
Vol.:(0123456789)1 3

Chemical Papers (2018) 72:1823–1851 
https://doi.org/10.1007/s11696-018-0411-0

REVIEW

Fluorescent and colourimetric 1, 8‑naphthalimide‑appended 
chemosensors for the tracking of metal ions: selected examples 
from the year 2010 to 2017

Stephen O. Aderinto1   · Sarah Imhanria1

Received: 21 July 2017 / Accepted: 2 February 2018 / Published online: 27 February 2018 
© Institute of Chemistry, Slovak Academy of Sciences 2018

Abstract
The global sensing science in the past couple of years has seen brilliant successes in the designs and syntheses of diverse 
fluorescent and colourimetric chemosensors of ultra-high selectivities and sensitivities for the tracking of metal ions in 
environmental and biological systems. Amongst the most widely employed fluorophores for the development of fluorescent 
and colourimetric chemosensors is the 1, 8-naphthalimide fluorophore, which is distinctive due to its possession of outstand-
ing photophysical properties unequalled by other fluorophores. Many reported literatures are replete with employment of 
1, 8-naphthalimide as a unique fluorophore for the construction of chemosensors for the monitoring of metal ions (such as 
Cu2+, Hg2+, Cr3+, Fe3+, Zn2+, Ag+, Pd2+, Al3+, Ba2+, Au3+, and Bi2+, and/or a combination of any of them) with remark-
able results documented from various labs. This review summarises recent advances in the development of representative 
fluorescent and colourimetric 1, 8-naphthalimide-based chemosensors reported within the past 7 years. It is believed that 
gaining insights into the various highlighted examples would help to refine our knowledge of the field and pave the way 
for further advancement in the constructions of fluorescent and colourimetric 1, 8-naphthalimide-based chemosensors of 
improved sensing parameters and practical application values.

Keywords  Fluorescent and colourimetric chemosensors · Metal ions · Fluorophore · 1, 8-Naphthalimide · Photophysical 
properties

Introduction

Over the past two decades of the advent of the supramolecu-
lar chemistry, research efforts have been directed towards the 
development of fluorescent chemosensors as vibrant tools 
for sensing various heavy metal ions and anions of environ-
mental and biological significance, and hydrogen ion (i.e. 
proton) in biological systems (Gunnlaugsson et al. 2006; 
Lodeiro and Pina 2009; Duke et al. 2010; Georgiev et al. 
2011; Marinova et al. 2011). Inasmuch as the fluorescent 
technique is a very useful sensing tool, it has enjoyed wide 

application in the research areas of clinical diagnostics, bio-
technology, molecular biology and biochemistry, and mate-
rials and environmental sciences (Mason 1999; Lakowicz 
et al. 2006). The fluorescent signalling method offers the 
multiple advantages of high sensitivity and selectivity, real-
time monitoring, local observation, simplicity of operation, 
inexpensiveness of equipment, and fast response time (Lee 
et al. 2015; Carter et al. 2014; Zhang et al. 2014a; Kim et al. 
2012), and non-destructibility, that overrule the merits of 
extant traditional bulk methods of high-performance liquid 
chromatography, mass spectrometry, and atomic absorption 
spectroscopy. A closely related detection technique to fluo-
rescence method is colourimetric method, which has also 
been used as a powerful sensing tool because it can afford 
naked eye detection even before the use of spectrophoto-
metric analysis. The method has been successfully used in 
diagnostic assays like blood-glucose monitoring and early 
pregnancy tests (Bicker et al. 2011).
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Fluorescent chemosensors

Also known as probes, generally, chemical sensors or 
chemosensors are molecules that are capable of detecting 
matter or energy with the concomitant output of a signal 
that could be measured. Sensors which upon interaction 
with a species under test (i.e. an analyte) give fluores-
cence modulations are grouped collectively as fluorescent 
chemosensors. Typically, chemosensors are made up of 
three components and are usually designed on the ‘fluo-
rophore–spacer–receptor’ paradigm (Bryan et al. 1989) as 
illustrated in Fig. 1. Given their differences, each com-
ponent of a chemosensor serves distinct role as briefly 
explained below (Parkesh et al. 2011; de Silva et al. 1995a; 
Wasielewski 1992):

The fluorophore

The fluorophore is the signalling moiety and is responsible 
for the transduction of the interaction between the receptor 
and the species being detected (i.e. analyte) into a read-
able signal of change in fluorescence. Chemosensors owe 
their colours to the structural features of the fluorophore 
moieties they embed. Commonly encountered fluorophores 
include boron-dipyrromethene (BODIPY), rhodamine, flu-
orescein, pyrene, anthracene, naphthalimide, and coumarin 
(Deng et al. 2017; Liu et al. 2017b; Papalia et al. 2017; 
Dey et al. 2017; Jiang et al. 2017; Mironenko et al. 2017; 
Erdemir and Kocyigit 2017; Fu et al. 2017a; Hou et al. 
2017; Goncalves et al. 2017a; Sun et al. 2017; Saura et al. 

2017; Gupta et al. 2017; Liu et al. 2017b; Gonçalves et al. 
2017b; Huang et al. 2017).

The spacer

The spacer links and keeps both the fluorophore and receptor 
at a convenient distance to allow for the feasibility of pho-
toinduced electron transfer (PET) process which dictates the 
tunable fluorescence property of fluorescent chemosensors. 
Chemosensors necessarily may or may not anchor spacer. 
Most commonly encountered length of a spacer is a few 
carbon chains usually between a single to a double carbon 
chain.

The receptor

This is also known as the recognition unit, and it serves the 
purpose of binding to the analyte in a way that allows for 
selectivity and effectiveness.

The process whereby chemosensors interact with an ana-
lyte species to give off an energy that could be measured 
is known as signal ‘transduction’. The fluorescence mecha-
nism is one such desirable transduction mechanism since the 
emission wavelength always displays higher value than that 
of the excitation wavelength. Low concentrations of analyte 
substances are required for such signalling transduction. Fig-
ure 2 gives a diagrammatic illustration of typical fluores-
cence signal transduction mechanism (de Silva et al. 1995a).

Ideally, fluorescent chemosensors must fulfil two strin-
gent requirements: on the one hand, there must be enough 
affinity between the receptor unit and the relevant analyte; 
on the other hand, there must be no interferences from the 
other rival substances under the same investigation (Valeur 
and Leray 2001).

The 1, 8‑naphthalimide fluorophore

To date, several fluorophores have been widely used in 
the construction of fluorescent chemosensors, including 

Fig. 1   The paradigm for a fluorescent chemosensor (a spacer may or 
may not be present)

Fig. 2   Schematic illustration of 
the photophysical changes ensu-
ing from the interaction between 
a fluorescent chemosensor and 
an analyte substance
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boron-dipyrromethene (BODIPY), rhodamine, fluores-
cein, pyrene, anthracene, naphthalimide, coumarin, etc.). 
Amongst them, 1, 8-naphthalimide stands out as a much 
sought-after, exquisite fluorophore owing to its superior fea-
tures of strong absorption band in the visible region (a wide 
range usually between 350 and 450 nm but can extend up to 
650 nm), outstanding photostability, high fluorescent quan-
tum yield (a wide range typically between 0.20 and 0.80), 
and large Stokes’ shift (a wide range usually between 3500 
and 6500 cm−1), besides the possibility of an easy modifica-
tion of its structure (Lippert et al. 2011; Shao et al. 2015; 
Lee et al. 2013; Du et al. 2012; Huang et al. 2014a; Lee 
et al. 2014; Shaki et al. 2010). 1, 8-naphthalimide contains 
a very strong naphthalene ring structure so that the interac-
tion of its molecules with solvents or other solute molecules 
is reduced, making the external transfer energy to also be 
lowered, which is very beneficial to the emission of fluores-
cence. The presence of an electron donor conjugated system 
in its molecular structure allows for electrons in its system 
to be easily excited by the external light or electric field so 
as to produce a strong fluorescence (Grabchev et al. 1995). 
Owing to its conjugated electron system (i.e. π electron 
system), the 1, 8-naphthalimide structure could be easily 
modified via different synthetic approaches. This property 
can then be taken advantage of to interact with various sub-
stituents, thereby generating varied fluorescent transduction 
and properties. Figure 3 gives the structure of the 4-amino-1, 
8-naphthalimide, which is the more commonly employed 
architectural block, although the 3-amino-1, 8-naphthalim-
ide unit is also occasionally used (de Silva et al. 1996).

Having been validated to be a fantabulous fluorophore, 
there have been several instances of engagement of 1, 
8-naphthalimide as a key component in the design of fluo-
rescent dyes for polymer materials (Bojinov and Grabchev 
2003), laser active media (Gruzinskii et al. 1998), fluores-
cent markers in biology (Stewart 1981), anticancer agents 
(Ott et al. 2008) and medicinal analgesics (de Souza et al. 
2002), fluorescence switches and sensors (Bojinov et al. 
2009), light emitting diodes (Liu et al. 2006), electrolumi-
nescent materials (Zhu et al. 2003) liquid crystal displays 

(LCDs) (Grabchev and Chovelon 2003a), ion probes (Cos-
nard and Wintgens  1998), logic gates (de Silva et al. 1997b), 
and organic photoconductive materials (Law 1993).

