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Abstract 17 

Mercury is toxic with widespread contamination. Highly sensitive and selective 18 

approaches for mercury analysis are desired. Although conventional techniques are 19 

accurate and sensitive in the determination of mercury, these procedures are 20 

time-consuming, labor-intensive and dependent heavily on expensive instrumentation. 21 

In recent years, nanomaterials-based approaches have been proved to be effective 22 

alternatives in the detection and speciation of mercury. In this review, the 23 

development of different nanomaterials-based approaches was summarized, as well as 24 

their utilization for the detection of mercury in environmental and biological samples, 25 

such as gold nanomaterials, carbon nanomaterials and quantum dots and so on. 26 

Moreover, the speciation of mercury using nanomaterials was also reviewed. 27 

28 
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1. Introduction 29 

Mercury (Hg) is a widespread global contaminant due to its distinct toxicity and 30 

accumulative properties that are harmful to the environment and human beings, as 31 

seen in unfortunate incidents as Minamata disease and mercury poisoning in Iraq.
1
 It 32 

can cause neurological and developmental impairments such as decrements in 33 

attention, language, verbal memory, visuospatial function and IQ impairment even at 34 

low level, especially for the in utero and early postnatal exposure.
2-6

 35 

Routine monitoring of mercury is important for environmental and human 36 

health protection. Commercial instruments, such as atomic absorption/emission 37 

spectroscopy (AAS/AES),
7, 8

 atomic fluorescent spectroscopy (AFS),
9
 38 

electrochemistry,
10

 chromatography,
11, 12

 inductively coupled plasma-atomic emission 39 

spectrometry (ICP-OES),
13

 inductively coupled plasma mass spectrometry 40 

(ICP-MS)
14, 15

have been extensively used in the monitoring of Hg in different 41 

matrixes. Despite the high accuracy and sensitivity of these techniques in the 42 

detection and speciation of mercury in various sample matrixes, they are 43 

time-consuming, labor-intensive and dependent heavily on expensive instrumentation. 44 

Furthermore, most of them are not suitable for the on-site monitoring. In recent years, 45 

various strategies based on small organic chromophores or fluorophores,
16-19

 46 

conjugated polymers,
20

 oligonucleotides,
21, 22

DNAzymes,
23

 or G-quadruplex
24

 etc. 47 

have been developed aiming for the on-site and low-cost detection of Hg.Although 48 

these probes provided alternative means to measure Hg, they had many drawbacks 49 

such as lack of water solubility, low-selectivity toward other metal ions, and relative 50 

high detection limit comparing to routine methods. Furthermore, the application of 51 

these methods to real samples especially complex samples was rarely reported.  52 

Nanomaterials are materials having sizes in the range 1-100nm, and they have 53 

uniquely physical and chemical properties distinctive from their bulk counterparts, 54 

which make them promising candidates for signal generation and transduction in 55 

detection of various analytes.
25, 26

 The large surface-to-volume ratio of nanoparticles 56 

can increase the sensitivity and make miniaturization of the devices possible. Besides, 57 

Page 4 of 36Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



5 / 36 

 

nanoparticles can be modified with functional groups which are specific for Hg 58 

detection. Therefore, nanomaterials have shown great potential for high sensitivity, 59 

selectivity and rapid detection and speciation of Hg. In the present review, 60 

nanomaterials used in the detection and speciation of Hg were summarized and their 61 

underlying mechanism was also discussed. 62 

 63 

2. Detection of mercury 64 

2.1 Gold nanomaterials 65 

Gold nanomaterials are the most intensively studied nanomaterials that are used 66 

for the detection of mercury and other metal ions because of their strong surface 67 

plasmon resonance absorptions in the visible region, high stability and 68 

biocompatibility and the simple preparation.
27

 Besides, mercury and gold can form 69 

amalgams and this has also been used for the detection of Hg.
28

 Gold nanoparticles 70 

(Au NPs), gold nanorods (Au NRs) and gold nanoclusters (Au NCs) have been 71 

applied for the detection of Hg. 72 

2.1.1 Gold nanoparticles 73 

Au NPs were developed for the determination of mercury due to their extremely 74 

high coefficients, strongly distance-dependent surface plasmon resonance absorption 75 

and excellent quenching fluorescence properties.
29

 Au NPs could be used as 76 

colorimetric sensors in the on-site monitoring of Hg through the direct observation 77 

by naked eyes based on the color change of the solution under test.
30-33

 Besides, Au 78 

NPs were widely applied as fluorescent sensors for mercury detection, which offered 79 

simple and rapid detection of Hg
2+

 in environmental and biological samples.
34-36

 80 

2.1.1.1 Au NPs functionalized with DNA 81 

The surface plasmon resonance of Au NPs is size-dependent while mercuric ions 82 

have high affinity to thymine (T) bases to form T-Hg
2+

-T coordination.
37

 Therefore, 83 

the Au NPs functionalized with T-T mismatched DNA strands can be used to detect 84 
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Hg.
11, 38, 39

 There are two types of DNA-Au NPs for mercury detection, which are 85 

“non-crosslink aggregation” and “inter-particles crosslink aggregation”.  86 

In non-crosslink aggregation, Hg
2+

 coordinated with the short single-stranded 87 

DNA (ssDNA) or double-stranded DNA (dsDNA) from the surface of Au NPs, 88 

inducing the aggregation of Au NPs and the colorimetric changes.
40-42

 Li et al.
40

 89 

demonstrated that Au NPs were stable in the presence of unmodified ssDNA with 90 

appropriate salt concentration in solution, but aggregated in the presence of Hg
2+

 91 

owing to the formation of Hg
2+

 mediated hairpin structure of DNA in which Hg
2+

 92 

linked T residues of the nucleotides that were spatially separated by T-Hg
2+

-T 93 

coordination. The addition of Hg
2+

 caused the aggregation of NPs and the 94 

intensification of red-shifted band, which demonstrated that the visual rapid detection 95 

of Hg
2+

 was possible. The determination limit of this method corresponded to 10 nM. 96 

Compared with traditional methods, this approach could achieve similar low detection 97 

limit and was much simpler and inexpensive in terms of instrumentation. Wu et al. 98 

43
detected Hg

2+
 on the basis of mercury-specific deoxyribonuclein acid functionalized 99 

Au NPs. With the addition of Hg
2+

, the folded mercury-specific DNA strand was 100 

formed through T-Hg
2+

-T coordination, which prevented the aggregation of Au NPs 101 

against high salt solution with the detection limit of 60 nM for Hg
2+

 that was much 102 

lower than 2.4 µM, the toxicity level of Hg
2+

 in edible fish samples defined by United 103 

States Environmental Protection Agency (U.S. EPA).Besides, this method guaranteed 104 

that Hg
2+

 got the highest signal among all the other metal ions and made it possible 105 

that the inhibition degree of color change could be directly displayed by the amount of 106 

