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Abstract: Studies at the molecular, systemic, and epidemiological levels have shown that chronic metal exposure 
is linked to significant health consequences, including cancer, affecting hundreds of millions worldwide. Subtle 
and convoluted mechanisms underline metals' toxicity and carcinogenicity. The use of sensors for carcinogenic 
metals' trace detection is on the rise due to their selectivity, simplicity, and affordability. Biotechnology and 
microelectronics in the development of sensors have grown complementarily in recent years. This study offers a 
comprehensive overview of current research and advancements in developing sensors for detecting carcinogenic 
metals. Here, we have focussed on the developed biosensor platforms for group 1 carcinogens, i.e., arsenic, nickel, 
cadmium, chromium, and beryllium, along with their brief roles in human carcinogenesis. This review also looks 
at the importance of sensing such metal exposure in humans from a larger perspective, hoping to influence future 
research toward early prevention and treatment of illnesses like cancer. 
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Introduction 

Concerns about the carcinogenicity and toxicity caused by metals are not new. The prominent 
carcinogens are arsenic (As), nickel (Ni), cadmium (Cd), chromium (Cr), and beryllium (Be). Since the 
last decade, there has been a growing amount of curiosity to find out more carcinogenic metals 
polluting the environment. Some of them are iron (Fe), copper (Cu), lead (Pb), and mercury (Hg), as 
listed by the International Agency for Research on Cancer (IARC) (Lay and Levina, 2013; Rousseau et 
al., 2005). High doses of iron and copper are carcinogenic, although they are well-controlled and often 
cause cancer only in animals or individuals with genetic conditions that impair metabolic regulation 
(Iqbal et al., 2021; Mandil et al., 2020). The phenomenon of cancer induction by metals and their role in 
environmental health concerns is still poorly understood, despite the growing number of research. 
These carcinogenic metals are known to cause alterations in normal cellular activity, which may lead 
to abnormal cell growth and development (Chen et al., 2019). All carcinogenic metals induce cancer via 
a variety of shared processes that include bio-methylation and the active role of redox-reactive species. 
Similarly, numerous carcinogenic metals may affect cell regulation by altering gene regulation. Also, 
many metals are potent co-carcinogens, which means they have a synergistic impact when combined 
with other cancer-causing chemicals. Therefore, metals' potential to trigger changes at the cellular level 
may be far greater than previously imagined. Current research findings about the sensor-based 
detection processes of carcinogenic metals in diverse matrices are outlined in this study. Particular 
attention has been given to metals considered toxic and subsequently designated as Group 1 
carcinogens by the IARC, for which most of the data on their genotoxic effects is available. Cancer 
development is understood to be a three-step process that includes initiation, promotion, and 
progression. Most of the time, it is unknown if these metal complexes work either as a tumour promoter 
or an initiator, or both (Huang et al., 2004).  

A biosensor is popularly described as an analytical tool consisting of a biological material 
immobilized in close proximity to a compatible transducer which translates a biochemical signal into a 
quantifiable optical or electrical signal (Chandra and Suman, 2021; Gronow, 1984; Mahato et al., 2016; 
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Purohit et al., 2020b). Biosensors are used in almost every field (Azad et al., 2022; Mahato et al., 2018b), 
and one such is detecting health-deteriorating carcinogenic metals. According to reports, most heavy 
metals can potentially cause cancer and are carcinogenic. They are systemic toxicants harmful to cell 
organelles like mitochondria, nucleus, and cell membrane (Karthik et al., 2022). Heavy metal 
contamination in wastewater and drinking water is relatively high in developing nations like India, 
Ethiopia, and China (Huang et al., 2019). The primary exposure comes from man-made activities, with 
a significant chunk of contamination arising from activities such as mineral mining and smelting with 
metals and their different compounds in home, industrial, and agricultural settings. The interaction of 
heavy metal ions with DNA and other nucleic acids can lead to damage in DNA and conformational 
changes that affect cell cycle regulation and apoptosis (Fu and Xi, 2020). Enough efforts have been made 
to establish delicate and specific methods for recognizing hazardous heavy metal ions. To detect 
carcinogenic metal ions, various recognition materials, such as biological/synthetic, organic/inorganic, 
optical, laser, or combination materials, have been used (Alhadrami, 2018). And these materials, as 
mentioned here, are regarded as Heavy Metal Recognition Materials. Some of them can be biological 
receptors, electrochemical receptors, chemical receptors, alloys, ionophores, fluorophores, or carbon 
nanotubes. Several biosensors based on DNAzymes/DNA particles have also been developed (Zhou et 
al., 2020). Many enzymes have been used to analyze heavy metal ions based on the activation or 
inhibition of their enzymatic activity. Enzyme activation occurs when heavy metals act as cofactors for 
metalloproteins, essential to enzyme structure and function. Several non-enzymatic proteins have also 
been used in biosensor development, ranging from naturally occurring metal-binding proteins to 
various synthetically designed proteins built to bind certain metal ions (Verma and Singh, 2005). For 
the biomonitoring of setups contaminated by heavy metals, proteins conferring resistance to metals or 
participating in regulatory mechanisms and synthesized by genetically modified organisms have been 
used to detect cadmium and lead (He et al., 2021). Apart from these, immunoassay techniques have 
also been reported. They have become a popular alternative for detecting heavy metal ions due to their 
significant advantages over traditional detection techniques. Appropriate antibodies can be generated 
to enhance the selectivity, sensitivity, species specificity, and theoretical applicability to any 
contaminant (Verma and Singh, 2005). All these recent examples are types of biological receptors. 
Nowadays, reports of detecting heavy metals utilizing artificial receptors, such as ionophores, are also 
prevalent (Zhou et al., 2016). Similarly, fluorescent molecules are also utilized for the detection of 
carcinogenic metals (Sannigrahi et al., 2019). One such novel technique is thessDNA multi-walled 
carbon nanotube (MWCNT) integrated fluorescent system for the detection of heavy metal ions 
(Karthik et al., 2022). It combines the properties of both ionophores and fluorophores. An advanced 
method of sensing carcinogenic metal ions includes the lab-on-chip method. Within a micro 
total analysis setup, lab-on-chip systems can perform a variety of chemical, biological, and related 
procedures and thereby detect heavy metals. These chips are fabricated using glass, silicon, 
polydimethylsiloxane (PDMS), polymethylmethacrylate (PMMA), and polycarbonate polymers (Lu et 
al., 2018; Zhang et al., 2020). Even a minute amount of toxic metal concentration, ranging from 
picomolars to micromolars, can be detected using this combination.  

For the immobilization of the recognition material on the transducer's surface, biomaterial 
functionality is essential. It is also crucial to ensure the receptor cell's accessibility to analytes and the 
closeness between the bioreceptor and the transducer. For every sensor used for the detection of 
carcinogenic metal, the sensor's immobilization method is significant, which is determined on the basis 
of the physicochemical parameters of the analyte, the type of sensing device utilized, and the operating 
conditions(Purohit et al., 2020a). In this review article, the detection of five prominent carcinogenic 
metals has been discussed in detail: As, Cd, Be, Ni, and Cr, along with their mechanisms of causing 
cancer. The biosensors developed for their detection have been discussed thoroughly, and future 
prospects have also been discussed. 
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Biosensors for the detection of arsenic 

As is a long-lasting poisonous heavy metal that seriously endangers the environment and public 
health by being present in water. It is a fact that As pollution in the environment has been a global issue 
owing to its toxicity to both humans and microorganisms. As per the World Health Organization 
(WHO), the permissible quantity of As should be less than 10 ppb in drinking water, but if it is greater 
than that, it can cause skin, lung, heart, and bladder cancer and renal problems in the long run (Online 
et al., 2018; Rahman et al., 2016). Taxonomically diverse and metabolically adaptive microorganisms 
are involved in the redox conversion of As and can use it to produce energy by oxidation (Hughes et 
al., 2011). The oxidation state of this metal ranges from 0 in the elemental state to +2 in As4S4, +3 in AsH3, 
and +4 in H₃AsO₄.  In the aqueous medium, As is mainly found as the in form of As5+ (pentavalent 
arsenate) and As3+ (oxyanions of trivalent arsenite). The presence of As3+ is 60 times more hazardous 
than As5+ (as H3AsO4), if present in potable water. 

