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Abstract 

Heavy metal contamination has long been a major hazard to the entire ecological system 

and human beings. Consequently, sensitive and reliable methods have been developed for the 

detection of heavy metal ions from different systems. Advancements in biotechnology, and in 

functional nucleic acids specifically, have offered new methods for heavy metal monitoring based 

on the specific interactions of aptamers with heavy metal ions. The introduction of nanoparticles 

to aptamer-based technologies has also presented its advantages of increased immobilization 

efficiency, sensitivity and selectivity. Thus, this review provides an update on the progress of using 

aptamers functionalized nanoparticles for the monitoring of heavy metal ions. The aptamer-based 

detection of heavy metal ions using metallic and metallic oxide nanoparticles are emphasized. 

Even though gold nanoparticles are the most commonly used with aptamers for the detection of 

heavy metal ions reporting extremely low detection limits, several other nanoparticles have 

emerged as promising modifications to aptamers in heavy metal monitoring as well. Comparing 

the different techniques used, electrochemical methods have presented the best performance while 

offering their advantages over optical and spectrometric techniques. 
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1. Introduction 

The upsurge in waste materials whether agricultural, industrial or medical has resulted in 

an increased risk of the population’s exposure to pollutants including organic molecules and heavy 

metals [1]. Heavy metals are neither biodegradable nor environmentally degradable, tending to 

accumulate in living beings through the food chain [2]. Consequences of heavy metal exposure 

include diseases and disorders in several systems, and their severity depends on the heavy metal, 

way of exposure and concentration. The side effects of heavy metals on human beings and the 

environment have led several organizations including the World Health Organization (WHO) to 

set safety limits. However, reaching these limits in some parts of the world can be somehow 

challenging due to rapid urbanization and industrialization [3]. Thus, speciation analysis and 

quantitative determination of toxic metals are of great importance.  

Several methods have been employed for the detection of toxic heavy metals from different 

matrices. These include inductively coupled plasma mass spectrometry ICP-MS [4], inductively 

coupled plasma optical emission spectroscopy ICP-OES [5], inductively coupled plasma atomic 

emission spectroscopy ICP-AES [6], atomic absorption spectroscopy AAS [7] and cold vapor 

atomic fluorescence spectroscopy CV-AFS [8]. Despite the advantages of low limits of detection 

and high sensitivities offered by these techniques, some challenges still exist. These techniques are 

expensive, with a complex operational procedure, long detection time and difficulty of on-site 

monitoring [9]. 
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Aptamers are typically artificial oligonucleotides (mainly single-stranded DNA or RNA) 

or peptides produced by systematic evolution of ligands by exponential enrichment (SELEX) 

method in vitro. They present one type of functional nucleic acids that can form binding pockets 

and clefts within a well-defined three-dimensional structure for the specific recognition of target 

molecules [10] such as metal ions, peptides and proteins, cells. They offer the advantages of 

specificity, easy and cost-effective preparation and modification and high binding affinity 

compared to small-molecule ligands [11]. They are known for their high temperature and chemical 

stability, as well as their target versatility. Accordingly, several bio-sorbents and biosensors have 

been designed based on these specific interactions. Additionally, aptamers designed for heavy 

metal sensors can be easily regenerated, and the sensors can be reused. 

In recent years, nanotechnology has emerged as an interdisciplinary technology with 

numerous fields including physics, biology, chemistry, medicine and material science due to the 

predefined superstructure of nanoparticles [9]. Nanomaterials can be easily functionalized with 

different substrates through covalent bonding or non-covalent actions.  

Combining aptamers and nanoparticles in sensors have presented several advantages over 

using conventional methods. Not only do they exhibit dual properties pertaining to each element 

alone, but they also demonstrate new properties that can be useful in many applications. Utilizing 

nanomaterials with aptamers can convert the interaction between aptamers and their substrates into 

electrical, optical and other signals. The use of nanoparticles increases the surface area of the used 

material thus increasing the density of the immobilized aptamers and the area of interaction 

between these aptamers and analyte molecules [12]. 

Several reviews have been published recently focusing on biosensors for specific heavy 

metals such as mercury [13], lead [14] and arsenic [15]. Other reviews have focused on techniques 
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such as electrochemical techniques [16] or optical techniques [17]. In this review, an updated 

overview of the aptamer-based approaches developed in the past five years for the analysis of 

heavy metals by using metal and metal oxide nanoparticles is presented. 

2. Interaction between heavy metals and nucleic acids 

Metal ion coordination to single stranded nucleic acids has been reviewed, taking into 

consideration the phosphate diester backbone [18]. It was reported that metal ions can bind to the 

phosphate backbone stabilizing the DNA duplex. Nevertheless, such interaction disregards the 

chemical nature of the metal ions and DNA. The ability of cations to bind nucleobases can be 

ascribed to the cation’s ionic radius, coordination behavior and hydration effects. Sigel and Sigel 

summarized the nucleotide coordination affinity to various divalent ions [19]. It was shown that 

each nucleobase has a preferred binding site for the different metals.  

The different and specific interactions between the nucleobases of aptamers and single-

stranded DNA from one side, and heavy metal ions from the other side, have been the basis of 

heavy metal detection by DNA. Most commonly, mercury Hg2+ and silver Ag+ ions recognition 

has been based on thymine (T)-thymine and cytosine (C)-cytosine mismatches to form the more 

stable T-Hg2+-T and C-Ag+-C complexes [20, 21]. Pb2+ ions have been detected using the 

conformational switch of a guanine (G)-rich aptamer from random coil to G-quadruplex structure 

[22], whereas cadmium Cd2+ ions were captured using thymine and guanine-rich aptamers [11]. 

The detection mechanism differs depending on how the nucleobases make up the aptamer. The 

aptamer functionalization of nanoparticles can be either through adsorption or chemical bonding 

also leading to different sensing mechanisms.  

3. Metal nanoparticles 
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In addition to the increased surface area due to their small sizes, metallic nanoparticles 

present several advantages including an increased sensitivity [12]. The various metallic 

nanoparticles that have been combined with aptamers for the detection of heavy metals are detailed 

in this section. 

3.1. Gold nanoparticles 

Aptamer-based strategies using gold nanoparticles (Au NPs) are the most common for the 

study of heavy metals. Au NPs are known for their easy and controllable synthesis as well as 

stability [23]. For the detection of heavy metals, gold nanoparticles have been integrated with 

aptamers either as a deposited layer on the surface of the signal transducer, or as a conjugated form 

with the aptamer. 