Hg
2+

 in analytes, which made the system an ideal sensor to the detection of Hg
2+

. In 107 

terms of application of this assay, the probe was applied to detect the determination of 108 

Hg
2+

 in fish samples and the results was compared with that from Cold vapor atom 109 

adsorption spectroscopy (CVAAS). The comparison showed that the results were in 110 

keeping with the expected and found values. Another type of rapid non-crosslink 111 

aggregation based on double-stranded DNA-carrying gold nanoparticles (dsDNA-Au 112 

NPs) was also studied.
44

 The method was based on the colloidal stability of 113 

dsDNA-Au NPs which depended on T-T mismatch embedded in the dsDNA that 114 
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modified on the surface of Au NPs. In the presence of Hg
2+

, T-Hg
2+

-T complex was 115 

formed which induced the color of the solutions to change from red to colorless. This 116 

method could achieve high selectivity without any masking reagents and temperature 117 

control, which were suitable for on-site environmental monitoring of various media 118 

polluted by toxic metal ions such as ponds, lakes, rivers and so on. Besides, the 119 

remarkable superiority of this approach over previous ones was that the detection of 120 

Hg
2+

 with naked eyes could be finished within 1min by using minimized analytical 121 

procedures, which was much faster and easier to manipulate and simpler than 122 

traditional methods that were time-consuming and dependent on expensive 123 

instrumentation and intensive labor-force. 124 

For the inter-particle crosslink aggregation, Lee et al. 
45

designed two types of Au 125 

NPs functionalized with different thiolated-DNA sequences, which were 126 

complementary except for a single T-T mismatch (Error! Not a valid bookmark 127 

self-reference.). When two complementary DNA-Au NPs were combined, 128 

DNA-linked aggregation would occur which could dissociate reversibly with the color 129 

changing from purple to red at lower melting temperature. In presence of Hg
2+

, it 130 

would interact with DNA-Au NPs via T-Hg
2+

-T, which could stabilize the duplex 131 

DNA and increased the melting temperature of the DNA-Au NPs as compared with 132 

the situation without Hg
2+

. The specific temperature at which aggregates melted with 133 

the significant color change from purple to red was directly related to the Hg
2+

 content 134 

in analytes, which improved the selectivity and sensitivity of this method and made it 135 

distinguished from conventional analytical methods. The detection limit for Hg
2+

 was 136 

100nM at 47℃. Xue et al. 
37

 proposed a similar but more simple and economical 137 

strategy at room temperature to achieve the one-step detection for Hg
2+

(Figure 9). 138 

They prepared two types of DNA functionalized Au NPs, which were not 139 

complementary and contained different numbers of thymine bases, and an appropriate 140 

oligonucleotide linker as three probes for Hg
2+

 detection. In the absence of Hg
2+

, these 141 

probes had lower melting temperature than that of DNA duplexes. Upon addition of 142 

Hg
2+

, the melting temperature increased, induced the complexation of DNA-Au NPs 143 

aggregation and led to the color response from red to purple. The melting temperature 144 
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was in direct proportion to the concentration of Hg
2+

. The detection limit for Hg
2+

 was 145 

3 µM by using 14nm Au NPs in this approach. 146 

Liu et al. 
42

 designed an assay by fluorescence responses for sensitive and 147 

selective detection of Hg
2+

 ions using both DNA-Au NPs and OliGreen. In this assay, 148 

Hg
2+

 interacted with thymine, resulting in the conformation changes of the DNA on 149 

the surface of Au NPs from liner to hairpin structure, and a part of DNA molecules 150 

released from the surface of Au NPs. OliGreen molecules interacted with free DNA 151 

species, causing the fluorescence enhancement at 525nm, which was much stronger 152 

than free OliGreen or OliGreen interacted with DNA on surface of Au NPs. The 153 

sensitivity of the method was dependent on the density of DNA on the surface of Au 154 

NPs for that Au NPs were efficient fluorescence quenchers. The detection limit for 155 

Hg
2+

 was 25nM. Researchers used this method to analyze a water sample from a pond 156 

and the results were in keeping with that from the conventional ICP-MS. This method 157 

had high selectivity and was applied for detection of Hg
2+

 in the pond water samples, 158 

with recoveries among 96%-120% that displayed low matrix interference. 159 

2.1.1.2Au NPs functionalized with sulfur groups 160 

It is known that mercury has high affinity to thiol, therefore sulfur is introduced 161 

to detectHg
2+

 in Au NPs. Liu et al. 
31

demonstrated a colorimetric detection of Hg
2+

 162 

(Figure 10).In the approach, (11-mercapto-undecyl) - trimethyl-ammonium (MTA) 163 

was capped on Au NPs through Au-S interactions and exhibited red color, which was 164 

only well-dispersed in acidic aqueous. In the presence of Hg
2+

, it broke the Au-S 165 

bonds and caused the dissociation of MTA from Au NPs surface due to the high 166 

affinity to thiols of Hg
2+

. So the aggregation of Au NPs happened and the color of 167 

solution turned from red to blue, which was demonstrated by the result of UV/Vis 168 

spectra. The detection limit forHg
2+

 was 30nM, with a detection range from 3×10
-8

-1169 

×10
-2

M. It was found that organic mercury did not induce the aggregation of gold 170 

nanoparticles and only Hg
2+

 caused color change of the solution in the existence of 171 

other environmentally relevant metal ions. The detection could be finished without 172 

any masking agents at room temperature. Compared with previous Hg
2+

 detection 173 
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methods, this approach was much simpler for detecting Hg
2+

 with better selectivity 174 

and sensitivity and solved the urgent need of advanced instruments in the detection of 175 

Hg
2+

 and achieved the rapid detection that allowed naked-eye readout in 176 

resource-poor settings. 177 

Biothiols were also used for the detection of mercuric ions. Du et al. 
46

detected 178 

mercury through the interactions of biothiols with Hg
2+

 (Figure 11). A linear 179 

oligopeptide (Lys-Cys-Gly-Trp-Gly-Cys) which consisted of natural thiol groups at 180 

both ends was designed as probes for Hg
2+

. In this approach, the 13nm Au NPs 181 

showed a surface plasmon resonance band at 520nm with a red color. The color of Au 182 

NPs changed from red to blue when the oligopeptide was added into the solution and 183 

caused the aggregation of Au NPs to big clusters. In the presence of Hg
2+

, the 184 

oligopeptide combined with Hg
2+

first, thus lost the capability of inducing the 185 

aggregation of Au NPs. In this method, Hg
2+

played a core role in preventing the 186 

aggregation of Au NPs caused by oligopeptides, which avoided false positives by 187 

spontaneous particle aggregation. This was different from other colorimetric based 188 

strategies. Furthermore, the strategy could be flexible for different concentration 189 

range (10nM to more than 100µM) of Hg
2+

 detecting by adjusting the concentration of 190 

Au NPs or the oligopeptide, which also improved the sensitivity. When 0.54nM Au 191 

