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Due to biological and environmental significance of highly toxic arsenic species, the design, synthesis and devel-
opment of chemosensors for arsenic species has been a very active research field in recent times. In this review,
we summarize recent works on the sensing mechanisms employed by fluorometric/colorimetric chemosensors
and their applications in arsenic detection. Various types of sensing strategies can be categorized into six types
including (i) chemosensors based on hydrogen bonding interactions; (ii) aggregation induced emission (AIE)
based chemosensors; (iii) chemodosimetric approach (reaction-based chemosensors); (iv) metal
coordination-based sensing strategy; (v) chemosensors based on metal complex displacement approach and
(vi) metal complex as chemosensor. All these sensing strategies are very much simple and sensitive for use in
the design of arsenic selective chromogenic and fluorogenic probes.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

One of the toxic metalloids responsible for groundwater pollution is
arsenic (symbol As, atomic number 33). The term arsenic originates
from the Latin word arsenicum and from the Greek word arsenikon [1].
. Manna),
This ubiquitous, heavy element ranks 12th in human body, 14th in sea
water, 18th in the universe and 20th in the earth's crust, in terms of
the abundance of the elements [2]. In the Earth's crust the average con-
centration of arsenic is about 3mg/kg and in seawater is about 1–2 μg/L
[3,4]. This odourless element is a component of >245 minerals that are
most commonly associated with sulphide containing ores along with
gold, copper, lead, zinc, cobalt, nickel or other metals [5–8]. Generally,
arsenic is discharged into the atmosphere by natural and anthropogenic
activities. Weathering reactions, volcanic eruptions, marine
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sedimentary rocks, fossil fuel, hydrothermal ore deposits and various bi-
ological activities are themost widely known natural sources of arsenic
[9–12]. Arsenic may be released into the environment not only through
geological processes but also through various anthropogenic activities,
including leaching of arsenic containing rock, the smelting of arsenic
bearing minerals, mining of sulphide ore,combustion of fossil fuels,
well drilling, electrolyte processes, industrial waste, arsenic containing
herbicides, pesticides and crop desiccants production, livestock feed ad-
ditive, petroleum refining, leather and wood treatments, metals and al-
loys manufacturing, coalfly ash, ceramic manufacturing etc. [13–17].
Arsenic exists in several inorganic forms in the environment, such as
−3 in AsH3 (arsine), +3 in AsO2

−, AsO3
3− (arsenite), 0 (elemental arse-

nic) and +5 in AsO4
3− (arsenate) [18–20]. Arsenic salts display a broad

array of solubilities based on ionic strength and pH of the solution.
Among the different oxidation states, inorganic forms of trivalent arse-
nic (As (III) or arsenite), prevalent in reduced atmospheres and penta-
valent arsenic (As(V) or arsenate), dominant in oxygenated
environments are the major species in natural water, especially in
ground water [21–24]. Based on the chemical environment the ratio of
As(V) to As(III) has been observed within the range of 10–100
[25–27]. Organo arsenic compounds such as monomethylarsonic acid
(MMA), dimethylarsinic acid (DMA), trimethylarsine oxide (TMAO),
arsenobetaine (AsB), arsenocholine (AsC) and arsenosugars are mainly
found in aquatic organisms and are less important as they are less toxic
or nearly non-toxic than inorganic arsenic [28]. However, As(III) has
greater mobility in the environment and has been found to be 25–60
timesmore toxic to humans than As(V) [29,30]. Arsenic in groundwater
has been a serious threat to plants, animals and humanhealth [31,32]. In
many countries, arsenic concentration in drinking water, irrigation
water, various animal foods, agriculture products etc. has been found
to be significantly higher than theWHO recommended allowable limits
(10 ppb) for drinking water [33–36]. Inorganic arsenic can trigger both
chronic and acute toxicity [37]. Chronic arsenic poisoning may cause re-
spiratory problems, gastritis, colitis, anorexia, dyspepsia, loss of reflexes,
weight loss, hair loss and abdominal pain [38–44]. Prolonged arsenic ex-
posure via food or air causes a series of health hazards including
cardiovascular diseases like ischemic heart diseases, hyperkeratosis, hy-
perpigmentation, hypertension, ventricular arrhythmia, atherosclerosis,
disorders in the peripheral nervous and vascular systems, eczema etc.
and it may even lead to the cancer of the liver, lung, kidney and bladder
[45–50]. In addition, arsenic poisoning is also responsible for diarrhoea,
loss of appetite, skin discoloration and lesions, feet and hand numbness,
partial paralysis, blindness, diabetes, reproductive problems,
leucomelanosis, melanosis, hallucinations, delirium and arsenicosis
[51,52]. Arsenic is also genetically dangerous, as it prevents DNA damage
from repairing [53]. Lipid metabolism [54] and glucose [55] uptake pro-
cess is also inhibited by As(III). Moreover, As(V) compound stops the
the Kreb's cycle by acting as a phosphate mimic and As (III) compound
has a high affinity to thiol biomolecules resulting in the dysfunction of
the main enzymes like pyruvate dehydrogenase [56,57]. Due to the very
high toxicity of arsenic, the International Agency for Research on Cancer
(IARC) and the U.S. Environmental Protection Agency (EPA) have classi-
fied arsenic as a group-1 human carcinogen [58]. Furthermore, United
States Agency for Toxic Substances and Disease Registry (ATSDR) has
placed arsenic as No. 1 on the hazardous materials priority list for several
years [59]. Health concerns about arsenic toxicity have therefore moti-
vated the development of effective methods (selective and sensitive) for
real-time monitoring of arsenic in environmental and biological samples.

Up to now, several analytical techniques have been developed for
the trace level determination of arsenic in environmental samples,
such as cathodic stripping voltammetry (CSV), anodic stripping volt-
ammetry (ASV), atomic absorption spectroscopy (AAS), atomic fluores-
cence spectroscopy (AFS), inductively coupled plasma-atomic emission
spectrometry (ICP-AES), inductively coupled plasmamass spectrometry
(ICP-MS), neutron activation analysis (NAA), energy dispersive x-ray
fluorescence spectrometry (EDXRF), electro thermal atomic absorption
2

spectrometry (ETAAS), graphite furnace atomic absorption (GFAAS),
hydride generation-atomic fluorescence spectrometry (HGAFS), hy-
dride generation atomic absorption spectrometry (HGAAS), capillary
electrophoresis inductively coupled plasma mass spectrometry (CE-
ICP-MS), hydride generative inductively coupled plasma atomic emis-
sion spectrometry (HG-ICP-AES) and high performance liquid
chromatography-inductively coupled plasma mass spectrometry
(HPLC-ICP-MS) [60–68]. These analytical methods although exhibit
low detection limit but they have various disadvantages like need so-
phisticated and expensive equipment, complicated operational proce-
dure, time consuming complex sample preparation suffers from false
positive and false negative readings, interference problems, require
trained professionals etc. [69–71]. Hence these methods are unsuitable
for on-field and routine analysis especially for developing countries.
However, the traditional colorimetric Gutzeit technique for arsenic de-
tection is affordable and usable in field, but it exhibits false positive re-
actions and creates toxic by-products (arsine gas and mercury waste)
[72]. Because of these complications, optical detection techniques
(chromogenic and fluorogenic) have now emerged as an effective and
preferable strategy for sensitive and quick detection of arsenic species
attributable to their easymethodology, low cost, safe, user friendly, por-
tability, selectivity, accuracy, repeatability, rapidity and the ability to
monitor biological (in vivo/in vitro) and environmental specimens in
real-time [73–78]. Therefore, many researchers have made significant
efforts over the past few decades to develop chromogenic and
fluorogenic chemosensors for the detection of arsenic ions.

