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Abstract
Access to secure water sources has become one of the biggest challenges for human sustainability. Climate change and asso-
ciated droughts make it difficult to guarantee the usual water source and move to groundwater use or to the re-use of treated 
wastewater remains unviable due the lack on the capacity of monitoring water quality. Moreover, reusing treated wastewater 
from repositories near anthropogenic sources represents a risk of high concentrations of emerging contaminants. The strat-
egies involve a higher risk of encountering toxic elements with a heavy burden on human and environmental health. New 
accessible and reliable tools are required to detect any hazard from the waterbodies in real time to ensure safe management 
and also to decrease mismanagement or ilegal water discharges. One of the available options is to look into enzyme-based 
biosensors that can detect toxic elements in the water. The proposed biosensors require sensible elements to be accessible 
and durable for their proper function. The present revision shows in first place, the actual need of real time monitoring 
due the different sources and effects of emergent pollutants. Secondly, describes how enzymes can be immobilized for its 
application in biosensors and the rol enzymes play as bioreceptor element in biosensing. Thirdly, describes the transduction 
methods that can be observed, and finally the actual application of enzyme biosensors for the detection of different toxic 
elements. According to the presented literature enzyme-based biosensors have been successfully applied for the detection of 
a wide number of pollutants reaching detection limits comparable to traditional methods such as up to 0.018 nM of mercury. 
Furthermore, laccase seems to be the more applied enzyme in literature, but positive results are not limited to this enzyme 
and other candidates have been explored showing good detection rate.
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1 Introduction

Water access and security is a human right, and one of the 
most important goals for sustainable development. Accord-
ing to the United Nations one-third of the population still 
does not have access to clean water, so investing in the 
development and application of new technologies and infra-
structure that ensure the protection of aquatic ecosystems is 
essential [1]. However, safely managed water sources can be 
contaminated due to many risk factors: chemical materials 
used in the water treatment system, pipeline corrosion, and 
leaching of elements from pipes of water distribution are 
some of the situations to allow the filtration of toxic com-
pounds in water sources (Fig. 1) [2].

The uncontrolled population growth and anthropogenic 
activities, combined with accelerated industrialization [3], 
has caused the uncontrolled discharge into the environ-
ment of different toxic pollutants such as heavy metals 
and metals (mercury “Hg”, lead “Pb”, Cadmium “Cd”, 
copper “Cu”, chrome “Cr”, nickel “Ni”, selenium “Se”, 
and arsenic “As” [2, 4], radioactive elements (radium 
“Ra” and uranium “U”) [5], pesticides (organochlorine, 
organophosphate, carbamate, pyrethroid, neonicoti-
noid, phenylpyrazole, triazine, carboxamide, chlorinated 
hydrocarbon and chlorophenyl compounds [6], organic 
compounds (acrylamide and polyacrylamide [7], nitrite 
and nitrate [8], benzene [9], phenols (Polycyclic Aromatic 
Hydrocarbons “PAH´s” [10], bisphenol A [11], chloro-
phenol [12]), PFAS (polyfluoroalkyl and perfluoroalkyl 
substances) [13], among others, which characteristics of 
high stability, solubility, environmental persistence bioac-
cumulation potential, this characteristics, combined with 
the efficiency of conventional technologies for it removal 
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can cause several environmental hazards and human health 
risk (Table 1) [14–17].

Despite the environmental and health risk derivate from 
pollutants in water sources, the presence and diffusion not 
only of the mentioned pollutants but also its metabolites 
and transformation products in the environment are not 
tracked and understood. For example, it is known that there 
is no clear regulation, and the maximum concentration is 
not established, for PFAS in drinking water [13], o that, the 
development of methods and instruments that allows detec-
tion and quantification without requiring highly training 
personnel and high-cost equipment is extremely important 
[18, 19].

Conventional analytical techniques for heavy metals 
detection in water, such as the quantum dot method with 
fluorescence spectrometry [20], inductively coupled plasma-
mass spectrometry (ICP-MS) [21], hydride generation 
atomic absorption spectroscopy (HGAAS) (Arsenic detec-
tion in drinking water) [22], graphite furnace AAS [23], 
X-ray fluorescence spectrometry and energy dispersive 
X-ray fluorescence [24], have been used for the detection of 

heavy metals, including arsenic, in drinking water samples 
and other complex matrices, ICP-MS method is the most 
common method used. However, despite these techniques 
being able to detect a low concentration of metals in water 
samples, low detectable concentration in heavy metals is 
in a range of 0.3 to 5.81 µg/L [25]. On the other hand, the 
conventional methods for the determination of organic com-
pounds contamination in water are gas chromatography 
(GC), Mass chromatography (MC) [26], Gas chromatogra-
phy with flame-ionization detection (GC-FID), and High-
performance liquid chromatography (HPLC) [27]. However, 
despite the advantages of these techniques, the weakest 
points of their applications are: sophisticated instrumenta-
tion and specialized staff are required, also are expensive and 
high-demand time techniques, and the cost of analyses can 
be as high as $8–10 per sample [28].

Alternative techniques of hazardous pollutants monitor-
ing have been evaluated to achieve more effective methods 
in the detection of pollutants (rapid, sensitive, accurate) 
also to be available for real-time surveillance and monitor-
ing of the compounds at low operative cost, reducing risk to 

Fig. 1  Drinking water pollutants sources (anthropogenic and natural sources) and contamination routes at the water reservoirs
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human health for chronic exposure [29]. In response to the 
above, biosensors arise as a low-cost, portable, and low-time 
response tool, a biosensor is a device characterized as an 
integrated system where, using a cell-free or a whole cell-
based system, a bioassay is carried out and provides a detec-
tion signal for the presence of an analyte in a sample [30].

The biosensors employ a biological recognition element 
(bioreceptor), can be a whole cell-base system or cell part-
based system, for the detection of toxic pollutants, these 
devices allow onside quantification and avoid the require-
ment of sophisticated equipment [31]. The development of 
a wide type of biosensors using different bioreceptors such 
as microbial fuel cells [18, 32–36], microorganisms (Whole 

cell-based) [37–40], antibodies [41–43], enzymes [44–50], 
among others has been reported in the literature. On the 
other hand, biosensors can be placed as a favorable alter-
native due to the variability of pollutants (Heavy metals, 
organic compounds, drugs, and microorganisms) that are 
capable of pollutant trace detection [29].

Bioreceptor selection is focused on obtaining the highest 
sensibility, selectivity, and simplicity. Biological sensing 
employing enzymes as biological recognition elements is 
one of the most popular biosensors used [51], development 
of biosensors appears as a promising alternative for water 
pollution and quality monitoring, to ensure environmental 
and health safety [29].

Table 1  Effect of toxic pollutants on human health and symptoms during its exposure

a No data related to human health risk in water sources has been found [135]

Pollutant Toxicology effects/symptoms References

Heavy metals Neurological effects: Disturbances of the nervous system, convulsions, pain, numbness, tremor 
in extremities, motor neuron diseases, dizziness and headaches, myasthenia, memory problems, 
insomnia, impaired cognitive development, neurological disorders, including Alzheimer’s disease, 
learning and behavior problems

Nephrological effects: Renal disorders, edema, foamed urine, nephrotic syndrome and hematuria
Respiratory effects: Shortness of breath and chest tightness, lung fibrosis, pulmonary edema
Gastrointestinal effects: Garlic taste in the mouth, pain in throat, chest, or abdomen, nausea, diarrhea 

and vomiting
Reproductivity effects: reproductive diseases
Dermatological effects: Erythematous skin rashes, dermatitis, hair loss, nail anomalies or loss and 

skin anomalies
Cardiovascular: Cardiovascular disorders, heart failure and hypotension
Oncological effects: lung cancer, nasal cancer and epigenetic effects

[112–119]

Pesticides Neurological effect: Neurological affectations, neck flexions, weakness, decreased deep tendon 
reflexes, cranial nerve abnormalities, proximal muscle weakness, anxiety, confusion, drowsiness, 
emotional lability, seizures, hallucinations, headaches, insomnia, memory loss, neural disorders, 
driven suicides, anencephaly, behavior problems, autism spectrum disorder and psychosis

Nephrological effects: Alterations in hepatic tissue, liver and renal injury
Respiratory effects: Respiratory insufficiency, respiratory system malfunction
Reproductivity effects: Infertility, pregnancy outcomes and sexual organ malformation
Cardiovascular effects: Arrhythmias
Oncological effects: Cancer development, lungs, prostate, breast, head, and neck cancer
Endocrine effects: Endocrine disruption, hypothyroidism, hyperthyroidism, and hormone level 

alteration
Immunological effects: Immunologic disruption

[120–129]

Organic compounds Neurological effect: Neurodevelopmental delays
Nephrological effects: Nonalcoholic fatty liver disease and chronic kidney diseases
Gastrointestinal effects: Metabolic dysregulation
Respiratory effects:
Reproductivity effects:
Cardiovascular effects:
Oncological effects: Cancer development, breast, colorectal, esophageal, gastric and thyroid cancer
Endocrine effects: Gland malfunction Hypothalamus, pituitary, gonadal malfunction
Immunological effects: Allergic diseases, immune suppression and T cells downregulation

[130–133]

Phenolic and Poily-aromatic 
compounds

Endocrine effects: Gland malfunction Hypothalamus, pituitary, gonadal malfunction
Immunological effects: Allergic diseases, immune suppression and T cells downregulation

[134]

Pharmaceutical compounds Emergence of antibiotic resistance bacteria  strainsa [135]
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2  Enzymes Immobilization Applied 
as a Bioreceptor Element in Biosensing

Enzymes are biological macromolecules that play a role 
as biocatalysts in the progress of life, exhibiting catalytic 
activity, specificity, biodegradability, and selectivity in fun-
damental and sophisticated activities [52]. Biosensors are 
instruments that use biological substances such as enzymes, 
DNA, antibodies, cells or microorganisms as bioreceptors, 
which recognize and capture the contaminant or analyte with 
high sensitivity and selectivity and trigger a physicochemi-
cal reaction (generation of light or heat, change in pH, and 

mass change) that can be transformed by the transducer into 
a detectable signal form. The three-dimensional structure 
and the active center of the enzymes are responsible for the 
recognition and high specificity for the analyte, which allow 
the union between enzyme and analyte through hydrogen 
bonds, electrostatic forces, or other non-covalent interac-
tions, to trigger a reaction through a catalytic effect, which 
converts the analyte into another product that can be quanti-
fied or measurable for analysis [53]. The use of enzymes 
as bioreceptors has the advantages of short response times, 
real-time continuous detection signals, a low detection limit, 
low application costs with high specificity, sensitivity, and 
reliability [54, 55].

Table 2  Advantages of different enzymes apply as bioreceptor of contaminants in water by enzyme-based biosensors

**LOD concentration in ppb; NR conditions or data not reported

Enzyme Compound LOD (nM) Stability Advantages References

Pesticides
 Choline oxidase Dichlorvos 1.55 20 days at 4 °C Low LOD, high selectivity 

and reproducibility
[136]

 Phosphotriesterase Praoxon 3 8 weeks at 4 °C Low LOD, potential for
implementation into high-

volume manufacturing 
protocols

[137]

 Organophosphorus hydro-
lase

Methyl parathion 5000 30 days at
4 °C

Great storage stability and 
reusability

[138]

 Butyrylcholinesterase ALP 
tyrosinase

Paraoxon, 2,4-dichloro-
phenoxyacetic acid, and 
atrazine

2
50* NR
atrazine

NR Multianalyte detection, low 
LOD and low cost

[139]

 Glutathione stransferase Fenobucarb, temephos, and 
dimethoate

2.00*
4.00*
5.00*

NR Capacity to detect carba-
mates and organothi-
ophosphate pesticides

[140]

Heavy metals
 Glucose oxidase/horserad-

ish peroxidase
Cr(VI), Cr
(III)

0.20 10.00 30 days at 4 °C Good selectivity, ability to 
detect both Cr(III) and 
Cr(VI)

[141]

 Glucose oxidase Hg2+  Cd2+

Pb2+  Cr6+
2.30
1.75
2.70 2.44

20 days at 4 °C Good selectivity and repeat-
ability

[142]

 Horseradish peroxidase Pb2+  Ni2+

Cd2+
8.00
3.00
1.00

2 weeks at 4 °C Ability to detect  Pb2+,  Ni2+, 
and  Cd2+ below WHO 
guideline values, good 
selectivity and reproduc-
ibility

[143]

 Horseradish peroxidase Cr6+ 20 M 2 weeks at 4 °C Low LOD, short response 
time

[144]

 Catalase Hg2+ 0.018 NR Low LOD, high selectivity [145]
Emerging contaminants
 Tyrosinase enzyme Bisphenol A 3.18 86.9% of sensing signal 

maintained after one 
month storage

Biocompatibility and 
environmental friendliness 
with

[146]

 Xanthine oxidase Bisphenol A 1.0 75% of sensing signal after 
15 days

High sensitivity and low 
detection limit, with good 
selectivity and stability

[66]

 Laccase and graphene 
oxide nano-sheets

Catechol 32 NR Good stability and sensitiv-
ity

[147]
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Enzyme-based biosensors can be classified into two cat-
egories based on the analyte monitoring mode, direct and 
indirect mode. The direct mode is defined by the detection 
of the analytes or the products originating from the biocata-
lytic action. This method is simple, continuously operable 
and portable, but the enzyme's high specificity limits the 
number of contaminants it can detect. The indirect method 
is based on the inhibition of enzyme activity by the analyte. 
It is a very functional strategy for the detection of pesticides 
and heavy metals, since the metal ions react with the thiol 
group of the sulfhydryl group of the enzymatic structure, 
creating changes in the structure of the enzyme and affecting 
the catalytic activity, generating continuous changes that can 
be read as a signal [53, 56].