Over the years, there are a plethora of fluorescent chem-
osensors built from the 1, 8-naphthalimide fluorophore for 
the monitoring of metal ions. Such exist in previous publica-
tions (de Silva et al. 1995b; Rurack et al. 2000; Burdette et al. 
2001; Grabchev et al. 2003b; Gunnlaugsson et al. 2003; He 
et al. 2003; Fan et al. 2005; Bricks et al. 2005; Wang et al. 
2005; Liu et al. 2005; Xu et al. 2005; Anikin and Fedko 2006; 
Cosnard and Wintgens 1998; Xu et al. 2006; Lu et al. 2007; 
Chovelon et al. 2007; Mu et al. 2007; Parkesh et al. 2007; 
Staneva et al. 2007; Grabchev et al. 2004; Bojinov et al. 2008; 
Grabchev and Chovelon 2008; Duan et al. 2008; Tamanini 
et al. 2009; Li et al. 2009; Bojinov and Panova 2009; Nan-
dhikonda et al. 2009). It should be made known that it is not 
the attempt of this review to revisit those pretty ‘old’ refer-
ences but to report the ‘newer’ ones within the past seven 
years, i.e. between the years 2010 and 2017. Enough refer-
ences, 76 articles thereabout, have been reviewed in strength 
so as to bring to the research spotlight the tremendous works 
that have done in this field but at the same time ensure con-
ciseness of the report. Moreso, the works reported focus on 
some representative metal ions, including but not limited to 
Cu2+, Hg2+, Zn2+, Ag+, Pd2+ and Au3+, and/or a combination 
of them. Restriction has been placed on the 1, 8-naphthalim-
ide as the fluorophore, with various receptors been success-
fully coupled with it. All reported compounds either make 
use of the fluorescence method or combined fluorescence and 
colourimetry method in their detection modes. To the best of 
the author’s knowledge, such a recently published review of 
various 1, 8-naphthalimide-based chemosensors for different 
cations within the 7-year duration has not been reported.

Metal‑specific 1, 8‑naphthalimide‑based 
fluorescent chemosensors

Cation sensing has been one of the principal goals and pur-
suits of researchers in the field of supramolecular chemistry 
owing to the indisputable roles and impacts of cations in our 
day-to-day life. The environmental and biological relevance 
of cations have been recognised (de Silva et al. 1997a; Xiao 
et al. 2007; Que et al. 2008; Kim et al. 2008; Xu et al. 2010c; 
Zhang et al. 2011b; Kim et al. 2012). This section maps out 
selected fluorescent and colourimetric 1, 8-naphthalimide-
based chemosensors developed so far for cations.

Cu2+ ion‑selective chemosensors

The research team of Fu et al. made remarkable success in 
the synthesis of the chemosensor 1 that bears 1, 8-naph-
thalimide Schiff base and photochromic diarylethene units 

Fig. 3   The structure of 1, 8-naphthalimide fluorophore with atom 
numbering showing the 1 and 8 positions and an amino group at the 
4-position bearing the imide nitrogen atom
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(Fig. 4) (Fu et al. 2017b). This compound which exhib-
ited both fluorescent and colourimetric signalling modes 
effectively discriminated Cu2+ ion from other cations pre-
sent together in acetonitrile solution with association con-
stant and detection limit calculated to be 3.13 × 104 and 
2.4 × 10−6 mol L−1, respectively. Insight into the Job’s plot 
analysis yielded a 1:1 binding ratio. The synthesised com-
pound was also capable of monitoring F−. Despite all its 
other interesting features, the sensing mechanism of the 
reported compound was analytically irreversible.

In their recent work, the research group of Gao developed 
the water-soluble fluorescent chemosensor 2, which anchors 
1, 8-naphthalimide and two [12]aneN3 as fluorophore moi-
eties (Gao et al. 2016). The compound (Fig. 5) displayed 
high selectivity and sensitivity for Cu2+ ion monitoring in 
coexistence with several other ions investigated under the 
same conditions in Tris–HCl buffer system. Furthermore, 

the chemosensor experienced a quenching of its fluorescence 
upon binding with Cu2+ ion (a 127-fold dampening). As 
given by the titration experiment and Job’s plot, its stoi-
chiometric ratio of binding with Cu2+ ion was 1:2. In further 
experiment, the resultant complex 2-Cu2+ was employed for 
the sensing of Adenosine-5′-triphosphate (ATP). The detec-
tion limits of chemosensor 2 towards Cu2+ ion and 2-Cu2+ 
complex towards ATP were obtained to be 1.3 × 10−8 and 
8.5 × 10−9 M, respectively, while the respective quantum 
yields of complex 2-Cu and complex 2-Cu with ATP were 
calculated to be 0.0014 and 0.1588. The most interesting 
features of 2 are its regeneration potency (i.e. capability to 
reversibly detect Cu2+ ion) upon the addition of ATP and 
its ability for Cu2+ ion and ATP monitoring in living cell 
samples.

Stimulated by the interesting fluorescent properties of 
1, 8-naphthalimide fluorophore, Chen et al. designed and 

Fig. 4   Structure of 1 showing its UV–vis photochromism

Fig. 5   Structures of 2 and 3 (up) and structure of 4 showing its binding mechanism with Cu2+ (down)
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synthesised the simple but effective fluorescence ‘turn on’ 
chemosensor 3 (Chen et al. 2016). Noteworthy is that the che-
mosensor displayed an ultra-high sense of affinity towards 
Cu2+ in the mixture of other various metal ions tested in ace-
tonitrile/water (50/50, v/v, 10 mM HEPES buffer, pH 7.4) 
solution. The binding ratio of the interaction of 3 and Cu2+ 
was established to be 1:1, and the detection limit was calcu-
lated as 0.0326 μM. The binding of the chemosensor with 
Cu2+ was demonstrated to be reversible. Finally, the chem-
osensor (Fig. 5) was applied for Cu2+ imaging in living cells.

Compound 4, which anchors a 1, 8-naphthalimide unit 
as the fluorophore group and a Schiff base unit as the rec-
ognition group, was developed by Xu’s research group as 
an efficient chemosensor for Cu2+ tracking (Fig. 5) (Xu 
et al. 2017). The chemosensor’s performance was optimal 
at pH = 7.2. In Tris–HCl (pH  =  7.2) buffer–DMF (1 : 1, 
v/v) solution, chemosensor 4 displayed unique selectivity 
for Cu2+ ion amongst other co-existed alkali, alkaline earth, 
and transition metal ions with a marked reduction in the 

fluorescence intensity of 4. Job plot and fluorescence titra-
tion experiments revealed the formation of a 1:1 complex 
between 4 and Cu2+ ion. The chemosensor worked best for 
Cu2+ quantification within the linear range of 0.5–5 μM 
with detection limit and association constant of 0.23 μM 
and 1.328  ×  106 M−1, respectively obtained.

He et al. fabricated a new naphthalimide-based fluorescent 
chemosensor, 5, for the analytical detection of Cu2+ ion (Fig. 6) 
(He et al. 2015). In the absence of Cu2+ ion, 5 displayed strong 
greenish fluorescence. Upon the addition of 2 equiv. of Cu2+ ion 
to 5 in CH3CN:H2O (4:1, v/v) solution, there was disappearance 
of the greenish fluorescence with a simultaneous lowering of 
the emission intensity (a 30-fold quenching). The addition of 
other metal ions left a mild influence on the fluorescence inten-
sity of 5. Results of the Benesi-Hildebrand plot and ESI–MS 
spectra gave a 1:2 stoichiometric binding ratio of 5 with Cu2+. 
The detection limit of 5 for Cu2+ detection was estimated to be 
64 ppb. The compound was successfully assessed for practical 
detection of Cu2+ in living cells.

Fig. 6   Structures of 5 and 6 and structure of 7 with its reversible binding mechanism with Cu2+
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Hu and co-workers described a semicarbazide-based 
naphthalimide, 6, as a colourimetric, fluorescent chemosen-
sor for Cu2+ monitoring (Fig. 6) (Hu et al. 2015). In the 
presence of Cu2+ in buffer water/acetonitrile (80:20, v/v; 
pH 7.4), the compound underwent a significant enhance-
ment in its fluorescence intensity. Importantly, 6 displayed 
high sensitivity and selectivity for Cu2+ over other tested 
alkali, alkaline-earth metals, and transition metal ions. The 
sensing of Cu2+ with 6 worked best within the linear range 
of 1.0 × 10−7–100.0 × 10−7 mol L−1 (R2 = 0.9983). The cal-
culated detection limit was down to the level of 5.2 × 10−8 
mol L−1.

