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Abstract
Mercury is a frequent, bioaccumulative, extremely toxic pollutant in the environment. Mercury contamination can be accu-
mulated along the food chain and cause a wide range of serious threats to living organisms, and also affect neurological 
systems and the kidneys. The trace-level detection of heavy and toxic metal ions such as mercury ions is certainly great 
intense. Chromogenic and fluorogenic recognition of toxic mercury ions has been established to be powerful methods due 
to their high detection limit, cost-efficiency, simplicity, and applicability in bioimaging. This review will mainly focus on 
the sensing mechanisms of fluorescent probes that have emerged over the past 5 years, such as PET, ICT, AIE, as well as 
ring-opening sensing mechanisms.

Keywords Mercury ions · Toxicity · Fluorescence · Mechanism · Detection limit · Bioimaging

Introduction

Fluorescent chemosensors capable of selectively recogniz-
ing heavy and toxic ions are an important target in the field 
of supramolecular chemistry due to their potential appli-
cation in bioimaging molecular catalysis, environmental 
detection, medicine, industrial processes, and human sci-
ences [1–3]. Mercury is a toxic environmental pollutant. Due 
to the extreme toxicity of mercury ions, the World Health 
Organization (WHO) has determined that the allowable limit 
of mercury ions in drinking water is 0.5 µg/l [4]. There are 
many different techniques used to detect the concentration 
of toxic anions and cations present in water. These methods 
can be divided into four categories: mechanical, optical, 
electrochemical, and spectroscopic/spectrometric. Usually, 
the methods of high-performance liquid chromatography 
(HPLC), mass spectrometry, atomic emission spectroscopy 
(AES), atomic absorption spectroscopy (AAS), chroma-
tography, inductively coupled plasma mass spectroscopy 
(ICP-MS), flow injection analysis, and electrochemical 
methods are used to analyze the toxic ions [5]. However, 
these methods suffer either from extensive, time-consuming 

procedures, or the use of sophisticated instrumentation. The 
instrumentation methods are not very expedient and ver-
satile for ion detection. The development of chromogenic 
sensors is increasingly appreciated since naked eye detection 
can offer qualitative and quantitative information without 
resorting to any spectroscopic instrumentation. Fluorescence 
measurement, on the other hand, is usually very sensitive, 
versatile, and offers a sub-micromolar estimation of guest 
species [6, 7]. The photo-induced electron transfer, intra-
molecular charge transfer, ring-opening, and  chelation-
enhanced fluorescence mechanisms are commonly adopted 
fluorescence response mechanisms for mercury detection 
[8, 9]. A few reviews only described the mercury fluores-
cence sensors from different perspectives, such as molecule 
types, application in imaging, testing of mercury, and optical 
and fluorescence recognition [10–12]. This review mainly 
focuses on the fluorescent recognition mechanisms for the 
detection of mercury ions since 2015. The review is insti-
gated with a brief discussion of the metal’s occurrence, 
methodologies for detection, sources, applications, toxicity, 
and the mechanism of the mercury ion sensor. Further, the 
fluorogenic and chromogenic mercury ion sensors are clas-
sified according to their sensing mechanisms (Table 1).
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Table 1  Summary of mercury detection using colorimetric and fluorescent chemosensor method

Sensor no. Functional group Sensing ions Solvent medium Mechanism LOD Applications Reference no.

S1 Naphthalimide-
sulfamethizole

Hg2+ DMSO-water AIEE 14.7 nM Environmental 
water samples

20

S2a–b Sulfonami-
dospirobiflu-
orenes

Hg2+ and glu-
tathione

DMSO-water AIEE 10.4
& 103.8 nM

Environmental 
water samples

21

S3 Benzylidene Hg2+ &  CN− DMF-water AIEE 6.6 nM – 22
S4 Tetraphenylethene Hg2+ CH3CN-H2O AIEE – Bioimaging stud-

ies
23

S5 Gold(I) Complex Hg2+ CH3CN-H2O AIEE – – 24
S6 Hydroxyquinoline Hg2+ &  CN− DMF—H2O AIEE 0.24 nM Test kit studies 25
S7 Cyanostilbene Hg2+ THF-H2O AIEE 37 nM Environmental 

water samples
26

S8 Dimethylquinolin Hg2+ &  I− DMSO-water AIEE 71.8 nM Real water and 
urine samples

27

S9 Tetraphenylethene Hg2+ THF-H2O AIEE 10 μM Environmental 
water samples

28

S10 Tetraarylethylene Hg2+ CH3CN-H2O AIEE 48 nM – 29
S11 Nanoparticles Hg2+ THF-H2O AIEE 22.7 nM Bioimaging stud-

ies
30

S12 Pyridopyrazine Hg2+ CH3CN-H2O AIEE 11.4 μM Test kit studies 31
S13a–b Schiff bases Hg2+ THF-H2O AIEE 19.4 & 9.84 nM Bioimaging stud-

ies
32

S14 Cephalexin Hg2+ H2O AIEE – – 33
S15a–b Cyanostilbene Hg2+ DMSO-water AIEE 0.11 μM – 34
S16 Cyanostilbene Hg2+ THF-H2O AIEE 3.4 nM Bioimaging stud-

ies
35

S17 Anthracene Hg2+ THF-H2O AIEE 3.6 μM Bioimaging stud-
ies

36

S18 Pyrene Hg2+ Ethanol/PBS ICT 1.49 nM Bioimaging stud-
ies

38

S19 Acenaphtoqui-
noxaline

Hg2+ CH3CN-H2O ICT 42 μM – 39

S20 Benzopyran Hg2+ CH3CN-H2O ICT 0.14 μM Bioimaging stud-
ies

40

S21 Bithiophene Hg2+ Ethanol-  H2O ICT 19 nM Water, seafood, 
urine and live 
cells

41

S22 Coumarin Hg2+ HEPES buffer –
DMSO

ICT 2.7 nM Environmental 
water samples

42

S23 Phenothiazine Hg2+ Ethanol-  H2O ICT 0.12 nM Test strips & Bio-
imaging studies

43

S24 Oligothiophene Hg2+ Ethanol-  H2O ICT 62 nM Test strips & Bio-
imaging studies

44

S25 Piperazine Hg2+ DMSO-water PET 19.2 nM Bioimaging stud-
ies

46

S26 BODIPY Hg2+ CH3CN-H2O PET 18 µM Logic gate 47
S27 Calix[6]arene Hg2+ THF-H2O PET – – 48
S28 Fluorescein Hg2+ Methanol-Buffer PET 22 µM Bioimaging stud-

ies
49

S29 Imine Hg2+ Methanol/water PET 0.28 µM Environmental 
water samples

50

S30 Naphthalimide Hg2+ Ethanol-  H2O PET 0.73 nM – 51
S31 Naphthalimide Hg2+ HEPES buffer PET 20.66 µM Bioimaging stud-

ies
52
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Metal occurrence

Mercury is a naturally occurring element found in rock 
in the earth’s crust. It is released into the environment 
from volcanic activity, forest fires, and weathering of 
rocks. Mercury exists in several forms, such as metallic 
mercury, inorganic mercury, methyl mercury, and other 
organic mercury compounds [13]. Elemental mercury is a 
silver-white metal and is liquid at room temperature. The 
inorganic mercury compounds are obtained when other 
elements (S, O, Cl, etc.,) combine with mercury. Methyl-
mercury is the most common organic mercury compound 
found in the environment. The inorganic mercury is con-
verted to the organic form when the microscopic organ-
isms  unite mercury with carbon (Fig. 1).

Table 1  (continued)

Sensor no. Functional group Sensing ions Solvent medium Mechanism LOD Applications Reference no.

S32 Thiophene Hg2+ CH3CN-H2O PET 3.9 µM Bioimaging stud-
ies

53

S33 Schiff base Hg2+ CH3CN-H2O PET 1.26 nM Test strips 54
S34 Pyrenylthioureayl 

alanine
Hg2+ CH3CN: DCM PET 93 nM – 55

S35 Quantum dots Hg2+ Water PET 1 pM Environmental 
water samples

56

S36 Metal–organic 
framework

Hg2+ Water PET 17.6 nM – 57

S37 Polyaniline nano-
clips

Hg2+ Water PET 4 nM Environmental 
water samples

58

S38 Rhodamine Hg2+ Water PET 355 nM – 59
S39 Rhodamine Triethylamine Ring opening – Bioimaging stud-

ies
60

S40 Rhodamine Hg2+ DMF-H2O Ring opening – Bioimaging stud-
ies

61

S41 Rhodamine Hg2+ Ethanol-  H2O Ring opening 0.63 µM Environmental 
water samples

62

S42 Rhodamine Hg2+ Ethanol-  H2O Ring opening 1.3 µM Bioimaging stud-
ies

63

S43a-c Rhodamine Hg2+ Tris—HCl/
C2H5OH

Ring opening 18 nM, 16 nM, 
56 nM

Bioimaging stud-
ies

64

S44 Rhodamine Hg2+ CH3CN-H2O Ring opening 0.53 μM – 65
S45 Rhodamine Hg2+ HEPES buffer/

methanol
Ring opening 1.5 nM Skin-lightening 

cream
66

S46 Rhodamine Hg2+ THF-H2O Ring opening 27 μM – 67
S47 Rhodamine Hg2+ HEPES buffer- 

 CH3CN
Ring opening 0.49 μM Test strips 68

S48 p-tert-Butylca-
lix[4]arene

Hg2+ Ethanol–water Ring opening 9.6 nM Bioimaging stud-
ies

69

S49 Rhodamine Hg2+ CH3CN-HEPES 
buffer

Ring opening 0.14 μM Bioimaging stud-
ies

70

S50 Rhodamine Hg2+ CH3CN Ring opening 0.2 μM – 71
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Fig. 1  Distribution of mercury in the environment
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Sources, applications, and toxic effect 
of mercury

Sources

Among the metal ions, particular attention has been paid 
to mercury ions for their extreme toxicity. Mercury con-
tamination occurs through various natural processes such as 
volcanic eruptions, geothermal springs, geologic deposits, 
and emissions from the ocean. Human activity is the main 
cause of mercury releases, particularly coal-fired power sta-
tions, burning oil, fossil fuels, raw materials, residential coal 
burning for heating and cooking, industrial processes, waste 
incinerators, and as a result of mining for mercury, gold, 
and other metals. Some of the mercury circulating through 
today's environment was released years ago. Water, land, 
and other surfaces can repeatedly re-emit mercury to the 
atmosphere after its initial release into the environment [14]. 
The anthropogenic emissions continue to add significantly 
to the global pool of mercury (Fig. 2).