Electrochemical approaches are the most common aptamer-based strategies using gold 

nanoparticles, among which, differential pulse voltammetry (DPV) is the most used. Other 

electrochemical techniques include square wave voltammetry (SWV), electrochemical impedance 

spectroscopy (EIS), differential pulse stripping voltammetry (DPSV), differential pulse anodic 

stripping voltammetry (DPASV), electrochemiluminescence (ECL), photoelectrochemistry (PEC) 

chronocoulometry, and amperometry. The most recent applications are summarized in Table 1. 

Using electrochemistry, mercury is the most frequently studied heavy metal, making use of the 

thymine – mercury – thymine interaction. Other heavy metal ions detected include lead, cadmium, 

arsenic and silver. It is worth noting that several authors have used gold nanoparticles in 

combination with other metal and metal oxide nanoparticles such as silver nanoparticles Ag NPs 

[1, 24] and iron oxide nanoparticles Fe3O4 NPs [3, 25]. 

Table 1 Electrochemical aptasensors using gold nanoparticles for the detection of heavy metals 
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From Table 1, it can be noticed that amongst the different studies, lead, mercury and arsenic 

were the major investigated metals. Almost all aptamers utilized for mercury detection are 

thymine-rich, and electrochemiluminescence along with differential pulse voltammetry are the two 

most used techniques. The lowest limit of detection (2 aM) was reported using 

electrochemiluminescence with two DNA strands; one immobilized on 

Fe3O4@SiO2/dendrimers/QD and the other with gold nanoparticles. As shown in figure 1a, the 

nanoparticles/DNA probe was dropped and adsorbed on an indium tin oxide electrode using a 

magnetic field exhibiting an amplified ECL signal. A second probe made up of gold nanoparticles 

and another aptamer was hybridized with the first strand resulting in the quenching of the signal. 

To measure the signal corresponding to different heavy metal concentrations, the electrode was 

incubated with Hg2+ and as a result, the second probe was separated from the electrode leading to 

a change in the ECL signal [25]. The authors attributed this low LOD to several factors including 

the high electron transfer rate of the modifiers used, high spectral overlap of  QDs and Au NPs and 

the specific interaction between thymine and Hg2+. As promising as this sensor seems, some points 

such as the complex preparation and reusability need to be addressed. Interestingly, most of the 

lowest LODs for Hg2+ detection were reported using electrochemiluminescence [25-29]. 

In the case of the detection of lead, all the aptamers used were guanine-rich aptamers, with 

differential pulse voltammetry as the most used electrochemical technique. However, except for 

one study, the lowest LODs (as low as 4 ×10-5 nM) were obtained when no modifiers were added 

to the gold nanoparticles and aptamers [12, 22, 30-32]. In one of the studies with the lowest LOD 

and widest linear range [30], an aptasensor was developed based on electrochemiluminescence 

resonance energy transfer. Au NPs were used to modify an electrode followed by the addition of 

carbon nitride nanofibers and Ru(phen)3
2+ and hybridized complementary aptamers. In absence of 



7 
 

Pb2+, Ru(phen)3
2+ can be captured on the electrode through the grooves of the aptamers thus 

leading to an ECL signal. In presence of Pb2+, Ru(phen)3
2+ would be detached thus inhibiting the 

signal (figure 1b).  For arsenic (As(III)), the best analytical performance was obtained by Ensafi 

et al. [33]. The proposed mechanism involved the modification of a glassy carbon electrode with 

reduced graphene oxide, gold nanoparticles and a thiolated aptamer. Electrochemical impedance 

spectroscopy increased after incubation in arsenic solution leading to its detection with an LOD of 

1.4 × 10–7 ng.mL–1 (figure 1c). 
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Figure 1: (a) Schematic representation of the ECL biosensor for Hg2+ detection [25]. Reproduced 

with permission from Elsevier, (b) Schematic illustration of (A) two-step strategy for preparation 
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of carbon nitride nanofibers CNNFs and (B) fabrication of the proposed aptasensor for Pb2+ 

detection [30]. Reproduced with permission from Elsevier, (c) The mechanism reaction of the 

proposed aptasensor based on 3D-reduced graphene oxide modified gold nanoparticles for 

determination of arsenite [33]. Reproduced with permission from Elsevier. (d) Illustration of the 

single-step and specific detection of Hg2+ by using Au flowers-based electrochemical aptasensor. 

Lower left: conformational change of single-stranded DNA (ssDNA) upon binding to Hg2+. 

Reprinted (adapted) with permission from [34]. Copyright 2018 American Chemical Society, (e) 

Presentation of the Pb2+ biosensor and detection principle. Reproduced from Ref. [35] with 

permission from the Royal Society of Chemistry 

In general, the sensing mechanisms differed between the reported studies. Sensor designs 

using the combination of gold nanoparticles and aptamers for the detection of various analytes are 

numerous; however, for the detection of heavy metals, a few immobilization techniques and 

sensing mechanisms are common. The sensing mechanism depends on how the nanoparticles and 

aptamers are fixed on the electrode, and on the detection method used. Most mechanisms relied 

on using gold nanoparticles as an immobilization layer for the aptamers. When one aptamer was 

immobilized on the nanoparticles, the detected signals were mainly the result of the formation or 

disassembly of stable structures such as G-quadruplex and hairpin. For example, Zhang et al. 

proposed a sensor for Hg2+ using methylene blue-tagged aptamers and gold nanoparticles. In 

presence of mercury ions, the aptamer formed a hairpin structure and a limit of detection of 0.62 

fM was obtained (figure 1d) [34]. In other cases, when two aptamers were used, the signal was 

due to the formation of a double helix, or its disassembly to form a more stable structure. A few 

studies have utilized gold nanoparticles as signal amplifiers and not for aptamer immobilization. 
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Ding et al. prepared an Au@Py modified screen-printed electrode with an aptamer and a 

complementary strand for the detection of Pb2+to obtain an LOD of 0.6 ppb [35] (figure 1e).  

Several other approaches than electrochemistry have combined gold nanoparticles with 

aptamers for the detection of heavy metal ions (Table 2).  The heavy metal ion that was widely 

investigated using the different techniques is mercury. Colorimetry has been extensively utilized 

for the detection of lead, mercury, arsenic, cadmium and platinum. In most cases, Au NPs were 

used alone; however, a few studies have reported the use of magnetic nanoparticles among other 

modifications. Several detection strategies were employed. Unlike with electrochemical 

techniques, gold nanoparticles were mainly utilized as signal amplifiers making use of their 

catalytic and electrical properties. A lot of studies also relied on the change in color between 

colloidal gold nanoparticles (red) and aggregated nanoparticles (blue). Despite the expansive 

development of the detection mechanisms, the lowest limit of detection reported was 1.4 pM for 

the detection of mercury [36]. In this study, gold nanoparticles followed by the first aptamer were 

immobilized on a glass slide. The slide was put in contact with a solution containing mercury ions 

and the second aptamer which led to the adsorption of Hg2+ on AuNPs because of the hybridization 

of the two aptamers. This was followed by washing with Au NPs and observation under dark field 

microscopy (figure 2a). Comparing the studies involving cadmium ions, the lowest limit of 

detection was reported by Xu et al. [37]. The reported method used an aptamer competitive binding 

assay. The aptamer and PDDA were first combined by electrostatic interaction and the Au NPs 

were left free in the solution giving it its wine-red color. Upon the addition of the target ion, some 

aptamers could bind to it while others remain bound to PDDA leading to the aggregation between 

excess PDDA and Au NPs and changing the color of the solution with sufficient amounts of Cd2+ 

to blue. The signal could even be reported using a smartphone (figure 2b). 
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Only a few studies aimed at detecting arsenic ions colorimetrically in the past five years. 