Yu’s group constructed a simple ‘off–on’ fluorescent che-
mosensor 7 that bears the naphthalimide group (Yu et al. 
2014b) with a detection limit and an association constant 
of 0.025 and 3.0 × 10−4 μM, respectively. 7 was effective 
for the detection of Cu2+ ion in ethanol–water solution (3:2, 
v/v, 50 mm HEPES, pH 7.4), amidst other tested metal ions 
and anions. 7 (Fig. 6) showed large fluorescence enhance-
ment with Cu2+ ion, with linearity in the 0.05–1.5 μM range 
(R = 0.999). Following these results, the practicality of the 
chemosensor for real-time monitoring of Cu2+ was demon-
strated by its potency to track Cu2+ ion in real water samples.

Chen et al. concerted their efforts to develop the naphthal-
imide derivative 8 that serves as a fluorescent chemosensor 
for Cu2+ detection (Chen et al. 2013b). In the presence of 
Cu2+ in acetonitrile–water (70:30, v/v) buffer solution of 
3-(N-morpholino) propane sulfonic acid (MOPS, 10 mM, 
pH = 7.0), the fluorescence intensity of 8 was escalated 
(Fig. 7) in the order of a 4.5-fold enhancement. The linear 
detection range of 8 with Cu2+ lied between 4 μM to 7 μM 
with a detection limit of 0.15 μM calculated.

Lan and his team members intelligently designed 
two structural ly similar  f luorescent  ‘ turn-on’ 

naphthalimide-appended chemosensors for quantitative 
detection of Cu2+ among other metal ions, viz. K+, Ag+, 
Ca2+, Mg2+, Zn2+, Pb2+, Ni2+, Mn2+, Co2+, Cd2+, Hg2+, 
Fe2+, Fe3+ and Cr3+ (Fig. 7) (Lan et al. 2012). Upon Cu2+ 
chelation in acetonitrile solution, the fluorescence intensities 
of chemosensors 9 and 10 experienced tremendous uplift. 
The two-step binding mode of 9 with Cu2+ ion established 
the stoichiometric ratio of the chemosensor and analyte ion 
to be 1:1 and 1:2, which was further supported by ESI–MS 
results. The stability constants of 9 and 10 were obtained 
as 4.35 × 105 and 8.13 × 104, respectively. Desirably, Cu2+ 
monitoring by 9 and 10 was demonstrated to be reversible.

Georgiev and his lab members reported the design and 
synthesis of the blue-emitting, photostable, photoinduced 
electron transfer (PET) 1, 8-naphthalimide-based chemosen-
sor 11 (Georgiev and Bojinov 2012). The group found that 
11 (Fig. 8) switched between ‘‘off’’ and ‘‘on’’ states in the 
pH range of 9–6. So as to observe the discriminatory abil-
ity of the chemosensor, the team examined the fluorescence 
property of 11 in DMF solution using an array of various 
metal ions. A sharp fluorescence enhancement was observed 
upon Cu2+ addition (the fluorescence enhancement was of 
the order of 18.6) in the presence of metal ions (Cu2+, Pb2+, 
Cd2+, Ni2+, Co2+, Fe3+ and Zn2+) and protons. Other co-
existing metal ions and proton induced no notable change 
on the fluorescence intensity of 11.

Yu et al. reported the novel ‘off–on’ type fluorescent che-
mosensor 12 that anchors both naphthalimide and rhodamine 
B units, as an effective chemosensor capable of distinguish-
ing Cu2+ ion in an assembly of other cations (Yu et al. 2011). 
In ethanol–water (1:9, v: v, 50 mM HEPES, pH 7.0) solu-
tion, there was an increase in the fluorescence intensity of 12 
upon treatment with 10 equiv. of Cu2+. The calculated detec-
tion limit was suitably low down to the level of 0.18 μM. 

Fig. 7   Structure of 8 display-
ing its complexation mode with 
Cu2+ (up) and structures of 9 
and 10 (down)
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Study of the binding ratio of 12 and Cu2+ revealed a 1:1 
stoichiometry mode (Fig. 8). The compound was reversible 
in its sensing nature and was able to visualise Cu2+ in living 
cells in biological systems.

Xu et al. in 2010 reported the fluorescent chemosensor 
13 that bears a naphthalimide unit connected to a pipera-
zine ring. The reported compound could sensitively and 
selectively detect Cu2+ amongst other investigated cations 
(Fig. 9) (Xu et al. 2010d). Free 13 displayed a dynamic 
excimer emission in polar solvents, which results from the 
naphthalimide dimer formed in the excited state. Meanwhile, 
complex 13-Cu2+ exhibited static excimer emission which 
arises from naphthalimide dimer in the ground state. Job’s 
plot furnished a 1:2 complexation ratio of 13 and Cu2+ in 13-
Cu2+. A dramatic increase in the fluorescence intensity of 13 
towards Cu2+ in aqueous solutions (CH3CN:HEPES = 1:1, 
v/v) was observed, but not in the case of other metal ions. 
The calculated dissociation constant (Kd) of 13 with Cu2+ 
was 3.4 × 10−4 M.

Xu et al. in 2010 again developed two 4, 5-disubstituted-1, 
8-naphthalimide derivatives, 14 and 15, which shows a good 
response for Cu2+ monitoring (Fig. 9) (Xu et al. 2010b). 
Compound 14 behaved as a fluorescent chemosensor while 
compound 15 acts as a colourimetric chemosensor. A sig-
nificant enhancement in the fluorescence intensity of 14 at 
478 nm in 100% aqueous solution took place upon the addi-
tion of Cu2+, well distinct from that of the fluorescent emis-
sion of 14 centred at 534 nm. The results that proceeded 
from the spectroscopic investigations showed that compound 
15 could sense Cu2+ ion through massive quenching of its 

fluorescence intensity and concomitant colour change from 
primrose yellow to pink.

Hg+ ion‑selective chemosensors

The analytical capacity of the 1, 8-naphthalimide-based 
compound 16 as a fluorescent chemosensor for Hg2+ moni-
toring was appraised by La’s group. The group further dem-
onstrated that the compound also possessed colourimetric 
sensing properties towards CN− and F−, acting as both 
cationic- and anionic-specific multianalyte chemosensor 
(Fig. 10) (La et al. 2016). Results revealed that the com-
pound experienced an amplification of its fluorescence sig-
nal intensity upon the addition of Hg2+ while other investi-
gated anions and cations left only rather benign changes in 
the fluorescence signal intensity of the chemosensor. There 
was linearity of response of the chemosensor in its monitor-
ing of Hg2+, with the detection limit and association constant 
determined to be 2.4 × 10−7 and 4.12 × 105 M, respectively. 
Job’s plot analysis gave a binding ratio of 1:1, which was 
further evidenced by 1H NMR results.

Li’s research group devised two naphthalimide-appended 
fluorescent chemosensors, 17 and 18 (Fig. 10) for Hg2+ 
detection (Li et al. 2016a). Compounds 17 and 18 were capa-
ble of Hg2+ ion detection over a wide pH span of 7.0–10.0. 
In 10 μM solution of 17 in phosphate buffer (pH 7.5) con-
taining various metal ions, only Hg2+ could suppress the 
fluorescence intensity of 17 by about 90%; meanwhile, other 
competitive cations collectively impressed only mild effects 
on the fluorescence intensity of 17. Compound 18 showed a 

Fig. 8   Proposed modes of complexation of 11 and 12 towards Cu2+
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Fig. 9   Proposed sequential binding mode of 13 with Cu2+ (up) and structures of 14 and 15 (down)

Fig. 10   Structure of 16 (top-
left), structures of 17 and 18 
(top-right) and binding mecha-
nism of 17 with Hg2+ showing 
its reversible nature upon the 
addition of EDTA (down)
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similar observation as with compound 17. The linear range 
of detection of Hg2+ by 17 was between 2 and 10 μM, and 
the detection limits of 17 and 18 for Hg2+ tracking were 2.1 
and 3.1 μM, respectively.

Vonlanthen and his team members explored the 
Hg2+-sensing properties of the PET naphthalimide-based 
chemosensor 19 (Vonlanthen et al. 2014). No fluorescence 
enlargement was observed at pH 5.5 or lower, but there was 
noticed significant fluorescence enhancement towards Hg2+ 
in 9:1 H2O/CH3OH. Job’s plot established a 1:1 stoichiomet-
ric ratio between chemosensor 19 and Hg2+ ion (Fig. 11). 
It is only fair to note that the compound was successfully 
applied for Hg2+ imaging in living mammalian cells.

Un and co-workers brought into being a simple but effec-
tive fluorescent chemosensor that utilises the 1, 8-naphthal-
imide unit for a ‘turn on’ detection of Hg2+ ion (Fig. 12) (Un 

et al. 2014a). Titration of aqueous solution (THF–H2O, 1:1, 
pH 7.4, 10 mM Tris–HCl) of this compound in co-existence 
with several other metal ions induced a notable enhance-
ment of fluorescence towards Hg2+ only. The fluorescence 
detection was linear within the range of 1–30 μM. The cor-
responding detection limit and association constant were 
estimated as 6.28 × 10−8 M and 5.4 × 104 M−1, respec-
tively. From real-world application standpoint, the fluores-
cence imaging of Hg2+ in living cells by 20 was successfully 
demonstrated.