Applications

Mercury is used in various processes and workplaces. 
Mercury is used in laboratories for making thermometers, 
barometers, diffusion pumps, fluorescent lamps, electri-
cal apparatus and instruments, mercury switches, mercury 
relays, sphygmomanometers, and used as an electrode for 
making batteries. Mercury is also used as a catalyst in chem-
ical industries. Mercury easily forms alloys with other met-
als such as gold, silver, and tin, called amalgams. Mercury 
amalgams were also used in dental fillings. Metal mercury is 
used as a liquid electrode in the manufacture of chlorine and 
sodium hydroxide by electrolysis of brine [15]. Mercurous 
chloride  (Hg2Cl2) is used in medicine as a purgative and also 
used as a standard electrode in electrochemical measure-
ments (Fig. 3).

Major consequences and adverse effects of mercury

Mercury  (Hg2+) is well known as one of the most toxic met-
als, and is widespread in air, water, and soil, generated by 
many sources such as gold production, coal plants, ther-
mometers, barometers, caustic soda, and mercury lamps. As 
it can cause strong damage to the central nervous system, 
the accumulation of mercury in the human body can lead to 
various cognitive and motor disorders, and Minamata dis-
ease. A major absorption source is related to daily diet such 
as fish. Thermometer manufacturing releases a very small 
amount of mercury (from 0.1 mg to 10 mg) into the atmos-
phere, which contaminates the soil. This can cause harm-
ful effects, such as nerve, brain, and kidney damage, lung 
irritation, eye irritation, skin rashes, vomiting, and diarrhea. 
Metallic mercury mainly causes health effects including neu-
romuscular changes, headaches, changes in nerve responses, 
tremors, insomnia, etc. [16] when inhaled as a vapor where 
it can be absorbed through the lungs (Fig. 4).

Marine organisms like phytoplankton and zoo-planktons 
easily absorb the toxic methylmercury compound. The 
organisms are consumed by small fish, which are consumed Fig. 2  Sources of mercury

Fig. 3  Applications of mercury
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by large fish, and the large fish are consumed by human 
beings [17]. The poisonous chemical enters the body of 
human beings through the food chain. It causes various dis-
orders such as nervous disorders, muscular coordination, 
severe headaches, and loss of vision and hearing (Fig. 5).

Methodologies for mercury ion detection

In recent years, various accurate and analytical techniques 
have been reported for the detection of mercury ions such 
as gas chromatography-triple quadrupole mass spectrometry 
(GC–MS/MS), mercury analyzers, electrochemical sensors, 
cold vapor integrated quartz crystal microbalance (CV-
QCM), atomic absorption spectroscopy, atomic fluorescence 

spectroscopy, reduced graphene oxide field-effect transistor 
(rGO FET), solid-phase extraction, and fluorescence and 
colorimetric methods. Different types of nanozymes are used 
to detect mercury ions due to their simplicity and ease of 
developing a portable sensor. The processing of hydrocarbon 
samples is generally very complex, and mercury is found in 
low concentrations. Therefore, the development of highly 
sensitive analytical methods is still needed for low-level 
detection of mercury ions. The colorimetry and fluorescent 
methods are widely used because these methods have an 
excellent selectivity compared to other methods [18].

Mechanism of mercury sensing

Fluorescence emission takes place from the electronically 
excited states of molecules. However, given the high reactiv-
ity of the electrons in these states, reactions that usually do 
not occur in the ground states can take place. From the point 
of view of chemical sensing, the coordination of metal ions 
could cause an enhancement of the fluorescence or quench-
ing of the fluorescence intensity. The enhancement of fluo-
rescence emission is called the chelation enhanced fluores-
cence effect (CHEF). The quenching of the fluorescence is 
called the chelation enhancement quenching effect (CHEQ). 
Both effects can be coupled with a red or blue shift of the 
emission band. Upon analyte binding to chemosensors, it 
is possible to modulate some of these reactions' emissions, 
and thus take advantage of the different mechanisms for sig-
nal transduction (Fig. 6). Conventional mechanisms such as 

Fig. 4  Impacts of mercury
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paramagnetic fluorescence quenching, photo-induced elec-
tron transfer (PET), intramolecular charge transfer (ICT), 
fluorescence resonance energy transfer (FRET), photo-
induced charge transfer (PCT), photo-induced excimer 
formation, intersystem crossing or the heavy atom effect, 
aggregation-induced emission (AIE) and excited-state intra-
molecular proton transfer (ESIPT) have been frequently 
adopted for the construction of probe molecules.

Fluorescent sensors for mercury ions

Aggregation‑induced emission (AIE)‑based  Hg2+ 
ions detection

The restriction of intramolecular motion, rotation, or vibra-
tion (RIM, RIR, or RIV) in the aggregates is the main 
cause of the AIE phenomenon. The AIE active molecules 
are weakly emissive in the solution state due to unhindered 
intramolecular motions but become highly emissive upon 
aggregation in a suitable environment through activation of 
RIM, RIR, or RIV mechanisms in the excited state. In view 
of such unusual fluorescence behaviors, the AIE phenom-
enon is successfully utilized to design fluorescent probes 
with proper chelating groups for the detection of metal ions 
[19]. The aggregation of AIE probes can be tuned by metal 
ions through electrostatic interaction, coordination interac-
tion, or the influence of polarity and viscosity (Fig. 7).

Highly fluorescent aggregation-induced emission-based 
1, 8-naphthalimide-sulfamethizole sensor S1 has been 

reported for  Hg2+ and  Ag+ ions. Aggregation-induced 
emission is caused by the hydrophobic nature of naphthal-
imide fluorogenic moiety in DMSO: water (1:99 v/v, pH 
7.2, HEPES buffer). Upon the addition of various metal 
ions,  Hg2+ ions show an increase in absorbance at 267 and 
343 nm with a slight red shift (hypochromic effect). An exci-
mer group was obtained from the intramolecular interaction 
between the naphthalimide moieties in the completion of S1 
with  Hg2+ ion [20]. Due to this reason, Sensor S1 emission 
band at 390 nm was quenched and a new intensity band 
appeared at 483 nm in the presence of  Hg2+ ions. The sensor 
S1-Hg2+ coordination restricts the free rotations of the S1 
and increases the rigidity of the molecular assembly, result-
ing in enhanced fluorescence intensity at 483 nm. Further, 
significantly enhancing fluorescence intensity was observed 
by the increasing addition of  Hg2+ ions. Mercury ions induce 
more aggregation of the S1-Hg2+ complex thereby facilitat-
ing the aggregation-induced emission enhancement behav-
ior of the S1. Sensor S1 sensitively detects  Hg2+ ions and 
the calculated detection limit of S1-Hg2+ ions is 14.7 nM 
(Fig. 8).

A new fluorescent sensor S2a–b based on sulfonami-
dospirobifluorenes was synthesized and reported for the 
selective detection of  Hg2+ ions in the DMSO/HEPES buffer 
mixture [21]. Out of 20 metal ions, sensor S2a–b only shows 
an excellent selectivity towards  Hg2+ ions and showed a 
selective fluorescence quenching (107-fold). The sulfona-
mide group coordinates to  Hg2+ ions that direct to an aggre-
gation of such complex via the face-to-face stacking of the 
spirobifluorene cores. At neutral pH, the sulfonamide group 
coordinates with  Hg2+ ions and could promote deprotonation 
of the –NH group in S2a–b. The detection limits of S2a–b 
with  Hg2+ ions were found to be 10.4 nM and 103.8 nM for 
the derivatives bearing two and four sulfonamide groups, 
respectively (Fig. 9).