To date, several reviews have been published on arsenic detection
techniques such as electrochemical methods, biosensors, SERS methods,
microfluidic technology and coupled technique [79–89]. In addition, opti-
cal detection techniques for arsenic have been recently reviewed [90,91].
However, the recent research findings on colorimetric and fluorometric
arsenic chemosensors need to be summarized owing to the extensive at-
tention and rapid development of this topic. In this review, we will con-
centrate mainly on the ongoing advancement of colorimetric and
fluorometric chemosensors for the detection of arsenic in a careful and ac-
curate way since the year 2012. The design approaches, sensing mecha-
nisms, and applications of various arsenic selective chemosensors will
also be discussed. All these chemosensors can be classified into six catego-
ries, according to their sensing strategies. These categories are
(i) chemosensors based on hydrogen bonding interactions; (ii) aggrega-
tion induced emission (AIE) based chemosensors; (iii) chemodosimetric
approach (reaction-based chemosensors); (iv) metal coordination-
based sensing strategy (v) chemosensors based on metal complex dis-
placement approach and (vi) metal complex as chemosensor (Fig. 1). Fi-
nally, we present our viewpoint on future progress which will be
achieved in the development of novel probes for arsenic ions. We hope
that this review will provide considerable help to the readers who wish
to work in this area in the near future.

2. Arsenic sening mechanism

2.1. Chemosensors based on hydrogen bonding interactions

In the past few years, several chromogenic and fluorogenic
chemosensors was designed and analysed for the selective detection of
arsenic species using hydrogen bonding interactions strategy. Analyte
binding to the donor site of the hydrogen bond or deprotonation of
-OH, -NH moieties will cause a change in the optical property of the
chemosensors. In this portion, we reported hydrogen bonding interac-
tions based ‘turn-on’ fluorescent/colorimetric chemosensors for toxic ar-
senic species.

In 2013, Das et al. reported an antipyrine based fluorescent
chemsensor for the detection of arsenate (H2AsO4

−) [92]. Upon gradual
addition of H2AsO4

− to the HEPES buffered (0.1 M) solution (methanol/
water = 1:4, v/v, pH 7.4) solution of probe 1, the emission intensity of
the probe at 498 nm increased (quantum yield = 0.196). However,
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Fig. 1. Various arsenic sensing strategies.
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other competitive anions including F−, Cl−, Br−, I−, N3
−, NCO−, NO2

−,
NO3

−, SCN−, CN−, CH3COO−, SO4
2−, ClO4

−, and HPO4
2− did not produce

any dramatic fluorescence change, illustrating the high selectivity of
the probe to H2AsO4

−. The authors suggested that such an enhancement
of fluorescence was mainly due to the formation of strong hydrogen
bonding between probe 1 and H2AsO4

− ion. The binding constant be-
tween the 1 andH2AsO4

− ionwas calculated to be 8.9 × 103M−1. The es-
timated detection limit of the probe was found to be 3× 10−6 M.
Moreover, the probewas used to detect intracellular H2AsO4

− ion in con-
taminated living cells (Fig. 2).

Another interesting fluorescent chemosensor 2 for the sensing of ar-
senate was reported in 2014 by Das and coworkers [93]. Probe 2 was
weakly non fluorescent due to Twisted Intra-molecular Charge Transfer
(TICT) and Photo Induced Electron Transfer (PET) mechanisms from ni-
trogen centers of amino thiophenol moieties to diformyl phenol unit.
However, in presence of H2AsO4

−, a 19-fold fluorescence enhancement
at 532 nm was observed. The arsenate prompted fluorescence spectral
changes were due to the intramolecular hydrogen bonding supported
conversion of Twisted Intra-molecular Charge Transfer (TICT) to Planar
Intra-molecular Charge Transfer (PICT) process (Fig. 3A). Detection
limits of probe 2 for H2AsO4

− was calculated to be 0.001 μM and other
)B)A

N
N

N

HC

HO

O

1

Fig. 2. A) Chemical structure of chemosensor 1. B) Fluorescencemicroscopy images of Candida
b) cells treated only with H2AsO4

−, (c & d) cells treated with probe 1 + H2AsO4
−.

Reprinted with permission from Ref. [92] Copyright (2013) American Chemical Society.
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competitive analytes did not exhibit any fluorescence enhancement. A
1:1 (probe 2: H2AsO4

−) binding stoichiometry was estimated by Job's
plot analysis, and the association constant of probe 2 with H2AsO4

−

was found to be 1.35 × 106 M−1. The probe was applied to sense intra-
cellular arsenate in various cells including Candida albicans, Bacillus sp.
and pollen grains of Tecomastans. Again, with a fluorescence micro-
scope, probe was able to monitor intracellular arsenate in microbes
grown in arsenate affected drinking water samples (Fig. 3B). However,
the authors prepared a 2-embedded Merrifield polymer that was able
to remove toxic arsenate from drinking water.

The same research group devised another turn-on fluorescent probe
for H2AsO4

− [94]. The absorption spectra of free probe 3 displayed a
broad peak at 342 nm which decreased upon gradual addition of arse-
nate and subsequently a new peak at 412 nm was formed. Initially,
the probe 3 showed very weak fluorescence at 530 nm owing to the
PET process from N centres of the pyridyl moieties to the diformyl phe-
nol unit but was converted to highly green fluorescent compound (3b)
with 13.4-fold enhancement in the presence of arsenate as shown in
Fig. 4. The increase in the emission intensity was due to the inhibition
of the PET process from the free nitrogen centres upon arsenic binding
and activation of intermolecular hydrogen bonding assisted CHEF (che-
lation-enhanced fluorescence) process. Probe 3 was found to bind with
arsenate in a 1: 1 stoichiometric fashion, with the binding constant and
the limit of detection 1.32 × 104 M−1 and 0.001 μM, respectively. Probe
3 was also highly selective to H2AsO4

− among various anions examined.
Additionally, cell imaging experiments established that this probe could
be used to image arsenate in Candida albicans cells. Finally, the authors
developed a probe 3 appendedMerrifield resin polymer for the removal
of arsenate from drinking water.

Chattopadhyay's group reported a new antipyrene basedfluorescent
chemosensor 4 for the selective detection of toxic AsO3

3− ion in solution
as well as in living cells [95]. Upon gradual addition of arsenate to the
HEPES buffer (1 mM, pH 7.4; water: DMSO (v/v), 9:1) solution of 4,
led to a decrease in absorption band at 356 nm and a subsequently in-
crease in peak at 428 nm with an isosbestic point at 380 nm. Probe 4
displayed a 9-fold increase in its emission intensity at 532 nm in the
presence of arsenate, accompanied by a color change from colourless
to green under UV-light. A strong intermolecular H-bonding between
the probe and AsO3

3− inhibited the PET process from nitrogen centres
of the aminoantipyrene moieties to the diformyl phenol unit and pro-
duced CHEF whichwas responsible for the enhancement of the fluores-
cence intensity (Fig. 5). The sensing mechanism was confirmed by
theoretical studies, 1H NMR and mass spectroscopy. Job's plot implied
that probe 4 generated a 1:1 complex with the AsO3

3− and the binding
constant was calculated to be 2.5267 × 105 M−1. The detection limit of
albicans cells (a & c) and pollen grains of Allamandapuberula (Aapocynaceae) (b & d): (a &
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4 for arsenate was estimated at the ppb (4.12 ppb) level by using the
fluorescence titration data. Notably, probe 4 could be employed to de-
termine the trace level of arsenite ions in water samples.
CH3

HC CH

NN

N N

OH
EtOH:

H2As

PET reduced, C

Free rotation possible
Weak fluorescent

3

Fig. 4. Chemical structure of chemosensor 3 and i

4

Sirawatcharin and co-workers presented a simple colorimetric
probe for the rapid and naked eye detection of As(III) in solution as
well as in solid medium [96]. With addition of As(III) to the probe 5
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solution, the initial absorption peak of 5 red shifted from 509 nm to
632 nm, associated with the color change of the solution from orange
to bluewhichwas clearly noticeable to the naked eye. The color changes
was due to the As(III)–mediated de protonation of the two –OH groups
of the probe followed by the delocalisation of negative charge from
donor to acceptor moiety as a shown in Fig. 6. The detection limits of
the probe for As(III) were estimated to be 0.26 μM for UV–visible spec-
trometry, 25 μM for naked eye detection of BF2-Curcumin solution and
30 μM for naked eye detection with BF2-curcumin-coated resin. More
importantly, the BF2-curcumin-coated resin was successfully used to
determine As(III) in water samples.