The detection of various hazardous compounds in water 
based on enzyme activation or activity inhibition are usually 
applied in enzyme biosensors hydrolases (lipases, glycosi-
dases, phosphatases, nucleosidases and peptidases), oxidases 
(laccases, GOx, monoamine oxidases), oxidoreductases 
(tyrosinase and nitrate reductase), peroxidases (e.g., horse-
radish peroxidase), and aminooxidases for the detection of 
several hazards based on either activation or activity [57]. 
Enzyme-based sensors are highly functional and highly sen-
sitive to certain contaminants in water such as heavy met-
als and pesticides and some emerging contaminants such as 
BPA, Table 2.

Due to their high efficiency, enzymes have been widely 
employed in different industrial and medical applications, 
including the development of novel enzyme-based biosen-
sors. They have exhibited many advantageous features such 
as cost-effectiveness, portability, and high specificity and 
sensitivity, among others. However, their full potential has 
been obstructed by some drawbacks including structural 
instability, high-cost manufacturing and storage, chemical 
sensitivity, and difficulties related to their recovery [58]. In 

this context, immobilization techniques are feasible solu-
tions to avoid such limitations and achieve the successful 
application of natural enzymes. The immobilization of 
enzymes allows easy separation, effective recovery, high 
stability, and continuous and repetitive usage while main-
taining enzyme activity [44]. The immobilization technique 
must be carefully selected since it plays a fundamental role 
in determining the catalytic activity and characteristics of 
specific reactions [59].

Immobilization methods are typically classified into two 
main groups: physical and chemical methods [60, 61]. The 
physical immobilization methods are simple and gentle pro-
cedures involving only physical interactions in which the 
enzymes and the supports are not modified. They are facile 
and fast methods that generally do not require the addition 
of any chemical reagent and that do not alter the activity 
and purity of the enzymes. However, the physical interac-
tions are weak and can be easily dissociated under harsh 
environmental conditions, thus, affecting the reusability of 
the enzyme and increasing the possibility of enzyme leach-
ing [61].

On the other hand, chemical immobilization methods 
involve chemical reactions to form stronger and more stable 
enzyme-support interactions [62]. Thus, chemical immo-
bilization is preferable in applications that require high 
recovery and recyclability of enzymes. However, some of 
their drawbacks include complex and expensive procedures 
during immobilization. In addition, other variables must 
be considered such as functional groups, active sites, and 
pH ranges. Each immobilization method has its advantages 
and limitations, and hardly a single method can meet all 
the demands by itself. Therefore, the combination of differ-
ent immobilization methods seems to be a good option to 
maximize the immobilization efficiency [61]. In addition to 
the immobilization efficiency, research has recently focused 

Fig. 2  Typical immobiliza-
tion methods. Reprinted from 
Araújo et al. [17] with Permis-
sion from American Chemical 
Society
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on reducing costs and complexity aimed to achieve feasible 
methods for large-scale production.

The most common immobilization methods are adsorp-
tion, crosslinking, covalent, and entrapped methods (Fig. 2). 
The adsorption immobilization method is the simplest physi-
cal methodology and consists of direct interaction between 
the enzyme and the support through adsorption forces (phys-
ical or charge adsorption); however, enzyme leaching might 
occur due to unstable interactions. [17, 61]. Adsorption 
immobilization methods have been successfully employed 
during the preparation of novel enzyme-based biosensors 
with environmental applications. For instance, Rafaqat et al. 
[63], prepared a biosensor for the rapid detection of chlor-
pyrifos and Reactive Red 195 (RR195) using fungal lac-
case and bacterial catalase. Enzymes were immobilized on 
carbon-felt electrodes by physical adsorption resulting in 
enhanced stability, and higher reusability while maintaining 
the catalytic activity. The biosensor exhibited good linear 
range, high stability, low limit of detection, acceptable reus-
ability, and fast detection, thus, being a suitable biosensing 
tool for the monitoring of pesticides and dyes [63].

In contrast, covalent immobilization is achieved when a 
covalent conjugation is established between enzymes and the 
active group of the support. A more stable and stronger link-
age is formed, but the enzyme activity can be affected due to 
possible modifications to the enzyme structure [64]. Differ-
ent biosensors have been constructed by this methodology. 
As a representative example, Caetano et al. [65], constructed 
an electrochemical enzyme-based biosensor combined with 
a simple and low-cost microfluidic device for the sensi-
tive detection of phenol in tap water. The electrodes were 
modified with nanocomposites formed by carbon nanotubes 
and gold nanoparticles, in which tyrosinase was covalently 
immobilized. The system showed a good performance in 
terms of linear range, response time, the limit of detection, 
operating stability, and sensitivity [65].

Similarly, cross-linking methods provide more stabil-
ity and long-lasting immobilization by the employment of 
cross-linking agents connecting enzymes with the selected 
support. Thus, the constraint of conformational space associ-
ated with enzymes is dramatically reduced [17]. This immo-
bilization method has been applied by different research 
groups during enzyme immobilization for sensing applica-
tions. For example, Messaoud et al. [66] constructed a sim-
ple biosensor capable of monitoring bisphenol A in water 
samples. Xanthine oxidase was immobilized onto the sur-
face of a glassy carbon electrode by a cross-linking method 
using glutaraldehyde and bovine serum albumin. At optimal 
conditions, the biosensor showed a good performance in an 
ample linear range with a low detection limit of 1.0 nM; in 
addition, it exhibited good reproducibility, repeatability, sta-
bility, and excellent selectivity in interference studies [66]. 
Recently, other enzymes like laccases and dehalogenase 

have been immobilized by cross-linking methods to con-
struct biosensors able to detect different pollutants in water 
samples [67, 68].

The entrapped immobilization method consists of the 
encapsulation of the free enzyme by the formation of the 
support material in the presence of the enzyme. This method 
possesses advantages like operational stability and negligi-
ble enzyme leaching and structure [69, 70]. The entrapped 
method has been used for the construction of enzyme-based 
biosensors with environmental applications. For instance, 
Chronopoulou et al. [69], prepared a biosensor using an 
engineered glutathione transferase which was entrapped in 
a sol–gel polymer for the determination of α-endosulfan. 
The system did not present an enzyme leaching effect and it 
showed excellent performance for the determination of pesti-
cides in real water samples [69]. Other enzymatic biosensors 
have reported entrapped methods to immobilize different 
enzymes [70–72].

Recently, nanozymes have emerged as a suitable alterna-
tive to overcome the typical limitations of enzymes such as 
the costly manufacturing/storage and instability. Nanozymes 
are described as novel engineered nanomaterials able to act 
as artificial enzymes usually exhibiting enhanced catalytic 
performances [73, 74]. Nanozymes have a great potential for 
future catalytic applications—including, biosensing– since 
their manufacturing and purification can be achieved in a 
cost-efficiently manner. In addition, they are easy to modify 
and possess higher catalytic and structural stability in com-
parison to natural enzymes [73, 75]. In recent times, differ-
ent studies have reported the development of a vast diver-
sity of nanozymes and their employment in the detection 
of different compounds. For instance, Tran et al. developed 
DNA-copper nanoflowers by a simple method; the synthe-
sized nanozyme exhibited laccase-mimicking capacity. Its 
catalytic activity was significantly higher than that one pre-
sented by the control materials. In addition, the nanozyme 
presented enhanced stability in terms of pH, ionic strength, 
incubation time, and temperature variations [76]. Similarly, 
a laccase mimicking activity was reported on Mn-Cu hybrid 
nanoflowers, which were applied for the construction of a 
biosensor able to detect phenolic compounds. The hybrid 
nanozyme presented excellent catalytic results in addi-
tion to advantages associated with higher stability at wider 
ranges of pH values, temperature, incubation time, and ionic 
strength. The based-paper microfluidic system fabricated 
using the synthesized nanozyme presented good results 
in terms of linear range values and limit of detection for 
phenolic compounds [77]. Likewise, Cu-tannic acid nano-
hybrids have exhibited pH-dependent laccase-like activity. 
The nanozyme presented optimal performance under physi-
ological conditions; it showed resistivity to high tempera-
tures and outstanding recyclability as well [78].
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3  Transduction Methods Used 
in Immobilized Enzyme Biosensors

Biosensors are composed of three main parts (i) a biocom-
ponent, (ii) a transducer, and (iii) a signal processor (Fig. 3). 
The transducer, also known as the detector element, is the 
component in charge of translating the changes that occurred 
in the biocomponent/bioreceptor into a readable output that 
will be then translated into a friendly readable value for the 
signal processor [79]. The main transducers/detector ele-
ments employed in enzyme biosensors are piezoelectric, 
electrochemical, optical, and thermal/calorimetric.

Piezoelectric transducers use the voltage and sound vibra-
tion changes occurred during the interaction enzyme-analyte 
that generate mechanical stress on the surface of the biore-
ceptor due to piezoelectric effects and mass changes that 
occur during biological reactions and the formation of chem-
ical bonds between enzyme bioreceptor and the analyte [31, 
80].These types of transducers can utilize (i) quartz crystal 
balance: characterized by the availability to respond to both 
positive and negative charges, or (ii) surface acoustic device 
which responded to the changes of vibration frequency due 
to mass leads changes [81]. Analyte measurement by piezo-
electric transducers is obtained by the Sauerbrey’s equation 

(Eq. 1), employing the change in resonant frequency (ΔF), 
original oscillation frequency (f), mass changes (Δm), area 
of the coating (A), and a particular constant of the used crys-
tal (K) [82].

Electrochemical transducers convert biological enzymes 
reactions with the analyte occurring in the bioreceptor sur-
face into a voltage or current changes enable the quantifica-
tion of a pollutant [57, 83]. The electrochemical transducer 
can be classified into fourth main classes (i) Amperometric 
based on the movement of electrons by redox reactions in the 
bioreceptor, (ii) Potentiometric usually has an ion-selective 
electrode or field effect transistor that uses electronic poten-
tial changes caused by the reactions analyte-enzyme as a 
signal of analyte presence, (iii) Conductometric that use 
two electrodes that serve as reference and measurement ele-
ment and the transducer detect the difference of conductiv-
ity between the electrodes, and (iv) Impedimetric, consider 
resistance and reactance as a factor for conductivity changes 
in the membrane or medium as a signal for the presence of 
the analyte [82]. Electrochemical transducer biosensors are 

(1)ΔF =
K ⋅ f 2 ⋅ Δm

A

Fig. 3  Biosensor parts and their main components
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the most reported in the literature, due to different advan-
tages such as high sensibility, easy scale-up, fast response 
times, low price, and small sample volume requirement, 
among others [57, 82].

Optical transducers perform analyte detection by exploit-
ing the response of protons rather than electrons, to its expo-
sure to radiations (UV, fluorescence or visible, near-infra-
red) that cause energy transfers from excited proton to an 
acceptor by dipole–dipole interactions (Kaur et al.). Optical 
transducers can be divided into two categories: label-free 
and label-based detection, which main difference is the 
direct detection of the analyte (label-free) or retention or 
the analyte for further transformation into an optical signal 
is then generated by different methods such as a colorimet-
ric, fluorescent, or luminescent [84]. Label-free detection 
is one of the main advantages of these biosensor transduc-
ers due it can directly detect and quantify analytes with no 
requirement of sample preparation or label transformation 
of the analyte, which results in an inexpensive and easy-
to-perform technique [85]. Despite optical signals having a 
high sensibility and specificity, selectivity, low noise and can 
be applied to chemical, organic, and biological compounds, 
the requirement of high-cost equipment for its application 
and high-cost limit the use of these transducers [82, 86]. 
Finally, the thermal/calorimetric transducers are used in the 
biosensing of analytes that produce exothermic or endother-
mic reactions during their contact and interaction with the 
bioreceptor [81].

4  Biosensing Technologies in Water 
Cell‑Based Techniques

There has been an increasing water source contamination 
which calls for rapid detection of polluting molecules. Bio-
sensing techniques effectively indicate water toxicity for 
animal and human health. During the past years, there has 
been proposed alternative for animal testing in ecotoxicol-
ogy, such as in vitro cells models replacing acute lethality 
tests using fish, using fish cell line and mammalian cell line 
cultures when testing for water quality for fish acute toxicity 
detection [87, 88]. In recent years, biosensors incorporating 
detection systems cell-based and signal transducing ele-
ments offer advantages over other detection systems includ-
ing rapid detection, portability, different sample applica-
tions, cost-effectiveness, real-time detection, and different 
field applications [88]. These techniques are based on the 
toxic manifestations of the biosensing cultured cells (detach-
ment, changes in morphology, pigmentation, translocation, 
or cellular death) [89].