Moon and co-workers introduced a thionaphthalimide-
based chemosensor 21 and its two monothio derivatives, 
22 and 23 (Fig. 12), responsive for Hg2+ monitoring via an 
‘off–on’ modality (Moon et al. 2013). Upon the addition of 
Hg2+ to chemosensor 21 in 30% aqueous CH3CN solutions, 
there was enlargement of the fluorescence intensity of 21 at 

Fig. 11   Structure of 19 showing PET mechanism

Fig. 12   Structures of 20–23 
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537 nm. Meanwhile, other investigated background metal 
ions left no tremendous effect on the fluorescence intensities 
of chemosensors 22 and 23. The estimated detection limit 
of the reported 21 for the sensing of Hg2+ ions was 2.7 μM.

The laboratory of Zhang et al. reported a new fluorescent 
molecule 24 (Fig. 13), for the recognition of Hg2+ among 
several other metal ions, including Na+, K+, Ca2+, Mg2+, 
Cu2+, Zn2+, Cr2+, Pb2+, Ni2+, Fe2+, Mn2+, Co2+, and Cd2+ 
(Zhang et al. 2013a). Successive addition of Hg2+ in EtOH/
H2O (1/2, v/v) to solution of the chemosensor led to sharp 
increment in the fluorescence intensity of 24 while no obvi-
ous change was observed for other tested cations. Their find-
ings indicated the existence of a 1:1 binding stoichiometry 
between Hg2+ and 24 in complex 24-Hg2+ (from Job’s plot 
analysis).

Li et al. made a report of the PET naphthalimide-based 
chemosensor 25 that anchors a hydrophilic hexanoic acid 
group, for the recognition of Hg2+ (Fig.  13) (Li et  al. 
2012a). Experimental data showed that the compound was 
most suitable for Hg2+ tracking within a linear range of 
2.57 × 10−7–9.27 × 10−5 M. Job’s plot deciphered a 1:1 
binding mode of chemosensor 25 and Hg2+ with a detection 
limit of 4.93 × 10−8 M estimated. In Tris–HNO3 buffer solu-
tion of pH 7.0, the chemosensor displayed great enhance-
ment in its fluorescence intensity upon Hg2+ addition in 
coexistence with other metal ions. The response time of 
Hg2+ detection by 25 was less than 1 min. 25 was reversible 
in its sensing mechanism. Noteworthy is that the chemosen-
sor was successfully applied for Hg2+ determination in hair 
samples.

Yang et al. described a new PET fluorescent chemosensor 
that incorporates the naphthalimide structure as fluorophore 

unit (Fig. 13) (Yang et al. 2012). Compound 26 retained 
excellent affinity for Hg2+ in the presence of a family of 
environmentally and biologically significant metal ions. In 
methanol–water (1:9, v/v) solution, there was enlargement 
of the fluorescence intensity of 26 (about fourfold incre-
ment) upon the gradual addition of Hg2+. The response of 
chemosensor 26 towards Hg2+ was linear within the concen-
tration range of 0–10 μM. The detection limit and associa-
tion constant were estimated as 63 nM and 1.11 × 105 M−1, 
respectively. Of note is that the chemosensor can reversibly 
respond to Hg2+ detection.

Li and his teammates prepared the ‘turn-on’ fluorescent 
chemosensor 27 effective for Hg2+ tracking amidst a host of 
other cations (Li et al. 2012b). The addition of 1.0 equivalent 
of Hg2+ to THF solution of 27 led to a 110-fold increment 
of the fluorescence intensity, in contrast to other examined 
metal ions that did not modulate the fluorescence intensity 
of 27. The compound functioned best for Hg2+ monitoring 
within the pH range of 5.0–9.0. The fluorescence titrations 
of 27 with Hg2+ were further conducted under optimised 
conditions (acetone/water = 1/1, v/v, pH = 7.0), with a 100-
fold fluorescence enhancement observed. Further experi-
ments established that chemosensor 27 (Fig. 14) was out-
standing for imaging HL cells by a confocal laser scanning 
microscopy.

Liu and co-workers developed a new chemosensor 28, 
which contains both rhodamine B and naphthalimide units 
(Liu et al. 2012). The compound detected Hg2+ in a wide pH 
range of 5.7–11.0. Upon the addition of 1 equiv. of Hg2+, 
weak fluorescence emission was observed at 585 nm in 2:1 
(v/v) MeOH/water solution (10 mM Tris–HCl, pH 7.0). 
The compound (Fig. 14) worked optimally within the linear 

Fig. 13   Structure of 24 (left), binding mechanism of 25 with Hg2+ (middle) and structure of 26 (right)
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range of 2–10 mM. Job’s plot analysis yielded a maximum 
at 0.5 mol fraction, implying the formation of a 1:1 complex 
of 28 with Hg2+.

Kumar et al. obtained the 1, 8-naphthalimide-appended 
fluorescent chemosensor 29 (Fig. 14) (Kumar et al. 2011) 
whose binding behaviour and fluorescence response were 
studied towards different metal ions in mixed aqueous media 
(THF/H2O; 9.5:0.5). Results showed that the addition of the 
investigated cations (except for Hg2+) did not give rise to any 
significant change in the fluorescence intensity of 29. This 
clearly demonstrates that the compound has excellent affinity 
for Hg2+ over these ions. The detection limit of 29 for Hg2+ 
was calculated to be 2 × 10−6 mol L−1. Job’s plot method 
of continuous variation gave a stoichiometric ratio of 1:1. 
The binding behaviour of Hg2+ ion to chemosensor 29 was 
analytically reversible. The potential biological application 
of the chemosensor was assessed for Hg2+ monitoring ion 
in prostate cancer (PC3) cell lines.

Cr3+‑selective chemosensors

Yu et al. generated the 1, 8-naphthalimide-based chemosen-
sor 30 for singular and reversible detection of Cr3+ (Fig. 15) 
(Yu et al. 2016). Fluorescence titration experimental results 
revealed gradual addition of Cr3+ to solution of the chem-
osensor (1.0 × 10−5 M, water/ethanol = 6:4, v/v) in the pres-
ence of the other cations amplified the fluorescence intensity 
of 30. In contrast, the addition of other cations did not modu-
late any significant change in the fluorescence intensity of 
30. Cr3+ sensing with compound 30 was desirably linear in 
the range 0–5.5 × 10−5. The calculated detection limit was 
found to be as low as 0.60 ppm. Above all, the ability of the 
chemosensor to monitor biological samples of HeLa cells 
was successfully demonstrated.

Xue et al. reported the use of the colourimetric, fluo-
rescent 1, 8-naphthalimide-based chemosensor 31 that 

simultaneously bears rhodamine B and diarylethene units 
(Xue et al. 2015). The chemosensor upheld strict Cr3+ moni-
toring ability. Addition of various metal ions (10 equiv.) to 
the chemosensor in acetonitrile (2.0 × 10−5 mol L−1) solu-
tion led to insignificant modulation of the initially weak 
fluorescence intensity of 31 at 370 nm, except in the case of 
Cr3+. The mentioned compound 31 possessed vibrant regen-
eration property as evidenced by its reversibility nature in 
the detection of Cr3+, whereby free 31 was unbound from 
complex 31-Cr3+ (Fig. 15).

Wu and co-workers published their development of the 
PET fluorescent chemosensor 32 that anchors the naphthal-
imide architecture (Fig. 15) (Wu et al. 2014). The desig-
nated compound was highly sensitive and selective for Cr3+ 
tracking amidst other investigated metal ions in THF/H2O 
solution (85/15, v/v) through a fluorescence ‘turn on’ mode. 
A 1:1 binding mode between 32 and Cr3+ was furnished 
by MALDI-TOF–MS analysis. The fluorescence detection 
response of Cr3+ determination by 32 was desirably linear 
in the 20–120 μM range. Meanwhile, the detection limit and 
association constant were determined to be 0.20 μM and 
2.4 × 104 M−1, respectively.

Fe3+ ion‑selective chemosensors

In the attempt to construct chemosensors that could detect 
Fe3+ effectively, Li and co-workers designed the fluores-
cence enhancement chemosensor 33 (Fig. 16) that bears cou-
marin and naphthalimide (Li et al. 2014). In THF-H2O (v/v, 
1:1) solution, the chemosensor exerted a high selectivity for 
Fe3+ over other investigated metal ions with a massive fluo-
rescence intensity enlargement at 456 nm. Job’s plot gave the 
binding ratio of compound 33 and Fe3+ in the 33-Fe3+ com-
plex as 1:1 (Fig. 16). The association constant and detection 
limit were calculated to be (2.589 ± 0.206) × 103 M−1 and 
0.388 mM, respectively.

Fig. 14   Structures of 27–29 
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Chereddy and co-workers introduced the PET-oper-
ated naphthalimide-based fluorescent chemosensor 34 
capable of singular detection of Fe3+ in coexistence with 
other cations (Fig.  17) (Chereddy et  al. 2014). While 
the addition of Fe3+ amplified the fluorescence intensity 
of 34 in Tris–HCl–CH3CN solution (v/v, 1:1; 0.01  M 
Tris–HCl–CH3CN; pH 7.4), the addition of other rival 
cations impacted collective insignificant effect on the 
fluorescence intensity of 34. The binding constant was 
calculated as 1.04 × 105 M−1 while the detection limit 
was determined to be 3.0  ×  10−8 M. Ultimately, the 

reported compound 34 was reversible in its Fe3+ detec-
tion mechanism.