NPs and 0.1µM oligopeptide were employed in the system, the detection limit was 10 192 

nM. The novelty of this assay was that the system could be obtained easily by one 193 

simple step of mixing the Au NPs with the oligopeptide and concentration of the 194 

oligopeptide could be adjusted to get better colorimetric performance, which could 195 

not be achieved by conventional methods such as AFS, ICP-OES, ICP-MS and some 196 

early colorimetric systems. The advantages of this assay allowed it to be promising in 197 

the on-site detection of Hg
2+

 in complex media such as river water, industrial water 198 

and so on. 199 

2.1.1.3 Au NPs functionalized with fluorescent group 200 

The “turn on” and “turn off” of the fluorescence by Hg
2+

 was also proposed 201 

using Au NPs. One classic “turn on” fluorescence sensor for Hg
2+

 detection relied on 202 
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Rhodamine B (RB) capped-Au NPs (RB-Au NPs). RB exhibited high fluorescence in 203 

the bulk solution, but the fluorescence quenched when RB was absorbed on the 204 

surface of Au NPs. In the presence of Hg
2+

, Hg
2+

 bound with Au NPs and released RB 205 

from the surface of Au NPs. So the fluorescence of RB recovered. Zheng et al. 
47

 206 

improved the sensitivity of the “turn on” method by modifying RB-Au NPs with 207 

thioglycolic acid (TGA). This approach displayed high selectivity for Hg
2+

 with 208 

respect to other metal ions and  low detection limit of Hg
2+

 (4×10
-10

M). Hence, it 209 

has been utilized in the Hg
2+

 detection of four water samples. All samples were got 210 

from local tap water, pond water and Yangtze River and filtered through filter paper 211 

before detection. The results were consistent with that obtained by AAS and the 212 

recoveries of Hg
2+

 were among 98%-103%. In addition, TGA-modified Au NPs and 213 

Rhodanmine6G (R6G) were utilized on “turn on” of fluorescence for detecting of 214 

Hg
2+

.
48

 In this approach, the fluorescence of R6G was quenched by Au NPs when 215 

R6G was absorbed on the surface of Au NPs modified with TGA. After the addition 216 

of Hg
2+

, the fluorescence of R6G was recovered and the color of solution changed 217 

from red to purple. This method provided a Hg
2+

 detection limit of 6.0×10
-11

M and 218 

obtained a satisfied recovery in the range of 96-102% when determining Hg
2+

in water 219 

samples obtained from local tap and pond water. 220 

Determination of Hg
2+

 through the “turn off” of fluorescence was also reported. 221 

Huang et al. 
49

designed a sensitive and selective fluorescence sensor for the detection 222 

of Hg
2+

on the basis of aggregation-induced quenching of the fluorescence of the 223 

alkanethiol-Au NPs by Hg
2+

. The alkanethiol-Au NPs, such as 224 

11-mercaptoundecanoic acid-protected Au NPs (11-MUA-Au NPs),exhibited high 225 

fluorescence at 520nm with a quantum yield of 3.1%. In the presence of Hg
2+

, 226 

aggregation-induced fluorescence quenching of 11-MUA-Au NPs happened. The 227 

fluorescence of 11-MUA-Au NPs decreased upon the increase of the concentration of 228 

Hg
2+

, and the detection limit for Hg
2+

 was as low as 5nM. With the PDCA as masking 229 

reagent, the selective for Hg
2+

was at least 10-fold against Pb
2+

 and Cu
2+

, and 400 230 

times for other metal ions. Researchers investigated the practicability of this assay 231 

during the Hg
2+

 detection of a water sample obtained from a local pond and the result 232 
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showed that the Hg
2+

 content in the pond sample was 3.49 ppb, which was in keeping 233 

with the 3.20 ppb detected by using ICP-MS. This method overcame many drawbacks 234 

brought by conventional analytical methods and achieved equally accurate results, 235 

which illustrated the superiority of novel analytical approach. 236 

2.1.1.4 Au NPs functionalized with nitrogen groups 237 

Except for the aforementioned detection systems, researchers have used Au NPs 238 

functionalized with some molecules rich of nitrogen to achieve the fast, simple and 239 

portable detection of mercury ion. Du et al.
50

 built a melamine-Au NP system as a 240 

good Hg
2+

 probe based on the coordination affinity between Melamine, a commercial 241 

heteocyclic-ring molecule containing multiple nitrogen and Hg
2+

.It has been reported 242 

that melamine can lead to the aggregation of Au NPs in water based media by 243 

electrostatic effect. However, the addition of Hg
2+

could prevent the aggregation of Au 244 

NPs caused by melamine for that the N atoms of melamine preferentially bond to 245 

Hg
2+

and thus melamine lost the ability of aggregating Au NPs. This system exhibited 246 

a good linear relationship under the optimized conditions and the limit of detection 247 

(LOD)was 50nM, which illustrated that this system achieved excellent selectivity and 248 

sensitivity for Hg
2+

 detection. 249 

In order to be consistent with the goals of green chemistry and low consumption, 250 

Du et al.
51

 chose to utilize a kind of natural product, urine, which owned similar 251 

binding sites to melamine to optimize the Hg
2+

 detection system by simply mixing Au 252 

NPs solution and urine at an appropriate ratio based on coordination chemistry. In this 253 

assay, the 13nm Au NPs dispersed in aqueous solution with a red color SPR band at 254 

520nm. There was little color change when urine was added to the solution and the 255 

components rich of nitrogen were adsorbed on the surface of the Au NPs. The 256 

addition of Hg
2+

 however, caused an instant red-to-blue color change for that the Hg
2+

 257 

led to the crosslinking-induced aggregation of Au NPs based on coordination 258 

chemistry. This system showed great selectivity to Hg
2+

 and good sensitivity which 259 

could be proved by the application in the detection of Hg
2+

 in industrial wastewater. 260 

Besides, this work could be achieved by simply using urine and no complex ligand 261 

synthesis was needed, which exhibited that its simplicity, portability and 262 
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inexpensiveness made it very useful in remote and less industrialized areas. On the 263 

basis of this work, Du et al.
52

 demonstrated the ability of uric acid and creatinine to 264 

bind Hg
2+

on the surface of Au NPs synergistically and further successfully developed 265 

a uric acid and Hg
2+

 modified AuNPs system to achieve the selective and effective 266 

detection of creatinine in complex matrix. This system achieved excellent sensitivity 267 

and selectivity of creatinine detection and showed its advantages such as simplicity, 268 

inexpensiveness and portability over other traditional detection methods, which could 269 

be helpful in the achievement of self-serviced clinical-sensing and monitoring of 270 

creatinine at home. 271 

2.1.2 Gold nanorods and gold nanoclusters 272 

Due to their uniquely optical and physiochemical properties such as simple 273 

surface modifications, anisotropic shape and so on, gold nanorods (Au NRs) have 274 

been widely applied in biomedicine
53-55

 and chemical sensors.
56-58

 Au NRs have two 275 

directional electron oscillations and exhibit two tunable surface plasmon resonance 276 

bands (SPR). The longitudinal and transversal plasmon bands correspond to the long 277 

and short axis of the Au NRs. The maximum absorption wavelength presents a linear 278 

correlation with the aspect ratio. For example, the band of longitudinal was red shifted 279 

when the aspect ratio increased.
59, 60

 280 

Rex et al. 
60

 proposed a sensitive and selective method to determine Hg
2+

 upon 281 

the absorption wavelength change of Au NRs based on affinity between gold and 282 

mercury. The procedure was simply to mix Au NRs with the sample present in sodium 283 

borohydride (NaBH4), and no sample preparation was required, which displayed the 284 

simplicity of the design. In this method, Au NRs with the aspect ratio of 1.6 were used, 285 

and the longitudinal and transversal plasmon bands were 612 and 520nm, respectively. 286 