The basics of the different biosensing techniques using 
cell-based systems differ in the biosensing mechanism. 
These mechanisms include Electric cell-substrate impedance 

sensing (ECIS) where the culture medium is used as elec-
trolyte with cells grown on an electrode surface cultured 
covered, where a non-invasive alternating current is applied 
to measure the cell electric impedance to indicate the cell 
status (showing the migration, morphology, interactions 
between cell to cell or cell to matrix, growth, death, among 
others) [90]. Other mechanisms to measure the changes in 
cell impedance after perturbation by chemicals, parametric 
changes such as pH or oxygen consumption, and resonance 
frequency through mass sensors. Among these cell-based 
methods, there are chromatophore-based techniques where 
the basis is the detection of the distribution of pigmentation 
changes in the chromatophores (pigmented cells found in 
fish, reptiles, and amphibians) these cells respond to biologi-
cal pathogens and their toxins, as well as chemicals such as 
pesticides, polynuclear aromatic hydrocarbons (PAHs) and 
heavy metals [91]. These changes in the chromatophores 
include the translocation of the cellular pigments when the 
cell processes are disturbed, changes in the total area of 
color in the cells or the pigmented-covered area, changes in 
the light transmitted through the cell area or the light absorp-
tion, distribution of the chromatophores, etc.

Cell-based biosensing systems were already applied to 
monitoring heavy metal pollution in water sources includ-
ing “Cu2+'' pollution (using microbial fuel based-biosensor 
“Escherichia coli Rosetta genetically modified strain”) with 
a LoD of 28 µM [92], contamination with  As3+ and  Hg2+ 
could be detected with a LOD of 20 µM and 0.498 µM, 
respectively using an electrochemical cell-based biosen-
sor [93]. Moreover, using an E. coli-arsR/zntA strain with 
an insertion in arsAp::egfp cell-based biosensor was used 
to determinate the presence of  Pb2+ contamination with a 
LoD of 2.06 µM in water artificially contaminated samples 
[94], and for  Cd2+ contamination in environmental water 
samples, using a TOP10/pPcad-ind biosensor (E. coli geneti-
cally modified strain tolerant to cadmium) with a LOD of 
0.049 μM and 0.024 μM of  Cd2+of exposure in early expo-
nential and lag phase respectively [95]. On the other hand, 
for pharmaceutical pollutants it was proposed a novel cell-
based biosensor using the rat cardiomyoblast H9c2(2–1) 
cell line to determine the  LD50/96 h as a novel bioassay to 
determination of water contamination for a least 15 different 
pharmaceutical active principles and the determination the 
correlation of  LD50/96 h in H9c2(2–1) cell and contamina-
tion concentration, some of the results show the concen-
tration of pharmaceutical compounds such as: Carbamaz-
epine (27.00 mg/L), Sertraline hydrochloride (4.20 mg/L), 
17α-Ethinylestradiol (6.70 mg/L), among others [96]. finally 
cell-based biosensors have been used in the identification 
of aromatic compounds BTEX (Benzene, toluene, ethylb-
enzene and Xylene), however this sensors are less sensitive 
than conventional methods (LOD of 50.00 mg/L of toluene 
contamination using a E. coli cell-based biosensor) [97], 



 Topics in Catalysis

1 3

meanwhile, the detection of pesticide compounds (Lindane 
and Paraoxon) using a cell-based biosensor in food matrix 
have been development using Streptomyces M7 and E. coli 
strains respectively achieving LOD of 120 μg/L of Lindane 
and 5 μM of Paraoxon respectively [98]. These results and 
indicators lead for a novel perspective of similar application 
in water samples, in fact, the application of enzyme based 
biosensors are more sensitive in the monitoring of pollutants 
monitoring.

Furthermore, many other biosensing mechanisms for 
real-time detection or specific detectable substances after 
chemical exposition include changes in fluorophores labe-
ling targets [91], redox-mediated currents detection [99], and 
changes in bioluminescence [100], among others.

The selection of the biosensing technique is based on the 
chemical, toxic, pharmacological target compound to detect, 
the selection of the cell line [101] the time of detection, 
and/or the combination of the desired parameters. For this a 
combination of multiparametric biosensors has been rising 
in recent years, to determine biological and chemical threats 
in different water sources.

5  Toxic Elements in Aqueous Environments 
Monitored by Immobilized Enzyme‑based 
Biosensors

Nowadays, many organic and inorganic chemicals pollute 
the environment causing damage to its quality, with aqueous 
sources being the most affected. Due to human and techno-
logical development, the regulated or unregulated effluence 
of inorganic elements like toxic heavy metals, organic ele-
ments such as organophosphorus compounds and pesticides, 
pharmaceutical and phenolic compounds, is a serious prob-
lem in human health [102]. As a consequence, there is a 
need for the detection of these contaminants in a reliable, 
efficient and low-cost way. Numerous immobilized enzyme-
based biosensors have already been developed and applied 
for detection in the aqueous environment due to their ease 
of use, cost, greater sensitivity and precision, and portability 
making them also suitable for in situ analysis [103].

5.1  Heavy Metals

Inorganic contaminants, mostly heavy metals, are natural 
elements with a high atomic weight and a density of 4–7 g/
cm3, they are not biodegradable and tend to accumulate in 
living organisms. Lead, silver, iron, arsenic, nickel, chro-
mium, cadmium, copper, zinc, and mercury are among the 
most frequently detected [104]. Heavy metals infiltrate the 
environment in various ways, such as mining, industrial 

waste, agriculture, dyes, and occupational exposure, among 
others. Therefore, timely detection of heavy metals in aque-
ous environments is of paramount importance. A variety 
of immobilized enzyme biosensors have been used for the 
detection of heavy metals based on the inhibition or activa-
tion of their enzymes [105]. Heavy metals have an affinity 
for certain enzymes. In some cases, heavy metals interact 
with thiol or methylthiol groups of enzymes and will cause 
a change in the structure and properties of the active center, 
decreasing the enzymatic activity. On the other hand, heavy 
metals are cofactors in metalloproteins and form an essential 
part of the structure–function for enzyme activation [103]. 
Heavy metals detection through either of the two pathways 
will produce a series of changes in the enzyme–substrate 
system that can be observed by optical means (color change 
and absorbance) or by different electrochemical methods 
(potentiometric, conductometric and amperometric [106]. 
In addition to the above, oxidoreductase is the group of 
enzymes most used for the detection of heavy metals.

5.2  Organophosphate

Organophosphorus compounds (OPs) are phosphate esters 
formed from a reaction between alcohols and phosphoric 
acid: O = P(OR)3 and have very low solubility in water 
[107]. OPs compounds are found both, in natural biomol-
ecules and in pesticides, including insecticides and herbi-
cides. With the intensive practices of agriculture worldwide, 
the continuous and excessive use of OPs has been increas-
ing, regularly detecting residues in soil and aqueous environ-
ment [108, 109]. Chlorpyrifos, monocrotophos, quinalphos, 
malathion, parathion, diazinon, bisphenol A, glyphosate, 
dimethoate, ethion, dichlorvos, and fenthion are the leading 
agricultural OPs.

So far, the most efficient detection of OPs is enzyme-
based biosensors due to their specificity and high sensitivity. 
Although there are reports of the use of various groups of 
enzymes for the detection of OPs such as Butyryl Cholinest-
erase, glucose oxidase, tyrosine, trypsin, urease, organo-
phosphorus acid anhydrolase and hydrolase, the most pop-
ularly used are Acetylcholinesterase and Organophosphate 
Hydrolase (Table 3).

5.3  Pharmaceuticals Compounds

Pharmaceutical compounds (PhC) are a large and structur-
ally diverse group of chemicals used in the treatment and 
prevention of various diseases in humans, animals, and 
plants. PhCs most consumed by humans include hormones, 
nonsteroidal antiinflammatory drugs, antiseptics, analgesics, 
antibiotics, cytostatics, antipsychotics, β-blockers, and anti-
pyretics (1). The controlled environmental monitoring for 
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the detection of PhCs and their metabolites has become a 
huge concern, since the discharge in aqueous environments, 
such as municipal wastewater, often causes considerable 
amounts greater than ng L-1 causing damaging effects in the 
environment (1). The most widely used drugs to save lives 
are antibiotics produced by microorganisms or chemically 
synthesized, whose function is to inhibit the growth or death 
of pathogenic bacteria for the treatment of infections. Due 
to the above, the excessive use of antibiotics and their dis-
charge in wastewater give rise to strains of bacteria resistant 
to these pharmaceutical compounds that cause concern and 
strict need in public health for their timely detection [110]. 
The enzymes commonly used for the detection and determi-
nation of PhCs are laccases, peroxidases, and tyrosinases.

5.4  Phenolic Compounds

The manufacturing industry of plastics, pharmaceuticals, 
detergents, disinfectants, and the producer of pesticides, is 
the main contaminant of phenolic compounds in wastewater. 
Some of the contaminants such as organophosphorus com-
pounds, when degraded, form phenolic compounds. Phe-
nolic compounds such as bisphenol A, chlorophenol 321, 
phenol, guaiacol and catechol, even in very low concentra-
tions, can cause damage to living beings causing genotoxic-
ity and mutagenicity, they can also repress photosynthesis 
and some reactions catalyzed by enzymes [111]. The main 
enzymes used for the detection of phenolic compounds in 
the environment are laccase, tyrosinase, peroxidases and 
xanthine oxidase.

6  Perspectives

Due to the complexity of the wastewater matrix, high sen-
sitivity and specificity in detection methods are needed for 
cell-based and enzyme-based technologies that guaran-
tee a wide spectrum of pollutant detection for on-site and 
real-time wastewater surveillance. In complement, from a 
toxicology perspective, the products of enzyme activity or 
leachate even from immobilized enzyme-based detection 
methods (such as hydrolases, oxidases, oxidoreductases, 
peroxidases, and amino oxidases) are imperative to evalu-
ate metabolites produced. Moreover, test product’s toxicity 
to ensure their safe application.

Further, it is important to consider the bioaccumulation 
of some pollutants, such as heavy metals (e.g. Hg, Pb, Cd, 
Cu, Cr, Ni, Se, and As), due to extended periods of expo-
sure even at low concentrations of heavy metals. This toxic 
element’s bioaccumulation can produce harmful effects on 
living beings. To conduct the development of novelty detec-
tion methods for pollutants of interest is necessary to keep 
in mind the adage “the dose makes the poison” aside from 

high sensitivity, specificity, portability, and low cost for an 
integral application.

In terms of portability and remote applications, cell-based 
and enzyme-based technologies still require equipment or 
minimal instrumentation to conduct sensing assays and 
quantification that require energy, thus, coupling to alterna-
tive power sources such as nanogenerators, and optical and 
thermal systems are needed, likewise integral control system 
for manage the systems.

Despite the novelty of emerging pollutants detection and 
quantification methods, it is needed better strategies such 
as a proper normative for water safeness and management 
that warrant early actions to prevent harmful environmen-
tal impact and human health impairment. Those normative 
should consider toxicity assessment aside from pollutants 
detection and quantification methods to provide proper infor-
mation that allows diagnosing the anthropogenic activity 
based on their wastewater surveillance.

7  Conclusions

The presented cases in this review showcase the possibil-
ity to expand the application of enzyme-based biosensors 
to water quality monitoring. For instance, laccase has been 
reported the most in this type of application in this work’s 
reviewed literature. Many other forms of this type of enzyme 
open the possibility to explore more applications as biosen-
sors for other contaminants.

Laccases used as biosensors have proved to be versatile, 
they have been used for the detection of organic and inor-
ganic toxic elements. Hence, the importance of designing 
durable and reliable biosensors requires huge efforts to pro-
vide a high-throughput mechanism which is often achieved 
with immobilized enzymes. During this revision, it is clear 
that immobilization methods and supports are widely vari-
able but it has been proven that limits of detection have 
improved and preserved for the task. The research ahead 
points out improvement in sensitivity with the incorporation 
of microfluidics, or porous materials technologies.

Finally, the revision showcases the newly accessible 
technology to enable sustainable water quality monitoring 
for safe consumption. Advances in the catalysis for biosen-
sors development can offer in situ monitoring for prompt 
response in contrast to traditional analysis.

Acknowledgements CONACYT is thankfully acknowledged for 
partially supporting this work under Sistema Nacional de Investiga-
dores (SNI) program awarded to Karina G. Coronado-Apodaca (CVU: 
625883), Georgia Maria González-Meza (CVU: 490688), Alberto 
Aguayo-Acosta (CVU: 403948), Rafael G. Araújo (CVU: 714118), 
Manuel Martínez-Ruiz (CVU: 418151), Roberto Parra-Saldívar (CVU: 



 Topics in Catalysis

1 3

35753) and Juan Eduardo Sosa-Hernández (CVU: 375202). Graphical 
abstract, Figs. 1, and 3 were created with BioRender.com.

Author Contributions Conceptualization: KGC-A, JES-H; Writing—
original draft preparation: KGC-A, AA-A, RGA, RBG-G, GMG-M, 
MAO-M, MM-R; Data curation: RGA, RBG-G, AA-A, GMG-M, 
MAO-M; Writing—review and editing: KGC-A, AA-A, EMM-M, DB, 
RP-S, JES-H; Funding acquisition: EMM-M, RP-S, JES-H; Supervi-
sion: DB, RP-S, JES-H.

