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1. Introduction

The research field of design and synthesis of chemosensors has
seen brilliant success since the beginning of 21st century for the
selective and sensitive tracking of analytes (cations, anions, biomo-
lecules etc.) [1-7]. Chemosensor is basically a chemical probe con-
sisting of receptor, spacer, photoactive units and capable of
converting the changes occurring at molecular level (photophysical
variations) into a measurable analytical signal (color or fluores-
cence change) [8]. The major efforts in this research area involve
development of optical (colorimetric/fluorescent) chemosensors
as vibrant tools for sensing of various analytes because of number
of advantages including facile synthesis, spatiotemporal resolution,
high sensitivity and selectivity and easy modification of their
structures to cover wide range of absorption/ emission characteris-
tics [9,10]. Designing of a molecular probe depends upon number
of factors such as sensitivity (detection limit), specificity (ability
to distinguish a particular analyte among others), selectivity (anal-
ysis of specific ion pool) [11], photostability [12], solvatofluo-
rochromism [13] and membrane permeability [14].

The derivatives of a number of structural motifs including boron
dipyrromethene difluoride (BODIPY), cyanine, rhodamine, cou-
marin, pyrene, squaraine, fluorescein and 1,8- naphthalimide have
been used for the detection of a number of analytes [15,16]. Among
these, 1,8-naphthalimide and its derivatives are chemically stable
and possess excellent optical, photophysical (emission in red/in-
frared (IR) region, large Stokes shift, high quantum yield, high
two-photon absorption cross-section) (Fig. 1), electrochemical,
electroluminescent and thermal properties [17-20]. Among these,
high two-photon absorption cross-section is peculiarly advanta-
geous for the purpose of imaging of analytes in bioorganisms as
it offers a number of advantages in contrast to conventional one-
photon probes viz. minimum interference from background fluo-
rescence, light scattering, self-absorption, photobleaching etc.,
causes less tissue injury along with improved three-dimensional
spatial localization, penetration depth, resolution and observation
time [21-24]. Furthermore, its photophysical properties can be
fine-tuned by varying the substituents on aromatic ring and via
n-stacking of the aromatic rings [25,26]. These fascinating proper-
ties of 1,8-naphthalimide based derivatives make them excellent
candidates for displaying wide variety of applications in the area
of bioorganic chemistry, analytical chemistry, materials chemistry,
biological and medical science communities etc. [27] and are used
as metal ion sensors [28], pH sensors [29,30], cellular imaging
agents [31], optoelectronic materials [32], light emitting diodes
[33] and solar energy collectors [34]. Various mechanisms respon-
sible for the sensory properties of 1,8-naphthalimide based deriva-
tives include PET [35], ICT [36], FRET [37] and AIEQ/AIEE [38] etc.
Apart from these, naphthalimides exhibit remarkable pharmaco-

logical properties so they are used as key scaffolds in a number
of anti-inflammatory, antiprotozoal, antimicrobial, antitumor and
antidepressant agents etc. [39,40]. Based on plethora of advantages
offered by 1,8-naphthalimide moiety, large number of derivatives
based on this moiety have been synthesized and applied for the
sensing of different kinds of analytes.

Literature survey revealed that mainly two techniques are
employed for the detection of analytes by using 1,8-
naphthalimide based chemosensors which include binding site-
signalling subunit approach and chemodosimeter approach. For
cations and anions, majority of the chemosensors employ binding
site-signalling subunit approach, in which analyte interacts with
the binding subunit via electrostatic interactions, hydrogen bond-
ing and van der Waals forces etc. Signaling subunit then converts
chemical change occurring at molecular level into signal (color or
fluorescence change) (Fig. 2) [41].

In the chemodosimeter approach, after interaction of the probe
with an analyte, some bonds are broken and some new bonds are
formed leading to the formation of chemically transformed mole-
cule, having different optical properties than the initial probe
(Fig. 3) [42].

Encouraged by the remarkable role of 1,8-naphthalimide in the
area of supramolecular chemistry, it is no wonder that a number of
research articles and further review articles accentuating the role
of 1,8-naphthalimide based probes for the detection of a number
of analytes in a diverse variety of samples and living organisms
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Fig. 1. Photophysical properties of 1,8-naphthalimide.
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Fig. 2. Pictorial representation of binding of chemosensor with cation and anion (Binding site-signalling subunit approach).
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Fig. 3. Diagrammatic representation of binding of probe with biomolecule (Chemodosimeter approach).

have been published [27,43-46]. However, some of these review
articles are restricted only to the sensing applications of 1,8-
naphthalimide having substitution at a particular position eg. 4-
amino-1,8-naphthalimide, 4-hydroxy-1,8-naphthalimide etc. and
deal with the sensing of subcellular organelles, enzymes, reactive
oxygen species, reactive nitrogen species, reactive sulfur species
and neutral molecules etc. [43-45]. Only a limited number of
review articles are available in the last three years which deal with
the sensing of metal ions, anions and biomolecules and in those

Anions

1,8-
Naphthalimide
derivatives

Metal ions Biomolecules

Multiple
analytes

Fig. 4. Different types of analytes analyzed in the present review.

too, only a limited number of these analytes are covered [27]. Fur-
thermore, majority of the reviews published till date in this area
cover only fluorescent chemosensors based on 1,8-naphthalimide
[27,43-46]. The present review deals with all the 1,8-
naphthalimide based chemosensors having wide range of struc-
tural modifications and covers all the metal ions, anions and bio-
molecules which have been detected by these in the time period
of 2017-2021 covering all kinds of optical changes that involve
wide and real-world applications. The review is mainly divided
into four categories on the basis of type of analyte sensed (metal
ions, anions and biomolecules) (Fig. 4).

2. Metal ion sensors

Metal ions are widely present in all life forms as they are indis-
pensable for a plethora of biological, chemical and environmental
processes [44]. From the physiological point of view, the metal ions
are divided into two major categories viz. essential metal ions (Na*,
K*, Mg?*, Ca®*, Zn?*, Fe**/** etc.) and nonessential or toxic metal
ions (Hg?*, Cd?*, As>*, Pb?* Cr3*/%*, Ni%*, Co?*, etc.) [47]. The natural
sources for generation of non-essential metal ions include volcanic
activity, metal evaporation from soil and water, soil erosion and
geological weathering etc. and other sources include anthro-
pogenic activities such as mining the metal, smelting, foundries,
leaching of metals from landfills, waste dumps, livestock and
chicken manure, runoffs, automobiles and roadworks etc. [48].
The essential metal ions play crucial role in many biological pro-
cesses such as regulation of deoxyribonucleic acid (DNA) transcrip-
tion, intra- and intercellular communication, oxygen transport,
proper functioning of nerve cells, photosynthesis and electron
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transfer processes etc., however, it has been found that essential
metals can be as harmful as non-essential metals if present in
excess concentration [49]. Therefore, detection of metal ions has
gained considerable attention and has encouraged researchers to
synthesize various colorimetric and fluorimetric sensors for their
detection at trace levels.

Rapid progress in the supramolecular chemistry over the recent
years have befallen incredible improvements in the sensitivity and
working medium of the sensors. With continuous structure modi-
fications in naphthalimide moiety, it has been possible to achieve
LOD values in the nanomolar range for various metal ions [50-
58]. Also, efforts have been carried out in order to impart water sol-
ubility to sensing probes and as a result, a number of naphthalim-
ide based probes have been capable to quantify metal ions in pure
aqueous medium [59-70]. Furthermore, despite the unpredictabil-
ity and complexity of environmental and biological samples, sev-
eral probes have been successful in quantifying the metal ions in
real water samples [50,54,57,61,71-87] and living cells
[52,54,58-64,67,76,77,82,84,88-96]. Another challenge in the field
of chemosensing is the applicability of the chemosensors for on-
site detection of metal ions which has limited the sensing field in
laboratory only, only a limited number of examples have been
found in the last 5 years which have enabled on-site detection of
metal ions using paper strips [52,61,65,75-77,97] and smartphone
linked sensors [98]. Therefore, attention need to be paid to the
development of sensing devices or other strategies for the on-site
detection of metal ions.

2.1. Alkaline earth metal (Calcium (Ca®*) and magnesium (Mg?")) ions

Zhang and group reported a fluorescence turn-on probe 1
(Fig. 5) for the selective tracking of Ca?" ions with the detection
limit down to 0.270 puM [88]. On addition of Ca®* ions to the
HEPES:CH5CN (1:9, v/v, pH = 7.4) solution of 1, the absorption peak
shifted from 375 to 406 nm and in the fluorescence spectrum, 4.5
fold enhancement in fluorescence intensity was observed along
with slight blue shift from 537 to 525 nm. These changes were
ascribed to the coordination of Ca* ions with 1 in 1:1 binding ratio
with the association constant of 2.05 x 10> M~! (Fig. 6). From the
pH dependence studies, it was found that probe 1 worked well in
the pH range of 4 to 11. Moreover, the probe 1 was efficiently uti-
lized for the intracellular detection of Ca®* ions in HelLa cells.
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Fig. 5. Structures of chemosensors 1-2.
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Fig. 6. Proposed mechanism of binding of Ca?* with 1.
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A 1,8-naphthalimide based fluorescent chemosensor 2 (Fig. 5)
was synthesized and utilized for the detection of Mg?* ions by
Zhang et al. [99]. Addition of Mg?* ions to the ethanolic solution
of 2 resulted in 15-fold enhancement in fluorescence intensity at
523 nm along with fluorescence color change from colorless to
bright yellow green. These changes were ascribed to the coordina-
tion of Mg?* with hydroxyl group and N atom of C = N in 2:1 (2.
Mg?*) binding ratio (Fig. 7), which was confirmed by proton
nuclear magnetic resonance spectroscopy (‘H NMR), electrospray
ionisation mass spectrometry (ESI-MS) and density functional the-
ory (DFT) calculations. Competition experiments revealed that
other competitive ions did not interfere with the detection of
Mg?* ions. The detection limit and association constant (K,) for 2.
Mg** were measured to be 5.01 x 1078 M and 6.17 x 10> M,
respectively. Furthermore, the proposed sensor 2 efficiently
detected Mg?* ions in A549 cells based on low cytotoxicity.

2.2. Aluminium (AP*) ions

Kang et al. synthesized a 1,8-naphthalimide based Schiff base, 3
(Fig. 8), for the selective sensing of AlI>* ions in methanol, where

Fig. 9. Mode of interaction of AI** with 3.
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Fig. 10. Structures of chemosensors 5-10.

39-fold enhancement in emission intensity along with blue shift in
emission peak from 524 to 508 nm was observed with addition of
A" ions [50]. These changes were accompanied by fluorescence
color change from pale yellow to bright green when observed
under 365 nm UV light, which was considered to be due to inhibi-
tion of ICT and CHEF processes. The presence of Al** ions also
caused changes in absorption spectrum with visual color change
from brown yellow to colorless. "H NMR and ESI Mass spectra sug-
gested binding of Al**ions to 3 via oxygen atom of hydroxyl group
and nitrogen atoms of amide group and piperazine in 1:1 binding
stoichiometry (Fig. 9). Detection limit and association constant
were measured to be 7.4 nM and 1.62 x 10* M, respectively.
To ensure the practical utility of the synthesized chemosensor, it
was applied for the detection of AI** ions in tap water and excellent
recoveries in the range of 100.00-100.10 % were observed.

Li et al. reported a fluorescent chemosensor, 4 (Fig. 8), based on
a photochromic diarylethene with naphthalimide unit [97]. Irradi-
ation of 4 with 297 nm light led to decrease of emission intensity
and fluorescent color change from orange-yellow to dark yellow
because of formation of closed-ring isomer. The emission peak in
the fluorescence spectrum of 4 at 546 nm was red shifted to
590 nm along with>20-fold increase in emission intensity upon
addition of AI** ions and fluorescence color changed from dark to
orange-yellow. These changes were ascribed to the inhibition of
isomerization of C = N, internal charge transfer and CHEF processes
in the complex 4.AI*". ESI-MS and 'H NMR titration experiment
indicated the involvement of -OH and N atom of azomethine in
complexation with AI**. The binding stoichiometry, association
constant and LOD value were found to be 1:1, 2.55 x 10°> M~!
and 1.75 x 1077 M.

The fluorescent turn-on sensors, (5-8) (Fig. 10), containing 1,8-
naphthalimide as the fluorophore and Schiff base as the binding
site were synthesized for the detection of AI** ions in aqueous
media [71-74]. All the chemosensors, (5-8), underwent significant
changes in their absorption and fluorescence spectrum with addi-
tion of AI** ions (Table 1). These changes were attributed to the
m — T transition, inhibition of PET process and CHEF process

Table 1

because of complexation with AI** ions in 1:1 stoichiometry. Job’s
plot, '"H NMR titrations and other experimental studies indicated
coordinative sites to be N atoms of imine and tertiary amine in
the sensors for AI>* binding (Fig. 11).

Schiff base based on 1,8-naphthyridine and naphthalimide 9
(Fig. 10) was synthesized by Yue and co-workers and utilized it
as a chemosensor for the detection of AI** ions [100]. Addition of
AI** ions to the solution of 9 resulted in increase in the intensity
of absorption peaks at 318, 333 and 356 nm; while the absorption
peak at 380 nm decreased in intensity. In the fluorescence spec-
trum, enhancement in fluorescence was observed at 414 nm in
the presence of AI** jons. These changes were ascribed to the inhi-
bition of PET process due to coordination of AlI>* with sensor 9 via
nitrogen atoms of 1,8-naphthyridine ring & the CN group and oxy-
gen atom of the carbonyl group (Fig. 12). The association constant
and detection limit for 9.A1>*(1:1) were measured to be 5.64 x 10*
M~! and 0.13 pM, respectively.

Li and group reported naphthalimide based naked eye fluores-
cent turn-on sensor, 10 (Fig. 10), that detected AI** ions over other
competitive ions [75]. Addition of AI** ions to the solution of 10
caused a blue shift in the absorption peak from 400 to 373 nm
along with color change from greenish-yellow to colorless. Simi-
larly, blue shift from 520 to 504 nm was observed in fluorescence
emission spectrum with significant enhancement in emission
intensity after addition of AI** ions and fluorescence color changed
from dark green to bright green. These changes were attributed to
the combined effects of ICT and CHEF processes, when coordina-
tion of AI** ions occurred via two nitrogen atoms of piperazine
ring, nitrogen atom of amide group and oxygen atom of hydroxyl
group (Fig. 13). Detection limit and association constant was mea-
sured to be 0.159 puM and 6.37 x 10* M respectively.

Another naphthalimide based ratiometric and reversible fluo-
rescent sensor 11 (Fig. 14) was synthesized by Li and co-workers
and they also detected AI** ions with the detection limit as low
as 0.29 uM [89]. The free sensor exhibited fluorescence emission
peak at 518 nm, which was blue shifted to 475 nm along with
increase in emission intensity, causing fluorescence color change

Solvent system, stability over pH range, fluorescence changes, mechanism, stoichiometry (Ligand:Analyte), K,* and LOD* values observed in chemosensors (5-8) upon

complexation with AI** ions.