Das et al. reported another fluorescent probe 6 for the selective detec-
tion of arsenate in HEPES buffered (0.1 M, ethanol/water = 1/9, v/v,
pH7.4) solution (Fig. 7) [97]. In absence of arsenate,6 exhibitedanabsorp-
tion band centred at 317 nm but in presence of arsenate 6 showed a new
peak at 377 nm, signifying an important interaction between 6 and arse-
nate. In response to arsenate, probe 6 encountered 39 nm blue shifts
(from 540 nm to 501 nm) in the fluorescence maxima which was due to
H-bonding assisted AIEE and CHEF effect. The mentioned binding mecha-
nismwas supported by 1H NMR spectroscopy. The binding stoichiometry
was found to be 2:1 (probe 6: H2AsO4

−) by the Job's plot and the binding
constant was 1.38 × 105 M−1/2. The probe 6 revealed a detection limit of
5 × 10−9 M for arsenate. Moreover, probe 6 selectively detect H2AsO4

−

over other common anions and was able to image intracellular H2AsO4
−

ion in Candida albicans cells. Additionally, Probe 6 was demonstrated for
the trace level determination of arsenate in drinking water samples.

Gupta et al. synthesized two probes (7 & 8) for the selective colori-
metric detection of arsenite ion (AsO2

−) (Fig. 7) [98]. Upon addition of
arsenite to the 5% H2O-95% DMSO (v/v) solution of 7 & 8, a significant
color change from light yellow to pink for 7 and to dark pink for 8 oc-
curred, accompanied by red shifts of 109 nm (from 395 nm to
504 nm) and 127 nm (from 407 nm to 534 nm), respectively in their
O O
B

OMe

HO

OMe

OH

F F

H2AsO

H+

5

Fig. 6. Sensing mechanism of c

5

absorption bands. Job's method suggested the formation of 1:1 complex
between the probes and AsO2

−. The formation of hydrogen bond be-
tween NH-proton of probes & AsO2

− ion was the responsible for such
color changes. Investigation also showed that 8 shows better response
toward AsO2

− than 7, as it contains electron withdrawing –NO2 group
which increases the acidity of –NH proton. In addition, potentiometric
experiments revealed that both probes could serve as an arsenite selec-
tive electrode and CGE (coated graphite electrode) exhibited better per-
formance than PME (polymeric membrane electrode) in all parameters.
The authors also demonstrated the use of these probes to determine ar-
senite ion in several water samples.

Recently, Sinha et al. developed a colorimetic and ‘turn-on’ fluo-
rometric chemosensor 9 for the detection of PO4

3− & AsO3
3− via hydro-

gen bond assisted ESIPT mechanism (Fig. 7) [99]. When AsO3
3− was

added to the semi-aqueous solution (acetonitrile–water, v/v, 9/1,
HEPES buffer, pH 7.2) of probe 9, the initial absorption peaks at
312 nm and 368 nm gradually decreased, followed by an increase in a
new band at 458 nm. The color of the solution changed from colourless
to dark yellow, allowing naked detection of AsO3

3− by probe 9. More-
over, AsO3

3− induced intense yellow emission appeared at 560 nm
(35-fold enhancement). Themain reason behind changes in the probe's
optical nature in presence of AsO3

3− was attributed to the strong hydro-
gen bondingbetween theAsO3

3− ion and –NH/–OHgroup of theprobe9,
which can induce ESIPT-emission with structural rigidity enhancement.
The Job's plot and mass spectroscopy confirmed the 1:1 stoichiometry
of the complex formed between probe and AsO3

3−. The binding constant
for AsO3

3− determined by Benesi-Hildebrand plot was found to be
1.0 × 105 M−1. The limit of detection of chemosensor 9 for the AsO3

3

was 15 nM. Furthermore, this probe was employed for the analysis of
ground water.

Ali and co-workers described a di-oxime based turn-on blue emis-
sion fluorescent chemosensor 10 for the detection of arsenate and
O O
B

OMe

O

OMe

O

F F

3
-

Donor Donor

Acceptor

hemosensor 5 for AsO3
3−.
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arsenite in pure aqueousmedium at pH 7.24 (10mMHEPES buffer, μ=
0.05 M, NaCl) (Fig. 7) [100]. The fluorescence intensity of probe 10was
enhanced 5-fold at 476 nm and 2-fold at 460 nm in the presence of
AsO2

− and H2AsO4
−, respectively, while no significant fluorescence en-

hancement observedwith other cations, anions and organic arsenic spe-
cies. The fluorescence quantum yield of 10 increased from 0.031 to
0.055 forH2AsO4- and to 0.078 for AsO2

− and thiswas due to intermolec-
ular H-bonding interaction between probe 10 and analytes (arsenate
and arsenite). According to the mass spectroscopy and Job's method,
the binding stoichiometry between probe 10 and analytes was 1: 1.
The formation constant were found to be (2.80 ± 0.58) × 104 M−1 for
AsO2

− and (2.03 ± 0.97) × 105 M−1 for H2AsO4
−. The estimated detec-

tion limit of the probe was determined to be 1.32 μM and 0.23 μM for
AsO2

− and H2AsO4
− respectively. The probe 10 exhibits good cell perme-

ability, low cytotoxicity, and was successfully used to monitor intracel-
lular AsO2

− and H2AsO4
− in HepG2 cells.

Singh et al. reported two malonohydrazide based colorimetric
probes (11 & 12) for the detection of F−, AcO−, AsO2

− and maleate ion
(Fig. 7) [101]. The absorption spectrum revealed that upon addition of
AsO2

− ion to the probe 11 solution resulted in a bathochromic shift of
145 nm of the absorption band (isosbestic point at 434 nm), followed
6

by a colorimetric change from pale yellow to wine red. Similarly, in
presence of AsO2

− ion, probe 12 induced an apparent bathochromic
shift of 131 nm (isosbestic point at 415 nm), associated with a clear vis-
ible color change from pale yellow to orange red. The difference in ab-
sorption spectrum for the two probes was attributed to their
molecular structure. The presence of two –NO2 groups facilitates the
formation of strong hydrogen bond between sensor 11 and AsO2

− ion,
that's why sensor 11 showed large bathochromic shift compared to sen-
sor 12 The binding constants of sensor 11 and 12 were found to be
6.9 × 105 M−1 & 3.8 × 105 M−1 respectively. The binding stoichiometry
was found to be 1:2 (sensor: AsO2

−) in case of sensor 11 and 1:1 (sensor:
AsO2

−) for sensor 12. The lowest detection limit for sensor 11 was
0.154 ppm (4.97 μM) whereas for sensor 12was 0.99 ppm (6.52 μM).

Wang et al. developed a series of fluorescent probes, 13–16, for the
selective detection of As(V) (Fig. 7) [102]. In presence of As(V), the
probe 13 displayed a sharp increase in the absorption peak at 270 nm
and a slight decrease at 370 nm along with the formation of a new
peak at 430 nm which increased significantly upon gradual addition of
As(V). The color of the probe 13 solution was then changed from
colourless to yellow which was clearly noticeable to the naked eye. Ini-
tially, probe 13 showed weak fluorescence at about 550 nm in DMF/
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Water (v/v, 4:6) solution whereas the emission intensity increased
greatly (91-fold) with the addition of As(V) and the fluorescence color
changes from colourless to green under UV lamp. The binding stoichi-
ometry of 13 and As(V) was found to be in the molar ratio of 1:2
(probe: analyte), as illustrated from the analysis of Job's plot and the
binding constant was calculated as 4.26 × 104 M2 from fluorescence ti-
tration spectra. This probe displayed a very low detection limit of
0.88 ppb. The change in fluorescence intensity wasmainly due to inter-
molecular H-bonding assisted conversion of TICT (twisted intramolecu-
lar charge transfer) to PICT (planar intra-molecular charge transfer) and
inhibition of PET process from the nitrogen centres. On addition of As
(V), both probes (14& 15) also showed a gradual increase in absorption
bands at 238 nm and 375 nm respectively. Again, on gradual addition of
As(V) to the DMF solution of both probes, there was an enhancement in
the emission intensities at 550 nm. Job's plot revealed that both probes
were bound with As(V) with a 2:1 (probe: analyte) stoichiometry and
binding constants of 14 & 15 were estimated as 1.93 × 104 M−1/2 &
1.79 × 104 M−1/2 respectively. The detection limit of 14 & 15 were
found to be 1.90 ppb & 2.42 ppb respectively. Investigation found that
all the three probes were able to detect As(V) selectively over other an-
ions and cations and even As(III) did not show any interference with As
(V) detection. Due to better selectivity and sensitivity over other probes,
the 13 was used for detection of As(V) in real water sample. Again,
Probe 16 did not cause an enhancement of fluorescence in the presence
of As(V) and therefore was unable to act as an As(V) chemosensor.