Funding This research was funded by Fundación FEMSA project enti-
tled “Unidad de respuesta rápida al monitoreo de COVID19 por agua 
residual” (Grant Number NA).

Data availability Data sharing not applicable to this article as no data-
sets were generated or analysed during the current study

Declarations 

Conflict of interest The authors declare no conflict of interest.

References

 1. United Nations Development Program (2022) https:// www. undp. 
org/ susta inable- devel opment- goals# clean- water- and- sanit ation. 
Accessed 20 Sept 2022

 2. Alidadi H, Tavakoly Sany SB, Zarif Garaati Oftadeh B, 
Mohamad T, Shamszade H, Fakhari M (2019) Health risk assess-
ments of arsenic and toxic heavy metal exposure in drinking 
water in northeast Iran. Environ Health Prev Med. https:// doi. 
org/ 10. 1186/ s12199- 019- 0812-x

 3. Shindhal T, Rakholiya P, Varjani S, Pandey A, Ngo HH, Guo W, 
Ng HY, Taherzadeh MJ (2021) A critical review on advances in 
the practices and perspectives for the treatment of dye industry 
wastewater. Bioengineered. https:// doi. org/ 10. 1080/ 21655 979. 
2020. 18630 34

 4. Schwartz H, Marushka L, Chan HM, Batal M, Sadik T, Ing A, 
Fediuk K, Tikhonov C (2021) Metals in the drinking water of 
First Nations across Canada. Can J Public Health. https:// doi. org/ 
10. 17269/ s41997- 021- 00497-5

 5. U.S. EPA. Drinking Water Contaminants: Standards and Regu-
lation (2022) https:// www. epa. gov/ ground- water- and- drink ing- 
water/ natio nal- prima ry- drink ing- water- regul ations# Inorg anic. 
Accessed 23 Sept 2022

 6. Syafrudin M, Kristanti RA, Yuniarto A, Hadibarata T, Rhee J, 
Al-Onazi WA, Algarni TS, Almarri AH, Al-Mohaimeed AM 
(2021) Pesticides in drinking water-a review. Int J Environ Res 
Public Health. https:// doi. org/ 10. 3390/ ijerp h1802 0468

 7. Tepe Y, Çebe A (2019) Acrylamide in environmental water: 
a review on sources, exposure, and public health risks. Expos 
Health. https:// doi. org/ 10. 1016/ B978-0- 12- 802832- 2. 00015-2

 8. Ward MH, Jones RR, Brender JD, de Kok TM, Weyer PJ, Nolan 
BT, Villanueva CM, Van Breda SG (2018) Drinking water nitrate 
and human health: an updated review. Int J Environ Res Public 
Health. https:// doi. org/ 10. 3390/ ijerp h1507 1557

 9. Draper WM, Li, Solomon GM, Heaney YC, Crenshaw RB, Hin-
richs RL, Chandrasena R (2022) Organic chemical contaminants 
in water system infrastructure following wildfire. ACS ES&T 
Water. https:// doi. org/ 10. 1021/ acses twater. 1c004 01

 10. Patel AB, Shaikh S, Jain KR, Desai C, Madamwar D (2020) Poly-
cyclic aromatic hydrocarbons: sources, toxicity, and remediation 

approaches. Front Microbiol. https:// doi. org/ 10. 3389/ fmicb. 
2020. 562813

 11. Wee SY, Aris AZ, Yusoff FM, Praveena SM (2020) Occurrence 
of multiclass endocrine disrupting compounds in a drinking 
water supply system and associated risks. Sci Rep. https:// doi. 
org/ 10. 1038/ s41598- 020- 74061-5

 12. Foszpańczyk M, Drozdek E, Gmurek M, Ledakowicz S 
(2018) Toxicity of aqueous mixture of phenol and chlorophe-
nols upon photosensitized oxidation initiated by sunlight or 
vis-lamp. Environ Sci Pollut Res Int. https:// doi. org/ 10. 1007/ 
s11356- 018- 1286-x

 13. Cordner A, De La Rosa VY, Schaider LA, Rudel RA, Richter L, 
Brown P (2019) Guideline levels for PFOA and PFOS in drink-
ing water: the role of scientific uncertainty, risk assessment deci-
sions, and social factors. J Expo Sci Environ Epidemiol. https:// 
doi. org/ 10. 1038/ s41370- 018- 0099-9

 14. Hopkins ZR, Sun M, DeWitt JC, Knappe DR (2018) Recently 
detected drinking water contaminants: GenX and other per-and 
polyfluoroalkyl ether acids. J Am Water Work Assoc. https:// doi. 
org/ 10. 1002/ awwa. 1073

 15. Durán U, Coronado-Apodaca KG, Meza-Escalante ER, Ulloa-
Mercado G, Serrano D (2018) Two combined mechanisms 
responsible to hexavalent chromium removal on active anaero-
bic granular consortium. Chemosphere. https:// doi. org/ 10. 1016/j. 
chemo sphere. 2018. 01. 024

 16. Rasheed T, Bilal M, Nabeel F, Adeel M, Iqbal HM (2019) Envi-
ronmentally-related contaminants of high concern: potential 
sources and analytical modalities for detection, quantification, 
and treatment. Environ Int. https:// doi. org/ 10. 1016/j. envint. 2018. 
11. 038

 17. Araújo RG, Rodríguez-Hernandéz JA, González-González RB, 
Macias-Garbett R, Martínez-Ruiz M, Reyes-Pardo H, Hernandez 
Martinez SA, Parra-Arroyo L, Melchor-Martinez EM, Sosa-Her-
nandez JE, Coronado-Apodaca KG, Varjani S, Barcelo D, Iqbal 
HM, Parra-Saldívar R (2022) Detection and tertiary treatment 
technologies of poly-and perfluoroalkyl substances in wastewa-
ter treatment plants. Front Environ Sci. https:// doi. org/ 10. 3389/ 
fenvs. 2022. 864894

 18. Chouler J, Cruz-Izquierdo Á, Rengaraj S, Scott JL, Di Lorenzo 
M (2018) A screen-printed paper microbial fuel cell biosensor 
for detection of toxic compounds in water. Biosens Bioelectron 
102:49–56. https:// doi. org/ 10. 1016/j. bios. 2017. 11. 018

 19. Zhou S, Di Paolo C, Wu X, Shao Y, Seiler TB, Hollert H (2019) 
Optimization of screening-level risk assessment and priority 
selection of emerging pollutants–the case of pharmaceuticals in 
European surface waters. Environ Int 128:1–10. https:// doi. org/ 
10. 1016/j. envint. 2019. 04. 034

 20. Liu J, Zhang Q, Xue W, Zhang H, Bai Y, Wu L, Zhai Z, Jin G 
(2019) Fluorescence characteristics of aqueous synthesized tin 
oxide quantum dots for the detection of heavy metal ions in con-
taminated water. Nanomaterials (Basel, Switzerland) 9(9):1294. 
https:// doi. org/ 10. 3390/ nano9 091294

 21. Gaur VK, Sharma P, Gaur P, Varjani S, Ngo HH, Guo W, Chatur-
vedi P, Singhania RR (2021) Sustainable mitigation of heavy 
metals from effluents: toxicity and fate with recent technological 
advancements. Bioengineered 12(1):7297–7313. https:// doi. org/ 
10. 1080/ 21655 979. 2021. 19786 16

 22. Reddy RR, Rodriguez GD, Webster TM, Abedin MJ, Karim MR, 
Raskin L, Hayes KF (2020) Evaluation of arsenic field test kits 
for drinking water: recommendations for improvement and impli-
cations for arsenic affected regions such as Bangladesh. Water 
Res 170:115325. https:// doi. org/ 10. 1016/j. watres. 2019. 115325

 23. Wang H, Li W, Zhu C, Tang X (2021) Analysis of heavy 
metal pollution in cultivated land of different quality grades in 

https://www.undp.org/sustainable-development-goals#clean-water-and-sanitation
https://www.undp.org/sustainable-development-goals#clean-water-and-sanitation
https://doi.org/10.1186/s12199-019-0812-x
https://doi.org/10.1186/s12199-019-0812-x
https://doi.org/10.1080/21655979.2020.1863034
https://doi.org/10.1080/21655979.2020.1863034
https://doi.org/10.17269/s41997-021-00497-5
https://doi.org/10.17269/s41997-021-00497-5
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations#Inorganic
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations#Inorganic
https://doi.org/10.3390/ijerph18020468
https://doi.org/10.1016/B978-0-12-802832-2.00015-2
https://doi.org/10.3390/ijerph15071557
https://doi.org/10.1021/acsestwater.1c00401
https://doi.org/10.3389/fmicb.2020.562813
https://doi.org/10.3389/fmicb.2020.562813
https://doi.org/10.1038/s41598-020-74061-5
https://doi.org/10.1038/s41598-020-74061-5
https://doi.org/10.1007/s11356-018-1286-x
https://doi.org/10.1007/s11356-018-1286-x
https://doi.org/10.1038/s41370-018-0099-9
https://doi.org/10.1038/s41370-018-0099-9
https://doi.org/10.1002/awwa.1073
https://doi.org/10.1002/awwa.1073
https://doi.org/10.1016/j.chemosphere.2018.01.024
https://doi.org/10.1016/j.chemosphere.2018.01.024
https://doi.org/10.1016/j.envint.2018.11.038
https://doi.org/10.1016/j.envint.2018.11.038
https://doi.org/10.3389/fenvs.2022.864894
https://doi.org/10.3389/fenvs.2022.864894
https://doi.org/10.1016/j.bios.2017.11.018
https://doi.org/10.1016/j.envint.2019.04.034
https://doi.org/10.1016/j.envint.2019.04.034
https://doi.org/10.3390/nano9091294
https://doi.org/10.1080/21655979.2021.1978616
https://doi.org/10.1080/21655979.2021.1978616
https://doi.org/10.1016/j.watres.2019.115325


Topics in Catalysis 

1 3

Yangtze river delta of China. Int J Environ Res Public Health 
18(18):9876. https:// doi. org/ 10. 3390/ ijerp h1818 9876

 24. Gong Z, Chan HT, Chen Q, Chen H (2021) Application of nano-
technology in analysis and removal of heavy metals in food and 
water resources. Nanomaterials (Basel, Switzerland) 11(7):1792. 
https:// doi. org/ 10. 3390/ nano1 10717 92

 25. Zhao NJ, Meng DS, Jia Y, Ma MJ, Fang L, Liu JG, Liu WQ 
(2019) On-line quantitative analysis of heavy metals in water 
based on laser-induced breakdown spectroscopy. Opt Express 
27(8):A495–A506. https:// doi. org/ 10. 1364/ OE. 27. 00A495

 26. Bradley PM, Argos M, Kolpin DW, Meppelink SM, Romanok 
KM, Smalling KL, Focazio MJ, Allen JM, Dietze JE, Devito 
MJ, Donovan AR (2020) Mixed organic and inorganic tapwater 
exposures and potential effects in greater Chicago area, USA. 
Sci Total Environ 719:137236. https:// doi. org/ 10. 1016/j. scito 
tenv. 2020. 137236

 27. de Oliveira Moura T, Oliveira Santana F, Palmeira Campos V, 
de Oliveira IB, Medeiros Y (2019) Inorganic and organic con-
taminants in drinking water stored in polyethylene cisterns. Food 
Chem 273:45–51. https:// doi. org/ 10. 1016/j. foodc hem. 2018. 03. 
104

 28. Babar NU, Joya KS, Tayyab MA, Ashiq MN, Sohail M (2019) 
Highly sensitive and selective detection of arsenic using elec-
trogenerated nanotextured gold assemblage. ACS Omega 
4(9):13645–13657. https:// doi. org/ 10. 1021/ acsom ega. 9b008 07

 29. Gavrilaș S, Ursachi CȘ, Perța-Crișan S, Munteanu FD (2022) 
Recent trends in biosensors for environmental quality monitor-
ing. Sensors (Basel, Switzerland) 22(4):1513. https:// doi. org/ 10. 
3390/ s2204 1513

 30. Wlodkowic D, Karpiński TM (2021) Live-cell systems in 
real-time biomonitoring of water pollution: practical consid-
erations and future perspectives. Sensors (Basel, Switzerland) 
21(21):7028. https:// doi. org/ 10. 3390/ s2121 7028

 31. Fiel WA, Borges P, Lins V, Faria R (2019) Recent advances on 
the electrochemical transduction techniques for the biosensing of 
pharmaceuticals in aquatic environments. Int J Biosens Bioelec-
tron 5:119–123. https:// doi. org/ 10. 15406/ ijbsbe. 2019. 05. 00164

 32. Adekunle A, Raghavan V, Tartakovsky B (2019) On-line moni-
toring of heavy metals-related toxicity with a microbial fuel cell 
biosensor. Biosens Bioelectron 132:382–390. https:// doi. org/ 10. 
1016/j. bios. 2019. 03. 011

 33. Xiao N, Selvaganapathy PR, Wu R, Huang JJ (2020) Influence 
of wastewater microbial community on the performance of min-
iaturized microbial fuel cell biosensor. Bioresource Technol 
302:122777. https:// doi. org/ 10. 1016/j. biort ech. 2020. 122777