Sensor Solvent system Stability over Fluorescence changes Mechanism Stoichiometry K, LOD Ref.
pH range (x 10*M™")  (uM)
5 Methanol-Tris (1:1, v/v, Tris buffer, 5 mM) 5.0-8.0 17-fold enhancement at 534 nm PET, CHEF 1:1 5.49 0.178 [71]
6 DMF:HEPES (1:1, v/v) 5.0-8.0 Enhancement at 531 with 8 nm  PET, CHEF 1:1 4.95 0.00865 [72]
blue shift
7 DMF:HEPES (1:1, v/v) 451-10.56 8-fold enhancement at 528 nm  PET, CHEF 1:1 1 0.0034 [73]
8 Tris-HClI buffer (1:1, v/v) 4.51-9.55 Enhancement at 527 nm PET, CHEF 1:1 2.6 0.34 [74]

*K, and LOD values have been determined by observing fluorescence changes.
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Fig. 14. Structures of chemosensors 11-12.

from green to blue in UV light upon addition of AI** ions. Combined
results of DFT study and Job’s plot indicated 1:1 binding stoichiom-
etry in 11.AI>* in which binding of 11 to AI** occurred through N, O
and C atoms.

Qin et al. synthesized rhodamine-naphthalene conjugate 12
(Fig. 14), which detected AI** ions selectively with LOD value of

Coordination Chemistry Reviews 459 (2022) 214454

0.447 puM due to FRET process coupled with ICT process [101].
On addition of AI** ions to the ethanolic solution of 12, ratio of flu-
orescence emission at 524 and 550 nm increased from 0.6 to 4.5
along with fluorescence color change from green to yellow. In addi-
tion to this, AI>* ions caused blue shift in fluorescence emission at
524 nm along with enhancement in emission intensity at 550 nm
due to ring opening caused by Al>*, which turned the sensor into a
donor-acceptor system (Fig. 15).

2.3. Iron (Fe**/Fe**) ions

Three 1,8-naphthalimide based sensors (13a-c) (Fig. 16) were
synthesized by Liu et al. based on glycosylation strategy using
click chemistry that detected Fe>* ions by observing changes in
their fluorescence spectra and order of selectivity towards Fe**
was found to be 13¢ > 13b > 13a [59] (Table 2). This was attributed
to the fact that 13b and 13c had better water solubility as com-
pared to 13a. Binding stoichiometry in 13c.Fe** was found to be
1:2 in which one equivalent of Fe** was bound to nitrogen atom
of piperazine leading to inhibition of PET process and the other
equivalent to glycosyl moiety.

Similar sensor 14 (Fig. 16) was synthesized by Dwivedi and co-
workers for the fluorimetric detection of Fe** ions (Table 2) [76].
Binding stoichiometry in 14.Fe>* was found to be 1:1 in which
Fe3* was bound to S atom of thiophene and N atoms of most favor-
able boat conformation of piperazine units. Moreover, cellulose
tests trips based on 14 were prepared, which efficiently detected
the presence of Fe>* ions. The sensor 14 was also used as a sequen-
tial logic circuit as addition of acetate ions regenerated the free
sensor leading to “off-on-off” switching mechanism.

A turn-on fluorescent sensor, 15 (Fig. 16) , based on 1,8-
naphthalimide was synthesized by Tang and group [51] for the
determination of Fe** ions in DMF/H,0 (3:1, v/v) solution, where
N atoms of pyridine and piperazine moieties of 15 acted as binding
sites for Fe>* and enhanced the fluorescence by blocking the PET
process (Table 2).

Biswas et al. synthesized naphthalimide based sensor 16
(Fig. 16) containing catechol and morpholine for the detection of
lysosomal iron [60]. Addition of Fe3* ions led to quenching of fluo-
rescence due to reversed PET process (Table 2). Based on good cell
permeability and low cellular toxicity of 16, it was used for live-cell
imaging and efficiently detected lysosomal Fe** pool.

Yildirim et al. synthesized naphthalimide based probe 17
(Fig. 16) and further developed two cellulose based sensing mate-
rials Cel-17 and PCel-17 for the detection of Fe** ions [102]. In the
absorption spectrum carried out in ethanol/CH3CN (1:1, v/v) solu-
tion, intensity of the absorption peak at 350 nm increased and new
peak appeared at 359 nm upon addition of Fe* ions to acetonitrile
solution of Cel-17; while its addition caused significant quenching
in fluorescence at 440 nm along with fluorescence color change
from bright turquoise to yellow-brown. These changes in the
absorption and emission spectrum were ascribed to the binding
of paramagnetic Fe** ions to the donor atoms (O and N) in 17. In
the powder form, upon incorporation of Fe3* ions, the yellow pow-
der turned dark yellow in daylight and bright yellow color turned
orange, when observed under UV light. In the presence of Fe** ions,
the gray-white color of PCel-17 changed to white in daylight and
turned from yellow to black under UV light.

Hladysh et al. synthesized 1,8-naphthalimide based simple dye,
18 (Fig. 17), and its poly(3-hexylthiophene) (PHT) based conju-
gated polymer, PHT-18 (Fig. 17), which were used for the detection
of Fe?* ions [103]. Addition of Fe?* ions to the chloroform/methanol
(10:1) solution of 18 slightly blue shifted the absorption band at
396 nm. In the case of PHT-18, absorption peak at 405 nm was
shifted to 420 nm along with the appearance of two isobestic
points at 340 and 415 nm. It was found that quenching of lumines-
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Fig. 15. Ring opening of rhodamine moiety of 12 upon AI** coordination.
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Fig. 16. Structures of chemosensors 13-17.

Table 2

Solvent system, fluorescence changes, mechanism, stoichiometry (Ligand:Analyte), LOD* and K,* values observed in chemosensors (13-16) upon complexation with Fe** ions.

Sensor Solvent system Fluorescence changes Mechanism Stoichiometry LOD (uM) Ki(x 10° M) Ref.
13a Phosphate buffer Enhancement at 528 nm PET 1:2 7.40 - [59]
13b Phosphate buffer - PET - 0.273 - [59]
13c Phosphate buffer - PET - 0.00427 - [59]
14 40% H,O-THF Enhancement at 528 nm with blue shift of 12-14 nm PET 1:1 0.373 22 [76]
15 DMF:H,0 (3:1) 15.8 fold enhancement at 530 nm PET 1:1 0.081 4.41 [51]
16 10 mM MES buffer Quenching at 542 nm PET 1:1 0.5 36 [60]

*K, and LOD values have been determined by observing fluorescence changes.
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Fig. 17. Structures of chemosensors 18-20.

cence in PHT-18 polymer was more efficient than the free lumines-
cent dye 18. The polymer PHT-18 exhibited improved sensing abil-
ity and extended working range as compared to 18. Association
constant of Fe* with PHT-18 was found to be significantly more
than that of 18 and detection limit of PHT-18 was found to be
100 times lower than that of 18.

A naphthalimide based Schiff base 19 (Fig. 17) was synthesized
by Jothi and co-workers for the detection of Fe* ions [77]. Free

sensor 19 exhibited absorption peaks at 344 and 430 nm in ace-
tonitrile: water (7:3, v/v) solution. However, after addition of
Fe3* ions, new peak appeared at 360 nm along with 30-fold
increase in molar absorptivity, attributed to the strong ICT transi-
tion and absorption caused by hindered isomerization at C=N due
to binding with Fe**. In the fluorescence spectrum, quenching of
fluorescence was observed at 531 nm on adding Fe3* ions. The
association constant and LOD for 19.Fe* (1:1) stoichiometric
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Fig. 19. Mechanism of binding of Cu?* with chemosensors 23-24.

complex were found to be 2.49 x 10* M~ and 0.81 pM, respec-

tively. IR spectroscopy and liquid chromatography-mass spec-
trometry (LC-MS) analysis indicated the binding of Fe3* ions to
19 via coordination with C=N and -OH functional groups. The pro-
posed sensor 19 was successfully used for developing molecular
logic function, bioimaging analysis in Escherichia coli (E. coli) and
detection of Fe** ions in different water bodies, thus highlighting
its practical utility.

Sarkar and group synthesized fluorescent organic nanoparticles
(FONPs) from naphthalimide based histidine appended amphiphile
20 (Fig. 17) for the selective sensing of Fe>* ions over other compet-
itive ions [90]. The FONPs were formed due to self-assembly of 20
in 99 vol% water in DMSO via J-type aggregation. Due to complex
formation between Fe** and histidine residue of the 20 amphiphile,
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decrease in emission intensity was observed after addition of
10 puM Fe*" ions to the DMSO-water (fw = 99 vol%) solution of
20-FONPs. The quenching of bluish-green fluorescence after addi-
tion of Fe** was ascribed to the combined effects of size compati-
bility and paramagnetic nature of Fe3*, which led to chelation
enhanced quenching (CHEQ) effect. Job’s plot indicated 1:1 binding
stoichiometry between 20-FONPs and Fe>" ions and morphology of
the FONPs changed from spherical to spindle after complex forma-
tion. The LOD value of 20-FONPs for Fe>* was found to be 12.5 1.
2 mM and selectivity study revealed that other ions were not able
to quench the fluorescence. Furthermore, it was found that fluores-
cence was not recovered after addition of several Fe** chelating
agents like 2-aminopyridine, citric acid, L-Dopa, ethylenediamine
tetraacetic acid (EDTA), folic acid and glycine, thus indicating
strong binding between Fe*" and 20-FONPs. Further experiments
were conducted to evaluate the cytotoxicity of 20-FONPs against
mammalian cells (NIH3T3, B16F10) and due to very low cytotoxi-
city, these were used for bioimaging of Fe>*. Keeping in considera-
tion the varying oxidative stress inside cells, 20-FONPs were
employed to detect Fe?* to Fe3* redox state transition inside cancer
cells (B16F10).

2.4. Copper (Cu?*) ions

Various fluorescence turn-off sensors derived from 1,8-
naphthalimide employing “fluorophore-spacer-receptor” conven-
tion and based on PET mechanism (21-26) (Figs. 18, 20) were syn-
thesized for the recognition of Cu?* ions with LOD values in the
range of uM (Table 3) [104,78,79,105,106,52]. 21 and 22 showed
binding with Cu?* through nitrogen atoms of ethane diamine and
oxygen atom of carboxyl group to form 21/22.Cu?* (1:1) complex.
Furthermore, reverse-PET mechanism i.e. electron transfer from
the 1,8-naphthalimide moiety to electron deficient carboxyl group
by metal ion complexation was attributed for fluorescence
quenching.

The Schiff base possessing sensors 23 and 24 displayed quench-
ing in fluorescence due to complexation of Cu?* with N atom of the
C=N group and O atom of the hydroxyl oxygen group (Fig. 19). Sen-
sors 25 (Fig. 21) and 26 (Fig. 22) showed similar type of fluores-
cence quenching upon addition of Cu®* ions (Table 3).

Fig. 20. Structures of chemosensors 25-27.

Table 3

Solvent systems, fluorescence changes, mechanism, stoichiometry (Ligand:Analyte), K,* and LOD* values of sensors (21-26) on complexation with Cu?* ions.
Sensor Solvent Fluorescence quenching at (nm) Mechanism Stoichiometry K, (x10° M) LOD (uM) Ref.
21 HEPES- DMSO (v/v, 1:1) 529 PET 1:1 1.37 0.0169 [104]
22 HEPES- DMSO (v/v, 1:1) 532 PET 1:1 1.14 0.0467 [78]
23 Tris-HCl [DMF (1:1, v/v) 539 PET 1:1 1.088 0.32 [79]
24 Tris-HCI -DMF (1:1, v/v) 539 PET 1:1 1.328 0.23 [105]
25 EtOH/H,0 (4:1, v/v) 447 PET 1:1 0.0157 - [106]
26 DMF/HEPES (1/9, v/v) 463 PET 1:1 - 0.00049 [52]

*Ka and LOD values have been determined by observing fluorescence changes.
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A FRET based naphthalimide-rhodamine platform 27 (Fig. 20)
was synthesized by Liu and group for the detection of Cu?" in
H,0-CH3CN (2:1, v/v) solution by displaying changes in its absorp-
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Fig. 21. Representation of binding of Cu?* with 25.
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Fig. 22. Possible mode of binding of Cu?** with chemosensor 26.
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tion as well as fluorescence spectrum [53]. The free sensor 27
exhibited absorption and emission peaks at 405 and 519 nm,
respectively and on addition of Cu?* ions, a new absorption peak
emerged at 548 nm and emission peak shifted from 519 to
580 nm. These changes were ascribed to the hydrolysis of spirolac-
tam to form open ring xanthene as well as FRET process occurring
from the donor to the Cu?' triggered ring-opened rhodamine
acceptor. The detection limit of 27 was measured to be 1.45 nM.
The proposed sensor 27 was also used for the lysosomal imaging
of Cu* ions in living cells.

Chang et al. synthesized a naphthalimide based Schiff base, 28,
for the colorimetric detection of Cu?* in simulated semiconductor
wastewater [98]. After adding Cu?* ions to the DMSO solution of
28, the strong absorption band located at 457 nm was red shifted
to 565 nm with naked eye color change from yellow to pink. Job’s
Plot suggested 1:1 binding stoichiometry between 28 and Cu?*
(Fig. 23). The detection limit for Cu?* in DMSO was found to be
1.6 x 10°° M and association constant as calculated from DynaFit
curve-fitting program came out to be 5.9 x 10* M. Also, selective
liquid-liquid extraction of aqueous Cu?* over other metal ions was
possible using ethyl acetate. Furthermore, 28 was found to be effi-
cient for extractive signaling of Cu?" in simulated semiconductor
wastewater using smartphone as a colorimetric data capture and
analysis tool.

Various 1,8-naphthalimide possessing hydrazone derivatives,
(29-32) (Fig. 24), were synthesized for detection of Cu?" ions
(Table 4) [91,80,107,54]. Sensor 29 underwent absorption, color
and fluorescent changes with addition of Cu?" ions that were
ascribed to its hydrolysis via Cu?* promoted electrophilic substitu-
tion mechanism, which was confirmed by ESI-MS, Fourier
Transform-Infrared spectroscopy (FT-IR) analysis, X-ray diffraction
studies and DFT calculations [91]. Also, the probe 29 was success-
fully used for the fluorescent imaging of Cu?* in HeLa cells.
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Fig. 24. Structures of chemosensors 29-35.