As itself is not mutagenic, however, it has been known to have several damaging effects on DNA, 
such as amplifying DNA damage caused by other substances, inhibiting sister chromatid exchange, 
gene duplication, and DNA repair. Its intake via contaminated food or water leads to its absorption in 
the digestive system. Trivalent arsenic (As3+) enters the cell through aquaglyceroporin channels, 
whereas pentavalent arsenic (As5+) enters cells through membrane transporters such as the phosphate 
transporter. The trivalent form of As is more membrane-permeable than pentavalent ones, and its 
uptake is greatly influenced by cell type and oxidation state. Arsenate reductase is an enzyme that can 
either be expelled from cells or sequestered in intracellular compartments, converting As5+ to As3+. The 
process of converting As from its inorganic to the organic state involves methylation. By methylating 
arsenite, first to monomethylarsonous acid (MMA) and then to dimethylarsonous acid (DMA), the 
arsenic-3-methyl transferase enzyme (As3MT) uses s-adenosyl-l-methionine (SAM) as the methyl-
donating cofactor. Glutathione-s-transferase omega (GSTO) is the enzyme that catalyzes the conversion 
of MMA5 to MMA3. The liver is known to absorb the inorganic arsenicals, convert them to MMA and 
DMA, and then excrete pentavalent methylated arsenic into the urine. Additionally, it has been claimed 
that arsenic can activate signal transduction pathways and encourage the production of reactive oxygen 
species (ROS). Similar to many other traditional carcinogens, it stimulates cell proliferation. An 
understanding of the process underlying As carcinogenicity can be gained from how arsenic affects cell 
proliferation. According to research done by the Agency for Toxic Substances and Disease Registry 
(ATSDR) (2013), even after stopping exposure to As, 40 and 60 percent of the toxin may remain in the 
body's tissues, such as skin, hair, nails, and muscle, with smaller quantities remaining in the teeth and 
bones. This continues to contribute to the toxicity and carcinogenicity of As (Bustaffa et al., 2014). 

As a result, it is essential to identify As levels in the natural resources, the environment, and the 
human body. This is done using several analytical techniques, but the most advanced and sensitive 
technique is sensing. Some of the biosensing techniques have been discussed below. 

Electrochemical biosensors are the most sought-after, rapid, and sensitive (Mahato et al., 2018a). 
For instance, Núñez et al. mounted the bacteria Alcaligenis faecalis on a screen-printed carbon electrode 
(SPCE) augmented with gold nanoparticles (AuNPs-SPCE) as an electrochemical biosensor for As3+ ion 
detection (Núñez et al., 2021). Without a redox mediator, the bacteria were crosslinked with 
glutaraldehyde over AuNPs-SPCE. By catalytically converting As3+ to As5+ upon activation, the 
bacterial enzyme arsenite oxidase created an analytical signal that enabled the detection of As3+ ions. 
The limit of detection (LOD) was obtained as 6.61 μmol L-1 (R = 0.9975) at 700 mV (pH 12) in the 
analytical application. After reduction, the As concentrations in river water samples were assessed 
using the electrode AF/AuNPs-SPCE. Similarly, another electrochemical-based aptamer biosensor for 
As detection has also been developed by Yadav et al. They modified glassy carbon electrodes 
(GCE) using silver and gold alloy nanoparticles (Ag-Au alloy NPs), which were eventually loaded with 
an aptamer (Yadav et al., 2020). The electrode contained apta-deep trapped Ag-Au alloy nanoparticles 
(NPs), and the detection was carried out using differential pulse voltammetry (DPV) and cyclic 
voltammetry (CV) methods. Voltammetry results showed that the electrochemical process in which the 
As3+ ions were collected underwent a significant increase in current. The NPs' electrocatalytic properties 
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led to an increase in current. For As3+ concentration, the activity curve was investigated to be linear 
with values between 0.01 μg/L to 10 μg/L and the LOD value to be 0.003 × 10-3 μg/L. Another advanced 
electrochemical biosensor for the immobilization-free detection of As5+ was developed by Yang L et al. 
CeO2-DNA was used as a nanoprobe based on the competitive coordination effect (Yang et al., 2020). 
CeO2 NP was created, followed by the adsorption of ssDNA over CeO2, thus forming a bio-conjugate 
where the ssDNA took up the As5+ via a coordination bond. More notably, this immobilization-free 
electrochemical method avoided the complex modification and time consumption, displaying 
exceptional simplicity, speed, and efficiency compared to the conventional As5+ electrochemical assays. 
The fabrication and working of this biosensor have been illustrated in Figure 1A. 

Apart from the electrochemical biosensors, luminescent sensors have also been developed. 
Dieudonné et al. developed a whole-cell biosensor using magnetotactic bacteria that show intrinsic 
magnetism (Dieudonné et al. 2020). Initially, in the genomes of two strains of magnetotactic bacteria, 
Magnetospirillum gryphiswaldense (MSR-1) and Magnetospirillum magneticum (AMB-1), As-inducible 
promoters were found. With a LOD value of 0.5 μM for arsenite, a biosensor was created by 
transcriptional fusion between the luxCDABE operon of bacteria and the As-inducible promoters. It 
produced an element-specific response in 30 minutes. Post magnetic concentration, the biosensor's 
sensitivity increased by a factor of 50, bringing it to 10 nM. That was more than an order of magnitude 
below the 0.13 M upper limit for As in drinking water. Upon freeze-drying the magnetic bacteria, the 
biosensor resulted in successful preservation. In another recent successful work on photoluminescent 
biosensors by Dwivedi A et al., Eu:Y2O3  nanophosphor (EYN) and Eu:Y2O3-poly vinyl alcohol (PVA) 
fluorescent films (EYF) were synthesized to detect As3+ (Dwivedi et al., 2022). With an arsenate solution, 
the EYF probe exhibited a rapid fluorescence quenching reaction. The LOD for arsenate detection was 
estimated to be 57.4 ng/L (0.0574 ppb), with a linear detection range of 0-100 μg/L. The fabrication of a 
biosensor has been shown in Figure 1B. The probe also exhibited remarkable durability and required 
no acid medium or enzyme.  

In recent years, various novel biosensors integrated with microfluidic devices have also been 
developed for detecting and quantifying arsenic.  One such example is a paper-based microfluidic 
sensor device that was modified with silver nanoparticles for the colorimetric naked-eye detection of 
As3+ (Saadati et al., 2022). The fabrication of the biosensor has been demonstrated in Figure 1C. The 
oxidation-reduction reaction between silver nitrate and As3+ and further deposition on Ag nanoprisms 
(NPrs) changed their morphology. Subsequently, a change in the color of the nanoparticle from blue to 
purple was observed. Based on this phenomenon, a method for As3+ naked-eye detection was 
developed. The developed device provided a quick visual approach with As3+ analysis capability 
ranging from 0.0005 to 1 ppm, with 0.0005 ppm as the lower limit of quantification (LOQ). 

Some additional examples of biosensors reported to detect As have been mentioned in Table 1, 

where the sensing molecule, fabrication strategy, detection method, linear dynamic range (LDR), LOD, 
and real sample data have been mentioned precisely. 
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Table 1. List of biosensors for detection of arsenic (NR-Not reported). 

S.No. Sensing molecule Detection method Fabrication strategy 
Linear dynamic 

range (LDR) 

Limit of 

detection (LOD) 
Real sample References 

1 Arsenic  
CV, Hydrodynamic 

amperometry 
GCE modified with cobalt 

oxide nanoparticles 
NR 11 nM Aqueous solution (Salimi et al., 2008) 

2 Arsenic  CV, ASV 
Metallothionein was 

adsorbed on a paper chip 
placed on a SPCE 

5 ppb-1000 ppb 13 ppb Water (Irvine et al., 2017) 

3 Arsenic  CV 

Graphene oxide nanosheets 
based electrochemical 

biosensor using l-leucine as 
biorecognition element 

5 ppm-50 ppm 0.5 ppm 
River, Underground 

water 
(Kumar et al., 2016) 

4 Arsenic  SWV 

GCE modified with bi-
nanoparticle,CNP and 

AuNPsand conjugated with 
aptamer 

0.5 ppb-100 ppb 0.092 ppb Water 
(Mushiana et al., 

2019) 

5 Arsenic  EIS 
Arsenic-specific aptamer 

fabricated on gold electrode 
0.05 ppm-10 ppm 0.8 µM NR 

(Vega-Figueroa et al., 
2018) 

6 Arsenic  CV, EIS, DPV 
PB-GO nanocomposites 
assembled on ssDNA-

modified gold electrode 
0.2 ppb-500 ppb 0.058 ppb 

Tap water, river water, 
lake water 

(Wen et al., 2018) 

7 Arsenic  CV, LSASV 
SPCE fabricated with silica 

NPs 
5 µg/L-30 µg/L 6.2 µg/L River water, Tap water (Ismail et al., 2020) 

8 Arsenic  Optical (liquid crystal) 

CTAB was employed to 
induce homeotropic 

orientation of the liquid 
crystal, and Ars 3 aptamer 

was used as molecular 
recognition element 

0.02 µM-1 µM 50 nM Tap water 
(Nguyen and Jang, 

2020) 
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9 Arsenic  Fluorescence sensor 

Use of a label-free 
fluorescent detection 

platform with a molecular 
triple helix switch as the 

detection element 

10 ng/L-10 mg/L 5 ng/L Water (Pan et al., 2018) 