Two of those studies [38, 39] use the same aptamer named Ars-3 that was reported in 2009 with a 

high affinity to both As (III) and As (V). Ever since, over 20 papers have aimed to detect As (III) 

using this aptamer. However, after Zong and Liu investigated the selective binding of arsenic to 

this aptamer [40], they showed that As (III) inhibited DNA adsorption without a significant effect 

on the stability of gold nanoparticles. In fact, upon comparing Ars-3 with a random sequenced 

DNA, similar color changes were observed. Thus, it was deduced that this method doesn’t reflect 

aptamer binding to Arsenic, but rather adsorption of the analyte. As a result, the number of papers 

reporting the use of Ars-3 for As (III) detection decreased significantly, and other aptamers were 

studied [41].  

Hu et al. investigated the interaction of Hg (II) and AuNPs and the role of Hg (II) on DNA 

adsorption to AuNPs. Upon increasing the concentration of mercury ions, opposite colorimetric 

trends were observed based on unwashed and washed AuNPs. Several DNA sequences were 

examined and found unimportant for the experimental outcome, suggesting that for this Hg (II) 

sensing strategy, Hg (II) adsorption to AuNPs needs to be considered [42]. 

A number of studies have used fluorometry for the detection of lead [23, 43, 44] and 

mercury [45, 46]. Most of the mechanisms that use fluorescence assume that the detection is based 

on the fluorescence quenching property of nanoparticles upon aptamer adsorption. Desorption of 

the aptamer due to its binding to target molecules results in fluorescence enhancement. 

Interestingly, the LODs were in the nanomolar range. Surface enhanced Raman spectroscopy 

(SERS) was also used for the detection of lead, mercury and arsenic [47-49]. The lowest limit of 

detection (0.4 pM) using a non-electrochemical technique was obtained using this method [49]. In 

this study, an aptamer was immobilized on gold nanoparticles through thiols and the resultant 
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aptamer embedded AuNPs were encapsulated with silver and hybridized with a complementary 

aptamer. In the absence of Hg2+, a SERS signal was detected; however, in presence of Hg2+, the 

first aptamer changes into a hairpin structure due to the interaction between the heavy metal ion 

and thymine separating the duplex and changing the SERS signal (figure 2c). 
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Figure 2: (a) Scheme of Hg2+ sensor at single-particle level with dark-field microscopy. Reprinted 

(adapted) with permission from [36]. Copyright 2018 American Chemical Society, (b) Schematic 

illustration of the colorimetric method. (A) Gold nanoparticles (AuNPs) incubated with aptamer 

and polydiene dimethyl ammonium chloride (PDDA); the color of the free AuNP solution was 

wine red; (B) AuNPs incubated with the aptamer, PDDA, and few Cd(II); the color of partial 

aggregation of the AuNP solution changed to reddish; (C) AuNPs incubated with the aptamer, 

PDDA, and sufficient Cd(II); the color of aggregation of the AuNP solution changed to blue; and 

(D) The red(R) values of the solution recorded with a smart phone [37], (c) (A) Fabrication of the 

dsDNA-embedded Au@Ag core-shell NPs. (B) The principle of ratiometric SERS aptasensor for 

Hg2+ detection [49]. Reproduced with permission from Elsevier. (d) Schematic illustration of the 

fabrication process of the proposed Pb2+ electrochemical aptasensor, together with the preparation 
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of different signal probes, and the mechanism of the signal amplification in the electrode interface 

[50]. Reproduced with permission from Elsevier. 

In 2019, Zhang et al. studied the adsorption and desorption of DNA from gold 

nanoparticles and graphene oxide using fluorescence and concluded that DNA cannot be desorbed 

easily from gold nanoparticles. According to the authors, this conclusion implies that optical 

sensors relying on the desorption of aptamers from Au NPs due to target binding can be inaccurate 

and should be avoided [51]. Even though their method was thoroughly detailed, their conclusion 

shouldn’t be generalized for all optical sensors for several reasons. While it is true that the 

interaction between gold nanoparticles and DNA is strong, it can be affected by factors such as the 

pH, ionic strength, the nucleobases involved in the sequence and its length, and the interaction 

between the nucleobases and the different possible target molecules. Nonetheless, not all those 

factors were studied in the mentioned paper, and thus further investigations should be done to take 

into consideration the remaining factors. Recently, a lot of the developed optical sensors do not 

rely on the desorption of the aptamer sequence from Au NPs for detection, but rather on the change 

in color of the nanoparticles in presence/absence of the aptamer and target. Qi et al. even used a 

control aptamer with a random sequence to confirm the efficiency of the design of their sensor 

[52]. 

Less commonly, a few studies have attempted the detection of lead and mercury using 

quartz crystal microbalance (QCM), magnetic relaxation switching (MRS) and 

chemiluminescence (CL). Generally, it can be noticed that the limits of detection obtained using 

non-electrochemical methods were mostly higher than those obtained with electrochemical 

techniques.  
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The proposed sensors were tested in real samples such as water [1, 3, 12, 20, 22, 25, 26, 

29-31, 33, 37-39, 41, 45-49, 52, 56-73, 75], wastewater [23, 24, 33, 57, 61], cosmetics [39] baby 

nail [55], serum [28, 31], soil [12, 35, 55, 68], milk [34, 46, 49],  fish [25, 27], tea [23], herbs [21], 

wine [10, 76] and rice [37]. Almost half of those sensors were tested for their reproducibility [1, 

3, 24, 26, 27, 30, 31, 33-35, 48, 49, 54, 55, 56-64] in which the response of at least 4 sensors was 

investigated and the relative standard deviation was between 1.87% and 7.8%. On the other hand, 

only a few were examined for possible reusability [1, 31, 32, 56, 57, 64, 66]. The reproducibility 

was acceptable to excellent, and most sensors could be used at least three times before the signal 

starts changing. 