Yang and teammates showed that the fluorescent chem-
osensor 35 that bears three 1, 8-naphthalimide units in its 
structure could rapidly monitor Fe3+ (Yang et al. 2013). The 
addition of various competitive metal ions to 35 in DMF/
H2O (v/v, 4:1 and 2:3) did not affect the fluorescence inten-
sity of 35 much, except for Fe3+ that impinged an escalation 
on the fluorescence intensity of the compound. Based on 
the fluorescence titration, the calculated detection limit and 
binding constant were 4.69 × 10−7 M and 2.406 ×  M−1, 

Fig. 15   Structure of 32 (up), illustration of the photochromism of 31 (middle) and structure of 32 (down)

Fig. 16   Structure of 33 (up) and schematic illustration of its binding mechanism with Fe3+ (down)
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respectively. The result obtained from Job plot indicated a 
1:1 binding of 35 and Fe3+ in the complex 35-Fe3+ (Fig. 17).

Xu’s research group generated the optode membrane kind 
of a naphthalimide derivative 36 having terminal double 
bond (Fig. 18) (Xu et al. 2013). The reported compound 
was highly sensitive and selective for Fe3+ sensing amongst 
other tested cations. The incremental addition of Fe3+ to 36 
in 0.05 mol/L Tris/HCl (pH 6.02) lowered the fluorescence 
intensity of the chemosensor rapidly. Strikingly, 36 showed 
excellent sensing properties as validated by its wide linear 
tracking range of 1.0 × 10−5–1.0 × 10−3 M and low detection 
limit of 4.5 × 10−6 M. The experimental optimum working 
pH range was between 5.00 and 8.00. The developed com-
pound was reversible in its sensing mechanism and above 
all, it was successful in Fe3+ monitoring in pharmaceutical 
preparation samples.

Staneva and his peers proved that the poly(propylene 
amine) dendrimer 37 (Fig. 19) that incorporates four 4-(N, 
N-dimethylaminoethyloxy)-1, 8-naphthalimide units, could 
be effective as a chemosensor for Fe3+ detection in ace-
tonitrile solution (Staneva et al. 2012). It was reported that 
the compound, upon Fe3+ addition, exhibited large fluo-
rescent amplification (of the order of 44.95). Meanwhile, 
its fluorescence intensity remained unchanged upon the 

addition of other metal ions under similar testing condition. 
Furthermore, good linearity of response of Fe3+ monitor-
ing by 37 was observed within the concentration range of 
2 × 10−7–4.10−6 mol L−1. Finally, the detection limit of 37 
with Fe3+ was estimated as 2 × 10−7 mol L−1.

Zn2+ ion‑selective chemosensors

The fluorescent chemosensor 38 that operates through a dual 
PET-ICT mechanism (Fig. 20) (Wei et al. 2015) was devel-
oped by Wei and co-workers in 2015. The initially weak 
fluorescence of this compound, positioned at the emission 
wavelength of 465 nm underwent amplification upon the 
incremental addition of Zn2+ in neutral aqueous solution 
(10 mM Tris–HCl buffer, pH 7.2, containing 1% CH3CN), 
while the addition of other rival ions left no significant 
change in the fluorescence of the compound. The linearity 
of detection of Zn2+ by the chemosensor was demonstrated 
to be in the range 0–120.0 µM. The calculated detection limit 
and association constant were 7.2 × 10−9 M and 6.27 × 104 
M−1, respectively. Consequently, the developed compound 
was utilised to image Zn2+ in living HeLa cells.

Liu and his research group members developed the 
fluorescent chemosensor 39, which contains 4-amino-1, 

Fig. 17   Structure of 34 (left) 
and structure of 35-Fe3+ com-
plex (right)

Fig. 18   Structure of 36 showing its detection mechanism of Fe3+
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8-naphthalimide as fluorophore and iminodiacetic acid as 
receptor (Fig. 20) (Liu et al. 2014). The gradual addition 
of Zn2+ to solution of 39 in 20 mM HEPES buffer (pH 7.4) 
caused an increment in the fluorescence emission intensity 
of the chemosensor (in the order of a 50-fold increase). 
Compound 39 was successfully applied to image Zn2+ 
in living cells. However, the addition of other metal ions 
imposed no monumental fluorescence change. Chemosen-
sor 39, whose calculated dissociation constant reached the 
level of 2.4 × 10−5 M, was successfully applied to bioimage 
Zn2+ in living cells.

The 1, 8-naphthalimide derivative that functions as a 
turn-on fluorescent chemosensor 40 for Zn2+ detection was 
prepared by Zhao’s research group (Zhao et al. 2013). In 
aqueous medium (CH3CN/HEPES, v/v = 6:4, pH 7.4), 
the ligand interacted with Zn2+ with notable fluorescence 
increment of about 13-fold increase ensuing from the 

process, whereas other cations did not significantly alter 
the fluorescence of the chemosensor. The values of the 
detection limit and association constant of 40 towards Zn2+ 
are 1.03 × 106 M and 3.02 × 103 M−1, respectively. The 
reported compound (Fig. 20) was successfully applied to 
image Zn2+ in A549, BEAS-2B, CHO, HeLa, and HepG2 
cells.

Hanaoka et al. fabricated the water-soluble, fluorescence 
‘off–on’ 4-amino-1, 8-naphthalimide-based chemosen-
sor 41 that utilises ICT mechanism in its detection mode 
of Zn2+ (Fig. 21) (Hanaoka et al. 2010). In HEPES buffer 
(100 mM, pH 7.4), the compound displayed high affinity for 
Zn2+ (in co-existence with other cations) with a significant 
signal amplification of 21.7-fold. The apparent dissociation 
constant of 41 for Zn2+ detection was estimated as 1.1 nM. 
Desirably, the chemosensor was effective for Zn2+ bioimag-
ing in cultured HeLa cells in 10 μM HBSS buffer.

Fig. 19   Structure of 37 

Fig. 20   Structures of chemosensors 38–40 
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Xu and co-workers described the f luorescence 
‘off–on’ PET chemosensor 42 whose structure comprises 
1, 8-naphthalimide unit as fluorophore and di-2-pico-
lylamine unit as receptor (Fig. 21) (Xu et al. 2010a). In 
CH3CN-HEPES (v/v, 1:9, HEPES 0.5 M, pH = 7.4), the 
chemosensor participated in fluorescence enhancement 
process upon contact with Zn2+ among other metal ions 
of interest. The remaining cations induced no dramatic 
effect on the fluorescence spectra of 42. A 1:1 binding 
mode of compound 42 with Zn2+ was given.

Tamanini et al. showed that variant compounds of the 
same parental block could behave as homogeneous and 
heterogeneous chemosensors for Zn2+ detection. The 
reported PET compounds 43 and 44 (Fig. 21) (Tamanini 
et al. 2010) are typical examples of such compounds. 
Compounds 43 and 44 exhibited fluorescence enhance-
ment towards Zn2+; the latter compound displays twofold 
fluorescence property than the former. In H2O/CH3CN 
(7:3) buffer solution (50 mM HEPES buffer; pH 7), large 
fluorescence increment in the fluorescence signal of 44 
(10 μM) was observed upon the addition of 1 equiv. of 
Zn2+ (a 12.7-fold amplification) amidst other divalent 
cations. The fluorescence of 44 was slightly suppressed 
by Cu2+ and Hg2+. The calculated dissociation constant 
of 44 was 107 M−1. Ligands 43 and 44 were employed for 
the fabrication of nanostructured zinc chemosensors via 
the sol–gel process.

Ag+ ion‑selective chemosensors

The novel mono- and di-substituted N–n-butyl-1, 8-naph-
thalimide derivative 45, efficient as a fluorescent chemosen-
sor for Ag+ tracking was reported by Fu et al. (Figure 22) 
(Fu et al. 2016). Results showed that the addition of foreign 
cations to 45 in ethanol–water solution (4:1, v/v, 10 mM 
HEPES buffer, pH = 7.06) did not result in any change in the 
fluorescence intensity of 45 except for Ag+ that lowered the 
chemosensor’s fluorescence intensity at the emission wave-
length of 535 nm. Job’s plot analysis indicated the formation 
of a 2:1 complex between 45 and Ag+.

The lab of Zhou and co-workers made a breakthrough 
in the fabrication of the 4-amino-1, 8-naphthalimide-based 
compound 46, which anchors Schiff base and vanillin units 
(Zhou et al. 2012). In its detection mode, compound 46 acted 
as a fluorescent chemosensor with strict singularity for Ag+ 
over other various cations under the same experimental condi-
tion. The fluorescence intensity of 46 was dampened upon the 
incremental addition of Ag+ at 682 nm. The estimated detec-
tion limit was low, down to the level of 3.0 × 10−6 mol L−1. 
Job’s method of continuous variation gave the binding ratio of 
46 and Ag+ in 46-Ag+ complex to be 2:1 (Fig. 22).