10 Arsenic  Fluorescence biosensor 

MoS2 nanosheets (quencher) 
prepared by Co-

precipitation, FAM labeled 
Ars 3 aptamer used as a 

signal reporter 

0 nM-8 nM 18 nM Tap water, lake water 
(Ravikumar et al., 

2018) 

11 Arsenic  Fluorescence biosensor 

Label-free streptavidin and 
aptamer-coated silica 

nanoparticles based on 
target-induced 

conformational changes of 
biotin and complementary 

aptamer strands 

2 nM -500 nM 0.45 nM 
Tap water, serum 

sample 
(Taghdisi et al., 2018) 

List of abbreviations: CV- Cyclic Voltammetry, GCE – Glassy Carbon Electrode, ASV- Adsorptive Stripping Voltammetry, SWV- Square Wave Voltammetry, EIS – 
Electrochemical Impedance Spectroscopy, DPV- Differential Pulse Voltammetry, LSASV – Linear Sweep Adsorptive Stripping Voltammetry, AuNPs- Gold Nanoparticles, 

CNP- Carbon Nanoparticle, PB- Prussian Blue, GO- Graphene Oxide, CTAB- Cetyltrimethyl Ammonium Bromide, FAM- Fluorescein amidites.
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Figure 1. A) Fabrication of an electrochemical biosensor (immobilization-free) for As5+ detection using 
nanoprobes (adapted with permission from (Yang et al., 2020); B) Fabrication of biosensor for detection 
of As3+ using Eu:Y2O3 -nanophosphor (EYN) and EYN dispersed-PVA fluorescent film (EYF) (adapted 
with permission from (Dwivedi et al., 2022);C) Fabrication of colorimetric biosensor based on Ag NPs 
for naked eye As3+ detection (adapted with permission from (Saadati et al., 2022). 

Biosensors for the detection of beryllium 

Be is not considered a heavy metal because of its low density and exhibits some unique properties, 
such as a high melting point and greater stiffness. Along with such properties, Be is considered one of 
the most toxic elements that can cause several types of cancer and chronic beryllium disease (CBD) 
(Kreiss et al., 1997). Its toxicity happens mainly due to contamination of water and air in the Be2+ form. 
It is found in trace amounts in natural and wastewater and accumulates in the skin and soft tissues. 
Be2+ is a competing ion for Mg2+ at biological binding sites like the phosphate groups of nucleotides and 
nucleic acids because it has the same charge as Mg2+, but Be does not take part in redox processes. It 
leads to the uncontrolled growth of cells, making it a major contributor to cancer. It promotes mitogenic 
signaling pathways just as other metal compounds which are carcinogenic. Additionally,  Be2+ 
increases the expression of cellular proto-oncogenes in vitro (Beyersmann and Hartwig, 2008). 

Owing to its contribution to cancer, its detection is very crucial. Traditionally, it was determined 
by electrothermal-atomic emission spectrometry, atomic absorption spectrometry, liquid 
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chromatography, chelate gas chromatography, inductively coupled plasma mass spectrophotometry, 
and fluorospectrophotometry (Wang et al. 2006; Li et al. 2015a). These approaches, however, either 
need costly equipment, labor-intensive sample processing or lack appropriate sensitivity and 
selectivity. Additionally, interfering chemicals in samples make identification more difficult. Therefore, 
it is essential to have susceptible and specific detection methods to identify low-traced Be in water and 
food samples. Biosensing can be an effective way to detect and quantify Be2+ ions in water (Chandra et 
al., 2013). Some of the new biosensors designed have been discussed explicitly here. 

To determine Be2+ in water and tetrahydrofuran (THF), a new multichannel sensor based on two 
asymmetrical phthalocyanine molecules was created by Yavuz O. et al. The structure of the biosensor 
was studied using single crystal X-ray diffraction (XRD) and spectroscopic methods such as 1H-NMR, 
13C-Nuclear Magnetic Resonance (NMR), UV-Vis, infrared spectroscopy (IR), matrix assisted laser 
desorption/ionization time of flight mass spectroscopy (MALDI-TOF-MS), and steady-state 
fluorescence (Yavuz et al., 2021) . The LOD value was calculated to be 2.9 ppb, which was relatively 
lower than the WHO's threshold limit of 4 ppb in an aqueous solution. The sensor fabrication has been 
illustrated in Figure 2A. Compared to other reported sensors in the literature, these sensors can be 
categorized as fast sensors with a super quick response time between 0.6 - 0.7 s, respectively. In this 
sensor, a small amount of interference from Co2+ was observed. Also, Qin J et al. developed a unique 
type of biosensor using photonic hydrogel (Qin et al., 2018). Figure 2B shows the fabrication of a 
hydrogel sensor. The smallest cavity-containing crown ether molecules were functionalized in 
responsive photonic hydrogels intended to detect the minute level of Be2+ ions. The detection was done 
in a seawater system by a volume-induced structural color change of colloidal photonic crystals (CPCs) 
(non-close-packed) immobilized in the hydrogels. Cryotropic gelation was used to embed the CPCs in 
suspension within the scaffold PVA hydrogel. It was followed by a photochemical reaction on top of 
the PVA layer to covalently bind the ion-recognition functional groups, forming an additional 
polyacrylamide hydrogel. This two-step adaptable polymerization method was used to create the 
intelligent hydrogel sensing material. The hydrogel that was left post removal of the PVA scaffold 
revealed bright structural color due to photonic crystal diffraction in the visible spectrum and the 
strong and precise binding of the grafted benzo-9-crown-3 (B9C3) with Be2+ ions in solution. The 
hydrogel sensor can quantitatively detect Be2+ ions in seawater and achieve an LOD of 10-11 M. This 
design and construction have been proven for the detection of Be2+ as an inexpensive and efficient 
sensor for in-situ monitoring of harmful ions in seawater. In another type of biosensor, Peng et al. have 
developed a microcantilever sensor based on polymer brushes functionalized with B9C3 for the 
selective and sensitive detection of Be2+ ions in aqueous medium (Peng et al., 2017). The LOD for the 
Be2+ ion was 10-10 M, and the cantilevers demonstrated great sensitivity and selectivity. The 
microcantilever modified with functionalized B9C3 polymer brushes has the potential to be a 
trustworthy and durable sensor for Be2+ detection, as proven by the quick response time (3 min) and the 
cantilevers' complete reusability. The sensitivity of the modified microcantilever Be2+ sensor was better 
than that of laboratory techniques such as spectroscopy and atomic absorption technologies. However, 
more enhancement of the microcantilevers' surface properties is possible. In addition to the above, a 
Be2+ optode optical sensor was crafted by Beiraghi A et al. In this, the membrane was prepared by 
adding 1,8-dihydroxy anthrone and sodium tetraphenyl borate (NaTPB) to a plasticized poly-vinyl 
chloride membrane using ortho-nitrophenyl octyl ether (o-NPOE) as a plasticizer (Beiraghi et al., 2011). 
When exposed to Be2+ ions at pH 10.5, the detecting membrane's color changed rapidly from orange to 
red. In optimized circumstances, the developed sensor displayed a LDR of 0.1-5 g L-1 and an LOD of 
0.03 g L-1. The probe's selectivity was tested for various anions and cations. Ethylenediaminetetraacetic 
acid (EDTA) can be a valuable tool for quantifying the amount of Beas the sensor was highly selective 
in the presence of this masking agent. The created sensor, which used a PVC membrane in conjunction 
with spectrophotometry, is an accurate, economical, highly sensitive, and highly selective tool for the 
measurement of Be2+ ions. By utilizing EDTA as a masking agent for various metal ions, the technique 
might be made more selective. 
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Li J et al. created an electrochemical sensor for the detection of Be2+ based on a novel molecularly 
imprinted polymer (MIP)-electrochemiluminescence (ECL) (Li et al., 2015b). The template molecule 
was chosen as the Be2+ and 4-(2-pyridylazo)-resorcinol combination for MIP. The fabrication and 
mechanism of the biosensor detection have been illustrated in Figure 2C. The complex molecule could 
escape from the MIP and be uniquely recognized by the formed cavities. To convey the probe molecules 
required to produce a sound-responsive signal, the produced cavities act as a tunnel. Thus, the Be2+ 

concentration was indirectly determined based on the strength of the signal, which was proportional 
to the complex molecule's concentration in the sample solution. The investigations revealed that, with 
a LOD of 2.35 × 10-11 mol/L, the ECL's intensity demonstrated linearity in the 7 ×10-11 - 8.0 × 10-9 mol/L 
range. 

Apart from all the discussed techniques, only a few more biosensors are reported for Be in the 
literature and presented in Table 2, where the sensing molecule, fabrication strategy, detection method, 
LDR, LOD, and real sample data have been described precisely for reference. 
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Table 2. List of biosensors for detection of Beryllium (NR-Not reported). 