Table 4
Solvent systems, absorption changes, fluorescence changes, mechanism, stoichiometry (Ligand:Analyte), K,* and LOD* values of sensors (29-35) on complexation with Cu?* ions.
Sensor Solvent Absorption Fluorescence changes (nm) Mechanism Stoichometry K, LOD (uM) Ref.
changes (nm) (x10* M 1)
29 CH5CN-H,0 (v/v =9:1) 480, 335 - 380 620 — 545 - 1:1 - 1.5 [91]
30 CH3CN - H,0 (v/v =3:7 485 — 435 550 - 535 PET 1:2 - 0.713 [80]
31 CH30H- Hy0 (vjv=9:1) - Quenching at 4d41 nm CHQF & PET - 5.55 0.0390 (0-0.5 equivalent) [107]
(0-0.5 equivalent) 0.326 (for > 0.5 equivalent)
Enhancement at 462 and
570 nm (>0.5 equivalent)
32 CH3CN-HESPS (4:1, v[v) 437 - 350 Quenching at 550 nm - 1:1 2.833 0.00032 [54]
33 CH5CN-HESPS (1:1, v/v) - Quenching at 524 nm Reverse PET 2:1 4.76 x 107 0.033 [108]
34 DMF/Tris-HCI (1:1, v/v) Decrease at 431 nm Quenching at 526 nm Reverse PET 2:1 4 x 108 0.0192 [109]
35 Phosphate buffer 434 - 440 and Quenching at 532 nm PET 2:1 - 0.00374 [61]

decrease at 258

*Ka and LOD values have been determined by observing fluorescence changes.
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Fig. 25. Possible mechanism of Cu?* sensing by chemosensor 30.

Another hydrazone 1,8-naphthalimide-based derivative, 30,
synthesized via facile condensation and substitution reactions, dis-
played blue shift in both the absorption and emission bands on
addition of Cu?* ions (Table 4) [80]. Upon complexation with
Cu?*, electron transfer process (PET) from electron-rich unit (pyr-
role group) to the fluorophore (naphthalimide unit) was prohib-
ited, which led to increase in fluorescence. Cu?>* was found to
bind with 30 in 2:1 stoichiometry, in which Cu®>* was coordinated
to N atoms of pyrrole and naphthalimide’s amine (Fig. 25).

The chemosensor 31 bearing coumarin moiety exhibited differ-
ent behaviour towards Cu?* jons in different equivalence ranges
[107]. The sensor displayed turn-off response towards Cu®* in
equivalence range of 0 to 0.5 due to complexation of 31 with
Cu?* ions, which led to chelation induced quenching of fluores-
cence (CHQF) mechanism via a photoinduced electron or energy
transfer process from metal to fluorophore. In case of equivalence
less than 0.5, 2:1 complex was formed between probe and Cu?* in
which Cu?* was coordinated to the oxygen atoms of hydroxyl and
carbonyl groups. In the equivalence range above 0.5, increase in
fluorescence intensity at 462 and 570 nm was observed on addi-
tion of Cu®* ions (Table 4) (Fig. 26).

Fu et al. synthesized 1,8-naphthalimide based sensor 32 for the
detection of Cu?* ions with the detection limit as low as 320 nM
(Table 4) [54]. Addition of Cu?* ions to solution of 32 led to signif-
icant quenching of fluorescence due to coordination of Cu?* with N
atoms of amino group, leading to the formation of three-
membered heterocycles in 32. Cu?* which was further hydrolyzed
to simpler moieties (Fig. 27). Furthermore, it was found that 32
efficiently detected Cu?" in real water samples and lysosomes of
293 T cells.

Three fluorescence turn-off sensors, (33-35) (Fig. 24), for Cu®*
ions with 1,8-naphthalimide as the chromophore and a Schiff base
as the recognition group were synthesized, in which reverse-PET
mechanism (electron transfer from the 1,8-naphthalimide moiety
to electron deficient C=N group) was found to be responsible for
fluorescence quenching (Table 4) [108,109,61]. The sensor 33
showed binding with Cu®*ions in binding ratio of 2:1, where Cu®*
was coordinated to two oxygen atoms and two nitrogen atoms of

4;“?

I (@)

HN.
N

(0}

S

<OSCq OO 00

31

Coordination Chemistry Reviews 459 (2022) 214454

phenoxy and imine groups, respectively [108] (Fig. 28). The sensor
34 detected Cu®* jons with the detection limit down to 1.92 x 10~/
M due to binding of Cu®* ions with oxygen and nitrogen atoms of
34 (34:Cu®* = 2:1) [109].

Another hydrophilic 1,8-naphthalimide based fluorescent
chemosensor, 35, was synthesized by Liang and co-workers for
Cu?* recognition, in which 2-(2-aminoethoxy)ethanol group
improved the hydrophilicity and Schiff base acted as multidentate
ligand for Cu®* [61]. Cu?" ions were able to quench the fluorescence
which occurred due to PET process from the 1,8-naphthalimide flu-
orophore to the bound Cu?* (Table 4). The mode of quenching was
found to be static quench process. The sensor 35 was successful in
Cu?* sensing in real world water samples and living cells, demon-
strating its practical utility. Molecular logic gate with IMPLICATION
function was also constructed from sensor 35.

Xu et al. prepared fluorescent ion-imprinted sensor (FIIS) based
on 36 (Fig. 29) and used for the detection of Cu?" ions [81]. Addi-
tion of Cu" ions to the solution of FIIS caused quenching in fluores-
cence with K, value of 3.98 x 10° M~!, which could be ascribed to
the PET mechanism or d-d electron paramagnetic quenching
mechanism.

Wenxun and co-workers synthesized high performance hydro-
philic tubular fluorescent sensor, FPM-2, for the detection of Cu®*
ions by immobilizing fluorophore 4-bromo-1,8- naphthalic anhy-
dride 37 (Fig. 29) (later converted to 4-methoxy-1,8-
naphthalimide) on poly(N, N'-methylene bisacrylamide) (PMBA)
microtubes [110]. The tubular fluorescent sensor, FPM-2, was typ-
ical donor-m-acceptor system based on ICT transition in which
naphthalimide group and methoxy group were electron acceptor
and electron donor, respectively. Quenching in fluorescence emis-
sion peak at 457 nm was observed upon addition of CuCl,. The pro-
posed sensor was found to be reusable many times by using EDTA
as the chelating agent for Cu?*. The coordination between Cu?* and
the carbonyl group (C=0) of 1,8-naphthalimide group led to change
in electron transfer state and caused fluorescence quenching
(Fig. 30).

Anbu and co-workers synthesized a naphthalimide-phenan
throimidazole containing fluorescent turn-off and reversible sensor
38 (Fig. 29) for the selective sensing of Cu?" ions [92]. In the
absorption spectrum, the free sensor 38 exhibited two Soret bands
at 240 and 344 nm and three shoulder peaks appeared at 258, 327
and 358 nm in CH3CN/50 mM:HEPES buffer (pH = 7.2) (0.6:99.4, v/
v) medium. On addition of Cu®* ions to the solution of 38, a new
peak appeared at 452 nm after slight red shift along with color
change from pale or greenish-yellow to intense yellow under
ambient light. In the emission spectrum, the free sensor 38 dis-
played two peaks at 455 and 578 nm, however, in the presence
of Cu?* ions, enhancement in fluorescence emission intensity was
observed at 455 nm along with fluorescence color change from
blue to green, which was ascribed to the disruption of PET process
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Fig. 26. Two way binding of Cu?* with sensor 31 in its different concentration ranges.
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Fig. 27. Cu?* induced hydrolysis reaction of 32. (Reproduced from Spectrochim.
Acta A Mol. Biomol. Spectrosc. 208 (2019) 198-205 [54]).

from phenolic oxygen and piperazinyl aza-nitrogens to the naph-
thalimide fluorophore due to binding of Cu?* with N,O group
(Fig. 31). The LOD and association constant values were measured
to be 0.65 uM and 5.0 x 10* M~! respectively for 1:1 stoichiomet-
ric complex of 38. Cu®*. The practical applications of the synthe-
sized probe 38 include test strip based sensing of Cu?* ions and
their imaging in human cervical cancer (HeLa) cell lines.

Wei and group developed a fluorescent turn-on 1,8-
naphthalimide based Schiff base probe 39 (Fig. 29) for the detec-
tion of Cu®* ions with the detection limit as low as 0.48 uM [82].
Upon incorporation of Cu?* ions to the H,O/THF (v/v: 7/3) solution
of 39, a new emission peak appeared at 490 nm with the fluores-
cence color change from weak blue to strong cyan. This change
was ascribed to the inhibition of PET process due to complexation
between 39 and Cu?' ion in 2:1 binding ratio (Fig. 32) with the
association constant of 6.045 x 107 M~2. The proposed sensor
was found to be stable and exhibited reliable results in the physi-
ological pH range of 5.0 to 9.0. Furthermore, the proposed sensor
conveniently detected Cu?* ions in real water samples and Hela
cells.

Coordination Chemistry Reviews 459 (2022) 214454
2.5. Zinc (Zn?*) ions

Hamilton et al. synthesized a polymeric fluorescent probe, 40
(Fig. 33), possessing 1,8-naphthalimide as sensing unit and rho-
damine as fluorophore attached to common poly(methyl
methacrylate) backbone [111]. The polymeric probe then self-
assembled in aqueous solution to form nanoparticles, which were
used to detect Zn®* ions. Significant enhancement in fluorescence
emission at 527 and 580 nm was observed in the presence of
Zn?* jons, which was attributed to the inhibition of PET from the
dipicolylamine receptor to the fluorophore because of binding with
Zn?*. To determine the concentration of Zn?" ions, both the fluo-
rophores (1,8-naphthalimide and rhodamine) in the polymeric
probe were excited independently and ratio of their intensities
was used to calculate Zn?* concentration.

Liu and co-workers synthesized 1,8-naphthalimide based sen-
sors (41-44) which displayed selective sensing towards Zn?* ions
over other metal ions [62,63,93,64].

The sensor 41 (Fig. 33) possessing iminoethoxyacetic acid and
iminopicolinic acid moieties, underwent enhancement in fluores-
cence with addition of Zn?* ions, which was ascribed to blockage
of PET process from coordinated atoms to fluorophore due to
change in dipole moment during the process of binding of Zn?*
with the aniline [62]. Molecular modelling experiment revealed
the binding of Zn?* to N atom of amino aniline and N and O atoms
of iminoethoxyacetic acid and iminopicolinic acid arms and to the
solvent molecule to form the distorted six-coordination geometry
(Fig. 34).

Similar sensors (42-44) (Fig. 35) synthesized by Liu et al.
showed significant changes in the fluorescence spectrum with
addition of Zn?* ions, whose binding mechanism was confirmed
by molecular modelling (Table 5) [63,93,64].

Panchenko et al. synthesized a Zn?" selective fluorescent
chemosensor, 45 (Fig. 35), based on 4-methoxy-1,8-
naphthalimide derivative containing salicylideneamino as receptor
group [112]. Upon addition of Zn?* ions, emission band at 437 nm
was shifted to 455 nm with significant increase in fluorescence
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intensity (Table 5) due to inhibition of PET process in the free
ligand. From Mass spectrometry and 'H NMR spectroscopy, it
was found that on addition of one equivalent of Zn?" ions, Zn?* ions
coordinated with receptor moiety and oxygen atom of one of the
carbonyl groups of chromophore in 1:1 binding ratio; while on
addition of 11 equivalents of Zn?* ions, binding ratio of 2:1 was
found between 45 and Zn?* ions.

2.6. Mercury (Hg?"*) ions

A rhodamine-naphthalimide conjugated chemosensor 46
(Fig. 36) was synthesized by Xu et al. for the ratiometric detection
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of Hg?* ions due to generation of FRET signal from 1,8-
naphthalimide group to Rhodamine B group on addition of Hg?*
ions to 46 [83]. The sensor 46 underwent absorption as well as flu-
orescence changes with Hg?" ions accompanied by fluorescence
color change from light blue to orange (Table 6). Spirolactam ring
of 46 opened upon chelation with Hg?" via S atom of the lactam
ring, N atoms of imide group and naphthalimide, causing open loop
rhodamine B to accept energy of naphthalimide group (Fig. 37).
From the pH dependence experiment, it was found that fluores-
cence intensity of both 46 and 46.Hg?* remained stable in the wide
pH span of 6.0 to 11.0.

Other rhodamine possessing chemosensors 47 and 48 (Fig. 36)
showed similar type of spirolactam ring opening with addition of
Hg?" ions, where desulfurization reaction occurred (Table 6)
(Figs. 38, 39) [65,84]. Further, addition of I~ to 47.Hg?* complex
regenerated the free sensor indicating the reversibility of the
Sensor.

Lv and co-workers synthesized 1,8-naphthalimide based
chemosensor, 49 (Fig. 36), with a reactive aliphatic hydroxyl group
for the detection of Hg?* ions, which was stable in the pH range of
4.3-9.0 [85]. Addition of Hg?" ions to the CH3CN/H,0 (15/85, v/v)
solution of 49 caused enhancement in fluorescence accompanied
by emergence of green color fluorescence, however, the ultravio-
let-visible (UV-Vis) spectrum of 49 remained unperturbed with
addition of metal ion (Table 6). According to the proposed sensing
mechanism, one of the Hg?* was bound to the sulfur atom of
thiourea unit and got removed as HgS via an irreversible reaction.
Another Hg?" ion showed binding with hydroxyl and carbonyl oxy-
gen atoms of imide side of 49 in a reversible manner (Fig. 40).

Liu and co-workers synthesized naphthalimide-piperazine-pyri
dine-based polystyrene sensors (50a and 50b) (Fig. 41) with differ-
ent linker lengths for the detection of Hg?" ions [86]. Enhancement
in fluorescence intensity at 520 and 525 nm was observed on addi-
tion of Hg?* ions to the CH;CN/HEPES buffer (1:1, v/v, pH = 7.2)
solution of 50a and 50b, respectively. Sensor 50a exhibited higher
fluorescence response towards Hg?* ions as compared to 50b with
the lower detection limit of 1.01 pM as compared to LOD value of
1.98 mM for 50b. The DFT calculations pointed to chelation-
induced PET process for HgZ* detection by the sensors 50a and 50b.

Another switchable fluorescence solid polymer, 51 (Fig. 41),
based on a photo-crosslinked membrane functionalized with 1,8-

40

Fig. 33. Structures of chemosensors 40-41.
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Fig. 34. Proposed mechanism of coordination of Zn?* ions with sensor 41.
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Fig. 35. Structures of chemosensors 42-45.

naphthalimide derivative, synthesized by Fernandez-Alonso et al.
displayed about 3-fold increase in fluorescence intensity with
addition of Hg?" in pure water as it promoted enhancement due
to PET inhibition process from the piperazine to the naphthalimide
moiety [66]. The LOD and K, values for 1:1 stoichiometric complex
of 51.Hg®>" were measured to be 2.5 x 10™® uM and 3627 M},
respectively.
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The fluorescence of  isocyano-functionalized, 1,8-

naphthalimide-based sensor, 52 (Fig. 42), changed from ultraviolet
(~389 nm) region to visible (~560 nm) light region with addition
of Hg?" ions to its high-water-fraction medium [THF/water = 3/7
(v/V), pH = 7.4]) [87]. FT-IR and 'H NMR spectral studies confirmed
the hydrolysis of isocyano group of 52 into amino group, causing
the change in fluorescence (Fig. 43). The detection limit of pro-
posed sensor 52 towards Hg?" ions was measured to be
9.1 x 10~% M. Furthermore, 52 efficiently detected Hg?* ions in
tap water samples and 52-doped agarose gels were prepared for
the detection of Hg?* in solid state.