Li et al. reported [22] a novel fluorescence sensor S3 for 
selective and sensitive detection for  Hg2+ and  CN− ions in 
DMF-H2O (13:12, v/v). Sensor S3 shows a nonemissive 
spectrum in a pure organic solvent (DMF) and low concen-
trated aqueous system. When the water content is increased 
to 60%, the fluorescence emission band at 650 nm increased 
significantly, and in 80% water the emission intensity band 
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ESIPT
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Ring
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Fig. 6  Various fluorescence sensing mechanism
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reached its maximum (120 fold). A slight decrease in fluo-
rescence intensity was observed when adding further water 
in S3. This is due to the formation of amorphous aggre-
gates. The emission intensity of S3 gradually inclined and 
reaches the maximum along with a small bathochromic shift 
(50 nm) upon the addition of  Hg2+ ions. Under a UV lamp 
(360 nm), the S3-Hg2+ complex results in a strong red fluo-
rescence, and the calculated detection limit to be 6.6 nM. 
The enhancement of fluorescence is due to the aggregation 
induced by the coordination of thymine units with  Hg2+ ions 
(Fig. 10).

A novel aggregation-induced emission-based sensor 
S4 designed [23], synthesized, and reported for selective 

recognition of  Hg2+ ions in a mixture of  CH3CN:  H2O 
(60%). Sensor S4 was further used to quantitatively meas-
ure the bioaccumulation of  Hg2+ within a small invertebrate, 
D. carinata (Fig. 11). When exciting sensor S4 at 350 nm, 
the emission intensity increased from 0.17 to 1038.6 upon 
the gradual addition of  Hg2+ ions (6100-fold). D. carinata 
alone shows no fluorescence signals and when incubated in 
S4 showed blue fluorescence (460–500 nm). In the presence 
of  Hg2+ ions, D. carinata-S4 showed red fluorescence in the 
red channel in the 570 to 610-nm wavelength range. The 
fluorescent microscopy studies recognize in vivo dispersion 
and distribution of  Hg2+ in D. carinata.

X. Han and research group [24] designed a gold (I) 
complex sensor S5 and reported for  Hg2+ ion detection in 
 CH3CN-H2O (1∶1, V∶V) solution. Usually, gold (I) com-
plexes show unique optical properties because of their 
intermolecular gold–gold interactions. Sensor S5 reveals 
an aggregate-induced emission (AIE) in  CH3CN-H2O mix-
tures and exhibits a high selectivity towards  Hg2+ ions. 
In a pure  CH3CN sensor, S5 exhibits almost no emission. 
When increasing the percentage of water (60%) in sensor 
S5,  CH3CN:  H2O, 40:60) results in a fluorescence enhance-
ment band at 572 nm with a hypochromatic shift to 536 nm. 
The increasing percentage of water endorses the aggregation 
of sensor S5 and changes its form from a well-dispersed state 
to an aggregated state, which induces the emission (Fig. 12). 
The addition of  Hg2+ ions into S5 exhibited an effective fluo-
rescence quenching over the other metal ions such as  Al3+, 
 Ca2+,  Cd2+,  Cu2+,  Fe2+,  K+,  Li+,  Mn2+,  Na+,  Ni2+,  Pb2+, 
 Ag+,  Zn2+, and  Fe3+ ions. Exciting S5 at 340 nm exhibited 
a strong fluorescence emission at 575 nm in the presence of 
 Hg2+ ions.

A novel 8-hydroxyquinoline functionalized pillar[5]
arene sensor S6 was synthesized and the sensor selectively 
recognizes toxic  Hg2+ ions based on the AIE fluorescence 
mechanism in an aqueous solution [25]. Sensor S6 almost 
shows non-fluorescence in a pure organic system (DMF). 
On increasing the water content, S6 displays strong fluo-
rescence emission intensity at 410 nm (7.88-fold) due to 
aggregation of fluorescence. Upon the addition of various 
metal ions into S6,  Hg2+ ions could significantly quench the 
fluorescence over other ions at 410 nm. Under a UV lamp, 
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the fluorescence color of S6 (20%  H2O) changed from blue 
to colorless upon the addition of  Hg2+ ions (Fig. 13). The 
detection limit of S6 towards  Hg2+ ions was calculated to 
be 0.24 nM. Further, based on the above results, the  Hg2+ 
detection test kit was prepared by using an S6 sensor on a 
silica gel plate and the test kit could detect  Hg2+ ions more 
conveniently and effectively.

Cyanostilbene derivative fluorescent sensor S7 was devel-
oped for selective and sensitive detection of  Hg2+ ions in 
THF/H2O (2:8, v/v) medium [26]. Sensor S7 shows three 
absorption bands at 245, 291, and 365 nm. Sensor S7 has a 
longer π-conjugated unit and showed a blue-shift band due to 
a more twisted conformation caused by the cyano and vinyl 
groups (Fig. 14). When S7 dispersed in its “solution” state 
(THF), sensor S7 showed a non-emissive property. Upon 
the addition of water (80%), THF had a rigorous band at 
537 nm and the fluorescence intensity enhanced by 79 times 
compared to the emission spectrum in pure THF and THF 
with a small fraction of water. These results correlated well 

with the fact that more aggregates were formed in lesser 
solvents. The enhanced fluorescence of S7 (THF-H2O) can 
be quenched linearly upon interacting with  Hg2+ ions. The 
detection limit of  Hg2+ is 37 nM.

Sensor S8 was prepared by condensation of 1,4- dimeth-
ylquinolin-1-ium iodide with 4-(1,2,2-triphenylvinyl) ben-
zaldehyde under a refluxed condition in ethanol [27]. Highly 
fluorescent sensor S8 was further applied for the detection 
of  Hg2+ ions in an aqueous medium. Sensor S8 is based on 
a tetraphenylethene functionalized quinolinium salts with 
hexafluorophosphate  (PF6

−) as the counterion and exhibits 
non-fluorescence properties in pure DMSO solution. When 
increasing the water fraction from 0 to 80% into S8, it exhib-
its a very low-level emission intensity spectrum. Above 80% 
of water in DMSO, the emission band at 610 nm enhanced 
sharply, and reaches a maximum (13-fold) when compared 
to pure DMSO solution. Meanwhile, the colorless sensor S8 
solution is converted into strong red emission color under 
the UV light at 365 nm (Fig. 15). The observed fluorescence 
changes could be recognized as the formation of molecular 
aggregates, which suppresses the non-radiative relaxation 
channels. Upon the addition of  I– fluorescence, emission of 
S8 started quenching. The quenching of fluorescence is due 
to synergetic electrostatic interaction and drastic collision 
between aggregates of S8 and  I–. Fluorescence “Turn-On” 
was observed when S8-  I– complex interact with  Hg2+ ions 
and the detection limit for  Hg2+ is as low as 71.8 nM.

Fluorescence sensor S9 has been prepared by reaction of 
tetraphenylethene containing ketone with 1, 2-ethanedithiol 
[28] and reported for detection of  Hg2+ ions THF/H2O mix-
tures. In THF solution state sensor S9 shows a nearly none-
missive property. Upon the addition of water, the aggregates 
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of sensor S9AIEgens were formed and the fluorescence 
emission intensity of AIEgens increased promptly when a 
large amount of water was added (> 80%) into sensor S9. 
Sensor S9 emitted sky blue luminescence due to the break-
ing of the conjugated system and the changing of the intra-
molecular charge transfer (ICT) efficiency upon excitation 
at the aggregation state. Upon the addition of Hg2 + ions, 
the absorption peak at 316 nm redshifted to 338 nm. When 
introducing mercury ions into S9, the luminescent color 
change from sky blue to yellow-green could happen instantly 
over the other metal ions. The detection limit of S9 towards 
 Hg2+ ions was calculated to be 10 μM (Fig. 16).

Tetraarylethylenes with metal chelating 1,1-bis(2-pyri-
dylethylene) fragments and thiophene/bithiophene substit-
uents-based sensor S10 have been prepared by Gabr and 
Pigge [29]. Sensor S10 acts as an AIE active fluorescent 
sensor for  Hg2+ ions detection. In a pure  CH3CN sensor, 
S10 revealed a weak fluorescence emission at 512 nm. The 
addition of  H2O into S10 initially shows a slight red-shifted 
emission band followed by a decrease in emission intensity 
at 520 nm and the appearance of a new blue-shifted emission 
band at 404 nm. Further increasing the water fraction in S10 
(9:1  H2O:  CH3CN), the enhanced emission intensity band 
was observed at 404 nm. The sensors exhibit red-shifted and 
enhanced emission in the presence of  Hg2+ in an aqueous 
solution. The limit of detection for  Hg2+ was determined to 
be 48 nM (Fig. 17).

A dual-emission ratiometric fluorescent sensor S11 
based on AIE organic fluorescence nanoparticles and Au 

nanoclusters for detection of  Hg2+ ion has been reported 
by Niu and coworkers [30]. When sensor S11 is in organic 
medium (THF), the twisted conformation makes it easy to 
rotate and vibrate, and the enhanced non-radiative transi-
tions decrease its fluorescence emission intensities. Further 
increasing the concentration of  H2O (80%), the intramolecu-
lar rotations are restricted to some extent, so its fluorescence 
intensities are stronger. In 90% of  H2O, the face-to-face 
interactions, nonradiative transitions, and intramolecular 
rotation are all circumventing, thus its enhanced fluores-
cence emission intensity (blue shift). With increasing the 
concentrations of  Hg2+ ions, the sensor displays continuous 
color changing from red to yellow to green and exhibits sig-
nificant fluorescence quenching (Fig. 18).