Table 2 Non-electrochemical aptasensors using gold nanoparticles for the detection of heavy 

metals  

3.2.Other Metallic Nanoparticles 

Silver Ag and platinum Pt are among the metal nanoparticles that have been combined with 

aptamers for the detection of heavy metal ions. In addition to the advantages of good electrical 

conductivity and large surface area, these nanoparticles also have a favorable catalytic activity in 

a wide range of pH and temperature conditions.  

Jin et al. developed a lead electrochemical aptasensor based on biomass porous carbon 

derived from soybean straws, platinum nanoparticles and several DNA strands: 5’-GGG TGG 

GTG GGT GGG TAT-3’, complementary DNA: 5’-TCA TAC CCA CCC ACC-3’, hairpin DNA 

1: 5’-TTT TGG GTG GGT ATG ACC ACC GCC CAC CCA-3’ and Bio-Hairpin DNA 2: 5’-bio-

TAT GAC CAC CTG GGT GGG CGG TGG TCA TAC CCA C-3’. The biosensor exhibited a 
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linear range of 50 pM – 1000 nM with a detection limit of 18 pM. The proposed sensor was also 

successfully tested in tap water and lake water [9]. 

Song et al. proposed a portable ultrasensitive SERS sensor based on T-rich 

oligonucleotides 5′-thiol-TTTTTTTTTTTTTTT-Cy5-3′ immobilized on silver nanorods for the 

detection of mercury (II) ions. The mercury – thymine interaction led to a change in structure of 

the DNA and hence in the SERS signal. A linear range was obtained between 1 pM and 1 µM with 

a detection limit of 0.16 pM. Good recovery rates were also obtained upon testing the sensor in 

tap and lake water [53]. 

Bimetallic AgPt nanoparticles can significantly increase the surface area and have good 

electrical conductivity and electrocatalytic activity. Xu et al. designed an electrochemical 

aptasensor for the detection of lead ions. The biosensor was made using metal-organic frameworks 

decorated with AgPt nanoparticles conjugated with single stranded DNA 3'-NH2-(CH2)6-

CCCACCCACC-5' complementary to a guanine-rich lead specific aptamer 5'-

GGGTGGGTGGGTGGGT-(CH2)6-NH2-3'. The developed sensor showed a linear response in the 

concentration range of 0.1 pM and 100 nM as well as a detection limit of 0.032 pM with potential 

application in tap and lake water [50] (figure 2d). 

As can be seen, electrochemical and optical biosensors were developed using silver and 

platinum nanoparticles for the detection of lead and mercury. Compared with the results obtained 

using gold nanoparticles reported in this review, the LODs obtained with Ag and Pt 

electrochemical sensors were not as low, which might explain the humble number of articles using 

these nanoparticles recently. On the other hand, the performance of the optical sensors is 

comparable to those using gold nanoparticles. Most of those sensors were evaluated for their 

reproducibility, which was acceptable, but none for their reusability. 
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4. Metal oxide nanoparticles 

Some metal oxide nanoparticles such as ZnO, CuO, Fe3O4, SnO2, TiO2 and MnO2 have 

been widely explored for the identification and detection of heavy metal ions because of their non-

toxic and catalytic properties. Magnetic nanoparticles have received considerable attention due to 

their low toxicity, ease of preparation and biocompatibility [3]. Metal oxide nanoparticles offer the 

advantages of significant electron transfer kinetics and large specific area thus possessing a large 

number of adsorption sites. 

Even though Fe3O4 nanoparticles are the most common form of metal oxide nanoparticles 

used for the detection of heavy metal ions, some studies have used Co3O4, TiO2 and CeO2 

nanoparticles (table 3). The development of the above biosensors and detection mechanisms are 

similar to those with gold nanoparticles. However, the limits of detection obtained were not as low 

as those obtained with gold nanoparticles.  

Interestingly, only around 50% of the studies mentioned in this section have reported an 

“acceptable” to “excellent” reproducibility [3, 25, 11, 77, 81, 82] by studying the response of their 

proposed sensors at least three times with relative standard deviation ranging between 4.3% and 

8.8%. Almost all those studies have reported the use of their sensors in real samples such as water 

[2, 3, 11, 25, 65, 79-81, 83], human blood [77, 82], urine [82], soil [78], fish [25, 80] and wine 

[10]. Only one study reported the reuse of their sensor up to 8 times [82]. 

Since most studies aim at analyzing mercury ions, the different reports using Fe3O4 

nanoparticles for the detection of mercury can be compared in figure 3. The number of studies 

relying on iron oxide nanoparticles is insignificant compared to those using gold nanoparticles. 

Thus, we can say that the numerous possibilities of detection have not yet been explored. 
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Nevertheless, an exceptionally low limit of detection of 2 aM was obtained electrochemically, 

proving that iron oxide nanoparticles can be considered as competitors for gold nanoparticles. 

 

Figure 3: Comparison of the thymine aptamer-based techniques for the detection of mercury ions 

5. Summary and perspectives 

Aptamer-based technologies have been developed as effective sensing tools for various 

analytes. To the best of our knowledge, there hasn’t been an update on heavy metal monitoring 

based on aptamers using nanoparticles in the past few years. Hence, this review presents the most 

recent metallic and metallic oxide nanoparticles combined with aptamer-based approaches for the 

monitoring of arsenic, cadmium, copper, lead, mercury, silver and platinum in various samples. It 

has been known that the affinity and specificity of aptamers towards their analytes are the main 
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advantages supporting their use. Nonetheless, the advantages of nanoparticles and aptamers, as 

well as the new properties that result from combining the two technologies all contributed to 

enhance analytical performances of the proposed methods, which can be evident by comparing the 

LODs and linear ranges with those obtained using aptamer-free sensors presented in recent reviews 

[84]. The main mechanisms involved in the presence of heavy metals are:  

- the dehybridization of capture DNA and specific aptamer and the release of the 

intercalating agent 

- the hindering of the interaction of the specific aptamer with a cationic polymer (ex. 

PDDA) 

- the formation of the G-quadruplex with the specific aptamer 

- the formation of the rigid hairpin-shaped double-stranded DNA 

In the case of Hg2+ ion, the thymine-Hg2+-thymine coordination induces the formation of a DNA 

duplex or of an hairpin duplex. 

Even though gold nanoparticles are the most commonly used with aptamers for the 

detection of heavy metal ions reporting extremely low detection limits, several other nanoparticles 

have emerged as promising modifications to aptamers in heavy metal monitoring as well. 

Comparing the different techniques used, electrochemical methods have presented the best 

performance while offering their advantages over optical and spectrometric techniques. Moreover, 

only mercury has been broadly examined using non-electrochemical techniques to obtain a good 

analytical performance. On the other hand, studies using electrochemical methods have reached 

optimum analytical performance for more than one heavy metal ion (mercury, lead, arsenic). 
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Despite all that, each proposed system was at best applied to one or a few environmental, 

food or biological samples in order to test its applicability in sensing the specific heavy metal. 

