenocak et al. 2019; Kaur and Prabhakar 2017; 
Xu et al. 2019). As shown in Fig. 9, a novel pesticide electrochemical sensor has 
been proposed based on the copper metal–organic frameworks modified electrode 
(Cao et al. 2019). Oxidation–reduction reaction could occur on the modified elec-
trode surface, which would lead to an obvious signal response. When glyphosate 
combined with the modified electrode surface, glyphosate–copper ion complex 
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would be produced because of adsorption of glyphosate on the metal center of cop-
per metal–organic frameworks. Afterward, the generated complex could impede the 
electron transfer, causing a decrease of primary response current for the modified 
electrode. The reduced current value is related to the reacted glyphosate concentra-
tion, so current changes before and after the reaction of modified electrode with 
glyphosate were utilized to detect the amount of glyphosate in real samples. This 
as-developed electrochemical sensor exhibits excellent performance toward the 
determination of glyphosate.

In addition to the direct electrochemical sensor detection of pesticides, various 
electrochemical biosensors, including DNA-based biosensor (Eissa and Zourob 
2017), enzyme sensors (Lu et al. 2018), immunosensors (El-Moghazy et al. 2018; 
Li et  al. 2019a, b), and aptasensors (Roushani et  al. 2018), have been also con-
structed and used for the highly sensitive detection of pesticides. According to the 
oxidation of guanine moieties, the electrochemical biosensors have been also devel-
oped for organophosphorus pesticide detection. As a recognition molecule, DNA is 
anchored on the modified electrodes surface in the fabrication process of DNA- 
based electrochemical biosensors (Eissa and Zourob 2017). The amount of 

Fig. 9 The principle of the glyphosate electrochemical sensor. Note a novel pesticide electro-
chemical sensor has been proposed based on the copper metal–organic frameworks modified elec-
trode. When glyphosate combined with the modified electrode surface, glyphosate–copper ion 
complex would be produced because of adsorption of glyphosate on the metal center of copper 
metal–organic frameworks. And the generated complex could impede the electron transfer, caus-
ing a decrease of primary response current. The reduced current value is related to the reacted 
glyphosate concentration, so current changes before and after the reaction of a modified electrode 
with glyphosate could be utilized to detect the amount of glyphosate in real samples. DPV differ-
ential pulse voltammetry. Reprinted from Cao et al. (2019), with permission from Elsevier
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organophosphorus pesticides can be quantified by monitoring the variation of redox 
characterizations of DNA that mainly refers to the oxidation of the guanine base. 
However, DNA-based electrochemical sensors are mainly based on the interactions 
between analytes and nitrogen bases, which can alter the electrochemical response 
of guanine base of DNA, so they have no specificity during the detection process. 
And DNA electrochemical sensors cannot achieve the simultaneous detection of 
several pesticides, thus there are few works about DNA electrochemical sensors for 
pesticide detection in recent 5 years. As prompted by the above limitations of DNA 
sensors, novel biomolecules and recognition strategies for the development of bio-
sensors have been explored by researchers.

Enzymatic-based electrochemical biosensors for the detection of pesticides can 
be mainly based on the catalytic activity of organophosphorus hydrolase and the 
inhibition of several enzymes activity existed in pesticides, such as butyrylcholines-
terase, acetylcholinesterase, tyrosinase, and so on (Cahuantzi-Muñoz et al. 2019). 
For the organophosphorus electrochemical biosensor, organophosphorus hydrolase 
enzyme is usually used to catalyze the hydrolysis of P-based bonds of organophos-
phorus, which will generate toxic products along with two protons. Because the 
released protons can result in a change of current or potential, organophosphorus 
hydrolase-based electrochemical biosensors have been fabricated and used for the 
detection of organophosphorus. Mulchandani and coworkers have proposed a highly 
sensitive electrochemical biosensor for paraoxon and methyl parathion based on 
organophosphorus hydrolase (Mulchandani et al. 2001). Based on the inhibition of 
acetylcholinesterase, Gao’s group has fabricated and employed as a highly efficient 
electrochemical biosensor for the measurement of organophosphorus pesticides (Lu 
et al. 2019a, b).

As for immunosensors, measurable signals can be changed along with the 
organophosphorus concentrations because of the high specificity of organophos-
phorus antibodies to analytes (El-Moghazy et al. 2018). As shown in Fig. 10, an 
amino-modified metal-organic framework-based electrochemical immunosensor 
has been proposed for the simultaneous detection of pesticides triazophos and thia-
cloprid with high sensitivity (Yang et al. 2019a, b). With the assistance of specific 
monoclonal antibodies, Pérez-Fernández and coworkers have exploited a competi-
tive immunosensor for the electrochemical determination of imidacloprid on screen- 
printed carbon electrodes (Pérez-Fernández et al. 2019).