S.No. Sensing 

molecule 

Fabrication strategy Detection method Linear 

Detection 

Range (LDR) 

Limit of 

Detection 

(LOD) 

Real Sample Reference 

1 Beryllium CV, EIS Beryllium-PAR complex used 

as a template for MIP, MIP-

electrodes immersed in a 

sample with PAR to detect Be 

(II) 

Bottled water, 

Rice sample 

7×10-11-8×10-9 

M 

2.35×10-11 

mol/L 

(Li et al., 2015b) 

2 Beryllium ASV Adsorptive accumulation of 

Be-arsenazo-I complex at 

mercury film-coated carbon-

fiber electrode 

Sea water 10-60 µg/L 0.25 µg/L (Wang et al., 2006) 

4 Beryllium Optical  

(florescence) 

To detect Be(II) in THF and 

aqueous fluids, a multichannel 

sensor based on 

unsymmetrical 

phthalocyanines P—A3BZnPc 

(1) and its water-soluble 

version Q—A3BZnPc (2) was 

developed 

Tap water 4-199 ppb for 

P—A3BZnPc 

(1) 

 

16-256 ppb for 

Q—A3BZnPc 

(2) 

2.9 ppb P—

A3BZnPc (1) 

 

 

17 ppb for 

A3BZnPc (2) 

(Yavuz et al., 2021) 

5 Beryllium Optical (fluorescence) A second ion recognition 

functional group was 

covalently bonded to 

additional polyacrylamide 

Sea water NR 10-11 M (Qin et al., 2018) 
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hydrogen over the scaffold-

containing PVA hydrogel to 

detect the beryllium ion 

6 Beryllium Optical  

(Absorption) 

The 1,8-dihydroxy anthrone 

and sodium tetraphenylborate 

(NaTPB) were added to a 

plasticized poly vinyl chloride 

membrane that contained 

ortho-nitrophenyl octyl ether 

(o-NPOE) as a plasticizer to 

create an optode membrane 

Tap water, 

mineral water, 

river water 

0.1-5 µg/ml 0.03 µg/ml (Beiraghi et al., 2011) 

7 Beryllium Potentiometric The creation of a PVC-based 

beryllium ion-selective 

electrode used -4-bromo-1-

methoxybenzene as an 

ionophore 

Tap water 3×10-6-7×10-2 M 2×10-6 M (Soleymanpour et al., 

2006) 

List of abbreviations: CV- Cyclic Voltammetry, PAR- 4-(2-Pyridylazo)-resorcinol, MIP – Molecularly Imprinted Polymer, EIS – Electrochemical Impedance Spectroscopy, ASV- 
Adsorptive Stripping Voltammetry, PVA- Poly Vinyl Alcohol, THF- Tetrahydrofuran, PVC- PolyVinyl Chloride. 
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Figure 2. A) Sensitivity and selectivity of developed sensor based on two types of Phthalocyanines : P—
A3BZnPc & Q—A3BZnPc for Be2+ detection in aqueous environments (adapted with permission from 
(Yavuz et al., 2021); B) Fabrication of the functional hydrogel sensor for Be2+ detection and diffraction 
responses of functionalized hydrogels containing benzo-9-crown-3 to seawater Be2+ ion concentrations 
(adapted with permission from (Qin et al., 2018); C) Mechanism for the MIP sensor's measurement and 
recognition for Be2+ detection (adapted with permission from (Li et al., 2015b) . 

Biosensors for the detection of cadmium 

Cd is a non-essential heavy metal for human or animal nutrition and is extremely harmful to both 
species, even at very minute concentrations. It is a highly toxic heavy metal that enters the environment 
through several anthropogenic factors. These include mining, refining of non-ferrous metals, discarded 
rechargeable alkaline batteries (such as Ni-Cd batteries), tobacco smoking, smelting, electroplating, the 
usage of phosphate fertilizers, and the burning of fossil fuels (Elcin and Öktem, 2020). Huge 
accumulations of this metal can be found in molluscs and crustaceans, whereas trace amounts can be 
found in vegetables, grains, and starchy rhizomes. Both humans and animals can absorb it through 
breathing and digestion. It is present as highly toxic Cd2+ ions in the soil, water, and agriproducts (Zeng 
et al., 2019). As per the IARC 2012, Cd and its compounds are classified under Group 1 human 
carcinogens as they induce carcinogenesis in the pancreatic, pituitary, hepatic, adrenal, and 
hematopoietic systems due to prolonged exposure (Elcin and Öktem, 2020). Itai-itai disease, a painful 
and disabling bone disease, is also caused when calcium is replaced by Cd in the bones (Aoshima, 2016). 
This leads to osteoporosis, renal tubular failure, and hypercalciuria. Cd inhalation can cause chronic 
obstructive pulmonary disease. Because they share characteristic properties with zinc, such as the 
oxidation state, this metal ion disrupts zinc metabolism. It also interacts with iron to lower haemoglobin 
levels, which results in anaemia (Chakraborty et al. 2013; Jaishankar et al. 2014). 

The mechanism of Cd toxicity is different from others. Depending on the route of entry, different 
amounts of Cd are absorbed in the body after exposure. Approximately 3–10% of the Cd that is 
consumed is absorbed through the digestive tract, compared to 50% of the Cd that is breathed. After 
absorption, Cd is quickly carried by the blood to various organs, where it is believed to have a half-life 
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of 15-20 years in humans. A tiny protein called metallothionein (MT), which has a strong affinity for 
the metal Cd, is largely responsible for the wide variations in the quantity of Cd retained in different 
organs.  The majority of the Cd is deposited in the liver and kidney, which have high MT 
concentrations. Other organs that can store Cd include the testis, spleen, heart, lungs, thymus, salivary 
glands, epididymis, and prostate (Beyersmann and Hartwig, 2008). Therefore, it is crucial to 
continuously monitor environmental Cd levels to prevent its buildup in the food chain and 
environment. High selectivity and sensitivity are efficient ways to assess the worth of a monitoring 
method (Chen et al., 2016). Atomic absorption spectroscopy (AAS) (Karimi et al., 2014), inductively 
coupled plasma mass spectrometry (ICP-MS) (O'Sullivan et al. 2013), and atomic fluorescence 
spectrometry (AFS) (Zhang et al., 2016) are examples of conventional detection techniques. These 
procedures are efficient at quantifying Cd2+ but are also time-consuming, expensive, and difficult 
because of the instrumentation required. To cater for these problems, various biosensors with 
electrochemical, optical, and fluorescent readouts have recently been developed to monitor Cd2+ 

(Chandra et al., 2015) . 
Recently, a bacterial biosensor has been developed that uses a visual pigment as the output signal 

to respond only to hazardous Cd2+ (Hui et al., 2022). A metabolically modified bacteria was used to 
create the violacein pigment (a blue-purple pigment) that reacts with toxic Cd2+. After 1.5 hours of Cd2+ 
treatment, signals resulting from the pigment's excellent stability were observed at 578 nm wavelength 
and measured. A step by step protocol of biosensor fabrication has been given in Figure 3A. Compared 
to other heavy metals, including Zn2+, Pb2+, and Hg2+, this novel biosensor responded to Cd2+ far more 
robustly. The LOD value was detected to be as low as 0.049 μM. This Cd2+ -induced violacein 
production offers a quick-responding, inexpensive, and low-equipment biosensor that may be utilized 
to determine the eco-toxicology of heavy metals. Similarly, another bacterial biosensor was developed 
to measure extractable and total Cd in real environmental samples with high sensitivity, selectivity, 
and cost-effectiveness towards Cd2+ by Cai Y et al. The Cd-responsive biosensor was created through 
directed evolution using the reporting element, GFP and the regulatory element, CadR (Cai et al., 2022). 
A schematic of biosensor fabrication is shown in Figure 3B. Through the use of continuous 
fluorescence-activated cell sorting (FACS) and polymerase chain reaction (PCR), mutant libraries of 
biosensors were created, among which the bacteria variant epCadR5 showed improved performance. 
According to the fluorescence intensity measurement results, the evolved Cd-responsive bacterial 
biosensor had a high specificity and sensitivity for detecting trace levels of Cd. The recorded LOD value 
of 0.45 μg/L was 6.8 times more sensitive to Cd than the wild-type biosensor. ICP-MS and the Cd 
readings from epCadR5 bacteria were shown to be equivalent by quantitative analysis. These findings 
imply that a wide range of Cd-contaminated water and soil detection applications might be possible 
with the developed biosensor. This biosensor has higher interference-fighting abilities than the 
previous generations of Cd-responsive bacterial biosensors, which could not meet the demands of 
practical detection. 