Liu and group synthesized 4-amino-1,8-naphthalimide-based
fluorescent sensor 53 (Fig. 42) possessing iminodiacetic acid and
picolinic acid as metal chelating groups for the detection of Hg?*
ions in aqueous medium and living cells [67]. Addition of Hg?* ions
to the HEPES buffer solution of 53 caused 25-fold enhancement in
fluorescence intensity of the emission peak centered at 550 nm,
however, other ions did not show any effect on the spectrum, indi-
cating highly selective nature of 53 towards Hg?* ions. Binding of
Hg?" ions lowered the energy level of the iminodiacetic acid and
picolinic acid moieties than highest occupied molecular orbital
(HOMO) of the excited 4-amino-1,8-naphthalimide, making elec-
tron transfer difficult and switching on the fluorescence. The asso-

Table 5

Fluorescence changes, LOD* values, mechanism and stoichiometry of sensors (42-45) on complexation with Zn?* ions in HEPES buffer solution (20 mM, pH = 7.4).
Sensor Observed fluorescence enhancement at 550 nm LOD (ppb) Mechanism Stoichiometry Ref.
42 30-fold 65.41 PET - [63]
43 41-fold 112.45 PET 1:1 [93]
44 20-fold - PET - [64]
45 5-fold 50.5 PET 1:1 (1 equivalent of Zn?*) [112]

2:1 (for 45:Zn*" in the presence of 11 equivalents of Zn?*)

* LOD values have been determined by observing fluorescence changes.
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Fig. 36. Structures of chemosensors 46-49.
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Table 6
Solvent systems, absorption and fluorescence changes, naked eye color changes, mechanism, stoichiometry (Ligand:Analyte), K,* and LOD* values of sensors (46-49) on binding
with F~ ions.
Sensor Solvent Absorption Fluorescence changes  Color changes Mechanism Stoichiometry K, LOD Ref.
changes (nm) (nm) (x10° M1  (uM)
46 EtOH/HEPES (v/v, 9:1, 450-650 — 558 381 — 385 Colorless — pink FRET 1:1 2.75 0.059 [83]
pH = 7.0)
47 HEPES/CH5CN (40:60, V/V) New peak at 533 New peak at 560 Colorless — yellow - - - 0.49 [65]
48 EtOH/HEPES (5:1, V|V) 275, 324, 347, Enhancement at 469 Pale yellow — pink FRET & PET 1:1 0.00893 0.052 [84]
395 — 560 (11 nm red shift)
and 585
49 CH3CN/H,0 (15/85, v/v) - Enhancement at - - 1:2 1.78 x 10° 7 0.138  [85]
527 nm

*K, and LOD values have been determined by observing fluorescence changes.
**K, value is in the units M~

FRET OFF FRET ON

Hg”"
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~ O O S ~ O JO S

Fig. 37. Spirolactam ring opening of 46 upon coordination with Hg?" ions.
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Fig. 38. Hg?* mediated desulfurization reaction of chemosensor 47.
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Fig. 39. Possible mechanism of sensing of Hg?* by chemosensor 48.

ciation constant and LOD of 53. Hg** was measured to be
1.46 x 108 M~! and 20.66 ppb, respectively. Moreover, the sensor
53 was efficiently used for imaging of intracellular Hg?" levels in
living cells (HeLa cells).

14

2 and has been determined for 49:Hg?* (1:2) by observing fluorescence changes.

A histidine functionalized 1,8-naphthalimide based sensor, 54
(Fig. 42), having excellent water solubility resulted in quenching
of blue fluorescence at 384 nm upon addition of Hg?" ions [68].
'H NMR-titration, IR and mass spectrometry (MS) spectra indicated
that Hg?* was complexed to 54 via O-Hg?*-N (O of carboxyl group
and N of imidazole group) coordination bond, which led to shield-
ing effect of the electrons on the naphthalene ring (Fig. 44). The
association constant and detection limit were measured to be
1.14 x 10° M2 and 0.1785 puM, respectively. The sensor was found
to be stable in the pH range of 3.0-7.0 and the sensor was reusable
as addition of I~ to the 54. Hg?" regenerated the free sensor.

Bahta et al. synthesized 1,8-naphthalimide-amino acid conju-
gates (55a and 55b) (Fig. 45) for the selective sensing of Hg?" ions,
where 55a and 55b existed as nano-aggregates [55]. On addition of
Hg?" ions to the MeOH/H,0 (1:99, v/v) solution of 55a and 55b, sig-
nificant changes in the absorption and fluorescence spectrum were
observed. The absorption spectrum of 55a and 55b showed
decrease in absorption intensity of bands located at 343 and
341 nm, respectively. In the fluorescence spectrum, 20- and 21-
fold enhancement was observed at 395 and 386 nm for 55a and
55b, respectively. Coordination of 55a/55b with Hg?* via acidic
oxygen and sulphur atoms of thio groups increased the rigidity
of the molecule, which restricted the free rotations in 51a and
55b, resulting in enhancement of fluorescence intensity via CHEF
effect and increase in concentration resulted in AIEE. Association
constant and LOD between metal and ligand (2:1 complex) was
measured to be 3.4 x 10° (22 nM) and 4.6 x 10° M2 (5.6 nM)
for 55a and 55b, respectively.

Panchenko and co-workers synthesized two 1,8-naphthalimide
based chemosensors, (56a and 56b) (Fig. 45) and tested their abil-
ity to detect Hg?" ions [56]. Among these, no changes were
observed in the fluorescence spectra of 56b on addition of any of
the metal ions, however, on addition of Hg?* ions to the metha-
nol-water (40 vol% MeOH) solution of 56a, significant increase in
the emission intensity of band centered at 531 nm was observed
because of inhibition of PET process. The detection limit and bind-
ing ratio in 56a. Hg?* came out to be 25 nM and 1:1 respectively.
Other competitive ions did cause any interference in the detection
of Hg?* ions except Cu?" and Pb?* ions, which showed a little effect.

1,8-naphthalimide-sulfamethizole probe, 57 (Fig. 45), existed in
the form of nano-aggregates in DMSO/water (1:99 v/v) solution as
indicated by its absorption spectrum [57]. Addition of Hg?" ions to
solution of 57 resulted in increase in absorption intensity of peak
located at 267 nm; while the band at 343 nm decreased in inten-
sity. In the fluorescence spectrum, emission peak at 390 nm was
shifted to 483 and 478 nm upon addition of Hg?* and Ag* ions,
respectively. AIE was caused by 57 in aqueous medium due to
hydrophobic nature of naphthalimide moiety, leading to excimer
emission upon intramolecular excimer formation via metal ion-
induced assembly (Fig. 46). No other ion showed any change in
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Fig. 42. Structures of chemosensors 52-54.

the fluorescence spectrum except Ag* but the change exhibited by

Ag" ion was different from that exhibited by Hg?* ion. IR, NMR and C P o
stoichiometric calculation data revealed that Hg?* was coordinated N
to 57 via -NH, -SO, and thiadiazole ring of sulfamethizole moiety 0 A\
in 1:2 ratio, giving LOD value of 14.7 nM. s4
Chen and co-workers synthesized a two-photon fluorescent
probe 58 (Fig. 45) based on 1,8-naphthalimide for the selective Fig. 44. Possible mode of interaction of Hg?* with chemosensor 54.

sensing of Hg?* ions with the detection limit as low as 43 nM
[58]. Absorption band centered at 370 nm was shifted to 450 nm
on addition of Hg** ions to the HEPES buffer (1.0 mM, pH = 7.4)  to yellow. In the fluorescence spectrum, intensity of the emission
solution of 58 along with naked eye color change from colorless  peak at 450 nm decreased and increase was observed in the inten-
sity of peak at 560 nm. This process was accompanied by fluores-
cence color change from blue to green. These changes were
NC OO NH; ascribed to Hg?* induced cleavage of thiophosphinate ester P-O
OO Hg?! bond in 58 to generate anionic species, which behaved as ICT sys-
tem and exhibited spectral changes (Fig. 47). Furthermore, the pro-
o” N0 o N0 e . . '
el Cellys posed sensor 58 also detected Hg=" ions in solid state as it caused
both naked eye and fluorescence color changes upon grinding with
the salts of mercury ion. Moreover, 58 efficiently detected Hg**
Fig. 43. Representation of mechanism of sensing of Hg?* by 52. ions in live HelLa cells as well as liver tissues.
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Fig. 46. Representation of binding of Hg?* with 57.
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Fig. 47. Mechanism of sensing of Hg?* by 58.

2.7. Other metal ions [Chromium (Cr3*), Cobalt (Co®*), Silver (Ag"),
Lead (Pb**), Holmium (Ho>") ions]

Two 1,8-naphthalimide anchored rhodamine B based sensors
(59a and 59b) (Fig. 48) were synthesized by Adhikari et al. [94]
which offered the ratiometric detection of Cr** ions ascribed to
the CHEF process due to binding of secondary nitrogen and oxygen
with Cr?*, which further led to FRET process due to spirolactam
ring opening of rhodamine. Addition of Cr** ions to the aqueous
CH3CN (7:3, v:v) solution of 59a/59b resulted in appearance of a
new absorption peak at 555/556 nm; while new emission peak
was observed at 575/582 nm, respectively. Furthermore, it was
found that 59b exhibited good cell permeability and efficiently
detected Cr®* ions in Hep3B, SiHa, HeLa, MCF-7 and HEK293T cells.

Liu et al. synthesized a thiourea appended naphthalimide based
chemosensor, 60 (Fig. 48), for Co®* detection with K, of 1.2 x 10*
M~! and LOD of 0.26 pM [95]. The absorption peak of the free sen-
sor in CH3CN/HEPES (4/1, v/v) at 510 nm disappeared upon addi-
tion of Co?* ions along with visible color change from pink to
colorless. This was attributed to decreased ICT transition due to
extremely decreased electron-donating ability of the nitrogen
atoms of 60 because of their coordination with Co?* (Fig. 49). In
the fluorescence emission spectrum, 33-fold enhancement in fluo-
rescence intensity was observed along with slight blue shift due to
suppression of ICT and PET processes. Furthermore, the sensor 60
was found to be non-toxic, exhibited significant cell permeability
and efficiently detected Co®* in HepG2 cells.

Wau et al. synthesized a reusable bifunctional fluorescent sen-
sor, 61 (Fig. 50), by grafting naphthalimide based fluorescent probe
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on the surface of the mesoporous silica nanoparticles, which was
capable of removal of Ag" ions (maximum adsorption capacity =
14.8 mg g ') and its selective detection in aqueous medium with
detection limit as low as 7.2 uM [69]. On addition of Ag" ions to
the solution of 61 in the deionized water, 2.5-fold increase in fluo-
rescence intensity and minor blue shift in emission from 535 to
530 nm was observed. The practical utility of the proposed sensor
61 was indicated by the successful detection (recoveries = 104-106
%) and adsorption (adsorption efficiency = 77-91 %) of Ag" ions in
tap water and waste water.
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Panchenko and co-workers synthesized 1,8-naphthalimide
based sensors, 62a and 62b (Fig. 51), containing an azadithia-15-
crown-5 ether receptor and then developed composite material
based on 62a using polyvinyl chloride as 62b was insoluble in
the polymeric sensor membrane [113]. Significant enhancement
in fluorescence was observed after keeping sensor based on 62a
in the aqueous solution of Ag* ions. The optimum conditions for
the analysis of Ag" using the composite material based on 62a were
found to be pH of 6.0 and exposure time of 14 min. The LOD of this
material towards Ag" came out to be 2.1 uM, when exposure time
was 14 min.

Similar fluorescent PET chemosensor, 63 (Fig. 51), based on 4-
methoxy-1,8-naphthalimide =~ bearing  N-phenylazadithia-15-
crown-5 ether as the receptor was synthesized by Panchenko

Probe

Probe + Ho(lll)

Bright field

Green channel
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and co-workers [70]. Addition of Ag® ions to the solution of 63
enhanced the emission peak at 460 nm, however, only minor
changes in the absorption spectrum were observed. Binding stoi-
chiometry in 63.Ag” complex was found to be 1:1 and detection
limit came out to be 0.38 uM. Possible cause for the enhancement
in fluorescence was considered to be retardation of PET process.

1,8-naphthalimide based sensor, 64 (Fig. 52), was synthesized
by Fu and co-workers and used for the sensing of Pb%* ions in
EtOH/H,0 (v/v = 4:1) solution [114]. The free sensor 64 exhibited
strong fluorescence intensity at 528 nm, which decreased in inten-
sity upon addition of Pb?* ions due to its coordination with N, car-
bonyl O and OH of the 64.

Zhang et al. synthesized a 1,8-naphthalimide based sensor 65
(Fig. 52) for the ratiometric detection of Ho>" ions with the detec-
tion limit down to 6 x 1078 M [96]. Incorporation of Ho>" ions to
the HEPES:DMSO = 1:1 (v/v, pH = 7.4) solution of 65 blue shifted
the absorption peak from 425 to 370 nm along with visual color
change from light yellow to nearly colorless. In the fluorescence
spectrum, intensity of the emission peak at 512 nm decreased
and a new peak appeared at 480 nm accompanied by fluorescence
color change from yellow-green to cyan. These changes were
attributed to the coordination of Ho>* with 65 via hydroxyl and
aldehyde groups (Fig. 53). Interference studies revealed that the
proposed sensor 65 was highly selective towards Ho>" ions over
other ions. The binding stoichiometry and association constant in
65.Ho>" came out to be 1:2 and 6.37 x 10" M, respectively.
The proposed sensor 65 also detected Ho>" ions in A549 cells effi-
ciently (Fig. 54).

3. Anion sensors

Anions play a number of crucial roles in biological, environmen-
tal, chemical and industrial processes [115]. For an instance, fluo-
ride ion is added in toothpaste as it is beneficial for good dental
health and treatment of osteoporosis; cyanide ion has applications
in metallurgy, gold mining, electroplating and in industrial produc-
tion of organic chemicals and pyrophosphate ion helps in metabo-
lism and energy transduction etc. [116-118]. Despite the various
benefits offered by anions, their excess intake may result in numer-
ous disorders and interminable toxicity [115]. Thus, the detection
of anions is fundamental for the monitoring of controlled uptake
of anions by living beings and for this purpose, a number of 1,8-
naphthalmide based sensors have been synthesized by the
researchers working in this area.