 34. Naik S, Jujjavarapu SE (2021) Self-powered and reusable micro-
bial fuel cell biosensor for toxicity detection in heavy metal pol-
luted water. J Environ Chem Eng 9(4):105318. https:// doi. org/ 
10. 1016/j. jece. 2021. 105318

 35. Jung JK, Alam KK, Verosloff MS, Capdevila DA, Desmau M, 
Clauer PR, Lee JW, Nguyen PQ, Pastén PA, Matiasek SJ, Gail-
lard JF, Giedroc DP, Collins JJ, Lucks JB (2020) Cell-free bio-
sensors for rapid detection of water contaminants. Nat Biotechnol 
38(12):1451–1459. https:// doi. org/ 10. 1038/ s41587- 020- 0571-7

 36. Khan N, Anwer AH, Sultana S, Ibhadon A, Khan MZ (2022) 
Effective toxicity assessment of synthetic dye in microbial fuel 
cell biosensor with spinel nanofiber anode. J Environ Chem Eng 
10(2):107313. https:// doi. org/ 10. 1016/j. jece. 2022. 107313

 37. Saini R, Hegde K, Brar SK, Verma M (2019) Advances in 
whole cell-based biosensors in environmental monitoring. In: 
Brar SK, Hegde K, Pachapur VL (eds) Tools, techniques and 
protocols for monitoring environmental contaminants. Else-
vier, Amsterdam, pp 263–284

 38. Andriukonis E, Celiesiute-Germaniene R, Ramanavicius S, 
Viter R, Ramanavicius A (2021) From microorganism-based 

amperometric biosensors towards microbial fuel cells. Sensors 
21(7):2442. https:// doi. org/ 10. 3390/ s2107 2442

 39. Ali SA, Mittal D, Kaur G (2021) In-situ monitoring of 
xenobiotics using genetically engineered whole-cell-based 
microbial biosensors: recent advances and outlook. World J 
Microbiol Biotechnol 37(5):1–24. https:// doi. org/ 10. 1007/ 
s11274- 021- 03024-3

 40. Moraskie M, Roshid MHO, O’Connor G, Dikici E, Zingg JM, 
Deo S, Daunert S (2021) Microbial whole-cell biosensors: Cur-
rent applications, challenges, and future perspectives. Biosens 
Bioelectron 191:113359. https:// doi. org/ 10. 1016/j. bios. 2021. 
113359

 41. Luan J, Xu T, Cashin J, Morrissey JJ, Kharasch ED, Singamaneni 
S (2019) Environmental stability of plasmonic biosensors based 
on natural versus artificial antibody. Anal Chem 90(13):7880–
7887. https:// doi. org/ 10. 1021/ acs. analc hem. 7b054 70

 42. Bhasin A, Drago NP, Majumdar S, Sanders EC, Weiss GA, Pen-
ner RM (2020) Viruses masquerading as antibodies in biosen-
sors: the development of the virus bioresistor. Acc Chem Res 
53(10):2384–2394. https:// doi. org/ 10. 1021/ acs. accou nts. 0c004 
74

 43. Tao X, Wang X, Liu B, Liu J (2020) Conjugation of antibodies 
and aptamers on nanozymes for developing biosensors. Biosens 
Bioelectron 168:112537. https:// doi. org/ 10. 1016/j. bios. 2020. 
112537

 44. Nguyen HH, Lee SH, Lee UJ, Fermin CD, Kim M (2019) Immo-
bilized enzymes in biosensor applications. Materials 12(1):121. 
https:// doi. org/ 10. 3390/ ma120 10121

 45. Marzo AML, Mayorga-Martinez CC, Pumera M (2020) 
3D-printed graphene direct electron transfer enzyme biosensors. 
Biosens Bioelectron 151:111980. https:// doi. org/ 10. 1016/j. bios. 
2019. 111980

 46. Cavalcante FT, Falcão IR, Souza JE, Rocha TG, de Sousa IG, 
Cavalcante AL, Oliveira ALB, Sousa MCM, Santos JC (2021) 
Designing of nanomaterials-based enzymatic biosensors: syn-
thesis, properties, and applications. Electrochem 2(1):149–184. 
https:// doi. org/ 10. 3390/ elect roche m2010 012

 47. Hara TO, Singh B (2021) Electrochemical biosensors for detec-
tion of pesticides and heavy metal toxicants in water: recent 
trends and progress. ACS ES&T Water 1(3):462–478. https:// 
doi. org/ 10. 1021/ acses twater. 0c001 25

 48. Gul I, Le W, Jie Z, Ruiqin F, Bilal M, Tang L (2021) Recent 
advances on engineered enzyme-conjugated biosensing modali-
ties and devices for halogenated compounds. TrAC Trends Anal 
Chem 134:116145. https:// doi. org/ 10. 1016/j. trac. 2020. 116145

 49. Kratasyuk VA, Kolosova EM, Sutormin OS, Lonshakova-Mukina 
VI, Baygin MM, Rimatskaya NV, Shpedt AA (2021) Software for 
matching standard activity enzyme biosensors for soil pollution 
analysis. Sensors 21(3):1017. https:// doi. org/ 10. 3390/ s2103 1017

 50. Reynoso EC, Romero-Guido C, Rebollar-Pérez G, Torres E 
(2022) Enzymatic biosensors for the detection of water pollut-
ants. In: Castro GR, Nadda AK, Nguyen TA, Qi X, Yasin G 
(eds) Nanomaterials for biocatalysis. Elsevier, Amsterdam, pp 
463–511

 51. Rahimi P, Joseph Y (2019) Enzyme-based biosensors for cho-
line analysis: a review. TrAC Trends Anal Chem 110:367–374. 
https:// doi. org/ 10. 1016/j. trac. 2018. 11. 035

 52. Feng Y, Xu Y, Liu S, Wu D, Su Z, Chen G, Liu J, Li G (2022) 
Recent advances in enzyme immobilization based on novel 
porous framework materials and its applications in biosensing. 
Coord Chem Rev. https:// doi. org/ 10. 1016/j. ccr. 2022. 214414

 53. Velusamy K, Periyasamy S, Kumar PS, Rangasamy G, Pauline 
JMN, Ramaraju P, Vo DVN (2022) Biosensor for heavy metals 
detection in wastewater: a review. Food Chem Toxicol. https:// 
doi. org/ 10. 1016/j. fct. 2022. 113307

https://doi.org/10.3390/ijerph18189876
https://doi.org/10.3390/nano11071792
https://doi.org/10.1364/OE.27.00A495
https://doi.org/10.1016/j.scitotenv.2020.137236
https://doi.org/10.1016/j.scitotenv.2020.137236
https://doi.org/10.1016/j.foodchem.2018.03.104
https://doi.org/10.1016/j.foodchem.2018.03.104
https://doi.org/10.1021/acsomega.9b00807
https://doi.org/10.3390/s22041513
https://doi.org/10.3390/s22041513
https://doi.org/10.3390/s21217028
https://doi.org/10.15406/ijbsbe.2019.05.00164
https://doi.org/10.1016/j.bios.2019.03.011
https://doi.org/10.1016/j.bios.2019.03.011
https://doi.org/10.1016/j.biortech.2020.122777
https://doi.org/10.1016/j.jece.2021.105318
https://doi.org/10.1016/j.jece.2021.105318
https://doi.org/10.1038/s41587-020-0571-7
https://doi.org/10.1016/j.jece.2022.107313
https://doi.org/10.3390/s21072442
https://doi.org/10.1007/s11274-021-03024-3
https://doi.org/10.1007/s11274-021-03024-3
https://doi.org/10.1016/j.bios.2021.113359
https://doi.org/10.1016/j.bios.2021.113359
https://doi.org/10.1021/acs.analchem.7b05470
https://doi.org/10.1021/acs.accounts.0c00474
https://doi.org/10.1021/acs.accounts.0c00474
https://doi.org/10.1016/j.bios.2020.112537
https://doi.org/10.1016/j.bios.2020.112537
https://doi.org/10.3390/ma12010121
https://doi.org/10.1016/j.bios.2019.111980
https://doi.org/10.1016/j.bios.2019.111980
https://doi.org/10.3390/electrochem2010012
https://doi.org/10.1021/acsestwater.0c00125
https://doi.org/10.1021/acsestwater.0c00125
https://doi.org/10.1016/j.trac.2020.116145
https://doi.org/10.3390/s21031017
https://doi.org/10.1016/j.trac.2018.11.035
https://doi.org/10.1016/j.ccr.2022.214414
https://doi.org/10.1016/j.fct.2022.113307
https://doi.org/10.1016/j.fct.2022.113307


 Topics in Catalysis

1 3

 54. Fopase R, Paramasivam S, Kale P, Paramasivan B (2020) Strate-
gies, challenges and opportunities of enzyme immobilization on 
porous silicon for biosensing applications. J Environ Chem Eng 
8(5):104266. https:// doi. org/ 10. 1016/j. jece. 2020. 104266

 55. Ma Z, Meliana C, Munawaroh HSH, Karaman C, Karimi-Maleh 
H, Low SS, Show PL (2022) Recent advances in the analytical 
strategies of microbial biosensor for detection of pollutants. Che-
mosphere. https:// doi. org/ 10. 1016/j. chemo sphere. 2022. 135515

 56. Sinha S, Kaur G (2019) Potential applications of advanced bio-
sensor systems for the real-time monitoring of wastewater treat-
ment plants. In: Brar SK, Hegde K, Pachapur VL (eds) Tools, 
techniques and protocols for monitoring environmental contami-
nants. Elsevier, Amsterdam, pp 75–94

 57. González-González RB, Flores-Contreras EA, González-
González E, Torres Castillo NE, Parra-Saldívar R, Iqbal HMN 
(2022) Biosensor constructs for the monitoring of persistent 
emerging pollutants in environmental matrices. Ind Eng Chem 
Res. https:// doi. org/ 10. 1021/ acs. iecr. 2c004 21

 58. Lopez-Cantu DO, González-González RB, Melchor-Martínez 
EM, Martínez SAH, Araújo RG, Parra-Arroyo L, Sosa-Hernán-
dez JE, Parra-Saldívar R, Iqbal HMN (2022) Enzyme-mimick-
ing capacities of carbon-dots nanozymes: properties, catalytic 
mechanism, and applications—a review. Int J Biol Macromol 
194:676–687. https:// doi. org/ 10. 1016/j. ijbio mac. 2021. 11. 112

 59. Mohamad NR, Marzuki NHC, Buang NA, Huyop F, Wahab 
RA (2015) An overview of technologies for immobilization 
of enzymes and surface analysis techniques for immobilized 
enzymes. Biotechnol Biotechnol Equip 29(2):205–220. https:// 
doi. org/ 10. 1080/ 13102 818. 2015. 10081 92

 60. Bijoy G, Rajeev R, Benny L, Jose S, Varghese A (2022) Enzyme 
immobilization on biomass-derived carbon materials as a sus-
tainable approach towards environmental applications. Chem-
osphere. https:// doi. org/ 10. 1016/j. chemo sphere. 2022. 135759

 61. Lu J, Nie M, Li Y, Zhu H, Shi G (2022) Design of composite 
nanosupports and applications thereof in enzyme immobiliza-
tion: a review. Colloids Surf B. https:// doi. org/ 10. 1016/j. colsu 
rfb. 2022. 112602

 62. Somu P, Narayanasamy S, Gomez LA, Rajendran S, Lee YR, 
Balakrishnan D (2022) Immobilization of enzymes for bioreme-
diation: a future remedial and mitigating strategy. Environ Res. 
https:// doi. org/ 10. 1016/j. envres. 2022. 113411

 63. Rafaqat S, Raqba A (2022) Validating role of different enzymes 
(laccases and catalases) based voltammetric bosensors in detec-
tion of pesticide and dye. Mater Chem Phys. https:// doi. org/ 10. 
1016/j. match emphys. 2022. 126545

 64. Zhang J, Lei J, Liu Z, Chu Z, Jin W (2022) Nanomaterial-based 
electrochemical enzymatic biosensors for recognizing phenolic 
compounds in aqueous effluents. Environ Res. https:// doi. org/ 10. 
1016/j. envres. 2022. 113858

 65. Caetano FR, Carneiro EA, Agustini D, Figueiredo-Filho LCS, 
Banks CE, Bergamini MF, Marcolino-Junior LH (2018) Combi-
nation of electrochemical biosensor and textile threads: a micro-
fluidic device for phenol determination in tap water. Biosens 
Bioelectron 99:382–388. https:// doi. org/ 10. 1016/j. bios. 2017. 
07. 070

 66. Messaoud N, Ghica ME, Dridi C, Ben Ali M, Brett CMA (2018) 
A novel amperometric enzyme inhibition biosensor based on 
xanthine oxidase immobilised onto glassy carbon electrodes for 
bisphenol A determination. Talanta 184:388–393. https:// doi. org/ 
10. 1016/j. talan ta. 2018. 03. 031

 67. Sarika C, Rekha K, Narasimha Murthy B (2016) Immobilized 
laccase-based biosensor for the detection of disubstituted methyl 
and methoxy phenols—application of Box-Behnken design with 
response surface methodology for modeling and optimization 
of performance parameters. Artif Cells Nanomed Biotechnol 