In addition to whole-cell biosensors, DNA-based electrochemical biosensors are also widely used 
nowadays (Sreekanth SP et al.). First, the GCE was fabricated with MWCNT, and then it was 
immobilized with dsDNA to serve as the working electrode for the detection of Cd2+(Sreekanth et al., 
2021). The indicator dye, EG, adhered to ssDNA preferentially, and the reduction peak current was 
smaller for dsDNA. When the indicator dye (EG) bonded to ssDNA instead of dsDNA, the reduction 
peak current was enhanced. First, the Cd2+ unzipped the dsDNA to ssDNA following their binding, 
and the EG molecules then attached to the ssDNA, increasing the reduced peak current, which varied 
depending on the concentration of Cd2+. The stepwise fabrication is shown in Figure 3C. The LOD for 
this method was 2 nM, which was lower than the WHO-permitted level for human exposure, and it 
produced an LDR of 2 nM-10.0 nM with 5 nA nM-1 sensitivity. In another study by Xue Y et al., an 
aptamer-based biosensor for Cd2+ detection was developed using dual polarization interferometry 
(DPI), which was label-free and regenerable (Xue et al., 2020). The fabrication and detection of Cd2+ at 
high and low concentrations have been depicted in Figure 3D. This aptasensor investigated the real-
time interaction between Cd2+ and its aptamer. An interaction mechanism and aptamer conformation 
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dependent on Cd2+ concentration was proposed based on the measured mass, thickness, and density. 
At low Cd2+ concentrations, Cd2+ interactions with phosphate groups on aptamers resulted in a 
stretched ssDNA and a few vertical hairpins. The developed aptasensor showed remarkable sensitivity 
and specificity for Cd2+ detection and was noticeably more sensitive than the 5.0 μg/L threshold 
imposed by the US Environmental Protection Agency (EPA) with a LOD value of 0.61 μg/L. The 
biosensor also had excellent regeneration capability and could be used again without changing the 
response signal noticeably. Interestingly, a label-free electrochemical biosensor has been developed for 
the detection of Cd2+ by Li Y et al. The isothermal titration calorimetric method was initially used to 
screen out the Cd2+ aptamer (issAP08-Cd2+), which revealed that the equilibrium dissociation constant 
(KD) of Cd2+ binding with issAP08-Cd2+ was 2.9 μM. After that, thiol was used to modify the ssDNA 
(issAP08-Cd2+) having 25 nucleotides before assembling it on a gold screen-printed electrode (Li et al., 
2019). Following that, the Cd2+ solution was dropped on the SPE in order to detect Cd2+ using the 
electrochemical aptasensor. The electrochemical characteristics were identified using CV and DPV, and 
the LOD value was determined to be 0.05 ng/mL. This result reaffirmed the idea that the 
electrochemical aptasensor has outstanding selectivity and sensitivity and performs admirably well in 
applications involving real samples owing to its satisfactory reproducibility and stability outcomes.  

Other biosensors which have been reported over time are enlisted in Table 3, where sensing 
molecules, fabrication strategies, detection methods, LDR, LOD, and real sample data have been 
mentioned precisely for detecting and quantifying Cd2+ in water, soil, and food materials.  
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Table 3. List of biosensors for detection of Cadmium (NR-Not reported). 

S.No. Sensing molecule Detection method  Fabrication 

strategy 

 LDR LOD Real Sample References 

1 Cadmium DPV CPE modified with 

dsDNA and 

brilliant green is 

used as an indicator 

molecule 

Animal (Rat 

tissue, chicken 

tissue) 

0.05×10-9 

mol/L -

1.2×10-9 

mol/L 

0.1×10-12 mol/L (Ruhan et al., 2020) 

 

2 Cadmium DPV DNA-based 

biosensor using 

ethyl green as DNA 

hybridization 

indicator on the 

surface of CPE 

Tap water and 

sea water 

1 pM-1 nM 

and 10 nM-

1 µM 

0.3 pM (Ebrahimi et al., 

2018) 

3 Cadmium EIS, SWV Immobilization of 

β-GAL on 

electrochemical 

transducer by 

crosslinking with 

glutaraldehyde and 

detection was based 

on inhibition of β-

GAL by Cd 

River water 2.36–2.36 × 

107 µg/L by 

EIS 

 

2.36 × 10-3–

2.94 × 107 

µg/L by 

SWV 

6.95 µg/L by EIS 

 

 

7.61ng/L by 

SWV 

(Fourou et al., 2016) 
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4 Cadmium DPV  Cd aptamer 

functionalized on 

(AuNPs/CS)-GCE 

Tap water 0.001 nM-

100 nM 

0.04995 pM 

 

(Liu et al., 2017) 

5 Cadmium CV, EIS Aptamer 

conjugated reduced 

Graphene oxide/ 

graphitic carbon 

nitride 

Tap water, 

lake water, 

industrial 

waste from 

paper mill 

1 nM-1 µM, 

1 µM-1 mM  

0.337 nM (Wang et al., 2018) 

6 Cadmium CV, DPV Fabrication of 

aptamer on 

modified gold 

screen-printed 

electrode 

River Sample, 

Fish sample 

0.1 ng/mL-

1000 ng/mL 

0.05 ng/mL (Li et al., 2019) 

7 Cadmium CV Fabrication of 

aptamer on Ti-

modified Co3O4 

NPs placed on 

SPCE 

River water, 

Tap water 

0.20 ng/mL 

-15 ng/mL 

0.49 ng/mL (Liu et al., 2020) 

8 Cadmium DPV Immobilization of 

dsDNA on 

GCE/MWCNT and 

ethyl green used as 

an indicator dye 

Water 2 nM-10 nM 2 nM (Sreekanth et al., 

2021) 

11 Cadmium Optical biosensor Liquid crystal 

biosensor based on 

Cd2+ induced 

NR NR 0.1 nM (Deng et al., 2015) 
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bending of PS oligo 

(DNA), DNA 

immobilized on 

DMOAP/APTES/G

A decorated glass 

slides 

12 Cadmium DPI (optical biosensor) To investigate the 

interaction between 

cadmium and 

aptamer, the 

construction of 

Label-free and 

regenerable 

aptamer-based 

biosensor by DPI  

Tapping water 0.0036 

mg/L-7.28 

mg/L 

0.61 µg/L (Xue et al., 2020) 

List of abbreviations: DPV- Differential Pulse Voltammetry, EIS – Electrochemical Impedance Spectroscopy, SWV- Square Wave Voltammetry, CV- Cyclic Voltammetry, GCE 
– Glassy Carbon Electrode, DPI- Dual Polarization Interferometry, GCE – Glassy Carbon Electrode, MWCNT- Multi Walled Carbon Nanotubes, DMOAP – N, N-dimethyl-N-
octadecyl-3-aminopropyltrimethoxysilyl chloride, APTES – (3-aminopropyl) triethoxysilane, GA-Glutaraldehyde, CPE- Carbon paste electrode. 
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Figure 3. A) Step-by-step protocol for violacein-based bacterial biosensors for Cd2+ (adapted with 
permission from (Hui et al., 2022); B) Schematic of bacterial biosensor formation using regulatory 
elements (CadR) and reporting elements (GFP) (adapted with permission from (Cai et al., 2022);  C) 
Step-by-step fabrication of nanobiosensors using MWCNTs (adapted with permission from (Sreekanth 
et al., 2021); D) Schematic of  label free and regenerable aptasensor for real-time detection of Cd2+ by 
dual polarization interferometry (DPI) at different concentrations of Cd2+(adapted with permission from 

(Xue et al., 2020). 

Biosensors for the detection of chromium 

Cr is another most commonly available element on earth and is ranked 22nd based on its 
availability. In the environment, it occurs naturally due to the erosion of natural Cr deposits. However, 
the presence of Cr deposits in the earth's crust depends entirely on regional geochemistry. Cr exists in 
various oxidation states, including Cr0, Cr2+, Cr3+, Cr4+, Cr5+, and Cr6+, but the most stable oxidation states 
are Cr3+ and Cr6+, which are commonly found. These Cr compounds are extensively used for various 
industrial purposes, such as metal finishing and electroplating in the steel industry, alloying, leather 
tanning, textile dyes, mordants, and industrial catalysts. Due to the varied use of Cr for industrial 
applications, a large amount of Cr accumulates within the environment (air, water, soil), adversely 
affecting the ecological cycle. Furthermore, because of its solubility and mobility, Cr6+ in the soil can 
leach into surface water or groundwater. Although the human body needs Cr3+ in trace amounts (50-
200 mg/day) for its proper functioning, Cr6+ is considered highly toxic, about 1000 folds more toxic than 
Cr3+ (even in small amounts) due to its highly oxidizing capacity (Zayed and Terry, 2003). It is 
responsible for chronic bronchitis, contact dermatitis, liver and kidney damage, ulcers, and even cancer 
(Sharma et al., 2012). While a threshold of 100 µg L−1  total Cr in drinking water is stated safe by the 
EPA* (web reference 1), WHO recommendations stipulate that the level of Cr6+ in groundwater must 
be less than 50 µg L−1 (Biswas et al., 2017; Sayato, 1989).  