Blue channel Ratio

Fig. 54. Fluorescence images of A549 cells incubated with probe 65. (Reproduced from Spectrochim. Acta A Mol. Biomol. Spectrosc. 174 (2017) 230-235 [96]).
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Advancements made in sensing of anions over the last few years
include enhanced sensitivity with LOD values in nanomolar range
[119-122], competence to detect anions in pure aqueous medium
[123-126], applicability of the chemosensors for the detection of
anions in real world samples viz. real water [119,123,124,127-
129], toothpaste [129,130], mouthwash [129] etc. and visualiza-
tion of anions in living cells and living organisms [120,121,131-
133]. Furthermore, for the rapid, convenient and on-site detection
of various anions, some of sensors have been linked to smartphone
[127,129], enabling the detection of anions via digital colorimetry;
while use of paper strips for the quantification of anions
[123,127,129] eliminated the need of experienced personnel,
expensive instrument and tedious sample preparation. Although,
there has been improvement in sensitivity, selectivity and practical
utilization of chemosensors for the detection of anions but the
number of sensors possessing these attributes are still very less
and efforts need to be made in these directions.

3.1. Fluoride (F~) ions

Yuan et al. synthesized 1,8-naphthalimide based sensors, 66—
67 (Fig. 55), which selectively detected F~ ions over other compet-
itive ions (Table 7) [130,134]. Upon addition of F~ ions to the
DMSO solution of 66, significant changes in the absorption spec-
trum were observed, which might be ascribed to the amide tau-
tomerization triggered by F~ that extended the conjugated
structure of the whole molecule (Fig. 56) [130]. In the fluorescence
spectrum, decrease in fluorescence intensity was observed on
addition of F~ ions (Table 7).

Significant changes were observed in the absorption and emis-
sion spectrum of 67 in the presence of F~ ions (Table 7) which were
attributed to combined effects of excited state intramolecular pro-
ton transfer (ESIPT) and PET processes [134]. '"H NMR titration
studies indicated deprotonation of hydroxyl group of 67 due to
hydrogen bond interaction between O-H and F~ ions (Fig. 57).

Li and group synthesized a 1,8-naphthalimide based probe, 68
(Fig. 55), that underwent significant changes in the absorption
and emission spectrum due to its deprotonation caused by F~ ions

O
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(Fig. 58) and detected F~ ions with LOD value of 107 nM (Table 8)
[119]. Furthermore, the proposed sensor efficiently detected F~
ions in real water samples.

Xiao et al. synthesized a naphthalimide based chemosensor 69
(Fig. 55) for naked eye detection of fluoride ion [135]. In the
absorption spectrum, red shift in the absorption peak and emer-
gence of new peak was observed along with visual color change
from yellow to blue upon incorporation of F~ ions. In the fluores-
cence spectrum, intensity of emission band reduced to 1/14 and
color changed from orange to non-fluorescent blue observable
under UV light (Table 8). 'TH NMR titration studies indicated that
F~ induced deprotonation of N-H of 69 occurred due to hydrogen
bond interaction between naphthyl hydrazine and fluoride ions
(Fig. 59).

A chemosensor, 70 (Fig. 55), based on 1,8-naphthalimide and
benzothizazole was synthesized by Chen et al. for the naked eye
and fluorescent detection of F~ ions due to hydrogen-bond interac-
tion between F~ and amino proton of 70 followed by deprotonation
of amino group (Table 8) [136].

1,8-naphthalimide based Schiff base, 71 (Fig. 55), acted as the
dual mode chromofluorogenic sensor for F~ ions detection with
binding stoichiometry between 71 and F~ ions to be 1:3, indicating
that binding of F~ occurred with one N-H and two O-H groups of
71, followed by deprotonation resulting into enhanced electron
density, which directed to augment ICT and PET processes as con-
firmed by 'H NMR titration experiments (Table 8) [127]. The col-
orimetric response of 71 towards F~ was combined with
smartphone, which eliminated the need of skilled personnel for
operating sophisticated instruments. In addition to this, test strips
were developed for the easy and cost-effective sensing of F~ ions.
The sensor 71 was also applied for the sensing of fluoride ions in
real water samples and exhibited good response.

A 1,8-naphthalimide linked pyridoxal Schiff base, 72 (Fig. 60),
was synthesized by Pati et al. and utilized for the detection of F~
ions by observing changes in its UV-Vis and fluorescence spectrum
[137]. Further, 72 was conveniently modified to gel because of the
presence of pyridine ring and other hydrogen bond donors and
acceptors present in it. Addition of F~ ions to the gel form of 72

R 0 K=/
RI—N O
(6]
,69.R; = -CyHg,Ry=
H

(@)
i o

w2

Fig. 55. Structures of chemosensors 66-71.

Table 7
Solvent systems, absorption and fluorescence changes, naked eye color changes, mechanism, stoichiometry (Ligand:Analyte), K;* and LOD* values of sensors (66-67) on binding
with F~ ions.
Sensor Solvent Absorption changes (nm) Observed fluorescence Color changes Mechanism  Stoichiometry K, (x x 10> M~') LOD (uM) Ref.
quenching at (nm)
66 DMSO  Decrease at 350, 404 and 554 Yellow — red PET 1:1 5.91 0.55 [130]
new band at 515
67 THF 350 — 490 593 Yellow — light purple PET & ESIPT 1:1 229 0.015 [134]
420 — 572

*Ka and LOD values have been determined by observing fluorescence changes.
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Fig. 57. Plausible mechanism of sensing of F~ ions by 67.
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Fig. 58. F mediated deprotonation reaction of 68.

ruptured the gel and converted it into sol form with color change
from greenish yellow to blue and the gel form was revived on addi-
tion of Ca?* ions. Thus, the proposed sensor efficiently detected F~
ions in both gel and solution states. Furthermore, compound 72
was attached to a solid Merrifield resin to form polymeric beads

Coordination Chemistry Reviews 459 (2022) 214454

(72a-b) and their sensing properties towards F~ ions were exam-
ined. Both the beads conveniently detected F~ by showing color
change and the action of F~ was reversed by addition of calcium
perchlorate for upto 3 times. The color change shown by 72a (or-
ange to greenish blue) was found to be sharper than that of 72b.
AcO~ and H,POjz also exhibited minor effects on the spectra of
all the three states, but more sensitive behaviour was displayed
towards F~ ions only.

A fluorescent sensor, 73 (Fig. 60), based on naphthalimide and
imidazolium moieties was synthesized by Kongwutthivech et al.
for colorimetric and fluorimetric detection of F~ ions because of
electrostatic and hydrogen bonding interactions between acidic
proton of 73 and F~ ion [138]. The proposed sensor 73 offered
naked eye detection of fluoride ion by changing the color of solu-
tion from green to purple. In the fluorescence spectrum, large
quenching was observed at 530 nm on addition of fluoride ions.
The binding ratio in 73.F~ was found to 1:1 and LOD and limit of
quantification (LOQ) of 73 towards F~ was measured to 0.18 mM
and 0.60 mM.

Yang and co-workers synthesized a 1,8-naphthalimide based
colorimetric chemosensor 74 (Fig. 61) for the ratiometric detection
of F~ ions [128]. On addition of fluoride ions to the DMSO solution
of 74, the absorption peak was red shifted from 422 to 583 nm
along with naked eye color change from yellow to purple. From
the pH dependence studies, it was found that pH hardly influenced
the functioning of sensor 74 and it was stable in the wide pH span.
The proposed sensor was found to be highly selective towards F~
ions over other ions and displayed excellent sensitivity with the
detection limit down to 0.61 uM. From the DFT study, the plausible
sensing mechanism at low concentration was revealed to be
hydrogen bonding between 74 and F~, whereas at high concentra-
tion, deprotonation of O-H group took place.

A 1,8-naphthalimide based chemosensor, 75 (Fig. 61), was syn-
thesized by Yadav and co-workers for the selective and reversible
detection of F~ ions with the detection limit down to 0.7413 uM
[129]. On addition of F~ ions to the DMSO/H,0 (9:1, v/v) solution
of 75, the absorption peak underwent large red shift of 217 nm
from 450 to 667 nm causing color change from yellow to green,
possibly due to augmented ICT from amino proton of NC to conju-
gated and electron withdrawing 1,8-naphthalimide moiety. The
proposed sensor exhibited efficient colorimetric sensing of F~ ions
in pH range 6.5 to 7.0. From the absorption studies, binding stoi-
chiometry and association constant for 75.F came out to be 1:1
and 0.67 x 10° M, respectively. In the emission spectrum,
quenching in fluorescence was observed at 536 nm along with
slight blue shift, which was ascribed to enhancement in PET and
ICT processes as a consequence of increased electron density on
N atom due to deprotonation of -NH group. For the practical util-
ity, test strips based on 75 were prepared and colorimetric
response of 75 towards F~ ions was integrated with smartphone
leading to the development low cost, portable and user friendly
analytical technique for the determination of fluoride ions. Fur-
thermore, the proposed sensor efficiently quantified F~ ions in real
life samples such as toothpaste, mouthwash and real water
samples.

Table 8

Solvent systems, absorption and fluorescence changes, naked eye color changes, stoichiometry (Ligand:Analyte), K,* and LOD* values of sensors (68-71) on binding with F~ ions.
Sensor  Solvent Absorption changes (nm) Fluorescence changes (nm) Color changes Stoichiometry K, (x 10%) (M~!) LOD (uM) Ref.
68 DMSO 476 — 596 Quenching at 571 Orange — purple - - 0.107 [119]
69 DMSO-H,0 (v/v, 7:1) 460 — 630, 364 Quenching at 556 Yellow — blue 1:1 - 0.806 [135]
70 CH3CN Decrease at 445 — 620 505 — 660 yellow — blue 1:1 1.46 0.41 [136]
71 DMSO-H,0 (v/v, 9:1) 480 — 587, 625 Quenching at 584 Orange — blue 1:3 0.817 x 10° ** 0.00134 [127]

*K, and LOD values have been determined by observing fluorescence changes.
**K, value is in the units M~

3 and has been determined for 71:F~ (1:3) by observing fluorescence changes.
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3.2. Cyanide (CN~) ions

A fluorescent turn-on sensor based on naphthalimide-benzo
thiazole conjugate 76 (Fig. 62) was synthesized by Reddy et al.
and utilized for the detection of CN~ ions with detection limit down

Coordination Chemistry Reviews 459 (2022) 214454

to 3.55 x 1078 M [139]. Upon incorporation of CN~ to the THF solu-
tion of 76, absorption peak at 367 nm decreased along with red
shift to 353 nm accompanied by appearance of a new peak at
506 nm with simultaneous appearance of two isobestic points at
302 and 436 nm. In the fluorescence spectrum, 21-fold enhance-
ment in the intensity of emission peak at 411 nm was observed.
The reason for these spectral changes as analyzed by 'H, '3C, DEPT,
and mass spectroscopy came out to be disruption in the conjuga-
tion between benzothiazole and naphthalimide units of 76.

Aromatic carboxyl functionalized 1,8-naphthalimide based
chemosensor 77 (Fig. 62) was synthesized by Wang et al., which
displayed changes in its fluorescence spectrum along with color
change from bright blue to colorless under UV lamp with addition
of CN™ ions (Table 9) [123]. Free sensor 77 was regenerated when
H* ions were added to the solution of 77.CN™ and it was found that
this “on-off-on” process could be repeated at least three times with
a little loss of fluorescence intensity. The hydrogen bond in the free
sensor was destroyed on addition of CN™ ions, making intramolec-
ular rotation possible and the state changed from ICT to twisted ICT
(TICT) state, which was confirmed to be the mechanism of detec-
tion of CN™ ions by 77 by 'H NMR titration experiments.

3.3. Hypochlorite (CIO™) ions

Lee and co-workers synthesized a naphthol-naphthalimide
based turn-on fluorescent sensor, 78 (Fig. 62), that underwent sig-
nificant absorption and fluorescence changes with addition of CIO~
ions in aqueous media, attributed to deprotonation of -OH proton
by ClO™ ions (Table 9) [140].

Another similar naphthalimide based fluorescent probe 79
(Fig. 62), synthesized by Lee and group displayed quenching of flu-
orescence due to deprotonation of -NH proton by ClO~, which was
demonstrated by ESI-MS, 'H NMR studies, fluorescence and UV-
Vis spectroscopy and time-dependent DFT (TD-DFT) calculations
(Table 9) [124].

3.4. Sulfide (5°), bisulfite (HSO3 ) ions

Lohar et al. synthesized a naphthalimide based chemosensor,
80 (Fig. 63), for the fluorimetric detection of sulfide ions based
on ICT process via nucleophilic addition of monoanion (HS™) of
H,S (Table 10) [131]. Nucleophilic addition of HS™ to the C = N unit
produced an intermediate, in which electron supply to the naph-
thalimide moiety through benzene ring was facilitated, leading to
enhancement of fluorescence based on ICT process (Fig. 64). More-
over, being non-toxic, the sensor 80 was successfully used for
imaging of the intercellular distribution of the sulfide ions in Bacil-
lus subtilis and Candida sp. cells.
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Fig. 62. Structures of chemosensors 76-79.

Table 9

Solvent systems, absorption and fluorescence changes, mechanism, K,* and LOD* values of sensors (77-79) in the presence of various analytes.

Sensor (Analyte) Solvent Absorption changes (nm)

Fluorescence changes (nm) Mechanism K, (M~!) LOD (uM) Ref.

77 (CN7) Pure water (pH = 7.2) - Quenching at 390 ICT-TICT 6.08 x 10° 0.0138  [123]
78 (ClO") Bis-tris buffer/MeOH (9:1, pH 7.0) Decrease at 250 and 350 Enhancement at 395 - - 10.67 [140]
79 (Cl07) PBS buffer (0.01 M PBS, pH 7.4) Increase at 290 and decrease at 260 Quenching at 395 ICT - 0.60 [124]

*K, and LOD values have been determined by observing fluorescence changes.
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Fig. 63. Structures of chemosensors 80-83.

A FRET based chemosensor 81 (Fig. 63) derived from naphthal-
imide and hemicyanine was synthesized by Shen et al., whose red
fluorescence was quenched; while green fluorescence was recov-
ered in the presence of HSO3 ions (Table 10) [120]. The quenching
in red fluorescence was ascribed to the destruction of D-mt-A sys-
tem of hemicyanine because of Michael addition reaction between
HSO3 and C=C double bonds conjugated with indole (Fig. 65).
Destruction of FRET structure caused by the broken hemicyanine
was responsible for the recovery of green fluorescence. In the
absorption spectrum, peak at 545 nm disappeared completely
due to Michael addition between bisulfite and C=C double bonds
of 81, while only a slight change was observed in the absorption
peak at 375 nm. The probe 81 conveniently detected F~ ions in
MCEF-7 cells and mitochondria.

Everitt and co-workers synthesized 1,8-naphthalimide based
sensor 82 (Fig. 63) containing a strong electron-withdrawing group
(-CFs3) for the quantitative detection of HSO3 ions in the aqueous
media by displaying significant absorption and emission changes
(Table 10) [121]. These changes were attributed to nucleophilic
addition based mechanism, where HSO3 ion, being a good nucle-
ophile, underwent nucleophilic addition reaction with 82, which
was facilitated by electron-withdrawing group (-CF3) on it

Table 10

Coordination Chemistry Reviews 459 (2022) 214454
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Fig. 64. Possible mechanism of nucleophilic addition of HS™ on sensor 80.