After being reduced by NaBH4 from Hg
2+

 to Hg
0
, mercury and gold amalgamated, 287 

which led to the blue shift of the maximum absorption wavelength of longitudinal 288 

plasmon bands. As the concentration of Hg
2+

 increased, the aspect ratio decreased. 289 

When concentration of mercury ions reached 1.57×10
-4

M, there was only one 290 

absorption band present and spherical nanoparticles were formed. This method 291 
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proposed a practical way for the detection of Hg
2+

 in tap water samples at the 292 

parts-per-trillion level. The detection limit was3.3×10
-15 

M and the correlation 293 

coefficient was 0.998 in the range of 9.98×10
-14

 to 1.5×10
-10

M, which was 3 orders 294 

of magnitudes better than conventional analytical methods based on expensive 295 

instrumentation and showed great potential for the detection of ultralow contents of 296 

Hg
2+

 in water samples. The whole procedure was rather simple and fast, and it took 297 

less than 10 min per sample, which was quite appropriate in on-site monitoring of 298 

Hg
2+

. 299 

Huang et al. 
57

 also utilized Au NRs for the detection of Hg
2+

 based on 300 

amalgamation of gold and mercury, which could amplify the localized surface 301 

plasmon resonance signals. At first, Au NRs were end-to-end assembled via 302 

electrostatic interactions by Na3PO4, which possessed collective properties from 303 

coupling of optical and electronic properties between neighboring individual nanorods. 304 

With the addition of Hg
2+

, Hg
2+

 was reduced to Hg
0
 by NaBH4, and deposited on the 305 

surface of Au NRs, resulting in the amalgamation of Hg and Au and the blue shift of 306 

the SPR band. The gradual blue shift of SPR band was observed with the increased 307 

concentration of Hg
2+

. When the concentration of Hg
2+

 achieved 10
-5

M, the 308 

longitudinal and transversal absorption bands were overlap, and only one SPR band 309 

occurred. The LOD of this method was 10
-13

M, which was much lower than the 310 

results obtained from traditional methods. For example, Jia et al.
14

 described a method 311 

that combing ionic liquid based dispersive liquid-liquid microextraction (IL-DLLME) 312 

with high performance liquid chromatography-inductively coupled plasma mass 313 

spectrometry (HPLC-ICP-MS) to determine the content of mercury species in liquid 314 

cosmetic samples and the detection limit was 1.3 ng/L for Hg
2+

. In recent years, the 315 

detection systems for Hg
2+

 based on Au NPs have been superior to conventional 316 

approaches in many aspects, including simplicity, accuracy, practicability and so on.  317 

Compared with Au NPs, gold nanoclusters (Au NCs) have higher fluorescence 318 

quantum yield and smaller size, which makes Au NCs exhibit discreet electronic 319 

states and size-dependent fluorescence.
61, 62

 320 

Hu et al. 
63

 developed a rapid, highly selective and sensitive assay of Hg
2+

 in 321 
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aqueous solutions based on the fluorescence quenching of BSA-modified gold 322 

nanoclusters (BSA-Au NCs).The as-prepared BSA-Au NCs could dispersed 323 

uniformly in solution and fluoresced at 652nm when excited at 334nm, with a 324 

quantum yield of 6%. The fluorescence intensity of BSA-Au NCs decreased as the 325 

concentration of Hg
2+

 increased. This assay relied on the high complexation of 326 

BSA-Au NCs withHg
2+

 by Hg-S bond (via the 35 Cys residues in BSA) and hence, 327 

possessed excellent selectivity. The method had the LOD of 80nM and got the 328 

satisfactory recoveries (95%-106.5%) of mercury ions by using standard addition 329 

method in different water samples such as river water, tap water and mineral water.  330 

Xie et al. 
64

 also demonstrated a simple label-free method for detection of Hg
2+

 331 

based on fluorescence quenching of BSA-AuNCs and the high-affinity of 332 

metallophilic Hg
2+

and Au
+
. This one-step method was simple, fast, highly selective, 333 

and ultrasensitive (LOD was 0.5 nM). The strategy might be further developed as a 334 

simple paper test strip system for the rapid monitoring of Hg
2+

, which might be as 335 

convenient as pH test paper and be very useful tool in resource-poor settings. Wei et 336 

al. 
65

demonstrated a way to detectHg
2+

 based on Lysozyme-stabilized gold 337 

nanoclusters (Lys-Au NCs). In this assay, the fluorescent gold nanoclusters had an 338 

average size of 1nm and two emission peak at 445nm and 657nm. The fluorescent 339 

quantum yield of 657 nm emission was about 5.6%. The detection range was tunable 340 

using varied concentration of Lys-Au NCs. When using 1% Lys-Au NCs, the 341 

detection range of Hg
2+

 could be tuned from 10nM to 5000nM. The detection systems 342 

developed recently based on Au NCs have solved many problems traditional 343 

analytical methods brought along with their high accuracy and sensitivity in the 344 

detection of Hg
2+

and meanwhile, have achieved comparable, even much higher 345 

accuracy, sensitivity and selectivity, which have put them in the first place for the 346 

rapid on-site monitoring of Hg
2+

 in aqueous samples.   347 

2.2 Carbon nanomaterials 348 

2.2.1 Carbon nanotubes 349 

Carbon nanotubes have been well developed for detection of trace elements in 350 
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solutions in terms of their conductivity and fluorescent properties. Carbon nanotubes 351 

combining with the DNA by π-π stacking between the nucleotide bases and the 352 

single-walled carbon nanotubes (SWCNTs)’ sidewall were used to determine Hg
2+

 on 353 

the basis of Hg
2+

 interaction with the DNA, which caused the DNA depart from the 354 

carbon nanotubes and led to the change of the signal.
66-68

 355 

Gao et al. 
69

detected Hg
2+

via ICD  (induced circular dichroism) of ssDNA 356 

wrapped around SWCNTs for the first time(Figure 12).The coupling effects of the 357 