The entry of Cr into cells and its harmful effects are significantly influenced by its chemistry. In 
the environment, hexavalent Cr is primarily found as the chromate oxyanion (CrO42-). The general 
sulphate transporters on the cell surface are used by the chromate oxyanion to enter the cell because 
they share a similar structural makeup with the sulphate oxyanion (SO42-). After reduction with 
ascorbate and biological thiols such as glutathione (GSH) or cysteine amino acid residues, Cr6+ begins 
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to exhibit its harmful effects once within the cell. Cr6+ is reduced by GSH to reactive Cr5+ using a one-
electron reduction, and with either reductant, Cr6+ is ultimately converted to Cr3+. In tissue culture 
systems with very low levels of ascorbate, Cr6+ is reduced by GSH to reactive Cr5+ using a stepwise two-
electron reduction, which typically occurs in vivo. This mechanism, particularly when GSH is reduced, 
can produce high amounts of oxidative stress, hydrogen peroxide and other free radical species that 
harm cellular lipids, proteins, and DNA, hence causing cancer (DesMarias and Costa, 2019).  

Several sensors have been employed to monitor Cr levels in the last few years to mitigate its 
adverse effects. It includes modifying electrode surfaces using various nanomaterials and different 
biorecognition elements. 

Electrochemical biosensors have a wide array of applications for the detection of heavy metals, as 
already discussed above. Similarly, numerous electrochemical biosensors have also been developed to 
detect chromium. For instance, natural melanin nanoparticles (MNP) were used to create a biosensor 
that was embellished with an SPCE (Kaleli-Can et al., 2020). Cr6+ was selected as a heavy metal ion to 
be detected to assess the novel biosensor's performance. The ink of the cuttlefish (Sepia officinalis) was 
used to extract natural MNP. SPCEs were decorated with MNP using two different techniques. The 
first was layer-by-layer assembly (LBLA) for 'n' no. of varied cycle times. In the second, SPCE was 
treated with plasma using evaporation-induced self-assembly (EISA) techniques and incubated for a 
time range in an MNP solution. After evaluating the efficiency of both of the modified SPCEs for 
amperometric detection of Cr6+ in various water samples, the reduction peak of Cr6+ was found to occur 
at 0.33 V. Amperometric measurements of Cr6+ for SPCEs modified with 12h-EI-SA and 14n-LBL-A 
depicted wide linearity in the range of 0.1-5 μM and 0.1-2 μM, respectively. Both modified SPCEs also 
detected Cr6+ in samples of tap and lake water, as well as in a simulated aqueous system constituting 
different additional heavy metals and minerals. For 12h-EI-SA, the LOD and LOQ values were found 
to be 0.03 μM and 0.1 μM, respectively. This demonstrated the possibility of MNP-modified SPCEs 
using EISA techniques to replace conventional detection methods like ICP-MS. Similar to this, a GCE 
modified with Nafion (g-C3N4 /AgM/Nf/GCE) (Karthika et al., 2020) was used to immobilize graphene 
carbon nitride in another electrochemical sensor for Cr6+ detection by Karthika A et al. The schematic 
has been illustrated in Figure 4A. A number of analytical and spectroscopic techniques were used to 
analyze the nanocomposite after it was generated using a sonochemical procedure. The g-
C3N4/AgM/Nf/GCE was analyzed using the amperometric method, showing superior electrocatalytic 
activity with a LOD value as low as 0.0016 μM, the sensitivity of 65.8 μA μM-1 cm-2, and LDR between 
0.1 and 0.7 μM. The biosensor demonstrated good sensitivity, stability, reproducibility, and selectivity. 
This electrochemical sensing technique was also used to detect Cr6+ in water samples, and it 
demonstrated excellent viability and recovery. Another series of experiments by Xu Y et al. for 
developing an electrochemical sensor involved the voltammetric examination of Cr6+ using an electrode 
modified with pyridine-functionalized AuNPs and synthesizing 3-dimensional graphene (Xu et al., 
2019). Graphene oxide (GO) was electrochemically reduced on a carbon electrode with a glassy surface, 
as shown in Figure 4B. AuNPs were electrodeposited onto the surface of graphene at a constant voltage, 
and the self-assembling pyridine group joined with AuNP. The created materials were examined using 
scanning electron microscopy (SEM), Raman spectroscopy, and electrochemical methods. Each 
modification stage was examined using CV and electrochemical impedance spectroscopy (EIS). The 
created electrode showed a significant current response to Cr6+ utilizing differential pulse adsorptive 
stripping voltammetry (DPASV). With a LOD value of 1.16 μg/L, its linear response was achieved 
under ideal conditions in the concentration ranging from 25 to 300 μg/L. The fabricated electrode also 
showed excellent repeatability, stability, and selectivity and was used to find Cr6+ in real samples. 

Along with electrochemical techniques, optical techniques for the detection of Cr were also 
explored. Porous silicon structures were used as the enzyme immobilization substrate for the efficient 
detection of Cr in aqueous samples because of their specific optical properties (Biswas et al., 2017). An 
optical biosensor, through naked-eye visualization of the enzymatic activity of β-galactosidase (β-
GAL), was developed by Hossain and Brennan JD. It utilized chlorophenol red β-galactopyranoside, 
which upon hydrolyzation by β-GAL, formed a red magenta-coloured product as illustrated in Figure 
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4C. Upon subsequent addition of the metal ions to the bioactive paper, a loss in color was observed in 
a concentration-dependent manner. The LOD value was found to be 0.150 ppm (Hossain and Brennan, 
2011). In another study by Duffy G et al., a colorimetric lab-on-a-disc sensor was developed named 
'ChromiSense'. This device can be used to detect both, Cr3+ and Cr6+. It utilized 2,6-pyridine dicarboxylic 
acid (for Cr3+ detection) and 1,5-diphenyl carbazide (for Cr6+ detection) as ligands, respectively (Duffy 
et al., 2018). The sample (to be tested) and reagents were placed into a reservoir on the disposable 
microfluidic disc before analysis. The disc was rotated to force liquids through microchannels with 
centrifugal force, mixing and reacting to produce a colourful product. The coloured product was then 
studied under an inexpensive optical detection setup where absorbance readings could be tracked 
continuously. A photodiode (PD) and light emitting diode (LED) couple comprised the optical 
detection system. The LDR and LOD for Cr3+ using this device were reported to be 69-1000 mg L-1 and 
21 mg L-1, respectively, whereas those for Cr6+ were 14-1000 μg L-1 and 4 μg L-1, respectively.  

Some other biosensors have also been reported over time and are enlisted in Table 4. The sensing 
molecule, fabrication strategy, detection method, LDR, LOD, and real sample data have been 
mentioned precisely.  
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Table 4. List of biosensors for detection of Chromium (NR-Not reported). 

S.No. Sensing 

molecule 

Method of detection Fabrication Strategy  LDR  LOD Real Sample Reference 

1 Chromium  DPV, EIS AgNPs-BP-BPQ NRs 

prepared and used as 

a modifier for the 

preparation of 

modified graphite 

paste electrodes 

Tap water, 

river water, 

waste water 

8×10-11 M-1×10-8 

M (tap water) 

10-8 M-10-6 M 

(river water) 

10-6M-10-4M 

(waste water) 

2×10-12 M (Shahbakhsh 

and 

Noroozifar, 

2019) 

2 Chromium  CV Nickel oxide 

nanoparticles coated 

on a fluorine-doped 

tin oxide plate for Cr 

detection. 

NR NR 5 ppM-50 ppM (Kowsalya et 

al., 2019) 

3 Chromium DPASV Ag-plated GCE was 

used for the detection 

Tap water 0.35 µM-40 µM 0.10 µM (Stojanović et 

al., 2018) 

4 Chromium  DPCASV Bismuth film 

electrode prepared 

with a reversibly 

deposited mediator 

(Zn) 

Sea water, 

estuarine 

water, rain 

water, river 

water 

0.0002 nmol/L-

0.00125 nmol/L 

0.000058 

nmol/L 

(Tyszczuk-

Rotko et al., 

2018) 

5 Chromium  CV, 

Chronoamperometry 

Glucose oxidase (GOx) 

immobilized paper 

implanted screen 

NR 0.05 ppM-1 ppM 0.05 ppM (Dabhade et 

al., 2021) 
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printed carbon 

electrode' (SPCE) 

6 Chromium  LSV Gold nanostars 

(AuNSs) modified 

carbon paste screen 

printed electrodes 

(CPSPE) were used 

Well water 10 ppb-75000 

ppb 

3.5 ppb (Dutta et al., 

2019) 

7 Chromium  DPV Unmodified carbon 

paste electrode used 

in an acidic medium 

containing DPC. 