(Fig. 66). Furthermore, 82 successfully detected HSO3 ions in
RK13 epithelial cells.

3.5. Picrate ions

The chemosensor 83 (Fig. 63) based on 1,8-naphthalimide
detected picrate anions in the DMF solution by quenching of fluo-
rescence along with disappearance of yellow-green fluorescence
(Table 10) [141]. This change was attributed to the hydrogen bond-
ing of picrate ion with amide group of 83 and subsequent deproto-
nation, leading to inhibition of PET. Comparative studies revealed
that other competitive ions had no effect on the sensing of picrate
ions.

3.6. Pyrophosphate and phosphonate ions

Naphthalimide-based polyammonium chemosensors (84a-84d)
(Fig. 67) were synthesized and their binding properties towards
anions were studied by Oshchepkov et al. [125] Among the syn-
thesized compounds, 84a, 84b and 84d detected pyrophosphate
in basic pH (8.0-9.0); while sensor 84c was able to sense
pyrophosphate at pH = 5.6. Due to binding with pyrophosphate,
enhancement in fluorescence was observed in all the cases. This
change was ascribed to inhibition of PET because of deprotonation
of (84a-84d). Furthermore, it was found that 84a and 84d exhib-
ited both turn-on and turn-off response depending on the pH of
the medium. Turn-off response in case of 84a and 84d was
observed at pH less than 7.0 and 8.6, respectively. From UV-Vis
and NMR studies, it was found that 84a and 84d underwent aggre-
gation in the presence of pyrophosphate, which led to quenching in
fluorescence.

Solvent systems, absorption and fluorescence changes, naked eye color changes, mechanism and LOD* values of sensors (80-83) in the presence of various analytes.

Sensor (Analyte) Solvent Absorption changes (nm)

Fluorescence changes (nm) Color changes

Mechanism LOD (uM) Ref.

80 (S?7) water/DMSO (3:1, v/v) New peak appeared at 472 Enhancement at 502 Colorless — quiet yellow ICT 24 [131]

81 (HSO3) PBS (containing 40% DMF) Disappeared at 545, slight 590 — 527 Red — yellow FRET 0.0612 [120]
change at 375

82 (HSO3) PBS buffer /DMSO (4:6) 398 to 360 Quenching at 491 - - 0.0032 [121]

83 (Picrate ions) DMF - Quenching at 516 - PET 0.66 [141]

*LOD values have been determined by observing fluorescence changes.
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Fig. 65. Proposed mode of sensing of HSO3 ions by 81.
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Fig. 66. Nucleophilic addition reaction of HSO3 with sensor 82.
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Fig. 68. Structures of chemosensors 85-86.

Oshchepkov and group synthesized chemosensor, 85 (Fig. 68),
containing a triamine subunit and 1,8-naphthalimide with an allyl
group and utilized it for the detection of industrial phosphonates
viz. ATMP (aminotris(methylenephosphonate) and HEDPA (1-
hydroxyethane 1,1-diphosphonate) [126]. The proposed sensor
selectively detected phosphonates over other anions and exhibited
significant fluorescence enhancement at 545 nm in the presence of
phosphonates (ATMP and HEDPA). This change was ascribed to
hindrance caused in PET process due to protonation of free amine
groups in 85. ATMP caused more enhancement in fluorescence
than HEDPA as binding in 85-ATMP (K, = 17700 M~!) was found
to be stronger than that of 85-HEDPA. Further, cryopolymers
(85a-85c) based on 85 were synthesized for the sensing of phos-
phonates. Quenching in fluorescence of (85a-85c) was observed
due to self-aggregation of dye molecules in the presence of phos-
phonates. Detection limits of 85 and (85b-85c) towards ATMP
detection were measured to be 0.02, 0.1 and 0.15 mmol L7},
respectively.

3.7. Peroxynitrite (ONOO~) anions

A 1,8-naphthalimide based chemosensor 86 (Fig. 68) was syn-
thesized by Fu et al. for the visualization of endogenous ONOO™~
in living cells [122]. With addition of ONOO™ to the PBS and ethanol
solution of 86, absorption intensity at 336 and 490 nm decreased;
while increased at 356 and 442 nm. These changes were accompa-
nied by naked eye solution color change from orange to pale yel-

22
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low. In the fluorescence spectrum, 34-fold enhancement in
fluorescence intensity was observed in the presence of ONOO™ at
518 nm and detection limit of 86 towards peroxynitrite detection
was measured to be 37 nM. These changes were ascribed to the
nucleophilic attack of ONOO™ on cyano substituted electron-
withdrawing C = C bond, leading to release of N-CHO (Fig. 69). Fur-
thermore, the proposed sensor 86 efficiently visualized endoge-
nous and exogenous peroxynitrite in living cells.

3.8. Superoxide anions

Zhang et al. synthesized a two-photon naphthalimide based
probe, 87 (Fig. 70), for the ratiometric detection of superoxide
anion (O3") with the detection limit down to 0.370 uM [132]. On
addition of superoxide anion to the HEPES-DMSO (1:1, pH 7.4)
solution of 87, the absorption peak was shifted from 375 to
431 nm and in the fluorescence spectrum, emission peak shifted
from 475 to 540 nm with 18-fold enhancement in fluorescence.
These spectral changes were ascribed to the superoxide anion
mediated deprotection of diphenylphosphinate group and conse-
quent self-immolation to expose amidogen (Fig. 71). The proposed
sensor was found to be highly selective towards superoxide anions

oNOO™ O N 20
o
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Fig. 69. Mechanism of ONOO~ sensing by 86.
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Fig. 70. Structures of chemosensors 87-88.
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Fig. 71. Proposed mechanism of sensing of superoxide anion by 87 by nucleophilic
substitution.
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for other competitive analytes. Furthermore, the probe 87 was uti-
lized for the imaging of superoxide anions in Daphnia magna and
mitochondria of living cells.

A 1,8-naphthalimide based two-photon probe 88 (Fig. 70) was
synthesized by Ma and co-workers for the tracking of superoxide
anions by observing changes in its absorption and emission spec-
trum [133]. In the presence of superoxide anions, increase was
observed in the absorption and emission intensity, which was
ascribed to the removal of hydroxyl group from triflate (Fig. 72).
The detection limit of 88 towards superoxide anions were mea-
sured to be 0.047 nM. Furthermore, based on low cytotoxicity
and high tissue penetration ability, it was used for the imaging of
superoxide anions in lysosome of Hela cells, zebrafish and pneu-
monia tissue of living mice.

4. Sensors for biomolecules

Biomolecules play very important role in a number of fields
including biology, environment, food, public health, and medicine
etc. [142]. Various amino acids are responsible for normal func-
tioning of biological processes in the human body as they regulate
various cellular processes, however, even a slight change in their
concentration may lead to various diseases [143]. For example,
abnormal level of cysteine may result in Parkinson’s disease, liver
damage and skin lesions etc. and deficiency of glutathione is asso-
ciated with neurodegeneration, inflammation and so forth [144].

) ¢
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Fig. 72. Possible mechanism of sensing of superoxide anions by 88.
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Thus, monitoring the levels of various biomolecules in living
organisms is vital for the early diagnosis of many diseases. In this
respect, a number of 1,8-naphthalimide based probes have been
reported for the convenient detection of various biomolecules.

Key features of the naphthalimide based chemosensors targeted
for the detection of biomolecules over the recent years include
high sensitivity (nanomolar LOD) [145-151], application in pure
aqueous medium [143-145,150,152,153] and imaging of biomole-
cules in living cells, tissues and organisms [143-149,154-159].
Despite various advantages offered by these naphthalimide based
sensors, modifications need to be made in order to make portable
and cost-effective devices to increase their utilization.

4.1. Biothiols (glutathione, cysteine and homocysteine)

A naphthalimide-indole fused sensor 89 (Fig. 73) was synthe-
sized by Rong et al., which detected biothiols glutathione (GSH),
cysteine (Cys) and homocysteine (Hcy) by displaying changes in
the absorption spectrum and enhancement in fluorescence in PBS
buffer solution (Table 11) [145]. The detection was possible due
to blockage of PET process, when recognition group got separated
from the fluorophore due to nucleophilic reaction between 89
and GSH (Fig. 74). Selectivity and anti-interference studies
revealed that other biological amino acids did not interfere with
the detection of biothiols. Furthermore, the proposed sensor 89
efficiently detected biothiols in MCF-7 cells.

Zhu et al. synthesized a fluorescent probe, 90 (Fig. 73), by com-
bination of 4-hydroxy-1,8-naphthalimide and 4-chloro-7-
nitrobenzofurazan and utilized it for the detection of biothiols
(GSH, Cys, Hcy) [152]. The free sensor 90 exhibited no fluorescence
because of enhancement of PET effect and suppression of ICT pro-
cess, however, on addition of biothiols, substantial enhancement in
fluorescence was observed (Table 11). In the absorption spectrum,
significant absorption changes (Table 11) were observed along
with visual color change from colorless to light yellow. On reaction
of 90 with biothiols, ether bond had been broken to yield smaller
products leading to multiple enhancements (Fig. 75). The proposed
sensor efficiently detected biothiols in living cells, zebrafish and
distinguished cancer cells from normal cells.

Ar= 90.
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Fig. 73. Structures of chemosensors 89-91.

Table 11

Solvent systems, absorption and fluorescence changes, naked eye color changes and LOD* values of sensors (89-91) in the presence of biothiols (GSH, Cys, Hcy).

Sensor Solvent Absorption Fluorescence Color changes LOD (uM) Ref.
(Analyte) changes (nm) enhancement at (nm)

89 (GSH) PBS buffer (10 mM, 1 mM CTAB, pH = 7.4) 421 — 447 590 - 0.00897  [145]
89 (Cys) PBS buffer (10 mM, 1 mM CTAB, pH = 7.4) 421 — 447 590 - 0.00987  [145]
89 (Hcy) PBS buffer (10 mM, 1 mM CTAB, pH = 7.4) 421 - 447 590 - 0.0102 [145]
90 (GSH) PBS solution (10 mM, pH = 7.4) 375 — 475 550 colorless — light yellow 0.058 [152]
90 (Cys) PBS solution (10 mM, pH = 7.4) 375 - 475 550 colorless — light yellow 0.031 [152]
90 (Hcy) PBS solution (10 mM, pH = 7.4) 375 — 430 550 colorless — light yellow 0.066 [152]
91 (GSH) tris buffer solution (20 mM, pH 7.4, containing 10% DMSO, v/v) Increase at 450 550 (3.4-fold) colorless — pale yellow 0.46 [144]
91 (Cys) tris buffer solution (20 mM, pH 7.4, containing 10% DMSO, v/v) Increase at 450 550 (7.0-fold) colorless — pale yellow 0.32 [144]
91 (Hcy) tris buffer solution (20 mM, pH 7.4, containing 10% DMSO, v/v) Increase at 450 550 (2.8-fold) colorless — pale yellow 0.88 [144]

* LOD values have been determined by observing fluorescence changes.
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Fig. 74. Proposed nucleophilic reaction between 89 and GSH.

Zhuo et al. synthesized 3,5-dinitropyridin-2-yl substituted
naphthalimide based fluorescent probe 91 (Fig. 73), which under-
went color change from colorless to pale yellow and emittance of
lemon-yellow fluorescence observable under UV lamp with addi-
tion of biothiols (GSH, Cys, Hcy) (Table 11) [144]. These biothiols
were detected by 91 on the basis of biothiol triggered nucleophilic
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Fig. 75. Proposed mechanism of binding of 90 with biothiols.
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Fig. 77. Structures of chemosensors 92-94.
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aromatic substitution mechanism to yield 4-hydroxy-1,8-
naphthylimide fluorescent dyes (Fig. 76).

4.2. Selenocysteine

An ICT based 1,8-naphthalimide possessing chemosensor 92
(Fig. 77), synthesized by Tian et al., detected selenocysteine by
showing changes in absorption as well as fluorescence spectrum
along with naked eye color change from colorless to faint yellow
and fluorescence color change from blue to yellow (Table 12)
[146]. These changes were ascribed to the selenocysteine triggered
hydrolysis of 92 to from an electron rich acrylate (4-
hydroxynaphthalimide), which was responsible for distinct fluo-
rescence signal. Selectivity studies revealed that other biothiols,
amino acids, reactive oxygen species and seleno compounds did
not show any interference to the sensing of selenocysteine in bio-
logical conditions. The proposed sensor also detected selenocys-
teine in Hela cells.

A FRET-ICT dual modulated fluorescent probe, 93 (Fig. 77),
based on 1,8-naphthalimide was synthesized by Wang and co-
workers for the detection of cellular selenocysteine [147]. The free
sensor 93 exhibited one emission peak with blue fluorescence,
however, on addition of selenocysteine, it displayed two distinct
emission bands with blue and green fluorescence (Table 12). These
changes were ascribed to the cleavage of ester group by selenocys-
teine leading to blockage of ICT effect and restoration of FRET effect
(Fig. 78).

A two-photon-FRET-based 1,8-naphthalimide derived fluores-
cent sensor 94 (Fig. 77) displayed absorption and emission changes
with fluorescence color change from blue to yellow with addition
of selenocysteine (Table 12) [148]. Recovery of FRET process due
to release of naphthalimide fluorophore was responsible for these
fluorescence changes (Fig. 79). The proposed sensor 94 efficiently
detected selenocysteine in the HeLa cells, living tissues and
zebrafish.

4.3. Cysteine

Aydin and co-workers synthesized a 1,8-naphthalimide based
fluorescent probe 95 (Fig. 80) for the selective sensing of cysteine
over other biologically important amino acids with the detection
limit as low as 9.06 nM [149]. Upon incorporation of cysteine to
the EtOH: H,0 (90: 10, v/v, 0.0670 M PBS buffer pH = 7.0) solution
of 95, 7.2-fold decrease in emission intensity was observed at
416 nm. From the Matrix-assisted laser desorption/ionization-
time of flight mass spectrometry (MALDI-TOF-MS) spectra and
DFT studies, the proposed sensing mechanism was found to be
addition-cyclization-elimination strategy and ICT recognition
mechanism (Fig. 81). Furthermore, the probe 95 was utilized for
the imaging of cysteine in the healthy hepatocytes (THLE2) and
hepatocellular carcinoma cells (HepG2).