By using the advantage of strong interaction of 2, 4-dinitrophenyl
hydrazone with guest analyte via hydrogen bonding, Deepa et al. de-
vised a cost effective and colorimetric probe 17 for sensing arsenite
(As3+) ion (Fig. 7) [103]. Probe was synthesized by simple Schiff base
condensation of 2, 4-dihydroxybezaldehyde and 2, 4-dinitrophenyl hy-
drazine in ethanol solvent. In H2O: DMSO (9:1, v/v) medium, upon
gradual addition of arsenite (As3+) ion to probe 17 was characterized
by a decrease in absorption intensity, along with a red shift from
415 nm to 509 nm in the position of absorption maxima. Similarly,
when investigated in H2O: ACN (9:1, v/v) medium, the probe also ex-
hibited red shift from 397 nm to 470 nm as well as by a decrease in ab-
sorption intensity in presence of arsenite (As3+) ion. The probe 17
exhibited colorimetric response toward As3+ in DMSO and ACN me-
dium with a color change from orange to purple and yellow to red, re-
spectively, owing to As3+ induced hydrogen bonding and
deprotonation of -OH protons of 17. This binding interaction was also
supported by NMR and FT-IR studies. The authors reported, via Job's
plot analysis, that a 1:1 complex was formed between probe & As3+.
The binding constant and detection limit were found to be
3.96 × 106 M−1 and 0.35 × 10−6 M, respectively. The probe was highly
selective toward As3+ as no interference was observed by other metal
ions like Cu2+, Hg2+, Fe3+, Fe2+, Zn2+, Pb2+, Ni2+and Co2+.

Ali et al. synthesized an oxime based fluorescent probe 18 that gave
turn-on blue fluorescence response in the presence of arsenate ion
(H2AsO4

−) based on the intermolecular H-bonding interaction between
18 andH2AsO4

− ion (Fig. 7) [104]. The Job's plot analysis demonstrated a
1:1 type complex formation between probe 18 & H2AsO4

−. Moreover,
the proposed intermolecular hydrogen-bonding interaction was sup-
ported by 1H NMR studies. The binding constant of 18 for H2AsO4

− was
in the range of 104 M−1 with a limit of detection (LOD) of 29 μM.
Probe 18 presented high selectivity toward H2AsO4

− ion over other rel-
evant anions and toxic metal ions. Probe 18 indicated negligible cyto-
toxicity and good cell permeability and could successfully monitor
intracellular arsenate ion in HepG2 cells.

Singh and co-workers reported a naphthalene derivative 19 as color-
imetric and turn-on fluorescent probe for the recognition of arsenite ion
(AsO2

−) and cyanide ion (Fig. 7) [105]. The addition of AsO2
− led to in-

creased fluorescence intensity at 495 nm and new absorption bands at
452 nm. Moreover, in presence of arsenate, a naked-eye visible color
change from light yellow to dark yellow was observed in DMF: H2O
(HEPES buffer of 7.2 pH, 9:1, v/v) solution. The optical changes were
7

attributed to the interaction between the probe (-OH and NH protons)
and arsenite ion via deprotonation and hydrogen bonding. The binding
interaction was also supported by NMR, DFT, ESI-MS and cyclic
voltametry studies. The Job's plot revealed 1:1 binding stoichiometry
between the probe 19 and arsenite ion with binding constant of
3.1 × 105 in DMF: Buffer medium and 3.2 × 105 in DMF:H2O medium.
The detection limit was found to be 66 nM in DMF: H2O (9:1, HEPES
Buffer) and 68 nM in DMF: H2O (9:1). The probewas also used to deter-
mine unknown arsenite concentration in water and to analyse real
water samples.

2.2. Aggregation induced emission (AIE) based chemosensors

Aggregation induced emission (AIE) is a distinctive fluorescence
concept which was coined by Tang et al. in 2001 [106]. Generally, AIE
probes displays weak fluorescence in solution state, but because of the
restricted intramolecular rotational freedom, they become highly fluo-
rescent in the aggregate state. This AIE phenomenon has been used in
recent years for the development of fluorescent probes.
Tetraphenylethylene (TPE) has attracted extensive interest among var-
ious AIE basedfluorophores because of its excellent photophysical prop-
erties and good structural flexibility.

Baglan et al. developed a cystine fused TPE (tetra phenyl ethene)
based ‘turn-on’ fluorescent probe 20 for the selective detection of
toxic As3+ in aqueous media [107]. Here, AIE mechanism for fluores-
cence is involved in the sensing process. The authors suggested that
the binding between the free –SH group of cysteinemoiety and As3+ in-
duced the formation of symmetric As(cysTPE)3 and resulted in an in-
crease in fluorescence due to the nature of AIE affects (Fig. 8). In
aqueous solution, probe 20 shows very weak fluorescence but a strong
AIE-emission band at 470 nm was observed, indicating the formation
of As-complex. The detection limit of probe 20 for As3+ was calculated
at the ppb level (0.5 ppb), that is below the WHO recommended stan-
dard limit. Moreover, various metal ions including As5+ did not induce
any obvious fluorescence changes.

In 2017, Tian and co-workers designed and synthesized a carbazole
based AIE active chemosensor for ultra-sensitive and selective detection
of As3+ in THF–water mixtures (v/v, 3/7) (Fig. 9) [108]. Their investiga-
tion reveals that As3+ binds with free –SH group present in cysteine
moiety of the probe 21 and led to a fluorescence enhancement at
455 nm due to AIE effect. The Job's plot suggested that the probe 21
formed a 1:3 complex with As3+. This stoichiometric result was also
supported by 1H NMR titration and mass spectrometric analysis. The
emission intensity of probe 21 displayed a good linearity with the
As3+ concentration in the range of 0 to 120 ppb and the detection
limit was found to be 1.32 ppb. To determine the selectivity of probe
21, other competitive analytes such as As5+, Ni2+, Mn2+, Co2+, Pb2+,
Cd2+, Cu2+, Al3+, Hg2+, Fe2+, Cr3+, Fe3+ and anions were also exam-
ined under the similar experimental conditions and found that all
these interfering species did not exhibit any noticeable changes in fluo-
rescence spectra. Additionally, probe 21 was successfully employed to
detect As3+ in real water samples.

2.3. Chemodosimetric approach (reaction-based chemosensor)

In recent years, considerable efforts have been made to develop the
reaction-based chemosensors i.e. chemodosimeters for the detection of
several analytes. Chemodosimeters typically detect the target analyte
via a highly selective and and irreversible chemical reaction. One exam-
ple of arsenic chemodosimeters are discussed in this section.

Chemodosimeter 22, described by Ezeh et al., was responsive to
toxic As3+ ion based on ICT (internal-charge-transfer) mechanism
[109]. In presence of As3+ ion, chemodosimeter 22 exhibited noticeable
absorption changes (from 385 nm to 464 nm) and a 25-fold fluores-
cence enhancement (quantum yield = 0.101) at 496 nm. The sensing
mechanism was suggested to take place through As3+ promoted
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conversion of the non-fluorescent probe 22 to a highly fluorescent
benzothiazole moiety (22a), as shown in Fig. 10. The probe 22 was
highly sensitive to As3+ ion with a detection limit of 0.53 nM
(0.24 ppb) which is much lower than the EPA instructed MCL value
(10 ppb). The chemodosimeter 22 demonstrated a good selectivity for
toxic As3+ ion over other biologically relevant metal cations (Na+,
Mg2+, Ca2+, Mn2+, Fe2+, Ni2+, Zn2+, Hg2+, Pb2+ and Cd2+) except
that Cu2+ faintly responded to 22. The proposed sensing mechanism
was confirmed by 1H NMR titration experiments.