A series of novel pyridopyrazine derivatives-based sensor 
S12a–d were synthesized and developed for selective and 
sensitive detection for  Hg2+ ions in the  H2O-CH3CN mixture 
[31]. Sensor S12a showed highly twisted conformation with 
no π-π stacking interactions. All the sensors S12a–d showed 
a weak fluorescence emission in  CH3CN solution. In higher 
water fractions, S12a–b displayed a strong enhancement of 
emission intensity with a slight red shift in emission max-
ima. Pyridopyrazine derivatives of sensors S12a–b bearing 
electron-withdrawing biphenyl rings showed “turn-on”, 
whereas S12c–d bearing electron-donating biphenyl rings 
showed “turn-off” fluorescent response towards  Hg2+ ions 
in aqueous media (Fig. 19). The detection limits of probes 
S12a–d towards  Hg2+ were found to be in the submicromo-
lar range. The other competitive metal ions such as  Na+, 
 K+,  Mg2+,  Ca2+,  Ba2+,  Cr3+,  Fe3+,  Fe2+,  Co2+,  Ni2+,  Cu2+, 
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 Ag+,  Zn2+,  Cd2+,  Al3+ and  Pb2+ did not show a fluorescence 
response with sensors S12a–d.

Schiff base type-two novel fluorogenic sensors S13a–b 
containing AIE luminogen have been reported for  Hg2+ 
ions in aqueous media [32]. In pure THF solution, sen-
sor S13a showed almost non-fluorescence properties and 
S13b displayed weak emission intensity. When the water 
fraction increased from 0 to 50%, both sensors displayed a 
bathochromic shift. Upon the addition of excessive water 
(99%), the fluorescence intensity of S13a–b increased dra-
matically due to its aggregated nature. Upon increasing the 
concentration of water, sensors S13a–b could aggregate to 
form nanoparticles and be dispersed in water because they 
possessed many hydrophobic aromatic rings. Due to the two 
strong electron-donating alkoxy groups and longer conjuga-
tion lengths, the quantum yield of S13b was higher than 
that of S13a because of the stronger internal charge transfer 
effect. Once encountered the  Hg2+ ions, the maximum fluo-
rescence emission intensity of S13a–b gradually decreased 
significantly (Fig. 20).

Cephalexin molecular assembly-based fluorescence 
sensor S14 prepared by Pradeep Kumar Singh et al. and 
reported for  Hg2+ ion sensor [33]. An emission study shows 
that cephalexin has very feeble fluorescence properties while 
after laser treatment, a strong blue-colored fluorescence due 
to self-assembly fluorescence. The fluorescent assembly is 
shown to detect very low concentrations of  Hg2+ ions in 
an aqueous solution due to the presence of a negative sul-
fur molecule binding site. Upon UV irradiation, the weak 
interaction between α-cyclodextrin and cis-azobenzene may 

drive some of the α-Cyclodextrin to slide onto the alkyl 
chain, and thus the self-organization of azo complexes with 
α-cyclodextrin could form different self-assembled aggre-
gates. Sensor S14 was applied for  Hg2+ ions detection in an 
aqueous medium due to its affinity toward negative sulphur 
molecular binding site in sensor and shows fluorescence 
quenching (Fig. 21).

Rod-coil cyanostilbene amphiphile sensor S15 was pre-
pared by the Knoevenagel condensation method and reported 
for  Hg2+ ions detection in an aqueous medium [34]. Apply-
ing two trifluoromethyl groups on the rod segment of S15 
is predictable to increase its hydrophobicity, which shows 
a strong tendency to form supramolecular assemblies with 
prominent aggregation-induced emission behaviors. Under 
UV light irradiation (365 nm), a typical orange emission sig-
nal can be directly visualized for S15a towards  Hg2+, which 
is distinct from green emission signals for other metal ion 
species. The sensor system S15 shows an excellent selectiv-
ity toward  Hg2+ ions over other metal ions. The detection 
limit for the sensor S15 towards  Hg2+ ions is determined to 
be 0.11 μM (Fig. 22).

Aggregation-induced emission (AIE) active linear conju-
gated Schiff base and containing α-cyanostilbene unit sensor 
S16 was reported for  Hg2+ ions detection [35]. In THF sol-
vent, sensor S16 was well dispersed and displayed structured 
absorption spectra and almost non-fluorescence emission. In 
the aggregation state, the twisted conformation with larger 
torsion angles between the benzene rings avoiding strong 
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π-π stacking interactions as well as their excimer formation 
When increasing the percentage of water the absorbance 
gradually decreased and the maximal absorption wavelength 
blue-shifted slightly from 390 to 375 nm and an absorption 
peak appeared at 302 nm. These spectral changes are due 
to aggregating in the sensor phase by gradually increasing 
the water fraction. Up to 30% of the water sensor exhib-
its weak fluorescence intensity and the fluorescence inten-
sity was gradually enhanced and reached its maximum at 
40% of water fraction. When increasing the percentage of 
water fraction, the fluorescence emission intensity gradually 
decreases. Once triggered  Hg2+ ions into S16 significantly 
the fluorescence turn-on behavior was observed and the cal-
culated detection limit was to be 3.4 nM (Fig. 23).

An anthracene-based fluorescent sensor S17 exhibited 
novel AIE characteristics in  H2O-THF mixtures at high 
water content and reported for  Hg2+ ions [36]. In THF solu-
tion, S17 exhibits a weak fluorescence emission at 498 nm 
(Φ = 0.002). It was observed that aggregation switched on 
in mixed aqueous media (THF/H2O) by varying the volume 
of water percentages gradually. Increasing the volume of 
 H2O fractions up to 70% in the binary solvent mixture (THF/
H2O) at 518 nm shows enhanced fluorescence and simulta-
neously the colorless non-fluorescent solution changed to 
the strong fluorescent green color solution. A strong fluo-
rescence quenching of S17 was observed in the presence of 
 Hg2+ ions via a complex interplay through the ground state 
complexation between S17 and  Hg2+ ions and external heavy 
atom induced perturbation by  Hg2+ ions to the excited states 
of the S17 (Fig. 24).

Intramolecular charge transfer (ICT) based  Hg2+ ions 
detection

Intramolecular charge transfer (ICT)-based molecules 
require both electron-donating and electron-accepting 
groups conjugated into one molecule that gives rise to a 
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‘push–pull’ π-electron system in the excited state. ICT 
mechanisms have been widely used for cation sensing. Intra-
molecular charge transfer (ICT) involves an excited molecule 
and a neighboring molecule; one serves as an acceptor and 
the other as a donor molecule, involving charge redistribu-
tion in the excited molecule which produces a very large 
excited-state dipole moment. Upon excitation of the fluo-
rophore, redistribution of electron density occurs so that 
a substantial dipole is created, resulting in intramolecular 
charge transfer from the donor to the acceptor. The electron 
donor (D) group interacts with an analyte, reducing the ICT 
process due to decreased electron-donating capacity, which 
leads to a blue shift in the absorption spectrum. In contrast, 
when analytes bind with the electron acceptor (A) group, 
an apparent red shift is observed in the absorption spectrum 
due to the increased ICT process [37]. Most of the fluo-
rescent molecules are derived from the ICT mechanism by 
changing either the π-conjugation degree, electron-donating, 
or electron-withdrawing ability to interact with the target 
analyte (Fig. 25).

Thioacetal modified pyrene-based fluorescent sensor S18 
was reported for selective and sensitive recognition of  Hg2+ 
ions in the aqueous medium over the other ions [38]. The 
emission spectra of S18 are recorded in ethanol/PBS (2:1, 
v/v) solution and exhibits a strong fluorescence emission 
intensity centered at 457 nm (Φ = 0.33). The fluorescence 
emission of S18 (red shift) is due to the intramolecular 
charge transfer (ICT) mechanism in polar solvents. Upon 
the addition of  Hg2+ ions into S18, the fluorescence intensity 
at 457 nm increased gradually (100-fold). The limit of detec-
tion of S18 towards  Hg2+ ions is determined to be 1.49 nM. 
The 1H NMR titrations are confirmed the thioacetal moiety 
in S18 can be converted to an aldehyde group upon the addi-
tion of  Hg2+ ions (Fig. 26).

A novel acenaphtoquinoxaline-based fluorescent sen-
sor S19 was successfully synthesized and act as a selec-
tive fluorescent sensor for  Hg2+ ions in acetonitrile [39]. 
In the presence of various metal ions such as  Ba2+,  Ca2+, 
 Cd2+,  Cs+,  Co2+,  Cr3+,  Fe3+,  Fe2+,  Hg2+,  K+,  Li+,  Mg2+, 
 Mn2+,  Na+,  Ni2+,  Sr2+,  Hg2+ and  Zn2+ into S19, an enhanced 
fluorescence emission intensity (red shift) is observed at 
520 nm only in the presence of  Hg2+ ions over other ions. 

The detection limit was as low as 42 ppb. The binding stoi-
chiometry between S19 and  Hg2+ ions was found to be 1:1. 
The sensing mechanism of  Hg2+ ions towards S19 through 
the intramolecular charge transfer was investigated by DFT 
calculations. From the results, the sensor S19 can be consid-
ered as a highly selective and reliable chemosensor for  Hg2+ 
ion detection (Fig. 27).