transition dipole moment between DNA and SWCNTs produced strong ICD signal. In 358 

the presence of Hg
2+

, it bound with DNA, which weakened the interaction between 359 

the DNA and SWCNTs and led to a part of DNA detached from the SWCNT surface. 360 

The ICD spectra showed that the intensity of ICD signal decreased significantly and 361 

the results of AFM revealed that DNA pith increased along the SWCNTs when the 362 

concentration of Hg
2+

 increased. This method had an LOD of the nM level. 363 

Zhang et al. 
70

utilized the carbon nanotube-DNA hybrid fluorescent sensor for 364 

the detection of Hg
2+

. A T-rich ssDNA was used as a fluorescence probe. In the 365 

absence of Hg
2+

, the ssDNA wrapped around SWNTs and the fluorescence of dye was 366 

quenched. Upon addition of Hg
2+

, the ssDNA and Hg
2+

 formed a double helical 367 

structure via T-Hg
2+

-T base pairs, which detached from the nanotubes surface and led 368 

to an increase of fluorescence emission comparable to the fluorescence of the 369 

ssDNA/carbon nanotubes complexes. The LOD of this method was 14.5 nM with 370 

high selectivity against other metal ions like Cd
2+

, Pb
2+

, and Ca
2+

 etc. The advantage 371 

this method possessed over other analytical methods was that the selectivity and 372 

specificity for the detection of Hg
2+

 were achieved by the specific binding ability of 373 

Hg
2+

 to thymine bases and the interaction between SWNTs and ssDNA. Guo et al. 
71

 374 

proposed a turn-on fluorescence method for Hg
2+

 by using assembly of ssDNA, dye 375 

and SWCNTs. The SWNCTs, ssDNA, organic dye (Sybr Green I) formed a 376 

self-assembly system which resulted in the quenching of the dye’s fluorescence. 377 

When the Hg
2+

 and another T-rich ssDNA were added, the Sybr Green I intercalated 378 

into the dsDNA formed by T-Hg
2+

-T mismatch and was removed from the surface of 379 

SWCNTs, which disturbed the reaction between the dye and SWCNTs and led to the 380 
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fluorescence restoration. This approach did not need fluorophore labeled 381 

oligonucleotide, and provided high sensitivity (the LOD is 7.9 nM) and selectivity 382 

(40-fold with other metal ions). In order to verify the practicability of the proposed 383 

method, it was applied to determine Hg
2+

 in tap water samples that had been spiked 384 

with Hg
2+

 at three different concentration levels before the detection. The results were 385 

in keeping with the found and added values. 386 

2.2.2 Carbon nanoparticles 387 

Carbon nanoparticles possess biocompatible and chemically inert properties. 388 

They are small and water soluble, which make them promising candidates for 389 

biological labeling and metal ions detections. Li et al. 
72

 developed a novel fluorescent 390 

strategy based on carbon nanoparticles for the determination of Hg
2+

. The carbon 391 

nanoparticles were collected from candle soot, with a fluorescence emission at 518nm 392 

when excited at 480nm.Carbon nanoparticles quenched the fluorescence of the dye 393 

labeled on ssDNA via π-π stacking interaction between ssDNA and carbon 394 

nanoparticles. In the presence of Hg
2+

, ssDNA departed from carbon nanoparticles 395 

surface due to the induced hairpin structure. This strategy had an LOD of 10nM, and 396 

superior selectivity against other possible metal ions. The approach was employed to 397 

analyze the environmental water with spiked Hg
2+

and satisfied results that could be 398 

comparable to that of ICP-MS was achieved. 399 

Li et al. 
73

 further demonstrated the fluorescent detection of mercury ions via 400 

nano-C60 and a FAM-labeled Hg
2+

-specific oligonucleotide probe. Nano-C60 had a 401 

negatively charge surface and was an excellent electron acceptor. C60 bound strongly 402 

to ssDNA through the imperceptibly electrostatic interactions as well as the π-π 403 

stacking interactions. Hence, the fluorescently labeled ssDNA probe adsorbed on the 404 

nano-C60 led to substantial fluorescence quenching. In the presence of Hg
2+

, the 405 

conformation of oligonucleotide folded into hairpin structure via T-Hg
2+

-T base pair, 406 

which did not adsorb on nano-C60 and suppressed the quenching, thus signaled the 407 

existence of the target (Figure 13).This strategy achieved the detection limit as low as 408 

500pM, which is lower than the toxicity level of Hg
2+

 in drinking water (10 nM) 409 
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defined by U.S. EPA. The application of the proposed method in real sample analysis 410 

was investigated to verify its utilization. The water samples detected were obtained 411 

from the South Lake of Changchun, China. Results demonstrated that the detection 412 

was not affected by the disturbance of bacteria, pathogens and other materials in the 413 

lake, which made this approach possible for the detection of Hg
2+

 in much more 414 

complicated samples in the environment. 415 

2.3 Quantum dots 416 

Quantum dots (QDs) have attracted much attention for its uniquely optical and 417 

electronic properties, such as excellent fluorescence quantum yields, photobleaching 418 

threshold and photostability. In recent years, QDs have been widely used for chemical 419 

sensing through the change of photoluminescence induced by analytes.
74, 75

 420 

For the detection of Hg
2+

 using QDs, the principle of T-Hg
2+

-T coordination and 421 

Hg-S interaction could also be used. Besides, since QDs had high photoluminescence 422 

quantum yield, they were used as “turn on” or “turn off” fluorescent probes.
76-79

 423 

Functionalized CdSe/ZnS QDs were attractive for detecting Hg
2+

since Hg
2+

 424 

could quench the fluorescence of function group modified CdSe/ZnS QDs. In addition, 425 

the ligands modified on the CdSe/ZnS QDs played a core role on fluorescence 426 

response of specific metal ions. The water-soluble L-cysteine functionalized 427 

CdSeQDs with high stability and fluorescence quantum yield were used as 428 

fluorescence probe for Hg
2+

.
80

 Nanoparticles in this approach displayed some unique 429 

properties that distinguished them from traditional organic fluorophores, such as 430 

stability against photobleaching and blinking. The approach was based on the fact that 431 

Hg
2+

had high affinity to the amide group, which led to the effective electron transfer 432 

process on the surface of QDs between the Hg
2+

and the functional group. A good 433 

linear relationship between the fluorescence intensity ratio and the concentration of 434 

Hg
2+

 was obtained and the detection limit was 6nM. Moreover, the method was 435 

testified by the application on the real sample of human urine and river water, and 436 

achieved satisfactory results with the recovery of Hg
2+

 in the range of 95-101% that 437 

were in keeping with the results obtained from cold vapor atomic fluorescence 438 
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spectrometry (CV-AFS), which suggested that the method was practical and credible. 439 