Xu and co-workers designed two structurally similar naph-
thalimide derivatives 47 and 48 (Fig. 22) as fluorescent che-
mosensors for Ag+ monitoring (Xu et al. 2010e). In aqueous 
solution (CH3CN: HEPES = 50:50, v/v; 0.5 M HEPES buffer 

Fig. 21   Structures of 41–44 
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at pH 7.4), compound 47 detects Ag+ effectively with an 
approximate 14-time enhancement of its fluorescence. Large 
association constant of 1.24 × 105 M−1 was determined for 
47 and low detection limit of 1.0 × 10−8 M was calculated for 
48. The reference compound 48, devoid of carbonyl group, 
did not strongly bind with Ag+ owing to that the carbonyl 
group between 1, 8-naphthalimide and [15]aneNO2S2 played 
an active role in the increment of the fluorescence intensity.

Pd2+‑selective chemosensors

Liu and teammates developed the novel water-soluble 
fluorescent chemosensor 49 (Fig. 23) for Pd2+ monitoring 
in phosphate-buffered saline (PBS) solution (10 μM, pH 
7.4), which operated within the linear range of 0–6 μM 
(R2 = 0.995) and with the low detection limit of 25 nM 
or 2.7 μg/L calculated (Liu et al. 2014). The incremental 
addition of 5.0 equiv. of 21 different metal ions to solution 
of compound 49 impressed a rather insignificant effect on 
the fluorescence intensity of 49. Meanwhile, only Pd2+ 
left a massive increment (sevenfold) in the fluorescence 
intensity of 49. The efficacy of the reported compound was 

delineated by its ability for the intracellular fluorescence 
imaging of Pd2+ in Hep G2 and HL60 living cells.

Wang et al. evaluated the sensing properties of the fluo-
rescent chemosensor 50 towards Pd2+ (Fig. 23) (Wang et al. 
2012). The optimal pH range for Pd2+ detection as revealed by 
experimental analysis was between 6 and 9. In phosphate-buff-
ered saline (PBS) (10 mM, pH 7.4) solution, the designated 
compound only had affinity for Pd2+ amongst others metal 
ions (i.e. Ca2+, Mg2+, Zn2+, Cd2+, Ni2+, Li+, Mn2+, Cu2+, 
Na+, K+, Co2+, Ag+, Pb2+, and Hg2+) in coexistence under 
the same analytical condition. The fluorescence intensity of 
50 was enlarged by Pd2+ in the order of 7.2-fold enlargement.

Jiang and his team members constructed the colouri-
metric, ratiometric fluorescent chemosensor 51 (Fig. 23) 
for Pd2+ sensing (Jiang et al. 2011). In 10 mM acetoni-
trile–water solution (CH3CN:H2O = 4:1, NaBH4-PPh3), 
there was a decrement in the fluorescence intensity upon 
treatment of compound 51 with Pd2+ (Fig. 23) in the 
presence of other tested metal ions. The detection of 
Pd2+ with 51 was linear within the concentration range 
of 0–1 μM. The detection limit of 51 for Pd2+ monitor-
ing was calculated to be 6.1 nM. The practical utility of 

Fig. 22   Structures of 45–48 
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the synthesised compound was realised by its effective 
monitoring of Pd2+ concentrations in real-world pool and 
tap water samples.

Al3+‑selective chemosensor

Wang et al. synthesised the 1, 8-naphthalimide derivative 52 
as a PET fluorescent chemosensor for Al3+ detection (Fig. 24) 
(Wang et al. 2017). When the fluorescence sensing property 
of the compound was tested in HEPES (PH = 7.4)/DMF (v/v, 
1:1) solution that contained several cations including Al3+, 
only Al3+ induced significant fluorescence enhancement on 
52. It was portrayed by the fluorescence plot that the com-
pound exhibited good linearity within the concentration range 
of 3–11 μM. The detection limit and association constant of 
52 interaction with Al3+ were calculated to be 3.4 × 10−8 M 
and 1 × 104 M−1, respectively. Experimental results of Job’s 
plot and other titration analyses indicated the formation of a 
1:1 stoichiometric complex between 52 and Al3+. Desirably, 
a reversible complexation mode was achieved between the 
designed compound and Al3+ and the compound was suc-
cessfully employed for Al3+ tracking in real water samples.

Recently, Li’s research group reported the novel naph-
thalimide-appended chemosensor 53 whose fluorescence 
behaviour was taken advantage of to selectively and sen-
sitively detect Al3+ amongst several other cations present 
under the same standard testing conditions (Li et al. 2017). 
In methanol (2.0 × 10−5 mol L−1) and at 590 nm emission 
wavelength, 20-fold fluorescence amplification was observed 
by 53 when Al3+ was added. Contrastingly, this observa-
tion was not exhibited by other investigated competitive 
cations. High binding constant of 2.55 × 105 mol−1 L of 53 
(Fig. 24) towards Al3+ was obtained and low detection limit 

of 1.75 × 10−7 mol L−1 of 53 for Al3+ was estimated. What is 
more important, the reported compound enjoyed interesting 
application in the construction of logic circuit.

The effective 1, 8-naphthalimide-based chemosensor 
54 that utilised both ICT and CHEF sensing mechanisms 
for Al3+ detection was reported by Kang and co-workers 
(Fig. 24) (Kang et al. 2016). The fluorescence titration exper-
iment of the chemosensor for Al3+ monitoring in an array of 
other co-cations was conducted in CH3OH solvent system. 
No significant fluorescence modulation was observed for ions 
investigated, except for 31.4-fold fluorescence enhancement 
noticed in the case of Al3+. The competition experiment 
yielded the same trend of observation, demonstrating the 
remarkable ability of the chemosensor for singular sensing of 
Al3+ amongst other metal ions. The linear range of response 
was between 8 and 13 μM, with high association constant of 
7.6 × 104 M−1 and low detection limit of 6.9 μM calculated. 
Compound 54 was reversible in its detection mechanism and 
was consequently applied to sequester Al3+ from other cati-
ons in actual environmental system of some water samples.

Au3+ ion‑selective chemosensors

Li et  al. in 2016 designed two structurally similar 1, 
8-naphthalimide-based derivatives, 57 and 58 (Fig. 25), 
bearing 4-N, N-dimethyl unit, as fluorescent chemosensors 
for Au3+ monitoring (Li et al. 2016). The reported com-
pounds were well selective for Au3+ detection in H2O–etha-
nol solution, displaying enhanced fluorescence responses 
towards Au3+ in the presence of 24 other metal ions tested 
under similar standard conditions. Compounds 57 and 58 
exhibited 145-fold and 14-fold enhancements, respectively, 
in the magnitudes of their fluorescence intensities. The 

Fig. 23   Structures of 49–51 
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detection limit of 57 for Al3+ monitoring was 0.050 μM 
while that of 58 was one-third of that of 57. Results showed 
that chemosensor 57 exhibited better sensing properties 
than its counterpart, chemosensor 58, but only 58 could be 
employed for Au3+ imaging in living cells.

Ba2+ ion‑selective chemosensors

Panchenko et  al. explored Ba2+-sensing characteris-
tics of the two naphthalimide derivatives 55 (that bears 
an N-phenyl-4-amino- unit) and 56 (which anchors an 

N-phenyl-4-acetamido- unit), both being appended with 
N-benzocrown ether fragment (Fig. 26) (Panchenko et al. 
2010). In acetonitrile solution, gradual addition of Ba2+ 
solution to chemosensor 55 first led to initial fluorescence 
enlargement, then seconded by sudden reversal of the fluo-
rescence intensity of 55 as the amount of Ba2+ was further 
increased. For 56, there was significant amplification of its 
fluorescence intensity upon the addition of Ba2+ without 
any reversal observed as in the case of 55.

Bi3+‑selective chemosensor

Kavitha and co-workers recently reported the novel com-
pound 59 designed as a PET chemosensor for Bi3+ moni-
toring (Ramasamy and Thambusamy 2017). The best 
working pH of 59 for tracking Bi3+ was within the range 
5–9. There was massive upward shift in the fluorescence 
intensity of chemosensor 59 upon interaction with Bi3+ 
in aqueous medium (5 × 10−5 M) in the concurrent pres-
ence of other metal ions. From the analysis of Job’s plot, 

Fig. 24   Structures of 52 and 53 
(up) and structure of 54 illus-
trating its sensing mechanism 
(down)

Fig. 25   Structures of 55 and 56 
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the binding stoichiometry of 59 with Bi3+ (Fig. 27) was 
established to be 1:1. The association constant and detec-
tion limit were obtained as 311 M−1 and 0.58 μg mL−1, 
respectively.