A novel fluorescent sensor S20, which contained a con-
jugated dicyanomethylene-benzopyran structure as fluoro-
phore and dithia-dioxa-monoaza crown ether moiety as the 
receptor was developed and reported for  Hg2+ ions detection 
[40]. The sensor S20 showed an excellent selectivity and 
sensitivity towards  Hg2+ ions with no significant interference 
from other competitive metal ions and anions. Sensor S20 
showed strong fluorescence emission intensity at 645 nm. 
When an  Hg2+ ion was added, a strong fluorescence quench-
ing was observed. The quenching of fluorescence is due to 
the complexation of  Hg2+ with dithia-dioxa-monoaza crown 
and weakened electron-donating ability of the recognition 
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site, which resulted in the blocking of the intermolecular 
charge transfer (ICT) process. The fluorescence sensor S20 
was successfully used in real aqueous samples and fluores-
cent imaging for  Hg2+ in living cells and zebrafish larvae 
with low cytotoxicity (Fig. 28).

A novel bithiophene-based fluorescent sensor S21 was 
designed and developed for mercury ions detection in an 
aqueous medium [41]. A sequence of solutions with different 
ratios between ethanol and water with increasing water con-
tent (0 ~ 100%) were selected for test and finally found 100% 
aqueous solution is suitable for sensing action. Sensor S21 
showed a maximal absorption band at 334 nm, attributed 
to the absorption of bithiophene moiety. Once trigged with 
 Hg2+ ions into S21, the appearance of a new absorbance 
band at 370 nm with a large red shift (36 nm). Enhanced flu-
orescence emission (Φ = 0.460) at 470 nm was observed in 

the presence of  Hg2+ ions and an instant fluorescence color 
change from colorless to blue was also noted. The distinctive 
fluorescent enhancement signal could be recognized to the 
formation of new species via  Hg2+ ions promoted dethioac-
etalization on S21, which induced the intramolecular charge 
transfer (ICT) process from bithiophene moiety to aldehyde 
group turned on. The detection limit of S21 towards  Hg2+ 
was calculated to be 19 nM (Fig. 29).

A simple and novel coumarin-based fluorescence sen-
sor S22 (7-(propargylamino)-4-methyl-2H-chromene-2-
one) was designed and reported by Duan et. al., [42] for the 
selective and sensitive detection of  Hg2+ ions in an aqueous 
solution. When excited at 350 nm, sensor S22 displayed the 
greatest emission peak at 450 nm. This is due to the elec-
trons diverted from 7-amino-4-methylcoumarin to alkynyl 
being blocked and the ICT process was rancid. Upon the 
addition of  Hg2+ ions into sensor S22, the alkynyl group 
would be converted to keto, a comparatively strong elec-
tron-withdrawing part, which resulted in enhancement of 
the ICT process, and quenched the fluorescence. The fluores-
cent color of S22 solutions changed from blue-green to blue 
under the UV (365 nm) light. Further, the sensor S22 was 
successfully applied for the  Hg2+ determinations in water 
samples with satisfying recovery and on agar gels (Fig. 30).

The intramolecular charge transfer based on a novel phe-
nothiazine fluorescent sensor S23 was designed and synthe-
sized by simple methods [43]. Absorption spectrum sensor 
S23 displayed an absorption band at 310 nm and a clear 
red-shifted band was observed at 390 nm upon the addi-
tion of  Hg2+ ions. The color of sensor S23 changed drasti-
cally from colorless to yellow (deprotection reaction) after 
adding the  Hg2+ ions. When excited at 390 nm, there is an 
obvious fluorescence emission band at 610 nm (Φ = 0.115) 
exhibited upon interaction with  Hg2+ ions into sensor S23. 
The fluorescence sensor S23 detects  Hg2+ ions based on a 
deprotection reaction. In this sensor, 10-ethylphenothiazine 
acted as an electron donor, and 2- (demethylation) -methine 
was acting as a weak electron donor to form an electron 
donor. The donor system prevents the intra-molecular 
charge transfer process (ICT). In the presence of  Hg2+ ions, 
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an electron-deficient aldehyde group was formed and the 
aldehyde group was used as the electron acceptor 10-ethyl-
phenothiazine (Fig. 31). The detection limit was calculated 
to be 0.212 nM.

A novel oligothiophene-based fluorescence sensor S24 
acts as a colorimetric and ratiometric fluorescent sensor for 
 Hg2+ ions based on intramolecular charge transfer (ICT) 
mechanism [44] in EtOH/H2O (1:1, v/v) solution. Sensor 
S24 exhibited a maximal absorption band at 360 nm (oli-
gothiophene moiety). Upon the addition of  Hg2+ ions into 
S24, the band at 360 nm gradually decreased and a new 
red-shift absorption band is formed at 400 nm along with 
the solution color change from colorless to pale yellow. 
In emission spectrum, sensor S24 showed a blue emission 
band centered at 448 nm and the fluorescence enhancement 
intensity at 552 nm (turn-on) and a significant decrease of 
fluorescence intensity at 448 nm in the presence of  Hg2+ 
ions. Under a UV lamp at 365 nm, the sensor S24 solution 
color changed from blue to bright green. The large red shift 
(104 nm) and the fluorescent enhancement signals in S24 
are due to electron-rich dithioacetal moiety, which could 
be removed by  Hg2+ ions to release the electron-deficient 
aldehyde group, and produced a strong push–pull electronic 
system, leading to the ICT process from oligothiophene moi-
ety to aldehyde group being turned on (Fig. 32).

Photo‑induced electron transfer (PET)‑based  Hg2+ 
ions detection

The photo-induced electron transfer mechanism is a deacti-
vation process involving an internal redox reaction between 
the excited state of the fluorophore and another species 
able to donate or accept an electron. A fundamental point 
explaining this process is to consider that in the excited state 
the properties of the species are quite different compared 
with those of the ground state. In particular, due to its higher 
energy content, an excited state is both a stronger reducing 
and oxidant than the corresponding ground state. Gener-
ally, in fluorescent metal sensors, PET takes place from a 
lone pair of the coordinating atoms (e.g., N, O, S, P) to the 
HOMO of the excited fluorophore. The presence of a coor-
dinated metal ion lowers the energy of the lone pair involved 
in the coordination preventing the PET, thus causing the 

switch-ON of the fluorescence. PET strongly depends on the 
solvent polarity, which affects the oxidation potential of the 
lone pairs of the coordinating moiety. Higher solvent polari-
ties make the electron transfer easier; as a consequence, the 
PET-mediated quenching effect of the fluorescence occurs 
more quickly in high-polar environments [45]. The PET-
type fluorescent response does not cause any spectroscopic 
shifts in the emission band upon the complexation of metal 
ions (Fig. 33).

A novel 7-nitrobenzo-2-oxa-1, 3-diazolyl-based fluores-
cence sensor S25 containing a piperazine derivative was 
synthesized and developed for  Hg2+ ions detection in a 100% 
aqueous medium [46]. In UV–Vis spectrum sensor S25 
shows a strong band at 495 nm due to the ICT process from 
the anilino group to the strong electron-withdrawing nitro 
group of sensor S25. Upon the gradual addition of  Hg2+ 
ions, the ICT band at 495 nm shows a gradual increase in the 
absorption intensity with a blue shift. In the emission spec-
trum, sensor S25 showed a very weak emission (Φ = 0.011) 
band centered about 543 nm when excited at 495 nm. This 
is due to an efficient PET process from the piperazine nitro-
gen atom to the photo-excited sensor S25 fluorophore. The 
sensor S25 displays a significant fluorescence enhancement 
(Φ = 0.14) toward  Hg2+ ions through blocking of the photo-
induced electron transfer process, which selectively senses 
 Hg2+ ions as low as 19.2 nM (Fig. 34).

Borondipyrromethane (BODIPY)-based fluorescence 
sensor S26 has been designed and developed for selective 
and sensitive detection of mercury ions [47]. The free sen-
sor S26 induces a weak emission band centered at 510 nm 
when excited at 496 nm (Ф = 0.048). The weak emission is 
probably due to the efficient fluorescence quenching induced 
by the photo-induced electron transfer mechanism (PET) 
from the electron-donating amine moiety to the BODIPY 
framework. A strong new emission band at 514 nm with an 
enhancement in fluorescence intensity has appeared in the 
presence of  Hg2+ ions into sensor S26. The fluorescence 
turn-on is due to the blocking of PET using  Hg2+ ions coor-
dination through the ether-O, pyridine-N, and amine-N of 
the sensor S26 (Fig. 35).

Calix[6]arene-based fluorescence sensor S27 has been 
synthesized by using p-tert-butylcalix[6]arene is func-
tionalized with 5-methylfurfural and reported for a  Hg2+ 
ions detection [48]. The sensor S27 shows an absorption 

Fig. 32  Sensing mechanism of 
S24 with  Hg2+ ions
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band at 303 nm. Upon the addition of  Hg2+ ions into sen-
sor S27, a new band near 326 nm with a bathochromic 
shift in an aqueous medium. The sensor S27 exhibited a 
very weak emission band at 345 nm and this band is due 
to the photoinduced electron transfer (PET) mechanism. 
When adding  Hg2+ ions into S27, significant fluorescence 
enhancement with bathochromic shifts was observed near 
425 and 545 nm. The other ions such as  K+,  Be2+,  Mg2+, 
 Ca2+,  Sr2+,  Co2+,  Cu2+,  Zn2+,  Cd2+,  Hg2+,  Pb2+,  Al3+, 
 Sb3+,  Eu3+,  Gd3+,  Th4+,  W4+ and  U4+ are not interference 
with this sensor action. The binding constant of sensor 
S27 with  Hg2+ ions is 3.382 ×  106  M−1 with a 1:1 binding 
mode (Fig. 36).