Nevertheless, these matrices usually contain more than one heavy metal along with other organic 

and inorganic compounds. While a few sensors were tested for interferences, complex matrices 

would probably require further modifications and improvements to the developed sensors. Besides, 

reusability of the sensors remains a challenge since it was not addressed in most of the studies in 

this review. It is worth noting that the use of different nanomaterials such as quantum dots along 

with the nanoparticles, or even the use of bimetallic nanoparticles are proving to be promising in 

this field. Thus, we anticipate significant progress in developing novel aptamer-based sensors 

using various nanomaterials in the future. 
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Table 1 Electrochemical aptasensors using gold nanoparticles for the detection of heavy metals  

 

Modification Aptamer Technique  Heavy 

metal 

LOD (nM) Linear range (nM) Operational 

conditions 

Ref 

Au NPs 5′-CACCCACCCAC-(CH2) 6-SH-3 ′; 

5′-GGGTGGGTGGGTGGGT-3 

 

Chronocoulometry Pb2+ 4.2 ×10-3 0.01 – 200 Ph 7.4 [12] 

Au NPs 5’-TGGGTGGGTGGGTGGG-3’;  

5’-NH2-CCCACCCACCCTTTTT-3’;  

5’-NH2-CCCACCCACCCACCCA-3’;  

5’-NH2-CCCACCCACCCATTTT-3’;  

5’-NH2-CCCACCCACCCTTTTT-3’;  

5’-NH2-CCCACCCACCTTTTTT-3’;  

5’-NH2-CCCACCCACTTTTTTT-3’;  

5’-NH2-CCCACCCATTTTTTTT-3’;  

5’- AAAAATGGGTGTGA-3’ 

EIS Pb2+ 0.0046  4.83 – 480  K3[Fe(CN)6] 

(0.1 mM), 10 

mM PBS  

pH 7.4 

[32] 
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Au NPs-

thionine 

5’-GGGTGGGTGGGTGGGT-3’;  

5’-Thiol-

GAGGACCCACCCACCCACCCTCCTC

AAThiol-3’ 

DPV Pb2+ 0.374  1 – 40  2 mM 

K4[Fe(CN)6], 

K3[Fe(CN)6]  

0.1 M KCl 

[54] 

Au NPs-

polypyrrole 

5’-GGGTGGGTGGGTGGGT-3’; 

5’-CCACCCACCC–(CH2)6–SH-3’ 

DPV Pb2+ 2.9  2.4 – 120 PBS 

pH 7.4 

[35] 

Au NPs-

polypyrrole 

5-GGGTGGGTGGGTGGGT-3 DPV Pb2+ 0.36 0.5 – 10  5 mM 

K4[Fe(CN)6], 

K3[Fe(CN)6], 

PBS 

pH 5.8 

[55] 

Au NPs@GO 5’-HS-TTTTTT 

CGATAACTCACTATrAGGAAGAGAT

G-3’; 

Amperometry Pb2+ 1.67 ×10-3 5 ×10-3 – 1000 PBS 

pH 7.4 

[31] 
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5’-HS-

TTTTTTCATCTCTTCTCCGAGCCGGT

CGAAATAGTGAGT-3’ 

Au NPs HS-CACCCTCCCAC- 3’; 

HS-GGGTGGGTGGGTGGGTGGGT- 5’ 

Potentiometry Pb2+ 8.5 ×10-3 0.01 – 1000  0.1 M PBS 

pH 7.4 

[22] 

Au NPs and 

QD 

Not reported ECL Pb2+ 0.24 0.1 – 10000  0.1 M PBS, 

0.02 M K2S2O8 

pH 7.4 

[27] 

Au NPs and 

CNNF 

Not reported ECL Pb2+ 4 ×10-5 1 – 1000  0.1 M PBS,  

0.1 M K2S2O8, 

0.1 M KCl 

pH 7.4 

[30] 

Au NPs 5'-SH-(CH2)6-

TTCTTTCTTCGCGTTGTTTGTT-MB-3' 

SWV Hg2+ 0.62 ×10-6 1 ×10-6 – 1  6-mercapto-

hexanol,  

20 mM Tris-

HCl buffer 

[34] 
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pH 7 

Au NPs 5′-SH-

AAAAAAAAAAAAAAAACGCGCG-3′; 

5′-TTTTTTTTTTTTTTTT-3′; 

5′-SH-CGCGCGCGCGCG-3′ 

EIS Hg2+ 0.05  0 – 200  0.1 M PBS 

pH 7 

[56] 

Au NPs 5'-HS-

GCGCGCGCCCTTTTTCCCCCCCCCGC

GCGCGC biotin-3';  

5'-FAM-

GCGCGCGCCCTTTTTCCCCCCCCCGC

GCGCGC-Dabcyl-3';  

5'-TTTTGGGCGAACACACAC-3';  

5’-SH-

TTTTTTTTTTGGATTTTTTTTGACGAT

TTTTTT-MB-3’ 

DPV Hg2+ 0.21 ×10-3 0.35 ×10-3– 3.5 10 mM PBS  

pH 7 

[21] 
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rGO/ Au 

nanorods 

5’-SHTTTTTT T-3’; 

5’-biotin-TTT TTT T-3’ 

DPV Hg2+ 0.24  1 – 200  - [57] 

Fe3O4@Au 

NPs 

5’-SH-

AAAATCACCCATGAGGCATCTTTAG

CG-3’; 

5’- Fc-TCATCCGTGAT-3’; 

5’- MB-CGCTTTAGATG-3’ 

SWV Hg2+ 1.7  10 – 100  20 mM Tris-

HCl, 

140 mM 

NaCl, 

5 mM MgCl2 

pH 7.4 

[3] 

Ag@Au core 

shell 

5’-CCC CCC CCC CCC TTC TTT CTT 

CCC CTT GTT TGT T-3’ 

SWV Hg2+ 6 ×10-3 0.01 – 0.16 0.05 M PBS 

pH 6 

[24] 

Au@Ag core 

shell 

5’-SH-(CH2)6-AAA ATT TTG CTT TGG 

TTT-3’; 

5’-SH-(CH2)6-AAA AAT TTC CTT TGC 

TTT-3’; 

5’-SH-(CH2)6-GGG TAG GGC GGG TTG 

GGT-3’ 

SWV Hg2+ 2.99 ×10-3 9.97 ×10-3 – 99.7  PBS buffer 

pH 6.5 

[1] 
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Au/MoS2-

MWCNT 

5’-SH-C6-CGGCTTTTGTTTT-3’ DPV Hg2+ 0.05  0.1 – 1000  Tris  buffer  

pH 7.4 

[58] 