2.4. Metal coordination-based sensing strategy

A highly selective, economical colorimetric chemosensor 23 was
proposed and synthesized by Chauhan and co-workers for the rapid de-
tection of arsenic (As3+/As5+) in DMSO/H2Omedium [110]. Upon addi-
tion of As3+/As5+, 23 demonstrated a large red shift (100 nm) of
O

S

HN

Et2N O

CF3

H

AsI3, THF

Et3N, 298 K22
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Et2N
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Fig. 10. Chemical structure of chemosensor
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absorption band (from 480 nm to 580 nm), accompanied by a visual
color change from light yellow to brownish orange color. The colorimet-
ric changes were attributed to the formation of aggregated complex
state 23-As3+/As5+ through N, S chelate of probe 23 as shown in
Fig. 11. The Job's plot analysis revealed that a 1: 1 adduct was generated
during complexation. Moreover, the detection limit for As3+ and As5+

were determined to be 7.2 and 6.7 ppb, respectively.
Banerjee et al. synthesized and reported a rhodaminebased chromo-

genic and fluorogenic probe 24 for the highly selective and sensitive de-
tection of As(III) in acetonitrile: HEPES buffer (4:1, v/v, pH 7.4) solution
[111]. The absorption spectrum showed that upon gradual addition of
As(III) to the organo aqueous solution of 24 resulted in an enhancement
of the absorption peak at 525nm, accompanied by a visible color change
from colourless to reddish pink color. In absence of As(III), 24was non-
fluorescent due to closed spirolactam conformation of the probe,
whereas the addition of As(III) led to an yellow emission at 555 nm
upon excitation at 515nm. The significant color andfluorescent changes
were due to the formation of As(III)-induced ring opened spirocyclic
structure (24a) of the probe 24 and this sensing mechanism was con-
firmed by 1H NMR and FT-IR spectroscopy (Fig. 12). The binding con-
stant of the probe for As(III) was calculated to be 0.33 × 106 M−1. In
addition, this As(III) sensing process was reversible upon addition of
I−. The probe 24 demonstrated superb selectivity toward As(III) and
was effectively used for the detection of As(III) in several samples of
wastewater with varying pH levels. Moreover, probe 24 was also
employed tomonitor As (III) in various cell lines including pollen grains
of Allamanda puberula (Aapocynaceae), radiator plant (Peperomia pellu-
cida), Poecilia reticulata, Danio rerio, and squamous epithelial cells.

Recently, Sutariya et al. described a fluorescent probe 25, containing
pyrene appended calix[4]arene moiety for sensing As3+, Nd3+ and Br−

ions [112]. In presence of As3+, probe 25 induced 17 nm red shift (from
261 nmto 278 nm) in the absorption spectra.Meanwhile, upon addition
of As3+ to the mixed aqueous/organic solution of 25 (acetonitrile/
O
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22 and its sensing mechanism for As3+.
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aqueous phosphate buffer (8: 2, v/v), pH= 7.2), a complete quenching
of fluorescence (0.036-fold) was observed. The job's plot showed that a
1:1 complex was formed between the probe and As3+, and the binding
constantwas estimated to be 7.842× 108M−1 (Fig. 13). This 1:1 stoichi-
ometry was further confirmed by ESI–MS analysis. The detection limit
A)

B)
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Fig. 12. A) Fluorescence emission spectra of probe in acetonitrile: HEPES buffer (4:1, v/v, pH 7.4
24 + As(III).
Reprinted with permission from Ref. [111] Copyright (2019) American Chemical Society. B) Ch
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for As3+ was evaluated to be 11.53 nM. The authors reported a low –
cost and reusable paper-based sensing system for the detection of
As3+ ions. Furthermore, the probe showed better results when detect-
ing As3+ ions in wastewater samples compared with other reported
As3+ detection methods.
NH
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) upon addition of As(III) in aqueousmedium. Inset: Photographic images of (I) 24 and (II)

emical structure of chemosensor 24 and its sensing mechanism for As3+.
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Park et al. reported a colorimetric sensor 26 for the selective detec-
tion of As3+ (Fig. 14) [113]. Large signal to noise (S/N) ratio intensity
and a strong increase in the absorption spectra at 430 nm in presence
of As3+ confirmed the interaction between sensor andAs3+. Cyclic volt-
ammetry (CV) studies were performed to confirm the binding process.
The sensor 26 presented a good selectivity for As3+ over other metal
cations except that Cd2+ responded to the sensor in a negligible man-
ner. Moreover, IR spectral study showed that –NO2 group present in
the sensor plays an important role during chelation with As3+ ion. Iso-
thermal titration calorimetry (ITC) was also conducted to know about
binding affinity and stoichiometry of the interaction. The detection
limit was found to be as 31.8 nM. Furthermore, the sensor was success-
fully used to detect As3+ in various water samples including river and
tap water.
2.5. Chemosensors based on metal complex displacement approach

Roy and co-workers reported a Al3+-complex (27) probe for the de-
tection of AsO4

3− in CH3OH–HEPES (7/3, v/v) solution [114]. Upon addi-
tion of Al3+, free rhodamine derivative exhibited a noticeable
colorimetic change from colourless to pink and remarkable enhance-
ment of fluorescence intensity at 552 nm which was attributed to the
formation of spirocyclic ring–opened Al3+-complex. However, addition
of AsO4

3− to the in situ prepared Al3+-complex solution led to the ab-
straction of Al3+ ion followed by the regeneration of the absorption
OH

O

N

HO
NH2

O

O

26

Fig. 14. Chemical structure of chemosensor 26.
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and fluorescence of free rhodamine derivative (Fig. 15). Furthermore,
other common ions such as Cl−, Br−, I−, SO3

2−, N3
−, HCOO−, CH3COO−,

SO4
2−, SO3

2−, NO3
−, H2PO4

− and ClO4
− did not exhibit any noteworthy

changes in absorbance spectra as well as in fluorescence spectra of in
situ prepared Al3+-complex, indicating the selectivity for AsO4

3−.

2.6. Metal complex as chemosensor

Ametal complex based sensing strategy has also been employed for
developing chemosensors for arsenic species.

The 2-(2-pyridyl) benzimidazole based Mn(II) complex 28 created
by Das's group was employed for the turn-on fluorescence detection
of HAsO4

2− (Fig. 16) [115]. Probe 28 demonstrated weak fluorescence
at 440 nm (quantum yield = 1.23 × 10−2) in HEPES buffered (0.1 M)
(methanol/water = 0.5/99.5, v/v, pH 7.4) solution, while emission in-
tensity dramatically increased with the addition of HAsO4

2− (quantum
yield = 4.59 × 10−2). Moreover, the color of the titration solution
changed from colourless to blue under a UV light. The authors proposed
that this fluorescence enhancementwas ascribed to the formation of in-
termolecular hydrogen bonds between probe and HAsO4

2−, resulting in
greater molecular rigidity and lowered overall system entropy. Analysis
of the results of a Job's plot stated that 28was bound to HAsO4

2− with a
1:1 stoichiometry which was further confirmed by FT IR and ESI mass
spectroscopy. From the fluorescence titration results, the binding con-
stant for the 1:1 complex was calculated using the Benesi–Hildebrand
equation and it was found to be 3.09 × 103 M−1. The large binding con-
stant value clearly indicated that the probe 28 has high binding affinity
for HAsO4

2− ion. Probe 28 demonstrated high sensitivity (Detection
limit = 1 × 10−10 M) and selectivity for HAsO4

2− over other common
anions (F−, Cl−, Br−, I−, N3

−, NCO−, NO2
−, NO3

−, SCN−,CN−, CH3COO−,
SO4

2−, ClO4
− andHPO4

2−) andwas efficiently applied to image intracellu-
lar HAsO4

2− in various cells including Allamandapuberula cells and Can-
dida albicans cells.