44(7):1741–1752. https:// doi. org/ 10. 3109/ 21691 401. 2015. 10967 
93

 68. Shahar H, Tan LL, Ta GC, Heng LY (2019) Optical enzymatic 
biosensor membrane for rapid in situ detection of organohalide 
in water samples. Microchem J 146:41–48. https:// doi. org/ 10. 
1016/j. microc. 2018. 12. 052

 69. Chronopoulou EG, Vlachakis D, Papageorgiou AC, Ataya FS, 
Labrou NE (2019) Structure-based design and application of an 
engineered glutathione transferase for the development of an 
optical biosensor for pesticides determination. Biochim Biophys 
Acta Gen Subj 1863(3):565–576. https:// doi. org/ 10. 1016/j. bba-
gen. 2018. 12. 004

 70. Kavetskyy T, Smutok O, Demkiv O, Kukhazh Y, Stasyuk N, Leo-
nenko E, Kiv A, Kobayashi Y, Kinomura A, Šauša O, Gonchar 
M, Katz E (2022) Improvement of laccase biosensor characteris-
tics using sulfur-doped  TiO2 nanoparticles. Bioelectrochemistry. 
https:// doi. org/ 10. 1016/j. bioel echem. 2022. 108215

 71. Rajesh, Takashima W, Kaneto K (2004) Amperometric tyrosi-
nase based biosensor using an electropolymerized PTS-doped 
polypyrrole film as an entrapment support. Reactive Funct Polym 
59(2):163–169. https:// doi. org/ 10. 1016/j. react funct polym. 2004. 
01. 006

 72. Zheng H, Yan Z, Wang M, Chen J, Zhang X (2019) Biosensor 
based on polyaniline-polyacrylonitrile-graphene hybrid assem-
blies for the determination of phenolic compounds in water sam-
ples. J Hazard Mater. https:// doi. org/ 10. 1016/j. jhazm at. 2019. 05. 
107

 73. Lopez-Cantu DO, González-González RB, Melchor-Martínez 
EM, Martínez SAH, Araújo RG, Parra-Arroyo L, Sosa-Hernán-
dez JE, Parra-Saldivar R, Iqbal HM (2022) Enzyme-mimick-
ing capacities of carbon-dots nanozymes: properties, catalytic 
mechanism, and applications—a review. Int J Biol Macromol 
194:676–687. https:// doi. org/ 10. 1016/j. ijbio mac. 2021. 11. 112

 74. Lopez-Cantu DO, González-González RB, Sharma A, Bilal 
M, Parra-Saldívar R, Iqbal HM (2022) Bioactive material-
based nanozymes with multifunctional attributes for biomedi-
cine: expanding antioxidant therapeutics for neuroprotection, 
cancer, and anti-inflammatory pathologies. Coord Chem Rev 
469:214685. https:// doi. org/ 10. 1016/j. ccr. 2022. 214685

 75. Jiang D, Ni D, Rosenkrans ZT, Huang P, Yan X, Cai W (2019) 
Nanozyme: new horizons for responsive biomedical applica-
tions. Chem Soc Rev 48(14):3683–3704. https:// doi. org/ 10. 1039/ 
C8CS0 0718G

 76. Tran TD, Nguyen PT, Le TN, Kim MI (2021) DNA-copper 
hybrid nanoflowers as efficient laccase mimics for colorimetric 
detection of phenolic compounds in paper microfluidic devices. 
Biosens Bioelectron 182:113187. https:// doi. org/ 10. 1016/j. bios. 
2021. 113187

 77. Le TN, Le XA, Tran TD, Lee KJ, Kim MI (2022) Laccase-
mimicking Mn–Cu hybrid nanoflowers for paper-based visual 
detection of phenolic neurotransmitters and rapid degradation 
of dyes. J Nanobiotechnol 20(1):1–14. https:// doi. org/ 10. 1186/ 
s12951- 022- 01560-0

 78. Ma H, Zheng N, Chen Y, Jiang L (2021) Laccase-like catalytic 
activity of Cu-tannic acid nanohybrids and their application for 
epinephrine detection. Colloids Surf A 613:126105. https:// doi. 
org/ 10. 1016/j. colsu rfa. 2020. 126105

 79. Hashem A, Hossain MM, Al Mamun M, Simarani K, Johan MR 
(2021) Nanomaterials based electrochemical nucleic acid biosen-
sors for environmental monitoring: a review. Appl Surf Sci Adv 
4:100064. https:// doi. org/ 10. 1016/j. apsadv. 2021. 100064

 80. Pohanka M (2018) Overview of piezoelectric biosensors, immu-
nosensors and DNA sensors and their applications. Materials 
11(3):448. https:// doi. org/ 10. 3390/ ma110 30448

https://doi.org/10.1016/j.jece.2020.104266
https://doi.org/10.1016/j.chemosphere.2022.135515
https://doi.org/10.1021/acs.iecr.2c00421
https://doi.org/10.1016/j.ijbiomac.2021.11.112
https://doi.org/10.1080/13102818.2015.1008192
https://doi.org/10.1080/13102818.2015.1008192
https://doi.org/10.1016/j.chemosphere.2022.135759
https://doi.org/10.1016/j.colsurfb.2022.112602
https://doi.org/10.1016/j.colsurfb.2022.112602
https://doi.org/10.1016/j.envres.2022.113411
https://doi.org/10.1016/j.matchemphys.2022.126545
https://doi.org/10.1016/j.matchemphys.2022.126545
https://doi.org/10.1016/j.envres.2022.113858
https://doi.org/10.1016/j.envres.2022.113858
https://doi.org/10.1016/j.bios.2017.07.070
https://doi.org/10.1016/j.bios.2017.07.070
https://doi.org/10.1016/j.talanta.2018.03.031
https://doi.org/10.1016/j.talanta.2018.03.031
https://doi.org/10.3109/21691401.2015.1096793
https://doi.org/10.3109/21691401.2015.1096793
https://doi.org/10.1016/j.microc.2018.12.052
https://doi.org/10.1016/j.microc.2018.12.052
https://doi.org/10.1016/j.bbagen.2018.12.004
https://doi.org/10.1016/j.bbagen.2018.12.004
https://doi.org/10.1016/j.bioelechem.2022.108215
https://doi.org/10.1016/j.reactfunctpolym.2004.01.006
https://doi.org/10.1016/j.reactfunctpolym.2004.01.006
https://doi.org/10.1016/j.jhazmat.2019.05.107
https://doi.org/10.1016/j.jhazmat.2019.05.107
https://doi.org/10.1016/j.ijbiomac.2021.11.112
https://doi.org/10.1016/j.ccr.2022.214685
https://doi.org/10.1039/C8CS00718G
https://doi.org/10.1039/C8CS00718G
https://doi.org/10.1016/j.bios.2021.113187
https://doi.org/10.1016/j.bios.2021.113187
https://doi.org/10.1186/s12951-022-01560-0
https://doi.org/10.1186/s12951-022-01560-0
https://doi.org/10.1016/j.colsurfa.2020.126105
https://doi.org/10.1016/j.colsurfa.2020.126105
https://doi.org/10.1016/j.apsadv.2021.100064
https://doi.org/10.3390/ma11030448


Topics in Catalysis 

1 3

 81. Kaur J, Choudhary S, Chaudhari R, Jayant RD, Joshi A (2019) 
Enzyme-based biosensors. Bioelectron Med Devices. https:// doi. 
org/ 10. 1016/ B978-0- 08- 102420- 1. 00013-3

 82. Aggas JR, Guiseppi-Elie A (2020) Responsive polymers in 
the fabrication of enzyme-based biosensors. In: Wagner WR 
et al (eds) Biomaterials science. Academic Press, London, pp 
1267–1286

 83. Singh A, Sharma A, Ahmed A, Sundramoorthy AK, Furukawa 
H, Arya S, Khosla A (2021) Recent advances in electrochemical 
biosensors: applications, challenges, and future scope. Biosen-
sors 11(9):336. https:// doi. org/ 10. 3390/ bios1 10903 36

 84. Damborský P, Švitel J, Katrlík J (2016) Optical biosensors. 
Essays Biochem 60(1):91–100. https:// doi. org/ 10. 1042/ EBC20 
150010

 85. Chen Y, Liu J, Yang Z, Wilkinson JS, Zhou X (2019) Optical 
biosensors based on refractometric sensing schemes: a review. 
Biosens Bioelectron 144:111693. https:// doi. org/ 10. 1016/j. bios. 
2019. 111693

 86. Chen C, Wang J (2020) Optical biosensors: an exhaustive and 
comprehensive review. Analyst 145(5):1605–1628. https:// doi. 
org/ 10. 1039/ c9an0 1998g

 87. Tanneberger K, Knöbel M, Busser FJ, Sinnige TL, Hermens JL, 
Schirmer K (2013) Predicting fish acute toxicity using a fish gill 
cell line-based toxicity assay. Environ Sci Technol 47(2):1110–
1119. https:// doi. org/ 10. 1021/ es303 505z

 88. Dayeh VR, Bols NC, Tanneberger K, Schirmer K, Lee LE (2013) 
The use of fish-derived cell lines for investigation of environ-
mental contaminants: an update following OECD’s fish toxicity 
testing framework no. 171. Current Protoc Toxicol 56(1):1–5. 
https:// doi. org/ 10. 1002/ 04711 40856. tx010 5s56

 89. Tan L, Schirmer K (2017) Cell culture-based biosensing tech-
niques for detecting toxicity in water. Curr Opin Biotechnol 
45:59–68. https:// doi. org/ 10. 1016/j. copbio. 2016. 11. 026

 90. Jiang WG (ed) (2012) Electric cell-substrate impedance sensing 
and cancer metastasis. Springer, Cham

 91. van der Schalie WH, James RR, Gargan TP II (2006) Selection of 
a battery of rapid toxicity sensors for drinking water evaluation. 
Biosens Bioelectron 22(1):18–27. https:// doi. org/ 10. 1016/j. bios. 
2005. 11. 019

 92. Zhou T, Li R, Zhang S, Zhao S, Sharma M, Kulshrestha S, Khan 
A, Kakade A, Han H, Niu Y, Li X (2021) A copper-specific 
microbial fuel cell biosensor based on riboflavin biosynthesis of 
engineered Escherichia coli. Biotechnol Bioeng 118(1):210–222. 
https:// doi. org/ 10. 1002/ bit. 27563

 93. Sciuto EL, Petralia S, van der Meer JR, Conoci S (2021) Minia-
turized electrochemical biosensor based on whole-cell for heavy 
metal ions detection in water. Biotechnol Bioeng 118(4):1456–
1465. https:// doi. org/ 10. 1002/ bit. 27646

 94. Lee Y, Jeon Y, Jang G, Yoon Y (2021) Derivation of Pb(II)-
sensing Escherichia coli cell-based biosensors from arsenic 
responsive genetic systems. AMB Express 11(1):169. https:// 
doi. org/ 10. 1186/ s13568- 021- 01329-y

 95. Hui CY, Guo Y, Gao CX, Li H, Lin YR, Yun JP, Yi J (2022) 
A tailored indigoidine-based whole-cell biosensor for detecting 
toxic cadmium in environmental water samples. Environ Technol 
Innov 27:102511

 96. Rodrigues ET, Varela AT, Pardal MA, Sardão VA (2020) Cell-
based assays as an alternative for the study of aquatic toxicity of 
pharmaceuticals. Environ Sci Pollut Res Int 27(7):7145–7155. 
https:// doi. org/ 10. 1007/ s11356- 019- 07384-0

 97. Chung TH, Meshref MNA, Dhar BR, Chung TH, Meshref MN, 
Dhar BR (2021) A review and roadmap for developing micro-
bial electrochemical cell-based biosensors for recalcitrant envi-
ronmental contaminants, emphasis on aromatic compounds. 
Chem Eng J 424:130245. https:// doi. org/ 10. 1016/j. cej. 2021. 
130245

 98. Ye Y, Guo H, Sun X (2019) Recent progress on cell-based bio-
sensors for analysis of food safety and quality control. Biosens 
Bioelectron 126:389–404. https:// doi. org/ 10. 1016/j. bios. 2018. 
10. 039

 99. Polak ME, Rawson DM, Haggett BG (1996) Redox mediated 
biosensors incorporating cultured fish cells for toxicity assess-
ment. Biosens Bioelectron 11(12):1253–1257. https:// doi. org/ 
10. 1016/ 0956- 5663(96) 88090-0

 100. Cevenini L, Calabretta MM, Tarantino G, Michelini E, Roda 
A (2016) Smartphone-interfaced 3D printed toxicity biosensor 
integrating bioluminescent “sentinel cells.” Sens Actuators B 
225:249–257. https:// doi. org/ 10. 1016/j. snb. 2015. 11. 017

 101. Sharma V, Narayanan A, Rengachari T, Temes GC, Chaplen 
F, Moon UK (2005) A low-cost, portable generic biotoxic-
ity assay for environmental monitoring applications. Biosens 
Bioelectron 20(11):2218–2227. https:// doi. org/ 10. 1016/j. bios. 
2004. 07. 023

 102. Zaynab M, Al-Yahyai R, Ameen A, Sharif Y, Ali L, Fatima M, 
Li S (2022) Health and environmental effects of heavy metals. J 
King Saud Univ Sci 34(1):101653