Au@HS-rGO 5′-SH-(CH2)6-TTGCTCTCTCGTT DPV Hg2+ 0.38  1 – 200  PBS 

pH 7.4 

[59] 

Au NPs and 

QD 

Not reported ECL Hg2+ 4.1 ×10-3  0.01 – 0.1 ×10-3 0.1 M PBS, 

0.02 M K2S2O8 

pH 7.4 

[27] 

Fe3O4@SiO2/

dendrimers/Q

D + Au 

5’-TTCTTTGTTCCCCTTCTTTGTT-

NH2-3’; 

5’-AACAAAGAACCCCCCCCCC-

(CH2)3-SH-3’ 

ECL Hg2+ 2 ×10-9 20 ×10-9 – 2000 0.1 M PBS  

pH 7.4 

[25] 

Au NPs and 

QD 

5’-CCA ACC ACA CCA ACC(CH2)6-

NH2-3’; 

5’-GGT TGG TGT GGT TGG TTC TTT 

CTT CCC TTG TTTGTT(CH2)6-SH-3’; 

5’-SH-(CH2)6CAT ATC C-3’ 

ECL Hg2+ 0.3 ×10-3 1 ×10-3 –10000  0.1 M PBS, 

5 mM H2O2 

pH 8 

[28] 
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Au NPs 5’-TTCG TGTT GTGT TTCC AAA GGAT 

TCTC TACT 

CGTA-3’ 

ECL Hg2+ 2 ×10-3 0 – 0.2 150 mM PBS 

1 μM Ru(bpy)3 

2+  

50 mM TPA 

pH 7.4 

[29] 

Au NPs 5’-SH‑(‑CH2)6-TTGCTCTCTCGTT-(-

CH2)6‑NH2-3’; 

5’-TTCGTGTGTGCTT-3’ 

ECL Hg2+ 0.2 ×10-4 1 ×10-3 – 100  0.1 M PBS 

pH 7 

[26] 

Au@Ag-

MoS2 

nanohybrid 

and QD 

Calf thymus DNA PEC Hg2+ 5 ×10-3 0.01- 100  0.1 M PBS 

0.2 M Ascorbic 

acid 

pH 7.4 

[60] 

3D-rGO-Au 5’-

GGTAATACGACTCACTATAGGGAGA

TACCAGCTTATTCAAT 

EIS As3+ 1.9 ×10-6 5.07 ×10-6 – 4×10-4 PBS  

pH 7.4 

[33] 
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TTTACAGAACAACCAACGTCGCTCC

GGGTACTTCTTCATCGAGATAGT 

AAGTGCAATCT-3’ 

Carbon Au 

binanoparticl

es 

5’-HS-

GGTAATACGACTCACTATAGGG 

AGATACCAGCTTATTCAATTTTACA

GAACAACCAACGTCGCTCCGGGT 

ACTTCTTCATCGAGATAGTAAGTGC

AATCT-3’ 

SWV As3+ 1.22 6.7 – 1334  0.1 mM 

[Ru(NH3)6]3+, 

10 mM 

PBS 

[61] 

Au NPs– CB  5’HS(CH2)6GGACTGTTGTGGTATTAT

TTTTGG 

TTGTGCAGTATG3’ 

SWV Cd2+ 1.2  8.9 – 400  10 mM PBS 

pH 7.45 

[62] 

Au NPs/CS 5’-HS-(CH2)6- 

ACCGACCGTGCTGGACTCTGGACTG

TTGTGGTATTA 

DPV Cd2+ 0.04995×10-3 0.001 – 100  PBS  

pH 7.4 

[63] 
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TTTTTGGTTGTGCAGTATGAGCGAG

CGTTGCG-3’ 

Fe3O4@Au 

NPs 

5’-SH-

AAAATCACCCATGAGGCATCTTTAG

CG-3’; 

5’- Fc-TCATCCGTGAT-3’; 

5’- MB-CGCTTTAGATG-3’ 

SWV Ag+ 3.4  0 – 400  20 mM Tris-

HCl, 

 140 mM 

NaCl, 

 5 mM MgCl2 

pH 7.4 

[3] 

 

CNNF: carbon nitride nanofibers, GO: graphene oxide, QD: quantum dots, rGO: reduced graphene oxide, BSA: bovine serum albumin, 

MoS2: molybdenum disulfide, MWCNT: multiwalled carbon nanotubes, GSH: glutathione, HS: thiol, MB: methylene blue, CB: carbon 

black, CS: chitosan, PBS: phosphate buffer, TPA: tripropylamine. 
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Table 2 Non-electrochemical aptasensors using gold nanoparticles for the detection of heavy metals 

Modification  Aptamer Technique  Heavy metal LOD (nM) Linear 

range 

(nM) 

Operational 

conditions 

Ref 

Au NPs 5’-SH-(CH2)6-

TTTTTTACCCAGGGTGGGTG 

GGTGGGT-3’; 

5’-SH-(CH2)6-TTTTTTACCCACCC-3’ 

QCM Pb2+ 4  5 – 200  25mM 

HEPES,  

0.1 M 

NaCl 

pH 7.4 

[64] 

Au@Fe3O4 

NPs 

5’-SH C6-CGGCTTTTGTTTT-3’ MRS Hg2+ 2.7  10 – 100  

100 – 

5000 

- [65] 

Au NPs 5’-GGTTGGTGTGGTGGTTGGT-

GTTGG-3’ 

SERS Pb2+ - various 0.27mM HCl 

 pH 2.8 

[47] 

Au@Ag NPs 5′Cy3-TTC TTT GTT CCC CTT CTT TGT 

TCC CCC CCC CC-SH-3′;  

5′Rox-AAC AAA GAA-3′ 

SERS Hg2+ 0.4 ×10-3 0.001 – 

1  

No influence [49] 
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SiO2@Au 

core/shell 

5’-HS-(CH2)6-

TTTTTTTTTTGGGGGGGGAAAAAAA

A-3’ 

SERS Hg2+ 10  10 – 106 - [48] 

Au NPs 5’-SH-(CH2)6-

GATTCCGTGCATGACTCAG-3’; 

5’-SH-(CH2)6-

CTGTGTCTTGCTCGGTATC-3’ 

LSPR Hg2+ 0.7 1 – 50  0.05 M Tris-

HCl 

buffer  

pH 6.8 

[66] 

(+)Au NPs 5′-TTT TTT TTT T-3′; 5′-GGT TGG TGT 

GGT TGG-3′; 5′-CTC ACG TAA ACT 

CAC GTA AA-3′ 

Chemiluminesce

nce  

Hg2+ 0.016 0.62 – 

120 

120 – 

1200 

HAc–NaAc 

Buffer 

pH 4 

[67] 