Dey et al. reported a water-soluble metal-organic complex (29) for
the selective detection of inorganic As3+ in water medium (Fig. 17)
[116]. Free probe displayed absorption and emission bands at 310 nm
and 350 nm, respectively. However, the emission intensity of 29
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increased with increasing As3+ concentration (from 49 pM to 4440
pM). The sensing mechanism was suggested to involve a weak non-
covalent type interaction betweenAs3+ and lone- pairs on free carbonyl
oxygen atoms of carboxylate groups of the ligand, whichwas supported
by both IR and ESI-MS spectra. The sensor 29 also demonstrated good
selectivity toward As3+ over other metal ions including Li+, Na+, K+,
Ca2+, Mg2+, Co2+, Ni2+, Cd2+, Hg2+, Zn2+, inorganic As5+ and organic
As- species.

Dey and co-workers described a non-toxic and water soluble Cu(II)-
complex based fluorescent probe 30 for the recognition of toxic inor-
ganic As(III) as in watermedium (Fig. 18) [117]. Initially, in aqueous so-
lution, the free probe exhibited an emission and broad absorption band
at 380 nm and 250 nm, respectively. However, upon non-covalent hy-
drogen bonding interactions between free carbonyl ‘O’ of the ligands
of complex and As(OH)3, an obvious enhancement of fluorescence in-
tensity was observed. Investigation showed that the probe selectively
detect As(III) over other As-species (organic arsenic-species (cacodylic
acid) and inorganic As(V)-oxoanions) and metal ions (Li+, Na+, K+,
Ca2+, Mg2+, Fe2+, Fe3+, Mn2+, Co2+, Ni2+, Cd2+, Hg2+, Zn2+, Sn2+,
units in 29 (here, C = cyan, N = blue, O = red, Cu = green).
of Chemistry.



Fig. 18. One dimensional coordination polymer of Cu(II)-monomeric units (here, C = gray, N = blue, O = red, Cu = green) (30).
Reproduced from Ref. [117] with permission of The Royal Society of Chemistry.
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Sr2+, Al3+, Cr3+, Bi3+ and Sb3+) in the concentration range of
femtomolar to micromolar (Detection limit = 49.75 fM) in water me-
dium. The probe was nontoxic and the authors further successfully
employed this probe to image As(III), for the first time, in various living
system (on pollen grains of Tecoma stans; Candida albicans cells
(IMTECH No. 3018) and Peperomia pellucida stem section).

Koner et al. designed and synthesized a small water-soluble probe
(31) consisting of a perylene-Cu2+ complex with free carbonyl func-
tional group to selectively detect As5+ ion in aqueous solution
(Fig. 19) [118]. In aqueous solution (deionized water buffered with
HEPES,1 mM, pH 7.2), the perylene -Cu2+complex 31 showed weak
fluorescent at 600 nm (quantum yieldΦ=0.032) due to photoinduced
electron transfer (PET) from the excited perylene to Cu2+. But, when
As5+ solution was added to the aqueous solution of 31, a significant en-
hancement of fluorescence at 600 nm (quantum yield Φ = 0.344) was
noticed, which was attributed to the formation of perylene-As5+ com-
plex via intermolecular H-bonding assisted chelation process. Due to
higher binding constant of the perylene-As+5 complex
(8.50 × 108 M−2) than the perylene-Cu+2 complex (0.377 × 108), the
perylene-Cu+2 complex undergoes a decomplexation process in pres-
ence of As5+ to form a new As+5 complex. Moreover, it was found
that 31 has a detection limit of 26 nM. The probe 31was found to highly
selective and sensitive toward As3+ over competitive ions (F−, Cl−, Br−,
I−, N3

−, SO4
2−, AcO−, HCO3

−, HSO3
−, CN−,Al3+, Fe3+, Cu2+, Cd2+, Ni2+,
Oxygen

Cu2+

NH2

Fig. 19. Chemical structure of chemosensor 31.
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Ag+, Mn2+, Zn2+, Na+, Mg2+, Hg2+, Co2+, Pb2+, Cr3+, and As3+) and
was also used to detect As5+ in several realwater samples. Furthermore,
the probe 31 showed non toxicity and was successfully used for detec-
tion of intracellular As5+ in living HepG2 cells.

Das et al. reported a colorimetric and fluorometric AsO2
−

chemosensor based on the Mo(VI) involved complex 32-Mo(VI) [119].
Chemosensor 32 showed great affinity for AsO2

− over other competing
ions and noticeable fluorescence enhancement (17-fold) in the pres-
ence of AsO2

− ion. However, gradual addition of AsO2
− to the DMSO/

H2O (4/1, v/v, pH 7.4) solution of 32 induced a 101-nm red shift in the
emission spectrum along with 81-fold fluorescence enhancement and
an associated color change from blue to bright green under UV lamp.
This enhancement was due to the strong hydrogen bonding interaction
between the complex and arsenite ion, which increases the rigidity and
decreases the entropy of the system (Fig. 20). In presence of AsO2

−,
chemosensor 32 displayed two absorption bands at 367 nm and
477 nm, with color varying from yellow to orange.The mass spectrum
and Job's plot analysis revealed that the stoichiometry between com-
plex and AsO2

− was 1:1. The binding constants of chemosensor 32
with Mo(VI) and AsO2

− were calculated as 4.21 × 105 M−1 and
6.49 × 104 M−1, respectively. The AsO2

− detection limit for this probe
was recorded as 1.2 × 10−10 M. This complex was effectively imple-
mented to image intracellular AsO2

− in A549 cells. This complex was
successfully employed to determine AsO2

− in real water samples. The
authors again used this complex to remove AsO2

− ion by solid-phase ex-
traction method from environmental samples.

Dey group designed a nontoxic water soluble fluorescent Co(II)
complex probe (33) for the selective detection of toxic inorganic As
(III) inmicromolar range inwatermedium(Fig. 21) [120]. This complex
showed high selectivity and sensitivity toward As(III) in terms of en-
hancement in emission intensity without any interference from inor-
ganic As(V) oxo-anions, organic arsenic species like cacodylic acid and
other ions (Li+, Na+, K+, Ca2+, Mg2+, Fe2+, Mn2+, Cu2+, Ni2+, Cd2+,
Zn2+, Sn2+, Cr3+, Sb3+, Pb2+, F−, Cl−, Br−, SO4

2−, N3
−, BF4−, Cr(VI)-oxo

anions and PO4
3−). This enhancement was due to non-covalent binding

interactions between As(OH)3 and free carbonyl oxygen sites of Co(II)
complex probe as supported by ESI-MS and IR spectral studies. The de-
tection limit was estimated to be 0.49 μM. Moreover, the complex had
good biocompatibility and low cytotoxicity that allowed it to be
employed for the intracellular tracking of inorganic As(III) in both arse-
nic resistant bacteria (Bacillus aryabhattai) and arsenic non resistant
bacteria (Bacillus subtilis).
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Murugan et al. synthesized a quinolone-based Zn complex (34) for
the recognition of AsO2

− and H2PO4
− ions in aqueous DMSO medium

(Fig. 22) [121]. Upon addition of NaAsO2 to the Zn-complex solution
caused a blue shift in the absorption maximum from 484 to 436 nm
alongwith appearance of new band 505 nm,which contributed to a vis-
ible color change from red to yellow that was visible to the naked eye.
The Zn-complex presented chelation to AsO2

− ions and triggered re-
markable blue shift in the emission maxima from 650 nm to 566 nm.
The complex displayed a good selectivity for AsO2

− ionswith a detection
limit of 25 ppb. A 1:1 binding stoichiometry between complex and
AsO2

− was determined by ESI-MS and Job's plot analysis and fluoromet-
ric titration exhibited binding constant of 1.1 × 10−3 M for AsO2

− ion.
The efficacy of the complex to image AsO2

− ion in vivo was also illus-
trated in live zebrafish embryos.