Freeman et al. 
75

used CdSe/ZnS QDs to detect Hg
2+

 and Ag
+
 simultaneously by 440 

modifying two types of different and specific nucleic acids, which exhibited two 441 

emission bands of fluorescence spectra. Hg
2+

 quenched the fluorescence of CdSe/ZnS 442 

QDs when it was modified with a thymine-rich nucleic acid, which was attributed to 443 

the electron transfer process caused by the bond of Hg
2+

 with thymine. L-carnitine 444 

capped CdSe/ZnS QDs were applied for the detection of Hg
2+

 in ethanol.
81

 In this 445 

approach, Hg
2+

acted as a quencher via electron transfer from L-carnitine to Hg
2+

, and 446 

the detection limit of Hg
2+

 concentration was 18µM. N-acetyl-L-cysteine capped ZnS 447 

quantum dots (NAC-ZnS QDs) synthesized via a one-step method in aqueous 448 

solutions by using inexpensive and safe materials were also used as fluorescent probes 449 

for quantitative determination of Hg
2+

 (Figure 14).
82

In the presence of Hg
2+

, the 450 

fluorescence of NAC-ZnS QDs was quenched and the intensity of florescence was 451 

inversely proportional to concentration of mercury ions, which resulted from the 452 

electron transfer between ZnS QDs and Hg
2+

. This method proved high sensitivity 453 

(LOD was 5nM) and excellent selectivity. Satisfactory results were obtained for the 454 

detecting of Hg
2+

 in the tap water and spring water and the recovery of mercuryions 455 

was in the range from 94.5%-101.3%, which were in good agreement with the results 456 

achieved from CV-AFS and suggested the reliability and practicability of this method 457 

in the detection of Hg
2+

 in aqueous environment.The advantages of this method such 458 

as the simple synthesis procedure, high sensitivity, excellent selectivity, reliability and 459 

practicability made it different from conventional methods and more promising in the 460 

application for detecting Hg
2+

. 461 

2.4 Silver nanomaterials 462 

Silver nanomaterials have been widely used as antibacterial, antistatic, and 463 

cryogenically superconducting materials, etc. Besides, they have also been used to 464 

detect mercury in recent years. For example, Roy et al. 
83

used Vitamin B2 (riboflavin) 465 

stabilized silver nanoparticles (Ag NPs)to detect Hg
2+

 for the fact that Hg
2+

had high 466 

affinity to the amino nitrogen of the thymine moiety of riboflavin. As a result, Hg
2+

 467 

Page 18 of 36Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



19 / 36 

 

replaced the Ag NPs to form a covalent structure with riboflavin. Riboflavin was a 468 

fluorescent molecule, the color changed from bright yellow to deep orange and the 469 

fluorescence was quenched immediately in the formation procedure of the riboflavin 470 

stabilized Ag NPs (R-Ag NPs). In the presence of Hg
2+

, the color changed back to 471 

yellow and the fluorescence resumed. Interferential metal ions did not show the same 472 

phenomenon. On the other hand, R-Ag NPs had two absorption bands under UV/vis 473 

spectra, and only Hg
2+

 decreased the absorption intensity heavily. In this approach, the 474 

time of sensing was one minute and the LOD for Hg
2+

was 5nM, which demonstrated 475 

its feasibility in the rapid on-site detection of Hg
2+

 as per U.S. EPA toxicity level of 476 

Hg
2+

 in drinking water. According to the method, the Hg
2+

 in tannery waste water 477 

(8.20 nM) and tap water (3.27 nM) were successfully detected.
83

 Conventional 478 

analytical methods such as ICP-MS and CV-AFS had many disadvantages like the 479 

complicated preparation of samples before testing, the heavy dependence on 480 

expensive instrumentation and labor force. Although they could achieve comparable 481 

accuracy and sensitivity, they are no longer suited in modern analysis and detection of 482 

Hg
2+

 that require simplicity, higher sensitivity and selectivity. 483 

Tharmaraj and Pichumani
84

 used Rh6G as a spectroscopic probe for detecting 484 

mercury using alginate stabilized silver nanocubes (alginate-Ag NCbs). In this 485 

approach, the fluorescence intensity of Rh6G decreased when it was attached on the 486 

surface of alginate-Ag NCbs and the solution displayed yellow. With the addition of 487 

Hg
2+

, Hg
2+

 formed amalgam-like structure with alginate-Ag NCbs and released the 488 

Rh6G from the surface of alginate-Ag NCbs. The fluorescence of Rh6G was restored 489 

and increased from yellow to purple with the concentration of Hg
2+

improved. The 490 

detection limit for Hg
2+

was 5.0×10
-11

 M under the fluorescence response, which was 491 

much lower than that of some conventional methods. 492 

Guo et al. tried the label-free detection of Hg
2+

 based on protein-directed silver 493 

clusters.
76

 The denatured bovine serum albumin coated silver nanoclusters (dBSA-Ag 494 

NCs) were utilized as fluorescent probes forHg
2+

 sensing, which relied on the 495 

quenching of the fluorescence of as-prepared silver clusters on the basis of 496 

5d
10

(Hg
2+

)-4d
10

(Ag
+
) metallophilic interaction. In this approach, the 1nm dBSA-Ag 497 
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NCs showed high fluorescence emission at 637nm and high stability in high ionic 498 

conditions. In the presence of Hg
2+

, dBSA-Ag NCs changed the color from light 499 

yellow to brown, and its fluorescence was sensitive and proportionately decreased 500 

with the concentration of Hg
2+

increased. PDCA was used as a masking ligand to 501 

minimize other ions. The LOD for Hg
2+

 in this assay was 10nM with the linear range 502 

from 10nM to5µM,
76

 which was comparable to that obtained from traditional methods 503 

and met the limitation of Hg
2+

 detection requirement by U.S. EPA in drinking water 504 

and predicted the application prospects of this method in real samples from the 505 

environment. 506 

Another type of silver nanomaterials used for the detection of Hg
2+

 was silver 507 

quantum dots (Ag QDs). The 2.7nm Ag QDs exhibited a SPR band at 395nm. In the 508 

presence of Hg
2+

, Hg
2+

 absorbed on the surface of Ag QDs via electrostatic attraction 509 

and caused the small red shifted and intensity decrease of SPR band. The calibration 510 

plot of intensity of SPR absorption band against the concentration of Hg
2+

 was 511 

obtained in the concentration range between 50-350pM. The present method was 512 

simple without other group modified on the surface of Ag QDs, highly sensitive with 513 

the detection limit at 50pM, and also got excellent selectivity in the tenfold of other 514 

metal ions. At the same time, the authors proposed the other approach that used Ag 515 