A novel fluorescein-based fluorescence sensor S28 was 
reported for highly selective and sensitivity towards  Hg2+ 
ions in an aqueous medium [49]. The spectrum studies of 
sensor S28 were studied in an aqueous solution (20 mM 
HEPES buffer, pH = 7.4). Sensor S28 exhibited a weak 
fluorescence emission band of fluorescein at 529 nm when 
excited at 470 nm. Various metal ions such as  Mn2+,  Fe2+, 
 Fe3+,Co2+,  Cr3+,  Ni2+,  Cu2+,  Zn2+,  Cd2+,  Hg2+,  Pb2+,  Ag+, 
 Mg2+,  Ca2+,  K+,  Na+,  La3+,  Eu3+, and  Er3+were added to 

Fig. 33  Photo-induced electron 
transfer mechanism (PET)
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sensor S28, and only  Hg2+ ions show a significant enhance-
ment of fluorescence with the emission maximum (green 
color emission) at 539 nm (51-fold). The detection limit of 
 Hg2+ was measured to be 22.06 ppb. The green fluorescence 
of the cells is similar to that of S28-Hg2+ in solution, which 
indicates that sensor S28-Hg2+ is membrane permeable 
(Fig. 37).

A novel pyridyl-based fluorescence sensor S29 has been 
prepared by using a mixture of 2,6-diaminopyridine and 
di-2-pyridyl ketone in ethanol [50]. The sensing ability of 
sensor S29 in the presence of various cations such as  Na+, 
 Ag+,  Ca2+,  Ba2+,  Cu2+,  Cr3+,  Fe2+,  Fe3+,  Co2+,  Hg2+,  Cd2+, 
 Zn2+,  Ni2+ and  Pb2+ were studied in methanol/water solution 
(4:1, v/v) pH = 7.51. Sensor S29 alone displayed two main 
absorption bands at 243 and 310 nm, and small absorption 
bands at 268 and 338 nm, which can be attributed to π–π* 
and n-π* transitions from the imine group. Upon the addi-
tion of  Hg2+ ions into sensor S29, a bathochromic shift at 
310 nm and an increase in the absorbance at 338 nm was 
observed due to the donor and acceptor system in the sensor 
S29, resulting in enhanced intramolecular charge transfer 
(ICT). The  Hg2+ ions bind with sensor S29, leading to the 
disruption of PET, and affects decay processes of the excited 
states in the systems with unbound lone pair of an electron 
in the vicinity of the fluorophore. Enhanced emission inten-
sity was prominent in the presence of  Hg2+ ions with sensor 
S29 since a non-radioactive decay of the excited state was 
inhibited (Fig. 38).

The naphthalimide-based fluorescence solid sensor S30 
has been developed by inserting N-(2-hydroxyethyl)-4-
(4-(1Hbenzo[d] imidazol-2-yl) methyl) piperazine-1-yl)-
1,8-naphthalimide to a photocrosslinked membrane reac-
tion through the acid chloride groups [51]. The sensor S30 
was reported for selective and sensitive detection of mercury 
ions over other interference metal ions. Upon the addition 
of  Hg2+ ions into S30, the effective fluorescence intensities 
were significantly enhanced caused by  Hg2+ ions interac-
tion and the formation of a sensor S30-Hg complex. The 
resulting fluorescence sensor S30 undergoes fluorescence 
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enhancement upon binding  Hg2+ ions which aggravates a 
photo-induced electron transfer (PET) inhibition process 
from the piperazine to the naphthalimide moiety.

The limit of detection was calculated to be 0.73 nM 
(Fig. 39).

Another naphthalimide-based fluorescence sensor, S31, 
has been synthesized and reported for  Hg2+ ions in aqueous 
solution selectively and sensitively [52]. The emission prop-
erties of the sensor S31 were evaluated in an aqueous solu-
tion (20 mM HEPES buffer, pH = 7.4). Sensor S31 exhibited 
an emission band at 550 nm (4-amino-1, 8-naphthalimide) 
with a weak green color emission. The addition of  Hg2+ ions 
to sensor S31, the iminodiacetic acid, and picolinic acid as 
a metal chelating group caused a remarkable fluorescence 
enhancement (25-fold) at 550 nm. This fluorescence change 
is due to the energy level of the iminodiacetic acid and pico-
linic acid moiety being lower than that of the HOMO of the 
excited 4-amino-1, 8-naphthalimide, the electron transfer is 
not energetically favored, so the fluorescence is “switched 
on”. The binding constant of sensor S31 with  Hg2+ ions 
was measured to be 1.46 ×  108  M−1 with 1:1 binding mode 
(Fig. 40).

A novel  Hg2+ ion sensor S32 based on 7-nitrobenzo-
2-oxa-1,3-diazolyl fluorophore connected with thiophene 
ionophore was prepared and reported by Kraithong and cow-
orkers [53]. Fluorescence sensor S32 showed a high selec-
tivity toward  Hg2+ ions in aqueous acetonitrile solutions 
and the color change of sensor S32 changed from orange to 
purple. Sensor S32 exhibited weak fluorescence at 587 nm 
(λex = 520 nm), which could be attributed to the presence of 
the thiophene group, which led to fluorescent quenching via 
photoinduced electron transfer (PET) from a sulfur atom of 
the thiophene moiety. When increasing the concentration of 
 Hg2+ ions into S32, the fluorescence enhancement (50-fold) 

was observed at 587 nm. This fluorescence turn “OFF–ON” 
of sensor S32 was caused by the interaction between a sulfur 
atom of the thiophene ionophore and  Hg2+ ions, which led 
to inhibition of the PET process upon binding of  Hg2+ ions 
(Fig. 41).

Thiocarbohydrazide-based Schiff base fluorescence sen-
sor S33 act as a selective colorimetric and fluorescent sensor 
for  Hg2+ ions over other interference ions such as  Al3+,  Ag+, 
 Ba2+,  Ca2+,  Cd2+,  Co2+,  Cu2+,  Cr3+,  Fe3+,  K+,  Mg2+,  Mn2+, 
 Na+,  Ni2+,  Pb2+,  Hg2+,  Zn2+,  Th4+, and  Bi3+ ions [54]. Sen-
sor S33 consists of an electron donor triphenylamine center 
and electron acceptor thiourea unit. The interaction of S33 
with  Hg2+ ions in  CH3CN:  H2O (6:4, v/v) results in a color 
change from colorless to yellow. In absorption studies, a new 
peak appeared at 386 nm (red shift) upon interaction with 
 Hg2+ ions into S33. The sensor S33 shows an emission band 
at 485 nm upon excitation at 375 nm and the band was found 
to be quenched completely when interacting with  Hg2+ ions. 
These changes may be due to combined chelation enhanced 
quenching (CHEQ) and a strong photo-induced electron 
transfer (PET) mechanism. The limit of detection for  Hg2+ 
ions was found to be 1.26 nM (Fig. 42).

Pyrenylthioureayl alanine-based fluorescence sensor S34 
was prepared by a simple condensation reaction of 3-amino 
pyrene with isothiocyanyl alanine in  CH3CN: DCM (1:3) 
solvent at 50 °C and reported for the detection of the  Hg2+ 
ions [55]. Upon the addition of various metal ions such 
as  Mg2+,  Mn2+,  Fe3+,  Co2+,  Ni2+,  Zn2+,  Ag+,  Cu+,  Cd2+, 
 Pb2+,  Hg2+, and  Cu2+ ions to the sensor S34, a slight blue 
shift of pyrenyl absorption bands along with a new band at 
359 nm was observed only in the presence of  Hg2+ ions. 
The enhancement of emission intensity was found in the 
presence of S34-Hg2+ ions upon excitation at 342 nm. The 
detection limit is found to be 93 nM and a 1:2 metal–ligand 
complexation possibly via the coordination with the S atom 
of the thiourea unit (Fig. 43).

Mercaptosuccinic acid capped CdTe/ZnS core/shell 
quantum dots S35 have been synthesized and reported for 
selective detection of  Hg2+ ions in an aqueous medium [56]. 
Quantum dots S35 having a shell material with a wider 
band gap than that of the core material causes the improve-
ment of the confinement of electrons and holes in the low 
band gap core. Upon the addition of  Hg2+ ions to sensor 
S35 (λex = 400  nm), a significant fluorescence quench-
ing was observed and this intensity decreases due to the 
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photoinduced electron transfer (PET) between sensor S35 
and  Hg2+ ions. The detection limit of sensor S35 with  Hg2+ 
ions was calculated to be 1 pM, which is remarkably less 
than the tolerance limit of mercury. The real-time analysis 
was further carried out with drinking water and tap water 
solutions and the sensor S35 show remarkably good quench-
ing in these solutions (Fig. 44).