Multi‑ion‑selective chemosensors

Liu and teammates reported the novel naphthalimide-based 
ratiometric, fluorescent chemosensor 60 for the selective 
and sensitive detection of Fe3+ and Hg2+ (Fig. 28) (Liu and 
Qian 2017). The best working pH of compound 60 was con-
fined to the narrow range of 2.92–4.5. When each of Fe3+ 
and Hg2+ cations was added to the chemosensor in acetoni-
trile/H2O (v/v, 7:3) solution, the fluorescence intensity of 
60 experienced sharp increase at the expense of those of 
other metal ions. Job’s plot analysis yielded a 2:3 binding 
ratio of compound 60 with each of Fe3+ and Hg2+ ions. The 
calculated detection limits of 60 for Fe3+ and Hg2+ sensing 
are 2.72 × 10−8 and 9.08 × 10−8 M, respectively, while the 
calculated dissociation constants of the binding of 60 with 

Fe3+ and Hg2+ are 4.95 × 10−7 M3/2 and 6.68 × 10−8 M3/2, 
respectively. It was reported that compound 60 displayed 
excellent reversibility in its sensing of Fe3+ and Hg2+.

Georgiev’s research team reported the PET, FRET and 
ICT chemosensor 61 that bears 1, 8-naphthalimide fluoro-
phore, which is sensitive and selective first for H+ detection, 
and second for Cu2+ and Hg2+ monitoring in water/acetoni-
trile (v/v, 4:1) (Fig. 28) (Georgiev et al. 2015). There was 
upward rise of the fluorescence intensity of 61 upon addition 
of Cu2+ to solution of the compound in coexistence with 
other metal ions. The fluorescence response of the chem-
osensor with Cu2+ fell within the linear range of 2–10 µM 
while the limit of detection was obtained to be 0.5 µM. The 
binding stoichiometry as provided by Job’s plot analysis was 
1:1. The fluorescence emission of the compound was grossly 
reduced upon gradual addition of Hg2+ in the presence of 
other metal ions in water/acetonitrile (4:1, v/v), which was 
accrued to the ‘switching on’ of the fluorescence resonance 
energy transfer (FRET) process. The linear range of fluo-
rescence response of 61 to Hg2+ was 2–20 µM while the 
detection limit was obtained to be 0.09 µM.

Janakipriya’s group synthesised the fluorescence ‘turn-
on’ PET-induced naphthalimide-based chemosensor 62 for 
the sensing of three trivalent metal ions, specifically, Fe3+, 
Al3+ and Cr3+ (Fig. 28) (Janakipriya et al. 2016). Results 
of the Job’s plot analysis revealed that Fe3+, Al3+ and Cr3+ 
ions existed in a 1:1 binding ratio in complexes 62-Fe3+, 62-
Al3+ and 62-Cr3+, respectively. The detection limits of 62 
were estimated to be 3.5 × 10−7, 3.6 × 10−7 and 3.8 × 10−7 
M, respectively, for Fe3+, Al3+ and Cr3+ ions. The asso-
ciation constants were calculated as 3.8 × 104, 3.5 × 104 
and 2.0 × 104 M−1, respectively, for 62-Fe3+, 62-Al3+ and 
62-Cr3+ complexes. In aqueous medium of H2O:CH3CN 
(9:1, v/v), addition of several other metal ions impacted no 
marked influence on the fluorescence emission intensity of 
62, except for Fe3+, Al3+ and Cr3+ that induced significant 
fluorescence enhancement. The effectiveness of the com-
pound was appraised in biological monitoring of the three 
metal ions, i.e. Fe3+, Al3+ and Cr3+ in human keratinocyte 
(HaCaT) cells within the pH range of 6.0–9.2.

Zhang et al. came up with the stable 1, 8-naphthalimide-
thiourea conjugate 63 used first for colourimetric detection 
of Fe3+ and Pb2+ and second for fluorescent recognition 
of Hg2+ (Fig. 28) (Zhang et al. 2014b). The colourimet-
ric detections of Fe3+ and Pb2+ by 63 were carried out in 
MeCN/H2O (99:1, v/v) while the fluorescent detection of 
Hg2+ was conducted in MeCN/H2O (v/v, 85:15). In each of 
the two solvent systems utilised, the chemosensor selectively 
and sensitively tracked Fe3+, Pb2+, and Hg2+ in cohabita-
tion with other rival cations, yielding ‘turn on’ fluorescence 
effects in both cases. The linear ranges of colourimetric and 
fluorescence responses for Fe3+, Pb2+, and Hg2+ were 0–150, 
0–80, and 0–90 µM, respectively. The calculated detection 

Fig. 26   Structures of 57 and 58 

Fig. 27   Proposed binding mechanism of 59 with Bi3+
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limits of the designed compound for Fe3+, Pb2+, and Hg2+ 
were 6.86 µM, 5.09 µM, and 82.1 nM, respectively, while the 
obtained association constants of interaction of the reported 
compound with Fe3+, Pb2+, and Hg2+ were 1.854 × 103, 
4.961 × 103, and 6.33 × 103 M−1, respectively. The monitor-
ing of these three ions, i.e. Fe3+, Pb2+, and Hg2+ was revers-
ible as demonstrated by the freeing of the chemosensor upon 
the addition of EDTA solution to the metal complexes. Job’s 

plot analysis indicated a 1:1 binding ratio of 63 for the three 
cations. Ultimately, the chemosensor was demonstrated for 
its practical effectiveness for Hg2+ tracking in pond and tap 
water samples and intracellular Hg2+ imaging in living cells.

Chemosensors that exhibit simultaneous fluorescence 
‘turn on’ response for one metal ion and fluorescence ‘turn 
off’ response for another allow for the possibility of multi-
cation detection. Compound 64 developed by Huang et al. 

Fig. 28   Structures of 60–63 

Fig. 29   Structure of 64 (up) 
and structure of 65 showing 
its binding mode with Co2+ or 
Cu2+ (down)
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(Fig. 29) is a typical example of such chemosensors (Huang 
et  al. 2014b). 64 displayed fluorescence enhancement 
towards Hg2+ but fluorescence quenching towards Cu2+ in 
aqueous solution (10 mM HEPES, pH 7.5) in the presence 
of other cations. The strength of binding between the docu-
mented compound and investigated ions was justified by 
their high association constants of 6.06 × 106 and 3.51 × 106 
M−1, respectively. Job’s plot revealed the formation of 1:1 
complexes between 64 and each of the two metal ions. The 
binding mode was based on PET and CHEF mechanisms.

Sharma and co-workers synthesised the naphthalimide 
derivative 65, commendable as chemosensor for Co2+ and Cu2+ 
detection (Fig. 29) (Sharma et al. 2012). In HEPES-buffered 
DMF/H2O (8:2, v/v) solution, only Co2+ and Cu2+ induced 
massive lowering of the fluorescence intensity of the reported 
compound in the presence of other cations. Job’s method of 
continuous variation corroborated a 1:1 binding ratio of 65 with 
Cu2+ and Co2+. The calculated association constant of 65-Co2+ 
and 65-Cu2+ complexes were obtained to be 1.69 (± 0.1) × 102 
and 2.9 (± 0.1) × 102 M−1, respectively. It was shown that the 
reported compound 65 could be efficiently employed for detect-
ing Cu2+ and Co2+ in solutions where they are present in a 1:2 
ratio. The designated compound 65 proved applicable for the 
detection of Cu2+ and Co2+ in Osteosarcoma cells.

The two naphthalimide derivatives 66 and 67 were devel-
oped by Mahato et al. (Fig. 30) (Mahato et al. 2012). The com-
pounds were selective and sensitive for monitoring Hg2+ or 
Cr3+ in the presence of several other competing metal ions. In 
CH3CN-1.0 mM aq. HEPES buffer (pH = 7.2; 1:1, v/v), only 
Hg2+ and Cr3+ induced marked increase in the fluorescence 
intensities of 66 and 67. This phenomenon was not observed 
in the case of other investigated ions. Reversible binding prop-
erties of 66 and 67 were successfully demonstrated for both 
Hg2+ and Cr3+. A binding stoichiometry of 1:1 was given by 
Job’s plot for the interaction of Hg2+ or Cr3+ with 66 or 67. 
The respective emission binding constants of the reported 
compound 66 for the detections of Hg2+ and Cr3+ ions are 
(3.07 ± 0.3) × 105 and (1.28 ± 0.08) × 105 M−1. Meanwhile, 

the emission binding constants determined for Hg2+ and Cr3+ 
by the reported compound 67 are (1.12 ± 0.01) × 105 and 
(1.09 ± 0.02) × 105 M−1, respectively. Furthermore, the cal-
culated detection limits of 66 for Hg2+ and Cr3+ were 0.35 and 
0.14 ppb, respectively. Only chemosensor 67, which worked 
optimally under physiological conditions, could be used for the 
imaging of Hg2+ and Cr3+ ions in living human epidermoid 
A431 cells.

Dong et al. brought to research limelight the 1, 8-naphthal-
imide-appended derivative that acted as an effective chem-
osensor for Hg2+ and Au3+ tracking in HEPES buffer (0.01 M; 
pH 7.4; 0.05% DMSO, v/v) (Fig. 30) (Dong et al. 2010). The 
fluorescence emission intensity of 68 plummeted upon the 
addition of Hg2+ to solution of compound 68. Contrastingly, 
the addition of other coexisting ions impinged no great influ-
ence on the fluorescence intensity of compound 68, which lend 
weight to the great selectivity of 68 for Hg2+. The detection 
limit of 68 for Hg2+ sensing was determined to be 0.05 µM 
(10 ppb). The reported compound was successfully envisaged 
as an excellent chemosensor for Au3+ monitoring amongst 
several other metal ions tested.