Tap water 50 µg/L-260 

µg/L 

19 µg/L (Hilali et al., 

2018) 

8 Chromium  LSV Screen printed 

electrode modified 

with gold 

nanoparticles 

(AuNPs-SPCE) to 

form a miniaturized 

portable 

electrochemical 

system 

River water 20 µg/L-200 

µg/L 

5.4 µg/L (Tu et al., 

2018) 

9 Chromium  EIS, SWV Immobilization of β-

GAL on 

electrochemical 

transducer by 

crosslinking with 

glutaraldehyde and 

River water 2.94×10-2 µg/L – 

2.94×104   µg/L 

by both EIS, 

SWV 

91.7ng/L by both 

EIS, SWV 

(Fourou et 

al., 2016) 
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detection is based on 

inhibition of β-GAL 

by Cr 

10 Chromium  Linear Sweep Anodic 

stripping 

voltammetry (LSASV) 

Fabrication of Gold 

Nanoparticles on 

screen-printed 

electrodes to detect Cr 

Tap and sea 

water 

0.7 µg/L- 35 

µg/L 

1.6 pg/mL (Tukur et al., 

2015) 

11 Chromium (III) 

and (VI) 

DPCSV, CV Carbon paste 

electrode modified 

with Citrobacter 

freundii (Cf-CPE) to 

detect Cr3+ and Cr6+ 

Chromite mine 

water 

NR Cr (VI) DPCSV- 

1×10-9 M 

Cr (III) DPCSV-

1×10-7 M 

 

Cr (VI) CV-1×10-4 M 

Cr (III) CV- 5×10-4 M 

(Prabhakaran 

et al., 2017) 

12 Chromium  CV NR Water 25 μM to 1 

mM 

LOD (Stern et al., 

2020) 

13 Chromium  Luminescence 

detection 

Luminescent carbon 

dots (CDs) 

from indigenous 

potato sources 

Water 0.5 μM–100 μM 0.012 μM (Sinha et al., 

2020) 

List of abbreviations: DPV- Differential Pulse Voltammetry, DPASV – Differential Pulse Anodic Stripping Voltammetry, DPCSV – Differential Pulse Cathodic Stripping 
Voltammetry, CV- Cyclic Voltammetry, LSV – Linear Sweep Voltammetry, EIS – Electrochemical Impedance Spectroscopy, SWV- Square Wave Voltammetry, DPI- Dual 

Polarization Interferometry, GCE – Glassy Carbon Electrode, MWCNT- Multi-Walled Carbon Nanotubes, DMOAP -N, N-dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl 
chloride, APTES- (3-aminopropyl) triethoxysilane (3-APTES), GA-Glutaraldehyde, DPC- 1,5-Diphenylcarbazide. 
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Figure 4. A) Step-by-step fabrication of GCE with g-C3N4/AgM/Nf modification for Cr6+ detection 
(adapted with permission from (Karthika et al., 2020); B) Schematic showing the process for creating 
pyridine-functionalized AuNPs in 3D RGO/GCE for analysing Cr6+ (adapted with permission from 
(Hossain and Brennan, 2011); C) Diagram illustrating the two sensor designs and the detection 
mechanism for detecting heavy metal ions (adapted with permission from (Xu et al., 2019). 

Biosensors for the detection of nickel 

Ni represents the second most abundant element within the earth and one of the common 
elements (24th in order) present in the earth's crust.  Although it exists in a number of oxidation states 
from -1 to +4, the +2-oxidation state is the most prevalent in the biosphere. It is distributed in the 
environment due to volcanic eruptions, erosions, and meteorites. Aqueous Ni comes from biological 
processes and the solubilization of Ni compounds in soils. According to the WHO and the EPA, the 
maximum concentration of Ni in environmental waters should not exceed 0.07 and 0.04 ppm, 
respectively (Aragay et al., 2011). Apart from the natural occurrence, anthropogenic activities like 
emissions from fossil fuel consumption, Ni refining, electroplating, welding, alloy production, and 
several metallurgical activities also lead to its accumulation in the environment. As a result, it is 
present naturally in food and water. As it promotes hormonal activity and is involved in lipid 
metabolism, Ni is also classified as a micronutrient, crucial for the human body to function properly. 
It can be ingested, inhaled, or absorbed via the skin. A number of chronic health effects, such as 
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allergies, lung fibrosis, contact dermatitis, cardiovascular diseases, and renal diseases, are triggered 
by prolonged contact with nickel, even at relatively low concentrations (Antico and Soana, 2015; 
Denkhaus and Salnikow, 2002; Genchi et al., 2020). Additionally, several Ni compounds (such as Ni 
sulphides and Ni oxides) have also been reported to be carcinogenic and found to be associated with 
respiratory tract cancers (Goodman et al., 2009; States, 2017). This is attributed to the fact that 
prolonged Ni exposure is the most frequent and common reason for cancer. 

The molecular mechanism of Ni and Ni compound-induced DNA damage associated with 
carcinogenesis has been extensively studied. The precise processes by which Ni and Ni compounds 
harm DNA remain unknown. Previous research has shown that Ni can cause DNA damage and that 
this damage is mostly caused by the formation of reactive oxygen species (ROS). Ni can also attach 
to DNA directly and cause DNA damage. The accumulation of damaged DNA bases is accelerated 
by Ni's ability to suppress DNA damage repair mechanisms, including DNA direct-reversal, 
nucleotide repair (NER), base excision repair (BER), mismatch repair (MMR), and non-homologous 
end joining (NHEJ) repair pathways. The reduction of direct enzyme activity as well as the 
manipulation of DNA repair molecule expression is two methods by which cellular DNA repair is 
suppressed. As a result, exposure to nickel can cause cancer directly by damaging DNA and 
impairing DNA repair. On the other side, Ni can indirectly increase the risk of cancer when combined 
with other cancer-causing agents (such as ionizing radiation, chemicals, and UV light). Damaged 
DNA accumulates in the cells as a result of Ni-induced DNA repair pathway inhibition. If the DNA-
damaged cell survives, the damaged DNA is passed on to daughter cells through the damage site, 
which may lead to the development of cancer. Workers who work with nickel suffer very substantial 
DNA damage. Numerous human cell systems, including human hepatocellular carcinoma (HepG2), 
human TK6, Chinese hamster lung fibroblast A375  and HCT-116 cells, were also reported to be 
susceptible to DNA damage caused by Ni2+ in earlier investigations (Guo et al., 2019). 

Therefore, measuring nickel intake is crucial due to its negative consequences on human health. 
This is a public health issue that needs to be quickly and effectively monitored by testing. Health 
concerns due to such trace elements have thus sparked growing attention towards the advancement 
and deployment of biosensors for food analysis applications (Mishra et al., 2018; Neethirajan et al., 
2018; Taher et al., 2014).  

Electrochemical biosensors offer a wide range of benefits due to their ability to recognize certain 
targets with great selectivity and affinity. The common synthetic ligand used for most nickel 
biosensors is dimethylglyoxime (DMG). It has been used as a Ni2+ ion chelator for selective chemical 
detection using techniques such as adsorptive cathodic square-wave stripping voltammetry and 
cathodic stripping voltammetry (González et al., 2002; Mettakoonpitak et al., 2017). Interfering ions 
often have a limited impact because of the unique reaction between Ni2+ ions and DMG. A simple 
electrochemical approach involving DMG was crafted for rapid, real-time detection of Ni2+ ions in 
discharged water from mines (Ferancová et al., 2016). The carbon paste electrode (CPE) was modified 
using DMF, and DMG/CPE porous structure was obtained. It was optimized using the DPV 
procedure and has a LOD value of 0.027 mg L-1 and a linear range of 0.08 to 0.6 mg L-1. Similarly, Ni 
in fuel ethanol was measured using a mercury-free electrode that had been chemically treated using 
carbon paste containing DMG (Tartarotti et al., 2006). An electrochemical biosensor was developed 
by Yang et al. for the detection of Ni2+ ions using DNAzyme-CdSe nanocomposite as the bioreceptor 
(Yang et al., 2016). It was obtained by hybridizing the thiol-containing enzyme strand (DNA1) with 
its substrate DNA strand having an amino group (DNA2) on the gold electrode and subsequent 
incorporation of CdSe quantum dots (QD's) by covalent assembling, as shown in Figure 5A. In the 
Ni2+ ions' presence, the substrate strand of the enzyme, DNAzyme, gets catalytically cleaved, thus 
forming smaller DNA fragments containing CdSe QDs. DPASV was then used for the detection of 
remaining QDs on the electrode surface. Thus, high sensitivity and selectivity were obtained for the 
detection of Ni2+ ions with linearity from 20 nM to 0.2 mM and a low LOD of 6.67 nM. Recently, a 
miniaturized and flexible sensor for the sensitive, accurate, and rapid detection of Ni2+ ions was 
developed by Elashery et al. using a potentiometric technique (Elashery et al., 2022). The sensor was 
designed using highly porous and flexible activated carbon cloth (AFCC), doped with polypyrrole 
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nanoparticles (PNP), collectively referred to as AFCC-PNP. The fabrication is shown in Figure 5B. It 
acted as the wearable substance, with 2D Ni-MOF nanosheets as the electroactive material. This 
sensor detected Ni2+ ions without any preconditioning within biological fluids such as saliva and 
sweat as well as environmental samples with a LOD of 2.7 × 10-6 mol L-1. Furthermore, the sensor 
showed remarkable antibacterial properties against the growth of both gram-positive and gram-
negative bacteria, making it suitable for use as a wearable sensor. 