3. Conclusion and perspective

In this review, we have discussed recent interesting reports on arse-
nic species sensing by several chromogenic and fluorogenic
chemosensors and their applications in the detection of arsenic. Here,
main attentionwas given to their strategies in designing, sensingmech-
anisms and performances and their potential bioimaging applications.
We categorized these chemosensors into six types by their sensing
strategies, such as (i) during the past decade, chemosensors based on
hydrogen-bonding interactions have been extensively employed as
sensing mechanisms for the detection of analyte specially anion. In
this section, hydrogen-bonddonorsmoiety (like hydroxyl groups, Schiff
13
base, amide and thiourea) containing several chromogenic/fluorogenic
probes have been reported by the scientist for the recognition of arsenic
ions [92–105]. For the selectivity and sensitivity of these chemosensors,
the acidity of the hydrogen atoms and basicity of the anions are very
much important. (ii) Additionally, one of the most important signalling
mechanism, termed aggregation induced emission (AIE) has also con-
tributed to the analyte detection in recent years. However, only two
fluorescent probes with an AIE effect for As3+ ion have beenmentioned
here [107,108]. (iii) Another approach to the detection of analyte
(anion, cation or neutral molecule) through the colorimetric-
fluorometric technique is the “chemodosimetric approach”. This tech-
nique includes the specific chemical reaction (generally irreversible)
of the target analyte with the molecular probe (chemodosimeter) and
is associated with optical properties changes. This chemodosimetric ap-
proach is less influenced by the environmental factor and has a distinct
benefit in terms of excellent sensitivity, high selectivity and quick re-
sponse time. In this section, we report a reaction-based probes for
As3+. Here, irreversible chemical reaction between chemodosimeter
(22) and thiophilic As3+ ion leads to the formation of highly fluorescent
benzothiazole moiety [109]. This chemodosimetric reaction mostly de-
pend on the thiophilic nature of As3+ ions. (iv) In addition to the
chemodosimetric approach, the metal coordination-based sensing
strategy has also been employed for the detection of metal cations.
Here, several fluorescent chemosensors have been described primarily
on the basis of metal coordination to the oxygen and nitrogen contain-
ing probes [111–113]. Besides, one sulphur containing probe is also
used to detect arsenic ion via this coordination approach [110].



Fig. 21. Crystal packing of the Co(II)-complex. (Here Co=blue, O=pink, N= light green,
C = gray, H = yellow) (33).
Reproduced from Ref. [120] with permission of The Royal Society of Chemistry.
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(v) Due to the high hydration nature of anions, the design and develop-
ment of fluorescent probes for anions in aqueousmedia is very difficult.
Now, this problem can be solved by using the metal complex displace-
ment strategy, inwhich ametal cation is displaced from the probe bind-
ing pocket in presence of anions, inducing a signal modulation. The
above arsenate probe (27) is designed based on this displacement strat-
egy [114]. Here, in the presence of AsO4

3−, Al3+ is displaced from Al3+-
complex (27) as more stable aluminum-arsenate (AlAsO4) species
N

N

OH

N

N

O
O

Zn

As
OO

N

H2PO4
-

Fig. 22. Chemical structure of chemosensor 34 an
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(hard acid- hard base combination, HSAB theory) [122–124] and then
the fluorescent signals become turn-off. (vi) Transition metal com-
plexes are also employed as chemosensors for the detection of several
ions owing to their unique photophysical properties. There are compar-
atively few reported examples of fluorescent metal complex
chemosensors compared to purely organic fluorophore based
chemosensors. In this section, one Mn(II) [115], three Cu(II)
[116–118], One Mo(VI) [119], One Co(II) [120] and one Zn(II) [121]
based chemosensors have been described in detail for the detection of
arsenic species via different methods.

All these reported chemosensors are associated with changes in the
absorption and/or fluorescence intensity or fluorescence quantum yields
(Table 1). However, the sensing process of several probes is accompanied
by color changes that can be monitored by our naked eye and this will
give incredible accessibility for real application. Apart from this one of
the authors developed paper based analytical device for arsenic sensing
[112]. Due to good cell permeability and low cytotoxic nature, many
probes can be used for imaging (in vitro/in vivo) arsenic in biological sam-
ples. In addition, some probes display ratiometric absorbance/fluores-
cence behavior toward arsenic sensing. On the other hand, few probes
have been also used for detection of arsenic in environment samples
with a gooddetection limit. Again, fewprobes are able to remove arsenate
from drinking water through solid phase extraction method. In some
cases, the probe can effectively differentiate between As3+ and As5+.

In spite of the recent advancement achieved in this field, there are
still many issues.

(i) Water solubility is very important for the practical application of
fluorescent chemosensors, specifically for metal cation
chemosensors. There are only a few chemosensors that detects ar-
senic under purely aqueous conditions. However, many of the
probes for arsenic only work in organo-aqueous or pure organic
solutions, which restricted their real applications. Thus, the inven-
tion of novel water-soluble probes will thus support their real ap-
plications.

(ii) Although some reported probes exhibit higher sensitivity but they
also suffer from interference from other analyte. Therefore, re-
search and development on interference free fluorescent probes
for arsenic species detection is still of great interest.
OH

N

N

O
O

Zn

Zinc acetate

aAsO2

34

d its probable sensing mechanism for AsO2
−.



Table 1
Summary of sensing properties of arsenic chemosensors 1–34.

Probe and
analyte/stoichiometry

Probe type/sensing
mech.

Medium λEx. (nm) λEm. (nm) Quantum yield (Φ) in
absence/presence of
analyte

Limit of detection (LOD) Binding constant/time Application Ref.

1 & H2AsO4
−/1:1 Turn-on/– HEPES buffered (0.1 M)

solution
(methanol/water = 1:4, v/v,
pH 7.4)

350 498 0.016/0.196 3 × 10−6 M 8.9 × 103 M−1/– Live cell imaging [92]

2 & H2AsO4
−/1:1 Turn-on/PET, TICT,

PICT
HEPES buffered (0.1 M;
ethanol–water, 1:99, v/v;
pH 7.4) solution

440 532 0.015/0.17 0.001 μM 1.35 × 106 M−1/– (a) Live cell imaging (b)
remove toxic arsenate from
drinking water.

[93]

3 & H2AsO4
−/1:1 Turn-on/– HEPES buffered (0.1 M;

ethanol–water, 1:99, v/v;
pH 7.4) solution

400 530 1.6 × 10−2/21.3 × 10−2 0.001 μM 1.32 × 104 M−1/– (a) Live cell imaging (b)
remove toxic arsenate from
drinking water.

[94]

4 & AsO3
3−/1:1 Turn-on/PET, CHEF HEPES buffer (1 mM, pH 7.4;

water:DMSO (v/v), 9:1)
solution

438 532 0.00228/0.01294 54.91 nM (4.12 ppb) 2.5267 × 105 M−1/– (a) Live cell imaging (b)
detection in water samples

[95]

5 & As(III)/– Colorimetric
(ratiometric)

60% ethanol 509↓ to 632↑ – – 0.26 μM (UV), 25 μM
(naked eye for solution),
30 μM (naked eye for
resin)

–/3 min. approximately Detection in water samples [96]

6 & H2AsO4
−/2:1 Turn-on/AIEE, CHEF HEPES buffered (0.1 M,

ethanol/water = 1/9, v/v,
pH 7.4)

377 540 0.7 × 10−2/5.3 × 10−2 5 × 10−9 M 1.38 × 105 M−1/2/– (a) Live cell imaging (b)
detection in water samples

[97]

7, 8 & AsO2
−/1:1 Colorimetric

(ratiometric)
5% H2O-95% DMSO (v/v) 395↓ to 504↑ (7)

& 407↓ to 534↑
(8)

– – – 6.12 (7), 6.38 (8) (Job's
method) & 7.42 (7),
8.01 (8)
(molar method)/–

Detection in water samples [98]

9 & AsO3
3−/1:1 Turn-on/ESIPT Acetonitrile–water, v/v, 9/1,

HEPES buffer, pH 7.2
458 560 0.009/0.315 15 nM 1.0 × 105 M−1/– Detection in real water samples. [99]

10 & AsO2
−

H2AsO4
−/1:1

Turn-on/− Pure aqueous medium at
pH 7.24 (10 mM HEPES
buffer, μ = 0.05 M, NaCl).