A novel fluorescent sensor S36 based on a metal–organic 
framework/DNA hybrid system was developed and reported 
for  Hg2+ ions detection in an aqueous medium [57]. The 
fluorescence intensity decreased rapidly along with the 
UiO-66-NH2 concentration ranging from 0–0.15 µg µl−1. 
In the presence of  Hg2+ ions, UiO-66-NH2 showed a fluo-
rescence enhancement band at 518 nm in Tris–HCl buffer 
(pH 7.4) medium. The detection limit was calculated to be 
17.6 nM. The other metal ions such as  Ca2+,  Cd2+,  Co2+, 
 Cu2+,  Fe2+,  Fe3+,  Mg2+,  Mn2+,  Ni2+, and  Pb2+ only showed 
a slight response and indicated that the sensor possesses an 
excellent selective signal towards  Hg2+ with respect to other 
metal ions (Fig. 45).

The novel fluorescent sensor S37 was constructed by pol-
yaniline nanoclips (PANCs) embedded with FAM-ssDNA 
and reported for sensitive and selective detection of  Hg2+ 
ions [58]. The FAM-ssDNA has an absorption band at 
495 nm (n-π* electronic transition). When polyaniline nano-
clip concentration is increased, the absorption band became 
saturated due to the intermolecular interaction. Upon the 
addition of  Hg2+ ions, it leads to retaining the absorption 
band due to the dissociation of FAM-ssDNA. FAM-ssDNA 
has shown an emission peak with high emission intensity 
and in the presence of polyaniline nanoclips the fluorescence 
intensity effectively turns off due to photo-induced electron 
transfer (PET). Upon the addition of  Hg2+ ions into the 
sensor S37, Hg-induced nucleobases of FAM-ssDNA and 
interacted with  Hg2+ via hydrogen bonds. The LOD was 
calculated to be 4 nM (Fig. 46).

Bhatti and coworkers reported a water-soluble p-sulphon-
atocalix[4]arene appended with rhodamine fluorescence sen-
sor S38 for selective detection of  Hg2+ ions over the other 
metal ions such as  Pb2+,  Cu2+,  Zn2+,  Cr3+,  Ni2+,  Co2+,  Al3+, 

 Cd2+, and  Fe2+ ions [59]. Upon the incremental addition of 
 Hg2+ ions into sensor S38, a distinct increase in fluores-
cence intensity was observed. This effect can be explained 
based on the electron transfer process, whereas sensor S38 
is functionalized with N(CH2CH2NH2)3 structure, which 
possesses nonbonding electrons and PET process overcome 
due to intermolecular oxidation process. Upon addition of 
 Hg2+ ions, the intramolecular PET fluorescence quenching 
effect derived from the electron pairs of N donor atoms was 
fully blocked and relieved by reducing the electronic density 
of lone pairs through metal–donor binding interaction and 
consequently increases the sensor emission. The detection 
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limit of sensor S38-Hg2+ was found to be 3.55 ×  10–13 mol 
 L−1 and the stoichiometry of complex to be 1:1 (Fig. 47).

Ring‑opening mechanism‑based  Hg2+ ion detection

The fluorescence sensor S39 based on rhodamine immo-
bilized electrospun chitosan nanofibrous material has been 
developed and reported for mercury ion detection [60]. In 
the presence of various competing ions such as  Ni2+,  Pd2+, 
 Zn2+,  Mg2+,  Hg2+,  Pb2+,  Fe2+,  Cu2+,  Co2+,  Cr2+, and  Cd2+ 
ions, only the addition of  Hg2+ ions shows an enhanced fluo-
rescence intensity. This enhanced fluorescence is due to the 
opening of the spirolactam ring of the rhodamine unit fol-
lowed by cyclization. Sensor S39 has a high surface area of 
nanofibers and provides a high number of functional groups. 

A divergent change in fluorescence emission from colorless 
to red-pink under 366-nm UV light was obtained for the 
sensor S39 in the presence of  Hg2+ ion addition (Fig. 48).

A novel fluorescence sensor S40 based on 1,2,3-triazole 
and its rhodamine B derivative has been developed for the 
 Hg2+ ions sensor [61]. The sensing behavior of sensor S40 
towards various metal ions such as  Pb2+,  Mn2+,  K+,  Na+, 
 Ag+,  Ca2+,  Cd2+,  Co2+,  Cu2+,  Fe3+,  Zn2+,  Ni2+,  Hg2+,  Li+ 
and  Mg2+ was studied in DMF/H2O (v/v = 1:1, Tris–HCl, 
pH = 7.4) solutions. Sensor S40 alone displayed a non-
emissive spectrum, which indicated the rhodamine moiety in 
ring-closed spirolactam form. Upon the addition of the  Hg2+ 
ion, an enhanced fluorescence emission band (4500-fold) at 
584 nm (λex = 563 nm) was observed. Simultaneously, the 
color of sensor S40 solution changed from colorless to pink 
in the presence of  Hg2+ ions. The enhanced fluorescence 
change is due to ring-opening from the spirolactam (S40) 
to a ring-opened amide. The fluorescence imaging of  Hg2+ 
ions in HeLa cells was successfully applied in sensor S40 
and demonstrates a good membrane-permeable reagent for 
biological imaging applications (Fig. 49).

Rhodamine-bearing cage-like silsesequioxanes-based 
fluorescence sensor S41 has been developed for  Hg2+ ions 
in 10% aqueous ethanol solutions [62]. With the addition 
of increasing concentration of  Hg2+ ions, a new absorption 
band significantly appeared at 555 nm at the same time. The 
colorless sensor S41 solution changed to pink color. When 
excited at 520 nm, the solution of sensor S41 showed a weak 
fluorescence signal (turn off). Upon the addition of  Hg2+ 
ions, the intensity of the fluorescence emission was rapidly 
enhanced, and “turn on” fluorescence intensity was observed 
at 580 nm corresponding to the spirolactam ring opened-
form of rhodamine fluorophores and the detection limit was 
found to be 0.63 ppb (Fig. 50).

Rhodamine 6G-based fluorescence sensor S42 has been 
synthesized by using rhodamine hydrazide, anhydrous trieth-
ylamine, and a solution of triphosgene in dichloromethane 
and applied for selective detection of  Hg2+ ions in ethanol/
water (1/1 v/v) solutions [63]. The fluorescence spectra of 
sensor S42 exhibited very weak fluorescence intensity at 
561 nm, which is attributed to the colorless and non-fluores-
cent spirocyclic form of rhodamine. Among the addition of 
various metal ions, only the  Hg2+ ions alone showed a high 
fluorescence enhancement band at 561 nm and the color of 
the sensor S42 solution changed from colorless to pink. Sen-
sor S42 has an excellent specificity for  Hg2+ ions and a very 
low detection limit of 1.3 ppb. Fluorescence bio imaging 
shows that sensor S42 has good cell membrane permeability 
and can be applied to monitor intracellular  Hg2+ ions in liv-
ing cells, animal tissues, and plant tissues (Fig. 51).

Three novel rhodamine fluorescence sensors S43a-c act 
as a selective colorimetric and fluorescence sensor for  Hg2+ 
ions in Tris—HCl/C2H5OH (v: v = 3: 7, 10 mM, pH = 7.2) 
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[64]. Colorless sensors S43a-c are turned to pink color once 
they interact with  Hg2+ ions. Upon the incremental addition 
of  Hg2+ ions into sensors, a strong fluorescence enhance-
ment was observed at 576 nm (20-fold) and also noted that 
the colorless sensors solutions changed to orange-red under 
UV irradiation. This fluorescence enhancement is due to a 
ring-opening of the spirolactam unit after coordination with 
sensors S43a-c and the paramagnetic effect of the  Hg2+ ions. 
The binding constants between sensors S43a-c and  Hg2+ are 
5.0 ×  106  M−1, 1.8 ×  106  M−1, 1.5 ×  106  M−1, respectively. 
The other cations and anions such as  Cd2+,  Co2+,  Cr3+,  Cu2+, 
 Mn2+,  Ni2+,  Zn2+,  Pb2+,  Fe3+,  Ag+,  Ba2+,  Bi3+,  Sr+,  Na+, 
 K+,  Ca2+,  Mg2+,  H2PO4

−,  HPO4
2−,  PO4

3−,  SO4
2−,  C2O4

2−, 
 CO3

2−,  ClO−,  NO3
−,  NO2

−,  SCN−,  Ac−,  F−,  Cl−,  Br−,  I−, 
 CN−,  HSO4

− ions did not show any changes in naked-eye 
and fluorescence emission peaks. The limits of detections 
(LOD) were calculated to be 18, 16, and 56 nM, respectively 
(Fig. 52).

Xu and coworkers  reported a simple fluorescence sensor 
S44 for  Hg2+ ion detection [65]. The sensor S44 was pre-
pared by reaction of rhodamine B hydrazide with 2-amino-
4-ferrocenylthiazole and applied for molecular recognition 
studies with analytes. A significant absorbance band was 
noticed at 560 nm upon the addition of  Hg2+ ions. No sig-
nificant emission response was observed after the addition of 
other metal ions such as  Mn2+,  Co2+,  Ni2+,  Hg2+,  Fe2+,  Na+, 
 Sr2+,  Cu2+,  K+,  Ba2+,  Ca2+,  Mg2+,  Zn2+,  Al3+,  Fe3+,  Cd2+, 
and  Cs+ ions. Sensor S44 shows a weak fluorescence emis-
sion band when exciting the sensor. Upon the addition of 

 Hg2+ ions to sensor S44, a new fluorescence enhanced band 
positioned at 621 nm in addition to color change from color-
less to pink was observed by the naked eye. This enhance-
ment is mainly due to the spirolactam ring of rhodamine 

Fig. 49  Sensing mechanism of 
S40 with  Hg2+ ions
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opening when  Hg2+ ions coordinate with sensor S44. The 
detection limit was calculated to be as low as 0.53 μM with 
a 1:1 binding coordination ratio (Fig. 53).