Au NPs 13 different aptamers Visual  Pb2+ 2.5  10 – 500  

500 – 

25000  

HEPES 

buffer 

pH 7.4 

[68] 

Au NPs 5’-GGTTGGGCGGGATGGGTG-3’ Colorimetry Pb2+ 2.4  24 – 

9660 

7 < pH <8 [69] 
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Au NPs 5’-TCGGGTGTGGGTG 

GGTGGTGGTGGTTGTGGTGGTGGTG

G-3’; 

5’-CACCC ACACC CGATT TTTTT 

TTTTT-SH-3’; 

5’-CCACC ACCAC CACAA CCACC 

ACCAC CACA-3’; 

5’-TCGGG TGTGG GTGTC GGGTG 

TGGGTG-3’ 

Colorimetry Pb2+ 25  10 – 500  -  [70] 

Au NPs HS-(CH2)6-GGGTGGGTGGGTGG Colorimetry Pb2+ 0.58 ×103 -  pH 7 [71] 

Fe3O4-Au 

NPs-

graphene 

5’-biotin-GGGTGGGTGGGTGGGT-3’; 

3’-CCACCCTCCCAC-5’ 

Colorimetry Pb2+ 3  4.8 – 

1400  

(3-(N-

morpholino)

propanesulfo

nic acid) 

buffer 

pH 7 

[10] 
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Au NPs 5’-TTT TTT TT-3’; 

5’-TTT TTT TTT TTT TTT-3’; 

5’-AAA AAA AAA AAA AAA-3’;  

5’-AAA AAA AAA ATT TTT TTT TTT 

TTT T-3’; 

5’-AAA AAA AAA AAA AAA AAA 

AAA AAA A-3’;  

5’-AAA AAA AAA AAA AAA AAA AA-

3’; 

5’-AAA AAA AAA AAA AAA AAA 

AAA AAA AAA AAA A-3’; 

5’-AAA AAA AAA AAA AAA AAA 

AAA ATT TTT TTT TTT TTT TAA AAA 

AAA AAA AAA AAA AAA AA-3’; 

Colorimetry Hg2+  various PBS  

pH 7.4 

[72] 
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5’-AAA AAA AAA AAA AAA AAA 

AAA AAA AAA AAA AAA AAA AAA 

AAA AAA AAA AAA AAA 

AAA AA-3’ 

Au NPs 5′SH(CH2)6TCAGTTTGGC3′; 

5′SH(CH2)6GCCTTTCTGA3′ 

Colorimetry Hg2+ 1.4 ×10-3 0.005 – 

25  

- [36] 

Au NPs HS-(CH2)6-GGGTGGGTGGGTGG Colorimetry Hg2+ 2.49 ×103 -  pH 7 [71] 

Au NPs 5’- GGTCACGCTTTCTTCTTTCTTTC-3’ 

5’- GAA AGC GTG ACA CAG-3’ 

5’- GTT TGT TTG TTG TTA GCG TGA 

CGG TC-3’ 

5’- SH-TTT CAC GCT TTC-3’ 

 

Colorimetry Hg2+ 0.9 1 – 

10000  

NEBuffer [73] 

Au NPs 5’-TCA TGT TTG TTT GTT GGC 

CCCCCT TCT TTC TTA-3’; 

Colorimetry Hg2+ 15  50 – 300  (3-(N-

morpholino)

propanesulfo

[74] 
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5’-TTT GTT TGT TGG CCC CCC TTC 

TTT CTT A-3’ 

nic acid) 

buffer 

 

cationic 

AuNPs 

5’-TTT TTT TTT T-3’; 

5’-CCT CCC TCC TTT TCCACCCACC-

3’; 5’-CCA ACCACA C -3’ 

Colorimetry Hg2+ 0.049 0.82 – 

62 

HAc–NaAc 

buffer  

pH 4 

[52] 

Au NPs 5’-TCGAGATAGTAAGTGCAATCT-3’ Colorimetry As3+ 2.4 13 – 400 

400 – 

1335 

pH 8.5 [41] 

CTAB-

AuNPs 

5’- 

GGTAATACGCTCACTATAGGGAGAT

ACCAGCTTATTCAATTTTACAGAAC

AAC 

CAACGTCGCTCCGGGTACTTCTTCAT

CGAGATAGTAAGTGCAATCT-3’ 

Colorimetry As3+ 225 0 – 1335 - [39] 
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AuNPs 5’GGTAATACGACTCACTATAGGGAG

ATACCAGCTTATTCAATTTTACAGA

ACAACCAACGTCGCTCCGGGTACTT

CTTCATCGAGATAGTAAGTGCAATC

T-3’ 

Colorimetry As3+ 2100 1000 – 

10000 

(3-(N-

morpholino)

propanesulfo

nic acid) 

buffer 

pH 7.3 

[38] 

Au NPs 5’-TTTTTTTTTT-3’ Colorimetry Cd2+ 8.9 ×10-3 8.9 ×10-

3 – 3.5   

Tris-HCl 

buffer 

pH 7.4 

[37] 

Au NPs 5’-

ACCGACCGTGCTGGACTCTGGACTG

TTGTGG. 

TATTATTTTTGGTTGTGCAGTATGAG

CGAGCGTTGCG-3’ 

Colorimetry Cd2+ 9.9  17.8 – 

178  

- [75] 

Au-MoS2 5′-biotin-ACC GAC Colorimetry Cd2+ 6.2 8.9 – 

4448  

pH 7 [76] 
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CGT GCT GGA CTC TGG ACT GTT 

GTG GTA TTA TTT TTG GTT GTG CAG 

TAT GAG CGA GCG TTG CG-3’; 5′–SH– 

CGC AAC GCT CGC TCA TAC TGC 

ACA ACC AAA -3’ 

Au NPs 5’-CCCC 

CCCCCCCCCCCCCCCCCCCCCCCCCC

-3’ 

Colorimetry Ag+ 0.77 1 – 500  -  

 

[20] 

UCNPs-

MNPs-GNPs 

5’-Biotin-CGATCA CTA ACTATr AGG 

AAG AGATG-HS-3’; 

5’-NH2-TGA GTG ATA AAG CTG GCC 

GAG CCT CTTCTC TAC-3’ 

Fluorometry Pb2+ 5.7  25 – 

1400  

- [23] 

Au NPs and 

QD 

5’-/3ThioMC3-

D/CGATAACTCACTATrAGGAAGAGA

TG-3’; 

Fluorometry Pb2+ 16.7  50 – 

4000 

- [43] 
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5’-

/5AmMC6/CATCTCTTCTCCGAGCCGG

TCGA-AATAGTGAGT-3’ 

AuNP and 

UCNP 

5’-AAGGGT GGGT GGGT-3’; 