QDs dispersed in amine functionalized silicate SG (SG-Ag QDs) to improve the 516 

detection limit (LOD was 5pM) and selectivity (50 fold against other metal ions) 517 

based on the higher affinity between the mercury and amine groups.
85

 Generally, the 518 

detection limits of conventional method are about nM level. This assay improved the 519 

sensitivity and simplicity of Hg
2+

 detection methods by using the optical and 520 

electronic properties of Ag QDs, which made it significant in the study of Hg
2+

 521 

detection. 522 

2.5Silica nanoparticles 523 

The design of most nanomaterials utilized for Hg
2+

 detection was based on the 524 

interaction of Hg
2+

 with thymine. Silica nanoparticles (Si NPs) utilized on detection 525 

of Hg
2+

 also took this mechanism. Wang et al.
79

 presented a fluorescence “turn on” 526 
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assay for Hg
2+

detection by utilizing cationic conjugated polymers (CCP) and Si NPs 527 

to amplify the fluorescence. In this assay, dsDNA containing three pairs of T 528 

mismatches was attached on the surface of Si NPs. In the presence of Hg
2+

, T-Hg
2+

-T 529 

coordination was formed to capture Fl-labeled DNA on the surface of Si NPs during 530 

thermal wash and the complexation increased the melting temperature of the resulting 531 

duplex. Other ions could not form stable metal-DNA complex and there was weak or 532 

no fluorescent signals on the surface of nanoparticles. At last, cationic conjugated 533 

polymers were added to amplify fluorescence signal of the DNA combined with the 534 

fluorescein that remained on the surface of Si NPs. The working curve of Hg
2+

 535 

showed a sigmoidal shape and the detection limit was 100 nM. When the ratio of Hg
2+

 536 

and DNA duplex was kept at 3:1, the detection limit could be as low as 5 nM, which 537 

was lower than the limit of Hg
2+

concentration in drinking water (10 nM) defined by 538 

U.S. EPA and could be used in the detection of real samples. With the assistance of 539 

CCP, the Hg
2+

 detection assay showed great potential in environmental applications 540 

and industrial process control. 541 

Zhu et al. 
86

studied a highly sensitive and selective electrochemiluminescent 542 

(ECL) method for determination of Hg
2+

 by using tris(2,2’-bipyridine)ruthenium(II) 543 

[Ru(bpy)3
2+

]-doped silica nanoparticles (Ru-Si NPs). At first, two mismatched ssDNA 544 

were modified on the electrode, one of which was labeled with Ru-Si NPs that was 545 

attached to oligonucleotides containing more Ru(bpy)3
2+

 and showed much stronger 546 

intensity of ECL than that of Ru(bpy)3
2+

 directly labeled to oligonucleotides. In the 547 

absence of Hg
2+

, intensity of ECL for two ssDNA was low. With the addition of Hg
2+

, 548 

two mismatched ssDNA switched to completely matched dsDNA, which eliminated 549 

the block of the electron transfer and increased the intensity of ECL. The detection 550 

limit for Hg
2+

 was 2.3 nM and competing ions could coexist with Hg
2+

 even if their 551 

concentrations were 50 times higher than that of Hg
2+

. This method has been applied 552 

to detect Hg
2+

 concentration in waste water samples and the results indicated that the 553 

average concentration of Hg
2+

 in samples was 7.8 nM, which was in good agreement 554 

with the results obtained from AAS (8.0 nM). 555 
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 556 

3. Speciation of Mercury 557 

The toxicity of mercury varies with its chemical forms. Different forms of 558 

mercury possess different bioavailability and toxicity. Elemental mercury (Hg
0
), 559 

mercuric ions (Hg
2+

), and organic mercury complexes such as methylmercury 560 

(CH3Hg
+
) are the three major mercury species. Microbial activities can lead to the 561 

methylation of water-solubleHg
2+

to CH3Hg
+
, the most toxic forms of Hg, which can 562 

accumulate and magnify through food chains.
87, 88

It is desired to study not only the 563 

inorganic mercury species like Hg
2+

 but also the organic mercury species like CH3Hg
+
 564 

since the latter is the most toxic form of Hg. In general, different Hg species can be 565 

quantified through the combination of chromatographic separation (gas 566 

chromatography or high performance liquid chromatography) hyphenated with 567 

element-specific spectrometry or molecular mass spectrometry,
89-91

 including 568 

HPLC-ICP-MS,
92

 HPLC-HG-AFS
93

 and CE-ICP-MS
94

, etc. These approaches 569 

provide excellent separate efficiency and low detection limits, but with high cost
95

.  570 

Nanomaterials are not only promising in the detection of Hg
2+

 as mentioned 571 

above, but also have been used for the speciation of different mercury species. Chang 572 

et al. 
96

 proposed a “turn on” fluorescent probe based on bovine serum albumin, 573 

3-mercaptopropionic acid and Rhodanmine 6Gmodified gold nanoparticles 574 

(BSA@R6G/MPA-Au NPs) to achieve the speciation of mercury species in aqueous 575 

solutions. This probe was operated under the mechanism that mercury ions bound 576 

with the Au NPs to release R6G from the Au NPs surface and recovered its 577 

fluorescence. In the presence of masking agent (EDTA and Na2S), this probe could be 578 

used for specific detecting of PhHg
+
 and the LOD was 20nM. Besides, while using 579 

tellurium nanowires (Te NWs) as making agent, the LOD of PhHg
+
 could be as low as 580 

10nM. River, sea and tap water and fish samples were analyzed to validate the 581 

feasibility of this rapid detection method of mercury species in the environmental and 582 

biological samples. Each sample was filtered and diluted prior to analysis. With the 583 

masking agent, the recoveries of PhHg
+
 in the river, sea and tap water were 92.8%, 584 
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95.7% and 96.9%, while the recoveries of total organic mercury species were 90.5%, 585 

100.5% and 109.6%, respectively. The results showed that by using this method such 586 

high recoveries became realizable from complicated, highly saline seawater samples 587 

and indicated the feasibility of the BSA@R6G/MPA-Au NP system in the detection of 588 

mercury in environmental samples. Moreover, the concentration of CH3Hg
+
 in the 589 

certified reference material dogfish muscle (DORM-2) was analysis by this approach, 590 

and the results were in good accordance with the results achieved by ICP-MS. 591 

Thereby, this strategy held great potential for mercury species analysis of 592 

environmental and biological samples. 593 

Lin et al. 
97

 presented a “turn off” fluorescence sensor based on Lysozyme Type 594 

VI-stabilized gold nanoclusters (Lys VI-Au NCs) for detecting mercuric ions and 595 

methylmercury ions in seawater. The mechanism of this approach was through the 596 

interaction between Hg
2+

 or CH3Hg
+
 and Au

+
 on the surface of Lys VI-Au NCs. The 597 

quantum yield of Lys VI-Au NCs was approximately 9% and the amount of Au
+
 on 598 

the Lys VI-Au NCs was calculated to be 41%. The fluorescent intensity of Lys VI-Au 599 

NCs decreased significantly at 631nm after the addition of Hg
2+

 or CH3Hg
+
. The 600 

correlation coefficient was 0.9949 among the concentration range of 10-1200nM and 601 

the LOD was 3pM for Hg
2+

, while the correlation coefficients was 0.9904 and LOD 602 

was 4nM for CH3Hg
+
 among the concentration range of 15-2000nM. The 603 

fluorescence of Lys VI-Au NCs decreased with the concentration of spiked Hg
2+

 or 604 

CH3Hg
+
 in seawater increased. The LOD for Hg

2+
and CH3Hg

+
 was 0.51nM and 605 

5.90nM, respectively. While comparing to conventional methods and other Au 606 

NC-based sensors, this method displayed good selectivity and lower detection limit in 607 

the determination of Hg
2+

. Besides, the application of this method in complex 608 

environment has also been validated. 609 

The above mentioned studies stated less about the detection of both 610 

Hg
2+

andCH3Hg
+
. Chen et al. 