Although enzymatic sensors and immunosensors have been widely used, they 
still possess several disadvantages of expensive. As a newly emerged method, apta-
sensors have appeared in the field of environmental monitoring to conquer the above 
limitations, which is mainly based on the folding of induced oligodeoxynucleotides 
aptamers. The combination of detected targets and nucleic acid aptamer on the elec-
trode surface can alter its folding and flexibility, resulting in the electronic gain and 
loss of the redox-labeled substrates (Roushani et  al. 2018). Consequently, an 
induced electrical signal will be generated and recorded, which is proportional to 
the concentration of pesticides. For instance, a high specific impedimetric biosensor 
was developed on the basis of aptamer modified platinum nanoparticles microwires 
for the detection of atrazine and acetamiprid (Fig. 11) (Madianos et al. 2018).
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Fig. 10 The fabrication of the glyphosate electrochemical immunosensor. Note amino-modified 
metal–organic framework nanoparticles were prepared to capture metal ions. Based on the specific 
binding of antigens to antibodies, a highly sensitive electrochemical immunosensor was con-
structed and for the simultaneous detection of pesticide triazophos and thiacloprid with a low limit 
of detection. UiO-66-NH2 amino-modified metal–organic framework, TRS triazophos, THD thia-
cloprid, Ag antigen, Ab antibody, MB-COOH magnetic bead, SWV square wave voltammetry. 
Reprinted from Yang et al. (2019a, b), with permission from Springer

Fig. 11 The fabrication and application of aptasensor. Note a high specific impedimetric biosen-
sor was developed on the basis of aptamer modified platinum nanoparticles microwires. The apta-
sensor exhibited excellent performance toward the detection of atrazine and acetamiprid. Pt NPs 
platinum nanoparticles, GOPTS (3-glycidyloxypropyl)triethoxysilane, MCH 6-mercapto-1- 
hexanol. Reprinted from Madianos et al. (2018), with permission from Elsevier
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3.5  Antibiotics

As a drug of inhibition and sterilizing bacteria, antibiotics have been widely used in 
medical and health, livestock and poultry breeding, agricultural production and 
other industries, and promoting the economic development of the society (Liu et al. 
2018; Chen et al. 2019; Zhou et al. 2019). Antibiotics are mainly used as feed addi-
tives in livestock and poultry breeding, which are used to prevent and treat animal 
diseases and accelerate animal growth. However, the unreasonable use of antibiotics 
in livestock and poultry industry has been very common, highly sensitive detection 
of antibiotics is vitally necessary to regulate this phenomenon.

The detection of antibiotics is generally trace analysis due to their relatively low 
concentration in wastewater, which often needs highly sensitive instruments for 
accurate detection. According to the previously reported work (Batrawi et al. 2017), 
the main detection techniques of antibiotics are chromatography and its combina-
tion, enzyme immunoassay, capillary electrophoresis, and so on. The above-men-
tioned methods not only have the advantages of high sensitivity, accuracy, enhanced 
analytical efficiency, low detection limit, and strong specificity but possess the 
shortcomings of expensive instruments, tedious operation, need for professional 
operators, complex sample handling, and high cost. Therefore, these methods are 
difficult to become a conventional detection technique. At present, electrochemical 
sensors and biosensors have attracted increasing attention in antibiotics detection, 
based on their merit of low cost, easy miniaturization, biocompatibility, high sensi-
tivity, and rapid response.

Electrochemical antibiotics sensors and biosensors are mainly based on the 
direct redox reactions of antibiotics or chemical reactions between targets and 
immobilized recognition elements, such as, antigen, enzyme, aptamer, cell, small 
molecular, macromolecule chemicals, antibody, and so on, which will cause the 
variations for the detectable properties of the work electrode, such as potential, 
response current, and resistance. In the recent 5 years, various electrochemical sen-
sors and biosensors have been constructed for the detection of various antibiotics 
(Sun et al. 2019; Wang et al. 2019a, b; Liu et al. 2019). For example, a highly sensi-
tive electrochemical sensor has been developed and applied for the detection of 
ciprofloxacin in view of the coordination interaction between ciprofloxacin and 
copper ions (Fig. 12a) (Fang et al. 2019) Lu’s group has synthesized various metal–
organic framework as label-free bioplatforms for the construction of sensitive elec-
trochemical oxytetracycline aptasensors (Fig. 12b) (Zhou et al. 2019).