5’-AAAAA AAAAA AAAAA AAAAA 

TTTTT 

CACCC TCCC AC -3’ 

Fluorometry Pb2+ 4.1  0 – 50  20mM Tris-

HCl buffer 

solution  

pH 7.4 

[44] 

Au NPs 5′ - b i o t i n - 

AAAAAAAAAATTCTTTCTTCCCCTT

GTTTGTT-3′; 

5′-biotin-AAAAAAAAAACACA 

AACAAGGCCAACA-3′ 

Fluorometry Hg2+ 0.65 0.65 – 

214.4 

0.05 M Tris-

HCl, 

1% TritonX-

100, 

0.15 M NaCl 

pH 8 

[45] 

Au NPs 5’NH2C6-CTA CAG TTT CAC CTT TTC 

CCC CGT TTT GGT GTT T-3’; 

5′ SH C6-GAA ACT GTA G-3’ 

Fluorometry Hg2+ 60  200 – 

20000 

- [46] 



53 
 

QCM: quartz crystal microbalance, MRS: magnetic relaxation switching, SERS: surface enhanced Raman spectroscopy, SiO2: silica, 

CTAB: cethyltrimetylammonium bromide, LSPR: localized surface plasma resonance, UCNP: upconversion nanoparticles, MNP: 

magnetic nanoparticles, GNP: gold nanoparticles, HEPES: 4-(2-hydroxyethyl) piperazine ethanesulfonic acid sodium salt 

Table 3 Aptasensors using metal oxide nanoparticles for the detection of heavy metals 

Modification Aptamer Technique Heav

y 

metal 

LO

D 

(nM

) 

Linea

r 

range 

(nM) 

Operational conditions Ref  

Ti- modified 

Co3O4 

5’-GGACTGTTGTGGTATTAT 

TTTTGGTTGTGCAGTCC-3’ 

CV Cd2+ 4.36 

× 

10-3 

1.8 × 

10-3 

– 

0.13  

0.1 M HAc-NaAc, 

1.0 mM thionine 

pH 5.5 

[11

] 

CuxO 5′- CAACGGTGGGTGTGGTTGG - 3’ EIS Pb2+ 6.8 0.1 - 

100 

10 mM PBS, 

0.1 M KCl,  

5 mM [Fe(CN)6]3−/4− 

pH 7.4 

[77

] 

CdS-TiO2, 

gold 

nanochains 

5’-SH-GGGTGGGTGGGTGGGT-3’; 

5’-ACCCACCCACCCACCC-3’ 

PEC Pb2+ 1.6 

× 

10-3  

5 × 

10-3 

– 10 

PBS 

pH 7 

[78

] 
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CeO2  5’-MB-AAAAA-3’ DPV As5+ 20.5 50 – 

2000  

10 mM HEPES, 

200 mM NaCl 

pH 7.6 

[79

] 

Au@Fe3O4 

NPs 

5’-SH C6-CGGCTTTTGTTTT-3’ MRS Hg2+ 2.7 10 – 

100  

100 – 

5000  

-  [65

] 

Graphene/Fe3

O4-Au NPs  

5’-biotin-GGGTGGGTGGGTGGGT-3’; 

3’-CCACCCTCCCAC-5’ 

colorimetr

y 

Pb2+ 0.24 4.8 - 

1400 

(3-(N-

morpholino)propanesulf

onic acid) buffer 

pH 7 

[10

] 

Streptavidin-

coated Fe3O4  

5’-Biotin-

AAAAAAAAAACATGTTAGTCGTTGCT-

3’; 

5’-NH2-AGC TTC GTC TAT CTTG-3’ 

fluorescen

ce 

Hg2+ 1 1 – 

1000  

NaCl 137 mM,  

KCl 2.7 mM,  

Na2HPO4 10 mM, 

KH2PO4 2 mM 

pH 7.2 

[2] 

Magnetic 

beads 

5’- Biotin - TTCTTTCTTCTTTC -3’; 

5’- GTTTGTTGTTTGTT -3’; 

5’- FAM − GAAAGAAGAAAGAA -3’ 

fluorescen

ce 

Hg2+ 0.2 2 - 

160 

137 mM NaCl, 

2.7 mM KCl,  

10 mM Na2HPO4,  

2 mM KH2PO4 

[80

] 

Fe3O4@SiO2/ 5’-TTC TTT GTT CCC CTT CTT TGTT-

NH2-3’ 

ECL Hg2+ 2 × 

10-9 

2 × 

10-8 

0.1 M PBS  

pH 7.4 

[25

] 
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dendrimers/Q

D 

Au NPs 

– 

2000  

Fe3O4@Au 

NPs 

5’-SH-

AAAATCACCCATGAGGCATCTTTAGCG

-3’; 

5’- Fc-TCATCCGTGAT-3’; 

5’- MB-CGCTTTAGATG-3’ 

SWV Hg2+ 1.7 10 – 

100  

20 mM Tris-HCl, 

140 mM NaCl, 

5 mM MgCl2 

pH 7.4 

[3] 

Fe3O4@Au 

NPs 

5’-SH-

AAAATCACCCATGAGGCATCTTTAGCG

-3’; 

5’- Fc-TCATCCGTGAT-3’; 

5’- MB-CGCTTTAGATG-3’ 

SWV Ag+ 3.4 0 – 

400  

20 mM Tris-HCl, 

140 mM NaCl, 

5 mM MgCl2 

pH 7.4 

[3] 

Pt nanotubes  

Thionine 

labelled Fe3O4 

/rGO NPs 

5’-SH-(CH2)6-

ACCGTGTTTGCCTTTGACCTC-3’ 

5’-

GCTGTCGGATGAGGTCTTTGGCTTTCA

CGGT-3’ 

5’-CTCATCCGACAGC-(CH2)6-NH2-3’ 

DPV  Hg2+ 0.03 0.1 – 

100  

5 mM K3[Fe(CN)6]/ 

K4[Fe(CN)6] , 

0.1 M KCl, 

10 mM PBS 

[81

] 

Fe3O4 / 

graphene 

5′-H2N-(CH2)6-TTTTTACCCA 

GGGTGGGTGGG TGGGT-3′ 

ICP-MS Pb2+ 0.24 1.45 

– 

4100  

pH 7 [82

] 
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Ag-coated 

magnetic core 

shell NPs 

5’-GGT TGG TGT GGT TGG-3’ AAS Pb2+ 48 159 – 

4831  

pH 7 [83

] 

CdS cadmium sulfide; PEC photoelectrochemical; MB methylene blue; MRS magnetic relaxation switching; rGO reduced graphene 

oxide; ICP-MS inductively coupled plasma mass spectrometry; AAS atomic absorption spectrometry 

 

 