340 476
(AsO2

−) &
460
(H2AsO4

−)

0.031/0.078 (AsO2
−) &

0.055 (H2AsO4
−)

0.23 μM (AsO2
−) &

1.32 μM (H2AsO4
−)

(2.80 ± 0.58) × 104 M−1

for (AsO2
−) & (2.03

± 0.97) × 105 M−1 for
(H2AsO4

−)/–

Live cell imaging [100]

11, 12 & AsO2
−/1:2

(11), 1:1 (12)
Colorimetric
(ratiometric)

DMSO: H2O (9:1; v/v) 389↓ to 535↑
(11) & 380↓ to
507↑ (12)

– – 0.154 ppm (4.97 μM)
(11) & 0.99 ppm
(6.52 μM) (12)

6.9 × 105 M−1 (11)
3.8 × 105 M−1 (12)/–

– [101]

13, 14, 15, 16 & As
(V)/1:2 (13), 2:1
(14, 15)

Turn-on/TICT, PICT,
PET

DMF/H2O (v/v, 4:6) (13), DMF
(14, 15, 16)

380 550 – 0.88 ppb (13), 1.90 ppb
(14), 2.42 ppb (15)

4.26 × 104 M2 (13),
1.93 × 104 M−1/2 (14),
1.74 × 104 M−1/2

(15)/20 s

Detection in real water samples [102]

17 & As(III)/1:1 Colorimetric H2O: DMSO (9:1, v/v) & H2O: 415 to 509 – – 0.35 × 10−6 M 3.96 × 106 M−1/– – [103]

(continued on next page)
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Table 1 (continued)

Probe and
analyte/stoichiometry

Probe type/sensing
mech.

Medium λEx. (nm) λEm. (nm) Quantum yield (Φ) in
absence/presence of
analyte

Limit of detection (LOD) Binding constant/time Application Ref.

ACN (9:1, v/v) (H2O: DMSO),
397 to 470
(H2O: ACN)

18 & H2AsO4
−/1:1 Turn-on/TICT HEPES buffer at pH 7.24 in

H2O
340 450 9.8 × 10−3/11.4 × 10−3 29 μM (2.10

± 0.54) × 104 M−1/−
Live cell imaging [104]

19 & AsO2
−/1:1 Turn-on/– DMF: H2O (HEPES buffer of

7.2 pH, 9:1, v/v)
363 495 – 66 nM DMF: H2O (9:1,

HEPES buffer) & 68 nM
DMF: H2O (9:1)

3.1 × 105 in DMF: H2O
(9:1, HEPES buffer) &
3.2 × 105 in DMF: H2O
(9:1)/–

Detection in real water samples [105]

20 & As3+/– Turn-on/AIE 1% THF-distilled water 330 470 – 0.5 ppb – – [107]
21 & As3+/3:1 Turn-on/AIE THF–water mixtures (v/v,

3/7)
330 455 0.024 (solution), 0.381

(aggregate)/–
1.32 ppb – Detection in water samples [108]

22 & As (III) Turn-on/ICT THF 385 496 0.004/0.101 0.53 nM (0.24 ppb) – – [109]
23 & As3+, As5+/1:1 Colorimetric

(ratiometric)
DMSO/H2O (1;1) 480↓ to 580↑ – – 7.2(As3+) 6.7(As5+) –/<10 sec – [110]

24 & As(III)/1:1 Turn-on/– Acetonitrile: HEPES buffer
(4:1, v/v, pH 7.4)

515 555 – 0.164 ppb 0.33 × 106 M−1/– (a) Detection in waste water
samples and (b) live cell
imaging

[111]

25 & As3+/1:1 Turn-off/PET Acetonitrile/aqueous
phosphate buffer (8: 2, v/v),
pH = 7.2

278 – – 11.53 nM 7.842 × 108 M−1/– Detection in waste water
samples.

[112]

26 & As3+/2:1 Colorimetric 0.1 M acetate buffer (pH 4.0) 430 – – 31.8 nM – Detection in water samples [113]
27 & AsO4

3−/– Turn-off CH3OH–HEPES (7/3, v/v) 500 552 – – – – [114]
28 & HAsO4

2−/1:1 Turn-on/– HEPES buffered (0.1 M)
(methanol/water = 0.5/99.5,
pH = 7.4)

370 440 1.23 × 10−2/4.59 × 10−2 1 × 10−10M 3.09 × 103M−1/– Live cell imaging [115]

29 & As3+/– Turn-on/– Water 310 350 – – – – [116]
30 & As(III)/– Turn-on/– Aqueous solution 250 380 – 49.75 fM – Live cell imaging [117]
31 & As5+/1:2 Turn-on/PET Aqueous solution 497 600 0.032/0.344 26 nM 8.50 × 108 M−2/– (a) Live cell imaging and (b)

detection in water samples
[118]

32 & AsO2
−/1:1 Turn-on/ratiometric DMSO/H2O (4/1, v/v, pH 7.4) 336 393↓ to

494↑
0.156/0.632 1.2 × 10−10 M 6.49 × 104 M−1/– (a) Detection in water samples,

(b) remove arsenate from
water by solvent extraction
method

[119]

33 & As(III)/– Turn-on/– Aqueous solution 315 350 0.019/0.477 0.49 μM – Intracellular tracking of arsenic
bacterial systems

[120]

34 & AsO2
−/1:1 Turn-on/ICT Aqueous DMSO 390 566 – 25 ppb 1.1 × 10−3 M/– Imaging (in vivo) in live

zebrafish embryos
[121]
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(iii) In addition, two probes show “turn-off”fluorescence toward arse-
nic sensing. However, “turn-on”probeswill bemore effective, sen-
sitive and accurate for the detection of analytes. It will be another
significant direction of research.

(iv) The reaction-based chemosensors i.e. chemodosimeters have been
regarded as a useful approach regarding the selectivity and sensi-
tivity issues. Nevertheless, only one example discussed here dem-
onstrate chemodosimetric nature, which is a limitation in this
field.

(v) Here, most of the reported fluorescent probes are based on emis-
sion intensity. Though intensity-based probes are highly sensitive
toward analytes owing to the lack of background signal, a signifi-
cant disadvantage is that emission intensity measurements may
be affected by several external environmental factors such as tem-
perature, pH, unknown concentration of analytes, solvent polarity,
draft of light source etc. By contrast, ratiometric fluorescent probes
are extremely effective, as they permit the measurement of emis-
sion intensities at two distinct wavelengths, which allows a built-
in rectification of environmental factors as well as enhancing the
dynamic range of emission measurements. Ratiometric probes
thus allows to obtain more precise and quantitative results not
only in solution phase but also in biological systems. Hence, devel-
opment of novel ratiometric probes for arsenic ions should be of
main objective for the future of research in this area.

(vi) Several sensingmechanisms such as PET, CHEF, TICT, PICT, ICT, AIE
and ESIPT have been discussed in this review. However, other
photophysical mechanisms like FRET (fluorescence resonance en-
ergy transfer), TBET (through bond energy transfer), C_N isomer-
ization and monomer–excimer formation should also be explored
in near future.

(vii) However, although several chemosensors for arsenic have been re-
ported by chemists and also applied in biological studies but a big
challenge persists to develop NIR-based fluorescent
chemosensors/chemodosimeters. NIR-based fluorescent
chemosensors/chemodosimeters act as an effective tool for imag-
ing and tracking of different biological specimens in vitro and
in vivo owing to their profound tissue penetration strength with
nominal damage and least interference from the background
autofluorescence of indigenous biomolecules present in living sys-
tems. Moreover, another efficient and increasingly popular
method, namely time-gated luminescence technique (TGL) using
long lived luminescent probes could be the most promising tech-
nology for the detection and imaging of the analyte at subcellular,
cellular andmolecular levels because it allows a specificway to re-
move the background autofluorescence and light scattering for
background-free analysis [125,126].

The future study in this area should therefore be aimed toward
the development of novel highly selective and sensitive arsenic
probes with simple synthetic route, anti-interference, rapid
response, low detection limit, large stokes shift, high quantum
yield, good water solubility, photostability and strong biological
compatibility.

We believe that this review will encourage scientists to explore
novel fluorometric/colorimetric chemosensors/chemodosimeters for
the detection of arsenic along with innovative applications.
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