 103. Sarkar A, Sarkar KD, Amrutha V, Dutta K (2019) An overview 
of enzyme-based biosensors for environmental monitoring. Tools 
Tech Protoc Monit Environ Contam 12:307–329

 104. Jin M, Yuan H, Liu B, Peng J, Xu L, Yang D (2020) Review of 
the distribution and detection methods of heavy metals in the 
environment. Anal Methods 12(48):5747–5766

 105. Dai X, Wu S, Li S (2018) Progress on electrochemical sensors for 
the determination of heavy metal ions from contaminated water. 
J Chin Adv Mater Soc 6(2):91–111

 106. Dai X, Shuping Wu, Li S (2018) Progress on electrochemical 
sensors for the determination of heavy metal ions from contami-
nated water. J Chin Adv Mater Soc. https:// doi. org/ 10. 1080/ 
22243 682. 2018. 14259 04

 107. Thakur M, Medintz IL, Walper SA (2019) Enzymatic bioreme-
diation of organophosphate compounds—progress and remaining 
challenges. Front Bioeng Biotechnol 7:289

 108. Kumar A, Margekar SL, Margekar P, Margekar V (2018) Recent 
advances in management of organophosphate & carbamate poi-
soning. Indian J Med Special 9(3):154–159

 109. Mali H, Shah C, Raghunandan BH, Prajapati AS, Patel DH, 
Trivedi U, Subramanian RB (2022) Organophosphate pesticides 
an emerging environmental contaminant: pollution, toxicity, 
bioremediation progress, and remaining challenges. J Environ 
Sci 127:234

 110. Dhar D, Roy S, Nigam VK (2019) Advances in protein/enzyme-
based biosensors for the detection of pharmaceutical contami-
nants in the environment. In: Brar SK, Hegde K, Pachapur VL 
(eds) Tools, techniques and protocols for monitoring environ-
mental contaminants. Elsevier, Amsterdam, pp 207–229

 111. Kaveh R, Alijani H (2021) An overview: recent development of 
semiconductor/graphene nanocomposites for photodegradation 
of phenol and phenolic compounds in aqueous solution. J Asian 
Ceram Soc 9(1):1–23

 112. Yawei S, Jianhai L, Junxiu Z, Xiaobo P, Zewu Q (2021) Epidemi-
ology, clinical presentation, treatment, and follow-up of chronic 
mercury poisoning in China: a retrospective analysis. BMC Phar-
macol Toxicol. https:// doi. org/ 10. 1186/ s40360- 021- 00493-y

 113. U.S. Department of Health & Human Services (2022) Centers 
for diseases control and prevention. https:// www. cdc. gov/ niosh/ 
topics/ lead/ health. html Accessed 22 Sept 2022

 114. Taylor AA, Tsuji JS, Garry MR, McArdle ME, Goodfellow WL 
Jr, Adams WJ, Menzie CA (2020) Critical review of exposure 
and effects: implications for setting regulatory health criteria 
for ingested copper. Environ Manage. https:// doi. org/ 10. 1007/ 
s00267- 019- 01234-y

https://doi.org/10.1016/B978-0-08-102420-1.00013-3
https://doi.org/10.1016/B978-0-08-102420-1.00013-3
https://doi.org/10.3390/bios11090336
https://doi.org/10.1042/EBC20150010
https://doi.org/10.1042/EBC20150010
https://doi.org/10.1016/j.bios.2019.111693
https://doi.org/10.1016/j.bios.2019.111693
https://doi.org/10.1039/c9an01998g
https://doi.org/10.1039/c9an01998g
https://doi.org/10.1021/es303505z
https://doi.org/10.1002/0471140856.tx0105s56
https://doi.org/10.1016/j.copbio.2016.11.026
https://doi.org/10.1016/j.bios.2005.11.019
https://doi.org/10.1016/j.bios.2005.11.019
https://doi.org/10.1002/bit.27563
https://doi.org/10.1002/bit.27646
https://doi.org/10.1186/s13568-021-01329-y
https://doi.org/10.1186/s13568-021-01329-y
https://doi.org/10.1007/s11356-019-07384-0
https://doi.org/10.1016/j.cej.2021.130245
https://doi.org/10.1016/j.cej.2021.130245
https://doi.org/10.1016/j.bios.2018.10.039
https://doi.org/10.1016/j.bios.2018.10.039
https://doi.org/10.1016/0956-5663(96)88090-0
https://doi.org/10.1016/0956-5663(96)88090-0
https://doi.org/10.1016/j.snb.2015.11.017
https://doi.org/10.1016/j.bios.2004.07.023
https://doi.org/10.1016/j.bios.2004.07.023
https://doi.org/10.1080/22243682.2018.1425904
https://doi.org/10.1080/22243682.2018.1425904
https://doi.org/10.1186/s40360-021-00493-y
https://www.cdc.gov/niosh/topics/lead/health.html
https://www.cdc.gov/niosh/topics/lead/health.html
https://doi.org/10.1007/s00267-019-01234-y
https://doi.org/10.1007/s00267-019-01234-y


 Topics in Catalysis

1 3

 115. Wise JP Jr, Young JL, Cai J, Cai L (2022) Current understanding 
of hexavalent chromium [Cr(VI)] neurotoxicity and new perspec-
tives. Environ Int. https:// doi. org/ 10. 1016/j. envint. 2021. 106877

 116. Genchi G, Carocci A, Lauria G, Sinicropi MS, Catalano A (2020) 
Nickel: human health and environmental toxicology. Int J Envi-
ron Res Public Health. https:// doi. org/ 10. 3390/ ijerp h1703 0679

 117. Yu V, Juhász CA, Atanaskova MN (2018) Alopecia and associ-
ated toxic agents: a systematic review. Skin Appendage Disord. 
https:// doi. org/ 10. 1159/ 00048 5749

 118. Bjørklund G, Oliinyk P, Lysiuk R, Rahaman MS, Antonyak H, 
Lozynska I, Lenchyk L, Peana M (2020) Arsenic intoxication: 
general aspects and chelating agents. Arch Toxicol. https:// doi. 
org/ 10. 1007/ s00204- 020- 02739-w

 119. Igbokwe IO, Igwenagu E, Igbokwe NA (2019) Aluminium toxi-
cosis: a review of toxic actions and effects. Interdiscip Toxicol. 
https:// doi. org/ 10. 2478/ intox- 2019- 0007

 120. Gereslassie T, Workineh A, Atieno OJ, Wang J (2019) Determi-
nation of occurrences, distribution, health impacts of organochlo-
rine pesticides in soils of Central China. Int J Environ Res Public 
Health. https:// doi. org/ 10. 3390/ ijerp h1601 0146

 121. Robb EL, Baker MB (2022) Organophosphate Toxicity. https:// 
www. ncbi. nlm. nih. gov/ books/ NBK47 0430/ Accessed 22 Sept 
2022

 122. Patel S, Sangeeta S (2019) Pesticides as the drivers of neuropsy-
chotic diseases, cancers, and teratogenicity among agro-workers 
as well as general public. Environ Sci Pollut Res Int. https:// doi. 
org/ 10. 1007/ s11356- 018- 3642-2

 123. Al-Omar MS, Naz M, Mohammed S, Mansha M, Ansari MN, 
Rehman NU, Kamal M, Mohammed HA, Yusuf M, Hamad 
AM, Akhtar N, Khan RA (2020) Pyrethroid-induced organ 
toxicity and anti-oxidant-supplemented amelioration of toxic-
ity and organ damage: the protective roles of ascorbic acid and 
α-tocopherol. Int J Environ Res Public Health. https:// doi. org/ 10. 
3390/ ijerp h1717 6177

 124. Craddock HA, Huang D, Turner PC, Quirós-Alcalá L, Payne-
Sturges DC (2019) Trends in neonicotinoid pesticide residues in 
food and water in the United States, 1999–2015. Environ Health. 
https:// doi. org/ 10. 1186/ s12940- 018- 0441-7

 125. Malhotra N, Chen KH, Huang JC, Lai HT, Uapipatanakul B, 
Roldan M, Macabeo A, Ger TR, Hsiao CD (2021) Physiological 
effects of neonicotinoid insecticides on non-target aquatic ani-
mals-an updated review. Int J Mol Sci. https:// doi. org/ 10. 3390/ 
ijms2 21795 91

 126. Abass K, Pelkonen O, Rautio A (2021) Chloro-s-triazines-
toxicokinetic, toxicodynamic, human exposure, and regulatory 
considerations. Curr Drug Metab. https:// doi. org/ 10. 2174/ 13892 
00222 66621 07011 64945

 127. Chen S, Zhang DL, Ren CL, Zou WQ, Tian XY, Du XH, Tan 
CX (2021) Novel pyridyl-oxazole carboxamides: toxicity assay 
determination in fungi and zebrafish embryos. Molecules (Basel, 
Switzerland). https:// doi. org/ 10. 3390/ molec ules2 61338 83

 128. Lew DH (2012). In: Olson KR (ed) Poisoning & drug overdose, 
6th edn. McGraw Hill, New York

 129. Munier M, Ayoub M, Suteau V, Gourdin L, Henrion D, Reiter 
E, Rodien P (2021) In vitro effects of the endocrine disruptor 
p, p’DDT on human choriogonadotropin/luteinizing hormone 
receptor signalling. Arch Toxicol 95(5):1671–1681. https:// doi. 
org/ 10. 1007/ s00204- 021- 03007-1

 130. Kumar J, Das S, Teoh SL (2018) Dietary acrylamide and the risks 
of developing cancer: facts to ponder. Front Nutr 5:14. https:// 
doi. org/ 10. 3389/ fnut. 2018. 00014

 131. Karwowska M, Kononiuk A (2020) Nitrates/nitrites in food-risk 
for nitrosative stress and benefits. Antioxidants (Basel, Switzer-
land) 9(3):241. https:// doi. org/ 10. 3390/ antio x9030 241

 132. Costa-Amaral IC, Carvalho L, Santos M, Valente D, Pereira 
AC, Figueiredo VO, Souza JM, Castro VS, Trancoso MF, 

Fonseca A, Milagres VG, Mendes M, Paiva M, André LC, 
Borges RM, Menezes M, Alves SR, Gonçalves ES, Sisenando 
HA, Perini JA, Larentis AL (2019) Environmental assessment 
and evaluation of oxidative stress and genotoxicity biomark-
ers related to chronic occupational exposure to benzene. Int 
J Environ Res Public Health 16(12):2240. https:// doi. org/ 10. 
3390/ ijerp h1612 2240

 133. Wang LQ, Liu T, Yang S, Sun L, Zhao ZY, Li LY, She YC, Zheng 
YY, Ye XY, Bao Q, Dong GH, Li CW, Cui J (2021) Perfluoro-
alkyl substance pollutants activate the innate immune system 
through the AIM2 inflammasome. Nat Commun 12(1):2915. 
https:// doi. org/ 10. 1038/ s41467- 021- 23201-0

 134. Tarafdar A, Sirohi R, Balakumaran PA, Reshmy R, Madhavan 
A, Sindhu R, Binod P, Kumar Y, Kumar D, Sim SJ (2022) The 
hazardous threat of bisphenol A: toxicity, detection and remedia-
tion. J Hazard Mater 423:127097. https:// doi. org/ 10. 1016/j. jhazm 
at. 2021. 127097

 135. Suchomel A, Goeden H, Dady J (2018) A method for develop-
ing rapid screening values for active pharmaceutical ingredients 
(APIs) in water and results of initial application for 119 APIs. 
Int J Environ Res Public Health 15(7):1308

 136. da Silva W, Ghica ME, Brett CMA (2019) Choline oxidase inhi-
bition biosensor based on poly(brilliant cresyl blue)—deep eutec-
tic solvent/carbon nanotube modified electrode for dichlorvos 
organophosphorus pesticide. Sens Actuators B. https:// doi. org/ 
10. 1016/j. snb. 2019. 126862

 137. Hondred JA, Breger JC, Alves NJ, Trammell SA, Walper SA, 
Medintz IL, Claussen JC (2018) Printed graphene electrochemi-
cal biosensors fabricated by inkjet maskless lithography for rapid 
and sensitive detection of organophosphates. ACS Appl Mater 
Interfaces 10(13):11125–11134. https:// doi. org/ 10. 1021/ acsami. 
7b197 63

 138. Chen Y, Luo Z, Lu X (2019) Construction of novel enzyme-gra-
phene oxide catalytic interface with improved enzymatic perfor-
mance and its assembly mechanism. ACS Appl Mater Interfaces 
11(12):11349–11359. https:// doi. org/ 10. 1021/ acsami. 8b207 44

 139. Arduini F, Cinti S, Caratelli V, Amendola L, Palleschi G, 
Moscone D (2019) Origami multiple paper-based electrochemi-
cal biosensors for pesticide detection. Biosens Bioelectron 
126:346–354. https:// doi. org/ 10. 1016/j. bios. 2018. 10. 014

 140. Borah H, Dutta RR, Gogoi S, Medhi T, Puzari P (2017) Glu-
tathione-S-transferase catalyzed reaction of glutathione for elec-
trochemical biosensing of temephos fenobucarb and dimethoate. 
Anal Methods 9(27):4044–4051. https:// doi. org/ 10. 1039/ c7ay0 
1258f