Apart from electrochemical sensors, optical detection techniques for Ni2+ ions were also 
explored. Alizadeh et al. reported the use of an ionophore having  O and N as atom donors for the 
development of an optical sensor, which was highly selective for targeting Ni2+ (Alizadeh et al., 2014). 
It was achieved by covalently immobilizing 1-p-tolyl-3-(3-(trifluoromethyl) phenyl) triaz-1-ene1-
oxide upon a transparent triacetyl cellulose membrane. Studies revealed a significantly higher 
stability constant for the Ni ion-triazene-1-oxide complex in acetonitrile solution when compared 
with other metal ions. The membrane sensor, thus produced, exhibited a linearity between 1.18 × 10-

9 – 7.34 × 10-5 M for Ni2+ ion concentration at pH 5.7. The LOD for this method of Ni2+ ion detection 
was found to be 1.0 × 10-9 M. Another example of colorimetric sensor for Ni detection was presented 
by Kang et al. The sensor molecule was synthesized by combining 5(4)-amino-4(5)-(aminocarbonyl)-
imidazolehydrochloride with 2-pyridine-carboxaldehyde (Kang et al., 2017). Upon Ni2+ presence in 
an aqueous solution, a distinctive color change occurred from colorless to yellow, thus making naked-
eye detection possible. The LOD was 57 nM, much below the EPA guidelines for Ni2+ ions. 

Different nanomaterials have also been utilized for colorimetric detection of Ni. For example, 
citrate-stabilized silver nanoparticles (AgNPs), glutathione and cysteine-modified silver nanoplates 
(AgNPls) and N-cholyl-L-valine (NaValC)-capped AuNPs (as shown in Figure 5C)  have been 
shown to exhibit extremely high selectivity towards Ni2+ over others under specific conditions 
(Annadhasan et al., 2015; He et al., 2021; Kiatkumjorn et al., 2014). The mechanism behind the 
detection ability of these nanomaterials was that under optimum conditions, Ni2+ ions induced 
aggregation of the nanoparticles through the metal-ligand interaction arising between the capping 
ligands and Ni2+, resulting in a distinctive observable color change. This was confirmed by 
transmission electron microscopy (TEM) images showing the increase in the hydrodynamic radius 
along with a significant change from negative to positive values as indicated by zeta potential 
analysis. 

Many of the other reported biosensors have also been enlisted in Table 5, where the sensing 
molecule, fabrication strategy, detection method, LDR, LOD, and real sample data have been 
mentioned precisely. 
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Table 5. List of biosensors for detection of Nickel (NR-Not reported). 

S.No. Sensing molecule Method of detection Fabrication Strategy Real sample  LDR LOD Reference 

1 Nickel DPASV Biosensor based on CdSe QDs, enzyme 

strand (DNA 1) and substrate strand (DNA 

2). The substrate strand would be cleaved in 

the presence of Ni2+  

NR 20 nM-0.2 mM 6.67 nM (Yang et al., 

2016) 

2 Nickel DPV DMG-modified CPE developed to detect Ni 

(II) 

Mine water 0.08-0.6 mg/L 0.027 mg/L (Ferancová et 

al., 2015) 

3 Nickel CV Mn3O4-Chitosan nanocomposite-modified 

platinum electrodes developed 

The aqueous 

solution, Tap 

water, lake water 

5- 250 µg/L 0.718 µg/L (John and 

Abraham, 

2021) 

4 Nickel Optical  Immobilization of triazene-1-oxide 

derivatives on a triacetylcellulose membrane 

Spring water, 

River water 

1.18×10-9-7.34×10-5 M 1×10-9 M (Alizadeh et 

al., 2014) 

5 Nickel Colorimetric Sunlight-induced green synthesis of AuNPs 

and used for colorimetric detection 

Tap water, 

Drinking water 

5-40 nM 10 nM (Annadhasan 

et al., 2015) 

6 Nickel AASV CPE modified with cation exchanger Dowex  Tap water, 

Mineral water 

NR 0.005 µg/L (González et 

al., 2002) 

7 Nickel Colorimetric Colorimetric chemical sensor synthesized 

from the combination of 5(4)-amino-4(5)-

(aminocarbonyl)-imidazole hydrochloride 

and 2-pyridine-carboxaldehyde. 

Tap water, 

Drinking water, 

sewage water 

0-10 µM 0.057 µM (Kang et al., 

2017) 

8 Nickel Colorimetric Glutathione and cysteine-modified 

nanoplates developed (GSH-Cys-AgNPls), 

Waste samples 10-150 ppb 7.02 ppb (Kiatkumjorn 

et al., 2014) 
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SPR peak was observed in accordance with a 

change in Ni (II) level 

9 Nickel Colorimetric Functionalization of trisodium citrate as a 

stabilizer to detect nickel on the surface of 

silver nanoparticles 

Tap water 0.7-1.6 mM  0.75 mM (Almaquer et 

al., 2019) 

11 Nickel DPV A carbon paste containing 

dimethylglyoxime chemically applied upon 

a Hg-free electrode  

Fuel sample 1.1×10-8-6.9×10-8 M 2.7×10-9  M (Tartarotti et 

al., 2006) 

12 Nickel Potentiometric Flexible activated carbon fabric decorated 

with nitrogen gas and spherical porous 

carbon nanoparticles coated with 2D Ni-

MOF nanosheets 

Saliva, sweat, tap 

water 

1.0 × 10-5 -1.0 × 10-1 mol 

L-1 

2.7 × 10-6 mol L-1  

List of abbreviations: DPASV – Differential Pulse Anodic Stripping Voltammetry, DPV- Differential Pulse Voltammetry, CV- Cyclic Voltammetry, AASV- Adsorptive Anodic Stripping 
Voltammetry, DPCSV – Differential Pulse Cathodic Stripping Voltammetry, QDs- Quantum Dots, CPE- Carbon Paste Electrode, DMG- Dimethylglycine. 
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Figure 5. A) Electrochemical biosensor preparation process and a step-by-step experimentation 
approach (adapted with permission from (Yang et al., 2016); B) A schematic showing the creation of 
the AFCC-PNP and its 2D Ni-MOF nanosheet-based flexible antibacterial sensor (adapted with 
permission from (Elashery et al., 2022); C) Gold nanoparticles (green synthesis) fabrication and their 
utilization in colorimetric detection of ions like Ni2+ and Co2+ (adapted with permission from 
(Annadhasan et al., 2015). 

Conclusion  

Carcinogenic metals are widely distributed in the environment due to emissions from numerous 
domestic, medical, industrial, agricultural, and technical setups. Its possible environmental and 
human health consequences could be catastrophic in the long run. As, Be, Cd, Cr, and Ni are the five 
frontrunner metals raising serious public health concerns due to their high degree of toxicity. Even 
at low concentrations, these metallic elements are known to cause damage to various organs and are 
regarded as carcinogens. Their detection has been a major area of research for a long time. Several 
methods have been developed over time, evolving day by day. This paper has explicitly tried to cover 
all the biosensors which have been developed so far for the detection of these carcinogens. These 
include electrochemical biosensors with different electrode modifications, optical or colorimetric 
biosensors, paper-based biosensors, carbon nanotube-based biosensors, whole cell biosensors, 
bacterial biosensors, microcantilever biosensors, and hydrogel biosensors. All these devices have 
tried to keep their LOD values as low as possible and are competing in selectivity, sensitivity, 
stability, and durability. Most have been run over real contaminated water samples from different 
sources to detect the carcinogen quantity. 

Despite all the advancements and low LOD values, these biosensors need to be commercialized 
at the industrial level, combining good features of all. But limited information is there on the detection 
time of these reported biosensors, which needs to be revealed for public information and utilization. 
Also, the fabrication steps of these biosensors can be simplified, making them more cost-effective. 
This review paper has comprehensively tried to cover the mechanisms of metal carcinogenicity and 
types of biosensors developed throughout the world for carcinogenic metal detection, with thorough 
information on their fabrication and analytical values. There is no such literature reported anywhere 
throughout to do so, to the best of our knowledge. This can be a boon for commercializing biosensors 
to detect carcinogenic metals. 
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