3.6  Pathogens

Pathogens refer to microorganisms, including bacteria, viruses, rickettsia, and fungi, 
parasites, or other vectors that can cause diseases in humans, animals, and plants 
(Silva et  al. 2018). Pathogen infections are deemed to be a significantly serious 
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issue for global health, which can cause thousands of deaths and tremendous mor-
bidity around the world (Campuzano et al. 2017). Therefore, it is urgent to develop 
an efficient method for the accurate detection of pathogens. Compared with the 
traditional approaches, diverse electrochemical biosensors have been also con-
structed and used to detect pathogens, due to their advantages of simplicity, 
inexpensive, sensitivity, and easy miniaturization (Hou et al. 2018; Jijie et al. 2018). 
The principle of pathogen electrochemical biosensors is mainly based on the spe-
cific recognition between various identification elements and targets, which can 
lead to the change of detectable signal. For instance, Guo and coworkers have fab-
ricated a facile, label-free, cheap electrochemical Escherichia coli biosensor with 
satisfactory performance, while the electrochemical signals were amplified through 
rolling circle amplification and peroxidase-mimicking DNAzyme (Fig.  13) (Guo 
et al. 2016).

3.7  Gas Pollutants

Gas pollutants are one of the major pollutants, mainly including formaldehyde, 
nitrogen oxides, carbon monoxide, hydrogen sulfide, sulfur dioxide, ammonia, and 
so on (Wei et al. 2018; Trivedi et al. 2018). The released gas pollutants into the air 
not only cause environmental pollution but also pose a threat to human health. To 
date, various gas sensors have been fabricated and used for the detection of toxic 
gases. The electrochemical sensor is one of the most common sensors for detecting 
toxic and harmful gases, due to their serious of merits, such as easy miniaturization, 

Fig. 12 Electrochemical (a) sensor and (b) biosensor for different antibiotics. Note a highly sensi-
tive electrochemical sensor has been developed and applied for the detection of ciprofloxacin 
based on the coordination interaction between ciprofloxacin and copper ions (a). Various metal–
organic frameworks were synthesized and used as label-free bioplatforms for the construction of 
sensitive electrochemical oxytetracycline aptasensors (b). Zr4+ Zirconium ions, NH2-UiO-66-RGO 
amino-modified metal–organic framework supported on reduced graphene oxide, MCA melamine 
and cyanuric acid, Ce-MOF Ce-based metal–organic framework. A reprinted from Fang et  al. 
(2019), with permission from American Chemical Society; B reprinted from Zhou et al. (2019), 
with permission from Elsevier
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inexpensive, good linearity and repeatability, long-term stability, and so on. The 
detecting principle of electrochemical gas sensors is based on electrochemical 
activity of the measured gas, which can be utilized to electrochemically oxidize or 
reduce the toxic gases, to distinguish the gas composition and detect the gas concen-
tration. As depicted in Fig. 14, nickel–metal-modified electrodes were prepared and 
considered as work electrode for the determination of formaldehyde through directly 
electrochemical oxidation (Trivedi et al. 2018).

Fig. 13 Fabrication and application of electrochemical E. coli biosensor. Note a facile, label-free, 
cheap electrochemical E. coli biosensor was fabricated on the gold electrode. The developed sen-
sors indicated satisfactory performance, and the electrochemical signals were amplified through 
rolling circle amplification and peroxidase-mimicking DNAzyme. BSA bovine serum albumin, 
APP aptamer-primer probe, Exo I exonuclease I, Exo III exonuclease III, red reduction state, ox 
oxidation state. Reprinted from Guo et al. (2016), with permission from Elsevier

Fig. 14 Detection of formaldehyde by electrochemical oxidation. Note nickel metal were pre-
pared and severed as electrode materials. The as-designed electrochemical sensors showed excel-
lent performance for the directly electrochemical oxidation of formaldehyde. Reprinted from 
Trivedi et al. (2018), with permission from Elsevier
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4  Conclusions and Perspectives

Electrochemical sensors and biosensors have been considered an effective analyti-
cal tool and have been applied for the detection of various environmental pollutants, 
owing to the remarkable performance of rapid response, high sensitivity, and selec-
tivity. In this chapter, we have summarized their latest developments of electro-
chemical sensors and biosensors for environmental contaminants detection in the 
past 5 years. On the one hand, a number of novel electrode materials have been 
synthesized, which have significantly improved the sensitivity and selectivity of the 
electrochemical sensors. On the other hand, new biosensing strategies have been 
proposed and have been applied to fabricate electrochemical biosensors for the 
detection of various pollutants.

Although electrochemical sensors and biosensors have achieved satisfactory 
achievements in the detection of environmental pollutants, there are still some 
important challenges to be resolved. In order to better meet the needs of electro-
chemical sensors and biosensors in practical applications, some efforts should be 
made from the following aspects: (1) Novel electrode materials. The synthesis of 
new nanomaterials is of great significance for the fabrication of electrical sensors 
and biosensors, which can effectively enhance analytical performance. (2) 
Miniaturization. The development of portable sensors can improve work efficiency 
and reduce the consumption of reagents and manpower. (3) Combined with other 
spectral analysis techniques, such as Raman spectroscopy, the wide detection range 
and enhanced accuracy can be achieved. In brief, it is our research directions and 
goals to develop electrochemical sensors and biosensors with excellent performance 
and apply them to environmental and life analysis in the future.
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