Yu and co-workers synthesized 1,8-naphthalimide based
chemosensor, 96 (Fig. 80), on the basis of “receptor;-fluorophore-
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Table 12
Solvent systems, absorption changes, fluorescence changes, mechanism and LOD* values of sensors (92-94) on addition of selenocysteine.
Sensor Solvent Absorption changes (nm) Fluorescence changes (nm) Mechanism LOD (nM) Ref.
92 20 mM PBS with 5% DMSO co-solvent, pH 7.4 345 — 449 Decrease at 420 and increase in new ICT 12.0 [146]
band range from 500 to 650
93 DMSO/PBS (1:99, v/v, pH 7.4) - Decrease at 482 and increase at 550 FRET-ICT 6.9 [147]
94 DMSO/PBS (1:99, v/v, pH 7.4) 406 — 419 463 - 545 TP-FRET 7.88 [148]

* LOD values have been determined by observing fluorescence changes.

spacer-receptor,” model, which underwent emission and absorp-
tion changes with visual color change from colorless to pale yellow
with incorporation of cysteine (Table 13) [154]. This change was
attributed to the formation of phenolic hydroxyl group via Michael
addition and intramolecular cyclization reactions in 96 on reaction
with cysteine that eliminated the PET quenching process of 96 and
resulted in strong fluorescence (Fig. 82). Based on the low cytotox-
icity and biocompatibility of 96, it was used for cellular imaging of
cysteine and exhibited satisfactory results.

Similar Michael addition and intramolecular cyclization reac-
tions (Fig. 83) between another 1,8-naphthalimide based
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Fig. 78. Mechanism of sensing of selenocysteine by 93.

chemosensor, 97 (Fig. 80) and cysteine were responsible for signif-
icant changes in naked eye color change from pale yellow to blue-
violet and absorption as well as fluorescence spectrum (Table 13)
[143].

4.4. Tyrosinase

Sidhu et al. synthesized two naphthalimide based sensors, 98-
99, that detected tyrosinase by showing changes in the emission
spectrum with low detection limit (Table 13) [155,156]. The fluo-
rescence change observed in sensor 98 (Fig. 80) was ascribed to
the oxidation of 3-hydroxyphenyl moiety to the o-dihydroxy
derivative, which led to the release of 4-aminonaphthalimide unit
from 98 (Fig. 84). The sensor 98 was able to do cellular imaging
efficiently, when applied to A375 cells.

Similar type of formation of o-dihydroxy derivative by the oxi-
dation of 4-hydroxyphenethylamine moiety was observed, when
fluorescent probe 99 (Fig. 85) was covalently linked to carbon dots
via naphthalimide fluorophore. The probe 99 was also used for
imaging of endogenous tyrosinase and satisfactory results were
obtained.

4.5. Nicotinamide adenine dinucleotide-hydrogen (NADH)

A 1,8-naphthalimide based sensor 100 (Fig. 85) synthesized by
Podder and co-workers, detected NADH levels in living cells,
where enhancement in fluorescence was observed upon addition
of NADH and nicotinamide adenine dinucleotide phosphate (NAD
(P)H) due to turning on of the ICT process (Table 13) [157]. Further-

Blue emission

Fig. 79. Pictorial representation of mechanism of interaction of selenocysteine
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Fig. 80. Structures of chemosensors 95-98.
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more, the probe 100 accurately determined the NADH levels in
normal cells as well as cancer cells.

4.6. Dipicolinic acid (DPA)

An ICT based hybrid assembly consisting of naphthalimide-
histidine receptor, 101 (Fig. 85), coupled with DNA was synthe-
sized by Verma and group for the sensing of DPA, which acted as
a biomarker for Bacillus anthracis spores [150]. On addition of dipi-
colinic acid to the aqueous solution of 101, negligible changes in
absorption and fluorescence spectrum were observed due to hin-
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Fig. 81. Possible mechanism of detection of cysteine by 95.
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drance of amide bond formation between the receptor 101 and
DPA, which could be modulated in the presence of DNA. The addi-
tion of salmon sperm DNA to the solution of 101 resulted in hypo-
chromic shift in the absorption spectrum and fluorescence
quenching of emission peak located at 545 nm, proposing interca-
lation of DNA with 101. Moreover, the Circular dichroism (CD)
spectrum showed increase in intensities of both the positive and
negative bands, again pointing to binding of 101 with DNA via
intercalating mode. The DNA-101 hybrid assembly displayed sig-
nificant changes in the absorption as well as emission spectrum
with addition of dipicolinic acid due to CT interactions between
the donor and the acceptor moieties of DNA-101 hybrid (Table 13).
Here, the electron-donating amino group of 101 affected both ICT
within the DNA-101 and the emission maxima, which was respon-
sible for fluorescence detection of DPA (Fig. 86).

4.7. Thioredoxin reductase and cancer cells

A carbon dot (energy donor) based naphthalimide (energy
acceptor) coupled pair, 102 (Fig. 87), was developed by Sidhu
et al. for the detection of thioredoxin reductase and cancer cells
[158]. Enhancement in fluorescence of 102 was observed in the
presence of thioredoxin reductase along with fluorescence color
change from orange-yellow to blue (Table 13). This change was
ascribed to breakage of disulfide bonds in linker units leading to

Solvent systems, absorption and fluorescence changes, naked eye color changes, mechanism and LOD* values of sensors (96-102) in the presence of various analytes.

Sensor (Analyte) Solvent Absorption changes Fluorescence changes (nm) Color changes Mechanism LOD (uM) Ref.
(nm)

96 (Cysteine) DMSO/H,0 (9:1, v/v) 340 — 374, isobestic Enhancement at 559 colorless — pale yellow - 0.12 [154]
point at 360

97 (Cysteine) PBS buffer solution 350, 450 - 556,475  Enhancement at 665 pale yellow — blue- ICT 0.093 [143]

violet

98 (Tyrosinase) 10:90 v/v CH5CN: PBS - 467 to 535 - - 0.2¢ [155]

99 (Tyrosinase) PBS solution - Decrease at 540 nm - FRET & PET 1.2° [156]

100 (NADH) PBS buffer with 1% - Enhancement at 460 and - - 1.075" [157]

DMSO 550 1.114°
101 (Dipicolinic acid) HEPES buffer 430 — 451 Enhancement at 520 - ICT 0.012 [150]
102 (Thioredoxin HEPES buffer - Enhancement at 450 and - FRET 0.072 [158]

reductase)

quenching at 565

*LOD values have been determined by observing fluorescence changes.
2 LOD values are in the units U mL™"
b for emission at 460 and € for emission at 550.
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Fig. 82. Possible sensing mechanism of cysteine using sensor 96.
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Fig. 84. Possible mechanism of sensing of tyrosinase using sensor 98.

separation of two fluorophore units by which energy transfer pro-
cess got eliminated. The proposed sensor was also utilized for the
detection of cancer cells.

4.8. Triphosphate (TPP) and TPP based biomolecules

1,8-Naphthalimide based charged sensors (103a and 103b)
(Fig. 88) were synthesized for the sensing of TPP and TPP based
biomolecules by Mondal et al. [160]. Addition of P;035 (PPPi) to
the CH3CN-H,0 (1:1, v/v, pH = 6.8, 10 mM HEPES buffer) solution
of 103a and 103b quenched the fluorescence emission at
451 nm. HP,03~ and P,0% also perturbed the emission but to a
lesser extent than PPPi. Similarly, adenosine triphosphate (ATP)
produced more spectral changes as compared to adenosine di-

R
R
R
0 oH
R = ~ N o ﬂ
P N
HN O
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phosphate (ADP) and adenosine mono phosphate (AMP). The asso-
ciation constant (LOD) values for 103a.PPPi and 103b.PPPi were
found to be 3.62 x 10* M~! (0.672 puM) and 7.04 x 10> M~!
(6.82 pM), respectively, displaying more sensitivity of 103a
towards the detection of PPPi. In the UV-Vis spectrum of 103a,
decrease in absorption intensity at 362 nm and quenching in fluo-
rescence at 451 nm was observed and maximum decrease was
observed in case of PPPi amongst all tested anions. Furthermore,
it was found that guanosine triphosphate (GTP), cytidine triphos-
phate (CTP) and thymidine triphosphate (TTP) also exhibited sig-
nificant spectral changes, making the proposed sensors non-
selective for ATP detection over these triphosphate based biomole-
cules. The sensors 103a.PPPi and 103b.PPPi were also able to detect
Ca?* and Mg?" ions in aqueous solution.

4.9. Acetylcholine

Mangalath et al. 2017 synthesized pH sensitive graphene
oxide-naphthalimide nanoconjugates (GO-104 and rGO-104)
(Fig. 89), among which GO-104 was used for the detection of
acetylcholine (ACh) [161]. The nanoconjugates exhibited highly
quenched fluorescence in aqueous solutions due to -7 interaction
of the chromophores with the graphene oxide surface and internal
PET processes (Fig. 89). However, lowering the pH resulted in
enhancement of the fluorescence. This was due to protonation of
the N atoms of 104 and all oxygen containing functional groups
of GO/rGO surface at lower pH, which perturbed the strong interac-
tion of 104 with GO surface. Also, protonation of N-atoms
enhanced the hydrophilicity and solubility of 104 in aqueous
media, resulting in the dynamic dislocation of the molecules of
104 from the GO surface. The ability of GO-104 for the detection
of pH change was further employed for its use towards enzymatic
hydrolysis of ACh to choline and acetic acid by lowering the pH,
which was detected by turn-on response of GO-104.

4.10. Glucosyltransferases

Feng et al. synthesized a two-photon ratiometric fluorescent
probe N-(n-butyl)-4-hydroxy-1,8-naphthalimide 105 (Fig. 90) for
the detection of glucosyltransferases in fungal samples [159]. The
product formed upon reaction of 105 with glycosyltransferase
exhibited blue fluorescence under UV light, which was helpful in
the isolation of fungal strains having over-expression of glucosyl-
transferases from complex soil samples. The emergence of blue flu-
orescence was ascribed to the acceptance of glucosyl group by
phenolic hydroxyl group because of its capacity as good electron
donor. Since 4-OH led to strong ICT effect upon excitation, its glu-
colysation to yield 4-0-8-D-glucopyranosyl-N-butyl-1,8-
naphthalimide imparted significant changes in the emission spec-
trum (Fig. 91). Using the strategy proposed, two fungal strains
were isolated, which were identified to be Rhizopus oryzae and
Mucor circinelloides.
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Fig. 85. Structures of chemosensors 99-101.
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4.11. Heparin

Ghosh and co-workers synthesized 1,8-naphthalimide based
derivative, 106 (Fig. 90), having naphthyl residue and 3-
aminopyridyl units at both ends that detected heparin by forming
its FONPs in DMSO-H,0 binary solvent mixture [151]. 106 possess-
ing FONPs exhibited orange fluorescence as naphthyl residue pro-
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moted ICT process. Further, positively charged protamine (Pro)
interacted with negatively charged aminopyridine residues of
FONPs to yield 106 based FONP-Pro conjugates with diminished
fluorescence intensity. Addition of heparin to the 106 based
FONP-Pro conjugates, turned on the fluorescence, as protamine
was removed from the surface of conjugates because of very strong
interaction between heparin and protamine (Fig. 92). LOD of 106
based FONP-Pro conjugates towards heparin was measured to be
as low as 12 nm.

Another heparin detecting naphthalimide based sensor, 107
(Fig. 90), was synthesized by Zheng et al. due to their AIE as 107
had both positive and negative charges in the molecule, making
the electrostatic interaction possible, leading to aggregation of
107 [153]. Incorporation of heparin to the Tris-HCl (10 mM, pH
6.0) buffer solution of 107 caused enhancement in fluorescence
at 365 nm with solution color change from light yellow to bright
green. LOD value of the proposed sensor 107 towards heparin
was measured to be 7.56 ng/mL. Further, 107.heparin complex
was utilized for the detection of protamine (a drug used to treat
bleeding caused by excessive heparin injection). On addition of
protamine to the solution of 107.heparin, its fluorescence intensity
decreased by a factor of 5.1 because protamine weakened the elec-
trostatic interaction between 107 and heparin.

5. Sensors for multiple analytes:

A symmetrical tripod, 108 (Fig. 93), having three 4-(N-methylpi
perazine)-1,8-naphthalimide was synthesized by Staneva et al.
and was evaluated for antimicrobial activity along with its use as
metal ion sensor [162]. When Zn?*, Ni?*, Pb%* and Cu?* metal ions
were added to the acetonitrile solution of 108, enhancement in flu-
orescence was observed, but highest enhancement was shown by
Zn?* ions.

A 1,8-naphthalimide based sensor, 109 (Fig. 93), was synthe-
sized by Jang and co-workers for the detection of trivalent cations
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Fig. 92. Proposed mechanism of detection of heparin using 106 based FONP-Pro
conjugates (Reproduced from Langmuir 35 (2019) 15180-15191 [151]).

Cl

Fig. 93. Structures of chemosensors 108-110.

viz. Ga®*, A" and Cr>* [163]. The free sensor 109 exhibited very lit-
tle fluorescence, however, on addition of Ga3*, AI** and Cr>* ions,
significant enhancement in fluorescence was observed at 550,
535 and 356 nm, respectively. This process was accompanied by
appearance of blue-green and yellow fluorescence in the presence
of Ga3* and Al**ions, respectively. Binding stoichiometry in both
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Fig. 96. Structures of chemosensors 111a-c.

109.Ga*>" and 109.A1>*was measured to be 2:1, in which metal
cations were bound to oxygen atoms of the naphthalene groups
and nitrogen of the imine moiety (Fig. 94a). On the contrary, Cr3*
showed binding with 109 in 1:1 stoichiometric ratio (Fig. 94b).
The association constant values for 109.M>* were found to be
9.0 x 107 M~2 (for 109.Ga*>* 2:1), 9.0 x 10" M2 (for 109.A>*
2:1)and 1.1 x 10° M~ (for 109.Cr>* 1:1).
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A PET based morpholine-type naphthalimide chemosensor 110
(Fig. 93) was synthesized by Ye and co-workers and utilized for the
detection of Fe**, AI>* and Cr>* ions [164]. On addition of Fe3*, AI>*
and Cr** ions to the methanolic solution of 110, respective blue
shift of 23, 18 and 18 nm was observed in the absorption maxima
located at 438 nm and pale-yellow color of the solution deepened.
In the fluorescence spectrum, significant enhancement in fluores-
cence at 509 nm was observed in the presence of these three triva-
lent metal ions. The changes in the fluorescence spectrum were
ascribed to the prohibition of electron transfer between lone pair
of electrons on nitrogen atom of morpholine and naphthalimide
fluorophore due to coordination of nitrogen atoms of 110 with
trivalent metal cations (Fig. 95). The association constant values
for 110:M>* (1:1) stoichiometric complexes were calculated to be
5.34 x 10% 3.32 x 10% and 4.99 x 10* M~! for Fe**, A** and Cr**
ions, respectively; while LOD values were found as 0.65, 0.69 and
0.68 M, respectively. On addition of EDTA to 110.M3* solutions,
fluorescence spectra were regained, indicating the reversible
nature of probe and on the basis of this reversibility, INHIBIT
logic gate was developed. Furthermore, the proposed sensor effi-
ciently detected these trivalent cations in C2C12 (Mouse myoblast)
cells.

Cao et al. synthesized a series of gelators based on naphthalim-
ide derivatives (111a-111c) (Fig. 96) with different molecular iso-
mers viz. 2-hydroxypyridine, 3-hydroxypyridine and 4-
hydroxypyridine as terminal groups [165]. Among these, 111b
and 111c formed stable organogels; while for 111a, only precipi-
tates, solution or partial gel was obtained. Upon studying the pho-

Table 14
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tophysical properties, 111a did not show any detection ability
towards any metal ion; while 111b and 111c efficiently detected

3* and Hg?*ions in CH3CN solution as well as in the gel form as
indicated by the changes caused by these ions in the absorption
and fluorescence spectrum (Table 14).