98
 studied the determination of CH3Hg

+
 co-existing with 611 

Hg
2+

 based on the fluorescence quenching of bovine serum albumin stabilized gold 612 

nanoclusters (BSA-Au NCs). It was found that the fluorescence quenching of 613 

BSA-Au NCs by Hg
2+

was stronger than that caused by the same concentration of 614 
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CH3Hg
+
. Hg

2+
could be masked by EDTA while CH3Hg

+
was less affected. Therefore, 615 

the determination of CH3Hg
+
 was achieved through EDTA masking. The detection 616 

limit for CH3Hg
+
was 35 nM after masking Hg

2+
 with EDTA. This method has been 617 

successfully applied to quantify CH3Hg
+
 in rice paddy water from Qingzhen, Guizhou 618 

and tap water from Beijing. 619 

4. Conclusions 620 

Facing the challenges of sensitive, rapid, and cost-effective detection of mercury, 621 

nanomaterials have attracted much attention for their uniquely optical and 622 

physicochemical characters. Most of nanomaterials-based approaches for the 623 

detection of Hg
2+

relied on the Hg
2+

 interactions with T-T mismatch to form T-Hg
2+

-T 624 

coordination. Despite the high affinity of DNA with Hg
2+

, these approaches had some 625 

drawbacks, one of which was the difficulty researchers encountered while 626 

synthesizing the probes. Colorimetric sensors for Hg
2+

detection based on the direct 627 

interaction between Hg and Au/Ag generated direct observations that could easily be 628 

visible by naked eyes and were suitable for on-site determination. However, the 629 

sensitivity of these sensors and their applications in real samples from complex 630 

systems are still problems. Hence, it is urgent to improve colorimetric sensors’ 631 

sensitivity and increase their applications in real samples. Taking the complexity of 632 

real samples into consideration, the complicated matrix effect of real samples should 633 

be put first to avoid potential problems that may prevent the applications of these 634 

sensors in complex systems while designing colorimetric sensors. In terms of the 635 

“turn on” or “turn off” fluorescent probes based on nanomaterials, they played 636 

promising roles for the detection of Hg
2+

, but a part of these assays were 637 

time-consuming on the preparation of the fluorescent probes and needed the addition 638 

of masking agents to improve the selectivity. Most of these methods had the LOD 639 

below 10 nM, which was lower than the limit of Hg
2+

 in drinking water defined by 640 

U.S. EPA. 641 

Nanomaterials have also been used for the speciation of mercury and are 642 

promising in the application to environmental and biological samples, although it has 643 
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not been so extensively studied as that on the detection of Hg
2+

. Masking agents are 644 

generally necessary for the speciation of different mercury species. Hence, there are 645 

much more efforts needed to develop some kinds of approaches that are highly 646 

sensitive, selective, simple, and suitable for on-site and real samples based on 647 

nanomaterials. In addition, to avoid the potential of secondary pollution, the 648 

toxicology and bio-effects of nanomaterials are also needed to be studied prior to the 649 

wider application.
25, 26
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Figure captions 799 

Figure 1 Colorimetric detection of Hg
2+

 using DNA-Au NPs. Reprinted with 800 

permission ref
17

. Copyright 2007Wiley. 801 

Figure 2 Colorimetric detection of Hg
2+

 based on DNA-Au NPs. Reprinted with 802 

permission ref
37

. Copyright 2008 ACS. 803 

Figure 3 Hg
2+

 induced colorimetric response of MTA-Au NPs, and color change of 804 

the solution in the presence of various representative metallic ions at concentrations of 805 

100 µM. Reprinted with permission from ref 
31

. Copyright 2010, ACS. 806 

Figure 4 Colorimetric detection of Hg
2+

 based on simply mixing Au NPs and 807 

oligopeptides. Reprinted with permission from ref 
46

. Copyright 2011, Wiley. 808 

Figure 5 Illustrations of Hg-induced ICD signal intensity change of DNA-SWCNTs. 809 

Reprinted with permission from ref
69

. Copyright 2008, ACS. 810 

Figure 6 A schematic (not to scale) illustrating the nano-C60-based fluorescent Hg
2+

 811 

detection based on the conformational change of a Hg
2+

-specific T-rich OND (PH). PH: 812 

a FAM-labeled Hg
2+

-specific OND probe. Reprinted with permission from ref
73

. 813 

Copyright 2011, RSC. 814 

Figure 7 Schematic illustration for the fluorescence quenching of NAC-capped ZnS 815 

QDs by Hg
2+

. Reprinted with permission from ref
82

. Copyright 2008, Elsevier. 816 
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 817 

Figure 8 Colorimetric detection of Hg
2+

 using DNA-Au NPs. Reprinted with 818 

permission ref
45

. Copyright 2007Wiley. 819 
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 821 

Figure 9 Colorimetric detection of Hg
2+

 based on DNA-Au NPs. Reprinted with 822 

permission ref
37

. Copyright 2008 ACS. 823 
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 825 

 826 

Figure 10 Hg
2+

 induced colorimetric response of MTA-Au NPs, and color change of 827 

the solution in the presence of various representative metallic ions at concentrations of 828 

100 µM. Reprinted with permission from ref 
31

. Copyright 2010, ACS. 829 
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 831 

 832 

 833 

Figure 11Colorimetric detection of Hg
2+

 based on simply mixing Au NPs and 834 

oligopeptides. Reprinted with permission from ref 
46

. Copyright 2011, Wiley. 835 
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 837 

Figure 12 Illustrations of Hg-induced ICD signal intensity change of DNA-SWCNTs. 838 

Reprinted with permission from ref
69

. Copyright 2008, ACS. 839 
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 841 

 842 

Figure 13 A schematic (not to scale) illustrating the nano-C60-based fluorescent Hg
2+

 843 

detection based on the conformational change of a Hg
2+

-specific T-rich OND (PH). PH: 844 

a FAM-labeled Hg
2+

-specific OND probe. Reprinted with permission from ref
73

. 845 

Copyright 2011, RSC. 846 
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 848 

 849 

Figure 14 Schematic illustration for the fluorescence quenching of NAC-capped ZnS 850 

QDs by Hg
2+

. Reprinted with permission from ref
82

. Copyright 2008, Elsevier. 851 
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