 141. Liu L, Chen C, Chen C, Kang X, Zhang H, Tao Y, Xie Q, Yao S 
(2019) Poly(noradrenalin) based bi-enzyme biosensor for ultra-
sensitive multi-analyte determination. Talanta 194:343–349. 
https:// doi. org/ 10. 1016/j. talan ta. 2018. 10. 055

 142. da Silva W, Ghica ME, Brett CMA (2020) Biotoxic trace metal 
ion detection by enzymatic inhibition of a glucose biosensor 
based on a poly(brilliant green)–deep eutectic solvent/carbon 
nanotube modified electrode. Talanta. https:// doi. org/ 10. 1016/j. 
talan ta. 2019. 120427

 143. Dalkıran B (2020) Amperometric determination of heavy metal 
using an HRP inhibition biosensor based on ITO nanoparticles-
ruthenium(III) hexamine trichloride composite: Central compos-
ite design optimization. Bioelectrochemistry. https:// doi. org/ 10. 
1016/j. bioel echem. 2020. 107569

 144. Pandey SK, Sachan S, Singh SK (2019) Electrochemically 
reduced graphene oxide modified with electrodeposited thionine 
and horseradish peroxidase for hydrogen peroxide sensing and 
inhibitive measurement of chromium. Mater Sci Energy Technol 
2(3):676–686. https:// doi. org/ 10. 1016/j. mset. 2019. 08. 001

 145. Elsebai B, Ghica ME, Abbas MN, Brett CMA (2017) Catalase 
based hydrogen peroxide biosensor for mercury determination by 

https://doi.org/10.1016/j.envint.2021.106877
https://doi.org/10.3390/ijerph17030679
https://doi.org/10.1159/000485749
https://doi.org/10.1007/s00204-020-02739-w
https://doi.org/10.1007/s00204-020-02739-w
https://doi.org/10.2478/intox-2019-0007
https://doi.org/10.3390/ijerph16010146
https://www.ncbi.nlm.nih.gov/books/NBK470430/
https://www.ncbi.nlm.nih.gov/books/NBK470430/
https://doi.org/10.1007/s11356-018-3642-2
https://doi.org/10.1007/s11356-018-3642-2
https://doi.org/10.3390/ijerph17176177
https://doi.org/10.3390/ijerph17176177
https://doi.org/10.1186/s12940-018-0441-7
https://doi.org/10.3390/ijms22179591
https://doi.org/10.3390/ijms22179591
https://doi.org/10.2174/1389200222666210701164945
https://doi.org/10.2174/1389200222666210701164945
https://doi.org/10.3390/molecules26133883
https://doi.org/10.1007/s00204-021-03007-1
https://doi.org/10.1007/s00204-021-03007-1
https://doi.org/10.3389/fnut.2018.00014
https://doi.org/10.3389/fnut.2018.00014
https://doi.org/10.3390/antiox9030241
https://doi.org/10.3390/ijerph16122240
https://doi.org/10.3390/ijerph16122240
https://doi.org/10.1038/s41467-021-23201-0
https://doi.org/10.1016/j.jhazmat.2021.127097
https://doi.org/10.1016/j.jhazmat.2021.127097
https://doi.org/10.1016/j.snb.2019.126862
https://doi.org/10.1016/j.snb.2019.126862
https://doi.org/10.1021/acsami.7b19763
https://doi.org/10.1021/acsami.7b19763
https://doi.org/10.1021/acsami.8b20744
https://doi.org/10.1016/j.bios.2018.10.014
https://doi.org/10.1039/c7ay01258f
https://doi.org/10.1039/c7ay01258f
https://doi.org/10.1016/j.talanta.2018.10.055
https://doi.org/10.1016/j.talanta.2019.120427
https://doi.org/10.1016/j.talanta.2019.120427
https://doi.org/10.1016/j.bioelechem.2020.107569
https://doi.org/10.1016/j.bioelechem.2020.107569
https://doi.org/10.1016/j.mset.2019.08.001


Topics in Catalysis 

1 3

inhibition measurements. J Hazard Mater 340:344–350. https:// 
doi. org/ 10. 1016/j. jhazm at. 2017. 07. 021

 146. Liu Y, Yao L, He L, Liu N, Piao Y (2019) Electrochemi-
cal enzyme biosensor bearing biochar nanoparticle as signal 
enhancer for bisphenol a detection in water. Sensors (Switzer-
land). https:// doi. org/ 10. 3390/ s1907 1619

 147. Maleki N, Kashanian S, Maleki E, Nazari M (2017) A novel 
enzyme based biosensor for catechol detection in water samples 
using artificial neural network. Biochem Eng J 128:1–11. https:// 
doi. org/ 10. 1016/j. bej. 2017. 09. 005

 148. Ashrafi AM, Sýs M, Sedláčková E, Shaaban Farag A, Adam V, 
Přibyl J, Richtera L (2019) Application of the enzymatic electro-
chemical biosensors for monitoring non-competitive inhibition 
of enzyme activity by heavy metals. Sensors 19(13):2939

 149. Lukyanenko KA, Denisov IA, Sorokin VV, Yakimov AS, Esim-
bekova EN, Belobrov PI (2019) Handheld enzymatic luminescent 
biosensor for rapid detection of heavy metals in water samples. 
Chemosensors 7(1):16

 150. Dabhade A, Jayaraman S, Paramasivan B (2021) Development 
of glucose oxidase-chitosan immobilized paper biosensor using 
screen-printed electrode for amperometric detection of Cr(VI) in 
water. 3 Biotech 11(4):1–11

 151. Varjovi MJ, Sabzi RE, Borghei SM (2018) Determination of 
heavy metal ions by an amperometric biosensor based on glucose 
oxidase immobilized onto single-walled carbon nanotubes/Nile 
blue nanocomposite. J Iran Chem Soc 15(8):1765–1774

 152. Rigo AA, Cezaro AMD, Muenchen DK, Martinazzo J, Man-
zoli A, Steffens J, Steffens C (2020) Heavy metals detection in 
river water with cantilever nanobiosensor. J Environ Sci Health 
B 55(3):239–249

 153. Mohd Razib MS, Latip W, Abdul Rashid JI, Knight VF, Wan 
Yunus WMZ, Ong KK, Mohd Noor SA (2021) An enzyme-based 
biosensor for the detection of organophosphate compounds using 
mutant phosphotriesterase immobilized onto reduced graphene 
oxide. J Chem. https:// doi. org/ 10. 1155/ 2021/ 22310 89

 154. Lu X, Li Y, Tao L, Song D, Wang Y, Li Y, Gao F (2018) Amor-
phous metal boride as a novel platform for acetylcholinesterase 
biosensor development and detection of organophosphate pesti-
cides. Nanotechnology 30(5):055501

 155. Cui HF, Zhang TT, Lv QY, Song X, Zhai XJ, Wang GG (2019) 
An acetylcholinesterase biosensor based on doping Au nanorod@ 
 SiO2 nanoparticles into  TiO2-chitosan hydrogel for detection of 
organophosphate pesticides. Biosens Bioelectron 141:111452

 156. Wu Y, Jiao L, Xu W, Gu W, Zhu C, Du D, Lin Y (2019) Poly-
dopamine-capped bimetallic AuPt hydrogels enable robust 
biosensor for organophosphorus pesticide detection. Small 
15(17):1900632

 157. Zhang P, Sun T, Rong S, Zeng D, Yu H, Zhang Z, Pan H (2019) 
A sensitive amperometric AChE-biosensor for organophosphate 
pesticides detection based on conjugated polymer and Ag-rGO-
NH2 nanocomposite. Bioelectrochemistry 127:163–170

 158. Gür F, Kaya ED, Gür B, Türkhan A, Onganer Y (2019) Prepara-
tion of bio-electrodes via Langmuir–Blodgett technique for phar-
maceutical and waste industries and their biosensor application. 
Colloids Surf A 583:124005

 159. Baluta S, Lesiak A, Cabaj J (2018) Graphene quantum dots-based 
electrochemical biosensor for catecholamine neurotransmitters 
detection. Electroanalysis 30(8):1781–1790

 160. Chen T, Xu Y, Wei S, Li A, Huang L, Liu J (2019) A signal 
amplification system constructed by bi-enzymes and bi-nano-
spheres for sensitive detection of norepinephrine and miRNA. 
Biosens Bioelectron 124:224–232

 161. Moraes JT, Salamanca-Neto CA, Švorc Ĺ, Schirmann JG, 
Barbosa-Dekker AM, Dekker RF, Sartori ER (2019) Laccase 
from Botryosphaeria rhodina MAMB-05 as a biological com-
ponent in electrochemical biosensing devices. Anal Methods 
11(6):717–720

 162. Karami C, Taher MA (2019) A catechol biosensor based on 
immobilizing laccase to  Fe3O4@ Au core–shell nanoparticles. 
Int J Biol Macromol 129:84–90

 163. Sarika C, Rekha K (2021) A simple laccase based amperomet-
ric biosensor for detection of phenolic azo dyes-a comparative 
study on different membranes as immobilization supports. Cur-
rent Trends Biotechnol Pharm 15(4):408–415

 164. Maleki N, Kashanian S, Nazari M, Shahabadi N (2019) A novel 
sensitive laccase biosensor using gold nanoparticles and poly 
l-arginine to detect catechol in natural water. Biotechnol Appl 
Biochem 66(4):502–509

 165. Kapan B, Kurbanoglu S, Esenturk EN, Soylemez S, Top-
pare L (2021) Electrochemical catechol biosensor based on 
β-cyclodextrin capped gold nanoparticles and inhibition effect 
of ibuprofen. Process Biochem 108:80–89

 166. Dabhade A, Jayaraman S, Paramasivan B (2020) Colorimetric 
paper bioassay by horseradish peroxidase for the detection of 
catechol and resorcinol in aqueous samples. Prep Biochem Bio-
technol 50(8):849–856

 167. Weng Y, Zhu Q, Huang ZZ, Tan H (2020) Time-resolved fluo-
rescence detection of superoxide anions based on an enzyme-
integrated lanthanide coordination polymer composite. ACS 
Appl Mater Interfaces 12(27):30882–30889. https:// doi. org/ 10. 
1021/ acsami. 0c090 80

 168. Wang L, Wen W, Xiong H, Zhang X, Gu H, Wang S (2013) 
A novel amperometric biosensor for superoxide anion based on 
superoxide dismutase immobilized on gold nanoparticle-chi-
tosan-ionic liquid biocomposite film. Anal Chim Acta 758:66–
71. https:// doi. org/ 10. 1016/j. aca. 2012. 10. 050

 169. Savizi ISP, Kariminia HR, Ghadiri M, Roosta-Azad R (2012) 
Amperometric sulfide detection using Coprinus cinereus per-
oxidase immobilized on screen printed electrode in an enzyme 
inhibition based biosensor. Biosens Bioelectron 35(1):297–301. 
https:// doi. org/ 10. 1016/j. bios. 2012. 03. 004

 170. Santharaman P, Venkatesh KA, Vairamani K, Benjamin AR, 
Sethy NK, Bhargava K, Karunakaran C (2017) ARM-micro-
controller based portable nitrite electrochemical analyzer using 
cytochrome c reductase biofunctionalized onto screen printed 
carbon electrode. Biosens Bioelectron 90:410–417. https:// doi. 
org/ 10. 1016/j. bios. 2016. 10. 039

 171. Liu Z, Ma H, Sun H, Gao R, Liu H, Wang X, Xu P, Xun L (2017) 
Nanoporous gold-based microbial biosensor for direct determina-
tion of sulfide. Biosens Bioelectron 98:29–35. https:// doi. org/ 10. 
1016/j. bios. 2017. 06. 037

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.jhazmat.2017.07.021
https://doi.org/10.1016/j.jhazmat.2017.07.021
https://doi.org/10.3390/s19071619
https://doi.org/10.1016/j.bej.2017.09.005
https://doi.org/10.1016/j.bej.2017.09.005
https://doi.org/10.1155/2021/2231089
https://doi.org/10.1021/acsami.0c09080
https://doi.org/10.1021/acsami.0c09080
https://doi.org/10.1016/j.aca.2012.10.050
https://doi.org/10.1016/j.bios.2012.03.004
https://doi.org/10.1016/j.bios.2016.10.039
https://doi.org/10.1016/j.bios.2016.10.039
https://doi.org/10.1016/j.bios.2017.06.037
https://doi.org/10.1016/j.bios.2017.06.037

	Immobilized Enzyme-based Novel Biosensing System for Recognition of Toxic Elements in the Aqueous Environment
	Abstract
	Graphical Abstract

	1 Introduction
	2 Enzymes Immobilization Applied as a Bioreceptor Element in Biosensing
	3 Transduction Methods Used in Immobilized Enzyme Biosensors
	4 Biosensing Technologies in Water Cell-Based Techniques
	5 Toxic Elements in Aqueous Environments Monitored by Immobilized Enzyme-based Biosensors
	5.1 Heavy Metals
	5.2 Organophosphate
	5.3 Pharmaceuticals Compounds
	5.4 Phenolic Compounds

	6 Perspectives
	7 Conclusions
	Acknowledgements 
	References