Rhodamine 6G bearing [5]Helicene dye-based hybrid 
fluorescent sensor S45 was synthesized successfully [66] 
and reported for the detection of  Hg2+ ions in HEPES buffer/
methanol solution (1:1 v/v, 5 mM, pH 7.2). The color of 
sensor S45 solution was yellow and exhibited absorption 
peaks at 310 and 373 nm. Upon the addition of  Hg2+ ions, 
the absorption band at 535 nm increased significantly and 
the yellow color S45 solution turned to pink. These changes 
are mainly due to the mercury-promoted spirolactam ring-
opening behavior. Weak fluorescence intensity of sensor 
S45 was observed at 560 nm when exciting the solution at 
373 nm. Upon the incremental addition of  Hg2+ ions, a nota-
ble fluorescence enhancement (Φ = 0.53) was observed via 
the FRET process and displayed a non-fluorescent color to 
orange fluorescence. The FTIR studies revealed that  Hg2+ 
bonded with the oxygen atoms of imine of [5]helicene-like 
imide and sulfur atom of rhodamine thioamide of sensor 
S45 (Fig. 54).

Rhodamine-based fluorescence sensor S46 was developed 
and synthesized for  Hg2+ ions detection in THF/H2O (9:1, 
v/v) solution [67]. Sensor S46 displayed selective sensing of 
 Hg2+ ions and showed a color change from colorless to pink 
color in solution state and red to pink color in solid-state. 
The sensor S46 displayed a very weak single fluorescence 
emission band at 400 nm. Upon addition of  Hg2+ ions, sen-
sor S46 exhibited a prominent fluorescence enhancement 

with a red shift band observed at 570 nm (16 fold). The 
addition of  Hg2+ ions leads the spirocycle unit open via 
coordination, resulting in color change and the generation 
of a strong fluorescence. The association constant of the 
S46-Hg2+ complex was calculated to be 8.25 ×  109  M−1, and 
the detection limit for  Hg2+ ions was found to be 27 ppb 
(Fig. 55).

A novel rhodamine-6G-based fluorescence sensor S47 
[68] acts as a highly selective fluorescence sensor for  Hg2+ 
ions in HEPES buffer (10 mM, pH-7.4)/CH3CN (40:60, 
V/V). The colorless sensor S47 shows a dramatic  yellow 
color and displayed a new absorption peak that appeared 
at 533 nm in the presence of  Hg2+ ions. The other cations 
are not in interference with the color change as well as in 
spectral changes. When increasing the  Hg2+ ion concen-
tration, the fluorescence emission spectra of sensor S47 

Fig. 53  Sensing mechanism of 
S44 with  Hg2+ ions
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changed significantly, where the emission peak appeared 
at 560 nm. The enhancement may be due to the structure 
of sensor S47 transformation from spirolactam to the ring-
opened amide form with adding  Hg2+ ions. The practical 
application of sensor S47 towards  Hg2+ ions was investi-
gated in test strips and shows an obvious color change in 
strips (Fig. 56).

A simple sensor S48 based on p-tert-butylcalix[4]arene 
thiospirolactam rhodamine b acts as a fluorescence sensor 
for  Hg2+ ions [69]. The sensing studies towards sensor S48 
with metal ions such as  Ag2+,  Ba2+,  Ca2+,  Co2+,  Cd2+,  Cu2+, 
 Fe2+,  Fe3+,  K+,  Mn2+,  Mo2+,  Na+,  Ni2+,  Sn2+,  Sr2+,  Zn2+ 
and  Hg2+ were investigated. Except for  Hg2+, the other ions 
did not interfere in the molecular recognition studies, and 
this confirms the sensor S48 sense  Hg2+ ions selectively 
and sensitively in ethanol–water (v/v 8/2, Tris–HCl 20 mM 
pH = 7.0). The colorless solution of sensor S48 changed to 
pink color in the presence of  Hg2+ ions. When the concentra-
tion of  Hg2+ ion increases, there is an appearance of a new 
peak at 562 nm with a slight red shift. The appearance of the 
new peak may be due to the thiospirolactam ring opening 
of rhodamine caused by the  Hg2+ ion. Sensor S48 shows an 
emission maximum at 430 nm (0.079) due to the spirolactam 
structure of rhodamine moiety. In the presence of  Hg2+ ions, 
the enhanced emission fluorescence intensity was observed 
at 582 nm (0.082) and this peak is responsible for spirolac-
tam ring opening. Sensor S48 is successfully penetrated the 
HeLa cells and gives fluorescence quantification of  Hg2+ 
ions under biological conditions (Fig. 57).

A novel rhodamine-based fluorescence sensor S49 was 
reported [70] for  Hg2+ ions detection in  CH3CN/HEPES 
buffer (1/99, v/v, pH = 7.05). Upon addition of various inter-
ference metal ions into sensor S49, only  Hg2+ exhibited a 
new absorption band centered at 561 nm along with a clear 
color change from colorless to red. Further, the emission 
studies of sensor S49 towards  Hg2+ ions were studied in an 
aqueous solution. Upon the addition of  Hg2+ ions, a remark-
able enhancement of the fluorescence intensity was noticed 
at 578 nm (170-fold) with an emerging brilliant orange flu-
orescence. These results indicated that  Hg2+ ions induced 
the ring-opening of spirolactam in sensor S49 and sensor 

S49 might be a highly selective and sensitive colorimetric 
and fluorescent sensor for  Hg2+. The detection limit of sen-
sor S49 towards  Hg2+ ions was calculated to be 0.14 μM 
(Fig. 58).

A novel non-sulfur rhodamine derivative with an ethylene 
moiety-based sensor S50 selectively and sensitively sense 
 Hg2+ ions in acetonitrile [71]. The free sensor S50 is color-
less in  CH3CN, showing almost no absorption at approxi-
mately 450–650 nm. Upon the addition of tested metal ions, 
only  Hg2+ leads to a color change to pink and exhibited a 
strong absorption band at 557 nm (Fig. 57). When excit-
ing the sensor S50 at 525 nm, no significant fluorescence 
emission was detected between 535 and 650 nm. These 
interpretations indicate that the sensor S50 exists as a non-
fluorescent spirocyclic form. The  Hg2+ ion displays strong 
fluorescence enhancement (640-fold) with the maximum 
emission at 584 nm (Φ = 0.25). The fluorescence enhance-
ment of S49-Hg2+ is due to the coordination of  Hg2+ to the 
ethylene moiety and oxygen atom of the carbonyl group 
could induce the breaking of the C–N bond in the spirocy-
clic ring of sensor S50 (Fig. 59). The detection limit was 
determined to be 0.2 μM.

Fig. 56  Sensing mechanism of 
S47 with  Hg2+ ions
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Conclusions

Mercury is one of the most toxic and heavy metal ele-
ments. Mercury contamination is extensive and occurs 
through various processes, e.g., volcanic emissions, min-
ing, solid waste incineration, and in the combustion of 
fossil fuels. It is to be frightened that mercury-containing 
chemicals have been linked with a number of human health 
problems, including myocardial infarction, Minamata dis-
ease, damage to the brain, kidneys, and some kinds of 
autism, and damage to the sensory parts of the central 
nervous system, immune system, and endocrine system. 
The most common method used for the detection pro-
cess of toxic and heavy  Hg2+ ions is the chromogenic and 
fluorogenic reaction. The new development of fluorescence 
sensors that can monitor  Hg2+ ions is very important. 
Fluorescent sensing is becoming a tool for molecular rec-
ognition due to its potential application in biological and 
environmental. Fluorescent sensors have their advantages 
in high sensitivity, selectivity, simplicity, low detection 
limit, and application to bioimaging.

This review is mainly focused on the recognition of toxic 
mercury ions in an aqueous medium without compromising 
the selectivity and sensitivity based on their sensing mecha-
nism. However, the methods have some limitations, like low 
complex stability in complex matrix compounds. Conven-
tional signaling mechanisms for the design of fluorescent 
chemosensors including PET, ICT, MLCT, and FRET have 

been widely investigated and successfully applied in a ver-
satile range of fields during the last few years. For the past 
5 years, some new mechanisms for designing fluorescence 
sensors have materialized to meet diverse design and appli-
cation requirements. This review covers the general design 
principles for fluorescent sensors based on different photo-
physical mechanisms and recapitulates the recent advances 
in new mechanisms such as ring-opening and AIE for the 
past 5 years. On reading this tutorial review, it may seem 
to young researchers that all the great problems in chem-
osensors research have already been solved. The reported 
fluorescence sensor probes will help readers regarding which 
material should be chosen for the best design of interesting 
fluorescence probes with fascinating applications.
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