Although there is no room for detailed discussion, addi-
tional published works to the use of 1, 8-naphthalimide for 
the constructions of fluorescent and colourimetric chem-
osensors are cited (Saini et al. 2014; Zhang et al. 2017; Un 
et al. 2014b; Aderinto et al. 2016; Wu et al. 2013; Hou et al. 
2011; Chen et al. 2012; Liu et al. 2012b; Duan et al. 2008; 
Zhang et al. 2010; Chinapang et al. 2015; Zhang et al. 2012; 
Chen et al. 2013a; Hu et al. 2014; Zhang et al. 2011a; Yu 
et al. 2012; Yu and Zhang 2014; Choi et al. 2013).

Conclusions

The successfulness of the robust fluorophore, 1, 8-naphthal-
imide, which exists often as 4-amino-1, 8-naphthalimide 
for the constructions of diverse fluorescent chemosensors 
of interesting applications in environmental- and biological 
systems, is intriguing. In this review, various representative 

Fig. 30   Structures of 66–68 
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Table 1   A few key parameters of the fluorescent and colourimetric chemosensors covered in this review

Chemosensor 
number

Analyte (s) 
detected

Detection limit (mol L−1) Environmental and/or biological application References

1 Cu2+ 2.40 × 10−6 N.R.a Fu et al. (2017b)
2 Cu2+ 1.30 × 10−8 Aqueous solution and HeLa cells Gao et al. (2016)
3 Cu2+ 3.26 × 10−8 Living HeLa cells Chen et al. (2016)
4 Cu2+ 2.30 × 10−7 N.R. Xu et al. (2017)
5 Cu2+ 6.40 × 10−8 MCF-7 cells He et al. (2015)
6 Cu2+ 5.20 × 10−8 Water samples Hu et al. (2015)
7 Cu2+ 2.50 × 10−8 Water samples Yu and Zhang (2014)
8 Cu2+ 1.50 × 10−8 N.R. Chen et al. (2013b)
9 Cu2+ 4.80 × 10−8 N.R. Lan et al. (2012)
10 Cu2+ N.R. N.R. Lan et al. (2012)
11 Cu2+ N.R. N.R. Georgiev and Bojinov 

(2012)
12 Cu2+ 1.80 × 10−7 Living cells Yu et al. (2011)
13 Cu2+ N.R. N.R. Xu et al. (2010d)
14 Cu2+ 1.00 × 10−8 N.R. Xu et al. (2010b)
15 Cu2+ 1.00 × 10−8 N.R. Xu et al. (2010b)
16 Hg2+ 2.40 × 10−7 N.R. La et al. (2016)
17 Hg2+ 2.10 × 10−6 N.R. Li et al. (2012a)
18 Hg2+ 3.10 × 10−6 N.R. Li et al. (2012b)
19 Hg2+ N.R. Living mammalian cells Vonlanthen et al. 

(2014)
20 Hg2+ 6.28 × 10−8 Living HeLa cells Un et al. (2014a)
21 Hg2+ 2.70 × 10−6 N.R. Moon et al. (2013)
22 Hg2+ N.R. N.R. Moon et al. (2013)
23 Hg2+ N.R. N.R. Moon et al. (2013)
24 Hg2+ 1.27 × 10−6 N.R. Zhang et al. (2013a)
25 Hg2+ 4.93 × 10−8 Hair samples Li et al. (2012a)
26 Hg2+ 6.30 × 10−8 N.R. Yang et al. (2012)
27 Hg2+ N.R. Living HeLa cells Li et al. (2012b)
28 Hg2+ 3.00 × 10−8 N.R. Liu et al. (2012a)
29 Hg2+ 2.00 × 10−6 Prostate cancer cell lines Kumar et al. (2011)
30 Cr3+ 6.00 × 10−7 Live HeLa cells Yu et al. (2016)
31 Cr3+ N.R. N.R. Xue et al. (2015)
32 Cr3+ 2.00 × 10−7 N.R. Wu et al. (2014)
33 Fe3+ 3.88 × 10−7 N.R. Li et al. (2014)
34 Fe3+ 3.00 × 10−8 W138 human lung fibroblast cells Chereddy et al. (2014)
35 Fe3+ 4.69 × 10−7 N.R. Yang et al. (2013)
36 Fe3+ 4.50 × 10−6 Pharmaceutical preparation samples Xu et al. (2013)
37 Fe3+ 2.00 × 10−7 N.R. Staneva et al. (2012)
38 Zn2+ 7.20 × 10−9 Living HeLa cells Wei et al. (2015)
39 Zn2+ N.R. Living cells Liu et al. (2014)
40 Zn2+ 1.03 × 106 A549, BEAS-2B CHO, HeLa, and HepG2cells Zhao et al. (2013)
41 Zn2+ 1.10 × 10−9 HeLa cells Hanaoka et al. (2010)
42 Zn2+ N.R. N.R. Xu et al. (2010a)
43 Zn2+ N.R. N.R. Tamanini et al. (2010)
44 Zn2+ N.R. N.R. Tamanini et al. (2010)
45 Ag+ N.R. N.R. Fu et al. (2016)
46 Ag+ 3.00 × 10−6 N.R. Zhou et al. (2012)
47 Ag+ N.R. N.R. Xu et al. (2010e)
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1, 8-naphthalimide-based fluorescent chemosensors for 
selected cations (i.e. Cu2+, Hg2+, Cr3+, Fe3+, Zn2+, Ag+, 
Pd2+, Al3+, Ba2+, Au3+, and Bi2+), and/or a combination of 
these metal ions, have been summarised. All reported chem-
osensors contained three essential parts: fluorophore, spacer, 
and receptor. Different mechanisms such as Photoinduced 
Electron Transfer (PET), Internal Charge Transfer (ICT), 
and Fluorescence Resonance Energy Transfer (FRET) were 
employed in the constructions of these naphthalimide deriv-
atives, although details about these mechanisms have not 

been elucidated. For a summary of a few key parameters 
about chemosensors 1–68, readers are referred to Table 1.

While a significant great success has been achieved 
in the developments of fluorescent and colourimetric 1, 
8-naphthalimide-based chemosensors of interesting sensing 
parameters and great environmental- and biological appli-
cation significances, much work still remains to be done. If 
researchers in this field continue to exert more efforts, it is 
foreseeable that chemosensors of improved sensing proper-
ties and practical application values that would meet future 

a Where “N.R.” means the parameter in question was “Not Reported”

Table 1   (continued)

Chemosensor 
number

Analyte (s) 
detected

Detection limit (mol L−1) Environmental and/or biological application References

48 Ag+ 1.00 × 10−8 N.R. Xu et al. (2010e)
49 Pd2+ 2.50 × 10−8 Hep G2 and HL60 living cells Liu et al. (2014)

2.70 × 10−6

50 Pd2+ N.R. N.R. Wang et al. (2012)
51 Pd2+ 6.10 × 10−9 Water samples Jiang et al. (2011)
52 Al3+ 3.40 × 10−8 Water samples Wang et al. (2017)
53 Al3+ 1.75 × 10−7 Molecular logic circuit Li et al. (2017)
54 Al3+ 6.90 × 10−6 Water samples Kang et al. (2016)
55 Ba2+ N.R. N.R. Panchenko et al. 

(2010)
56 Ba2+ N.R. N.R. Panchenko et al. 

(2010)
57 Au3+ 5.00 × 10−8 N.R. Li et al. (2012a)
58 Au3+ N.R. Living cells Li et al. (2016b)
59 Bi3+ 5.80 × 10−7 N.R. Ramasamy and   

Thambusamy (2017)
60 Fe3+ 2.72 × 10−8 N.R. Liu and Qian (2017)

Hg2+ 9.08 × 10−8 N.R.
61 Cu2+ 5.00 × 10−7 Logic gates and logic circuit Georgiev et al. (2015)

Hg2+ 9.00 × 10−8

62 Fe3+ 3.50 × 10−7 Human keratinocyte (HaCaT) Janakipriya et al. 
(2016)Al3+ 3.60 × 10−7

Cr3+ 3.80 × 10−7

63 Fe3+ 6.86 × 10−6 Water samples and living cells Zhang et al. (2014b)
Pb2+ 5.09 × 10−6

Hg2+ 8.21 × 10−8

64 Hg2+ 6.11 × 10−8 N.R. Huang et al. (2014b)
Cu2+ N.R. N.R.

65 Co2+ N.R. Osteosarcoma cells and logic gates Sharma et al. (2012)
Cu2+ N.R.

66 Hg2+ 3.50 × 10−10 N.R. Mahato et al. (2011)
Cr3+ 1.40 × 10−10

67 Hg2+ N.R. Living human epidermoid A431 cells Mahato et al. (2011)
Cr3+ N.R.

68 Hg2+ 5.00 × 10−8 N.R. Dong et al. (2010)
Au3+ N.R.
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demands of metal ion tracking would be generated, thereby 
revolutionising the field of sensing science.
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