Two chemosensors (112a and 112b) (Fig. 97) were synthesized
by Georgiev and co-workers on the basis of “fluorophore-
receptor;-spacer-receptor,” model and their sensing properties
towards pH and various cations were evaluated in 100% aqueous
medium, where fluorescence spectrum of 112a and 112b got per-
turbed in the presence of H*, OH", Cu?* and Hg?" ions [166]. In the
acidic medium, sensors 112a and 112b exhibited blue fluorescence
as PET quenching process was not feasible due to the protonation
of the tertiary amine (“receptor,”). The blue fluorescence kept on
decreasing as the pH of the medium was changed from neutral
to alkaline as “push-pull” character of the ICT transition got
reduced due to deprotonation of N-imide unit (Fig. 98). In the pres-
ence of Cu?* and Hg?* ions also, large fluorescence quenching was
observed at 396 nm. Binding ratio in 112a/112b.Cu?* was found to
be 1:1 in which metal ions were bound to amido carbonyls and ter-
tiary alkylamino nitrogen of 112a and 112b. The association con-
stant values for Cu®* and Hg?* were measured to be 5.7 x 10°
and 1.8 x 10° M~! for 112a and 2.5 x 10° and 2.1 x 10°> M~! for
112b, respectively. The LOD values of Cu®>* and Hg?* were calcu-
lated to be 1.5 x 107 and 1.9 x 10® M for 112a and 1.8 x 107°
and 2.3 x 107% M for 112b, respectively. Furthermore, INH and
doubly disabled INH logic gates were developed from the proposed
Sensors.

Absorption and fluorescence changes, K,* and LOD* values of sensors (111a-111c¢) in CH3CN solution as well as in gel forms.

Sensor (Analyte) Absorption changes

Fluorescence changes (nm) Ka (x x 10° M~1) LOD (uM) Ref.

111a solution (Fe*", Hg**) No change No change - - [165]
111b solution (Fe**) Increase at 239 and 355 nm with 4-5 nm blue shift 80 % decrease at 420 0.164 47.6 [165]
111b solution (Hg**) Increase at 239 with slight blue shift and blue shift of 355 420 (88.7 % decrease) — 409 0.379 7.01 [165]
111c solution (Fe**) 273 - 330 Decrease at 492 & Increase at 383 1.44 32.6 [165]
350 — 344
Increase at 231 and 237
111c solution (Hg*") - Decrease at 492 & Increase at 383 0.199 1.77 [165]
111b gel (Fe’*) - 92 % quenching with 27 nm blue shift - - [165]
111b gel (Hg?") - 48.9 % quenching with 12 nm blue shift - - [165]
111c gel (Fe3") - 96 % quenching with 14 nm blue shift - - [165]

111c gel (Hg?*) -

39.2 % quenching with 30 nm blue shift

[165]

*K, and LOD values have been determined by observing fluorescence changes.
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Lin et al. synthesized supramolecular polymer based on
naphthalimide-functionalized pillar [5] arene 113 (Fig. 97) and
developed an efficient method for providing controllable multi-
stimuli responsive properties to it by introducing donor-acceptor
and redox effect of iodine into the system [167]. Addition of CN~
ions to the gel 113.I;, turned on the fluorescence of the gel by
enhancing the fluorescence at 540 nm due to redox reaction
between CN™ and I,, which removed I, from the gel and free form
of gel was regenerated. Other anions had no impact on the fluores-
cence spectrum of the gel. LOD of I, controlled gel towards CN™ ion
detection was measured to be 4.1 x 1078 M. The gel 113.I, also
detected Hg?" ions and cysteine by showing fluorescence turn-on
response at 540 nm with LOD values 1.0 x 10~ and 3.3 x 1078
M, respectively. Further, it was found that 113.I, efficiently
detected all the three analytes not only in gel form but also in
DMSO-H,0 binary solution and in living cells.

Kavitha and group synthesized a naphthalimide based sensor,
114 (Fig. 99), for the detection of Bi>** with the detection limit as
low as 0.58 g mL~! [168]. In the absence of metal ion, fluorescence
of 114 was quenched in neutral aqueous solution due to PET pro-
cess occurring by electron transfer from the lone pair on nitrogen
(donor) of the central chain to the naphthalimide (acceptor). Addi-
tion of Bi** caused enhancement in fluorescence as PET was
blocked due to strong coordination between 114 and Bi>". Signifi-
cant changes were observed in the UV-Vis spectrum (Table 15)
in the presence of Bi** but with no visual color change. Binding
ratio in 114.Bi>* was found to be1:1, in which Bi** was coordinated
to N atom, C=0 and OH groups of 114 (Fig. 100) as confirmed by
UV-Vis, fluorescence, FT-IR and 'H NMR spectra. Furthermore,
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the sensor 114 exhibited turn-off response at 383 nm with increase
in pH from 5.0 to 12.0 due to pH dependent ionization of the
hydroxyl group of 114.

Wang et al. synthesized a fluorescence “on-off-on” 1,8-
naphthalimide based sensor, 115 (Fig. 99), for the detection of
Fe3* ions in pure water and complex 115.Fe* was further utilized
for the sensing of cyanide (CN~) ions [169]. Significant changes
were observed in the absorption and fluorescence spectrum
(Table 15) with drastic fluorescence color change form blue to col-
orless observable under UV lamp. The proposed mechanism of
binding of 115 with Fe>* was through carbonyl oxygen atoms
adopting Fe-O-C-0-Fe modes (Fig. 101). Further, on addition of
CN- ions, the completely quenched fluorescence due to 115.Fe**
was regained and other competitive ions did not show any inter-
ference with the detection of Fe>" and CN~ ions. To check the prac-
tical utility of 115 and 115.Fe3*, test strips based on these were
prepared, which conveniently detected Fe** and CN~ ions.

A fluorescent naphthalimide based sensor 116 (Fig. 99) possess-
ing Schiff base functionality was synthesized by Zhang and group
for the detection of Fe** and CN~ ions [170]. The proposed sensor
efficiently detected both the ions as indicated by the changes in
absorption and fluorescence spectrum (Table 15). The test strips
based on 116 were fabricated, which efficiently detected Fe* and
CN~ ions (in bitter almonds). The imine and hydroxyl groups of
116 acted as good ion binding sites involving hydrogen bond inter-
actions and 116 detected Fe>" via coordination mechanism through
“0” and “N” heteroatoms in “O-Fe**-N” manner and CN~ ions
through deprotonation mechanism (Fig. 102).

Zhang and co-workers synthesized a water soluble fluorescent
“off-on-off’ chemosensor 117 (Fig. 99) based on aspartic acid func-
tionalized 1,8-naphthalimide derivative, which efficiently detected
Fe** and further 117.Fe>* detected H,PO; in aqueous media
(Table 15) [171]. The Fe** concentration sensed by sensor 117
was in close agreement with results obtained by ICP (inductively
coupled plasma) experiments.

Liu and co-workers synthesized a naphthalimide based turn-on
fluorescent sensor 118 (Fig. 103) for the sensing of Fe** and H,PO;
ions [172]. The addition of Fe?* ions to the DMSO solution of 118

Table 15
Solvent systems, absorption and fluorescence changes, color changes, K,* and LOD* values of sensors (114-118) in the presence of various analytes.
Sensor Solvent Absorption changes (nm) Fluorescence changes (nm) Color changes Ka LOD (uM)  Ref.
(x 10* M)
114 (Bi*") Pure water  Increase at 342.5 Enhancement at 383 - 0.0332 2.72 [168]
115 (Fe?) Pure water  Enhancement at 348 and broad shoulder Disappearance at 396 Blue — colorless 4.57 0.197 [169]
peak emerged in the region of 350-420
115.Fe®* (CN") Pure water  Decrease at 348 and disappearance of Increase at 396 - - 26 x 1074 [169]
shoulder peak in the region of 350-420
116 (CN") DMSO/ H,0 - Enhancement at 467 - - 0.063 [170]
(8:2, v[v)
116 (Fe?*) DMSO 346 to 338 Quenching at 467 yellow — dark - 0.23 [170]
117 (Fe3") Pure water - Quenching at 385 - 2.9 0.497 [171]
117.Fe** (H,PO3) Pure water - Enhancement at 385 - - 5.27 [171]
118 (Fe?*) DMSO - Quenching at 531 - - - [172]
118.Fe?* (H,P0O3) DMSO - Enhancement at 531 - - 0.1897 [172]

*K, and LOD values have been determined by observing fluorescence changes.

Fig. 100. Schematic representation of interaction of Bi** with 114.
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Fe3*.
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caused quenching of yellow green fluorescence (Table 15) which
was regained on addition of H,PO; ions to 118. Fe?* due to
H,PO; mediated displacement of Fe?",

Zhang et al. synthesized a naphthalimide based fluorescent
off-on-off chemosensor, 119 (Fig. 104), for the quantification of
APP* and F~ ions [173]. Upon incorporation of AI** ions to the
DMSO/H,0 (9/1, v/v, pH 7.4, HEPES buffer, 0.2 mM) solution of
119, significant enhancement in fluorescence emission intensity
was observed at 513 nm along with slight blue shift and fluores-
cence color changed from colorless to bright green. In the absorp-
tion spectrum, absorption peak at 350 nm was shifted to 470 nm
with clear isobestic point at 416 nm accompanied by color change
from yellow to bluish green under UV light. The probe 119 coordi-
nated to AI** in 1:2 manner and detection limit and association
constant values were measured to be 80 nM and 4.22 x 10
M~ '/2 respectively. From the IR spectrum and DFT study, the pos-
sible mechanism for detection of AI** came out to be inhibition
in ESIPT process as a consequence of supressed C=N isomerization
due to coordination AI** with phenolic-0, imine-N, carbonyl-O and
amine-N atoms in 119 (Fig. 105). Further, the in-situ formed 119.
AP* was employed for the detection of F~ ions with the detection
limit down to 44 nm. In the presence of F~ ions, the emission inten-
sity at 513 nm was quenched, which was again enhanced upon
addition of AI** ions indicating the reversible nature of probe 119
upto 3 cycles. Furthermore, the proposed sensor efficiently deter-
mined AI** ions in Hela cells and in the form of test strips.

An ESIPT-ESICT based dual-channel ratiometric probe 120
(Fig. 104) derived from naphthalimide was synthesized by Kumar
and co-workers for the detection of AI** and F~ ions [174]. Addition
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Fig. 105. Representation of sequential binding of AI** with 119 and F~ with 119.
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Fig. 106. Proposed mechanism of sensing of AI** and F~ by 120.

of AI** ions to the H,O/CH5CN (1:9; v/ v, pH = 7.2) solution of 120
led to increase in absorption intensity at 460 nm and decrease at
340 nm along with color change from orange to yellow. In the
emission spectrum, new emission peak appeared at 540 nm and
color of the fluorescence changed from reddish-orange to yellow.
In the presence of fluoride ions, emission peak appeared at
570 nm with fluorescence color change from orange to purple.
These changes were ascribed to the AI>* mediated hydrolysis of
120 and deprotonation of 120 in the presence of F~ ions
(Fig. 106). The LOD values of 120 towards AI** and F~ ions were
measured to be 3.2 x 1078 M and 4.6 x 10”7 M, respectively.

A PET based chemosensor 121 (Fig. 107) was synthesized by
Dwivedi et al. in which naphthalimide and anthracene chro-
mophores were joined through a molecular bridge of piperazine
and triazole units [175]. On addition of Cr>* ions to the solution
of 121, changes were observed in the absorption and fluorescence
spectrum (Table 16) and bright green color fluorescence appeared
in the solution, which was ascribed to the suppression of PET pro-
cess. In 121. Cr**complex, Cr>* was bound to 121 via N atoms of a
piperazine-triazole molecular bridge. Incorporation of PO3~ to the
solution of 121. Cr** diminished the fluorescence intensity and
produced turn-off state. Further, based on “off-on-off” switching
process, INHIBIT logic gate was constructed. Based on good perme-
ability and cytocompatibility of the proposed sensor, it was used
for the imaging of Cr>* and PO3~ in Hela cells and satisfactory
results were obtained. Moreover, the probe 121 was used to print
secret letters using ink containing Cr3*, which were readable only
under UV light.

Another naphthalimide based chemosensor 122 (Fig. 107)
detected AI** and ClO~ ions in methanol, wherein addition of
AI** ions blue shifted the absorption peak of the free sensor
because of decreased conjugation due to reduction in electron
donating ability of piperazine ring to naphthalimide after complex-
ation with AI’* (Table 16) [176]. In the fluorescence spectrum,
enhancement in fluorescence was observed in the presence of
AI** ions due to the CHEF effect because of formation of a rigid sys-
tem after binding with AI**. Binding ratio in 122.A1>* was found to
be 1:1 in which AI** ion was coordinated to 122 via two nitrogen
atoms of piperazine ring and amide nitrogen atom (Fig. 108). Addi-
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Table 16

Solvent systems, absorption and fluorescence changes, color changes, mechanism, stoichiometry (Ligand:Analyte), and LOD* values of sensors (121-124) in the presence of

various analytes.

Sensor Solvent Absorption Fluorescence changes (nm) Color changes Mechanism Stoichiometry LOD Ref.
changes (nm) (1M)
121 (Cr?) THF/Tris-HCI buffer Disappearance at ~ Enhancement at 529 with 14 nm - PET 1:1 0.05567 [175]
(v/v 4:6) 410 blue shift
121.Cr3* (PO3) THF/Tris-HCl buffer - Quenching at 529 - PET - 0.39 [175]
(v/v 4:6)
122 (APY) MeOH 399 to 378 nm Enhancement at 505 yellow — colorless CHEF 1:1 0.0203 [176]
122.A1*(Cl0") MeOH 378 to 399 Quenching at 505 - - - 0.0234 [176]
123 (Cu®") CH3CN-H,0 (v/v, 9/1) Appearance at 564 Appearance at 528 and 610 Light PET 1:1 0.17 [177]
yellow — pink
123.Cu?* (H,S) CH5CN-H,O0 (v/v, 7/3) Disappearance at  Quenching at 528 and 610 pink — light - - 0.23 [177]
564 yellow
124 (Cu?*) Pure water - 10-fold quenching at 535 - - 1:1 0.0123 [178]
124.Cu** (5*) Pure water - Increase at 535 - - - 0.0032 [178]

*LOD values have been determined by observing fluorescence changes.
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Fig. 108. Proposed mechanism of sensing of AI** by 122 and ClO~ by 122.AI**.

tion of CIO~ ions to the methanolic solution of 122. AI** quenched
the fluorescence, thus acting as turn-off sensor for CIO™ ions as free
sensor 122 was regenerated. Moreover, INHIBIT molecular logic
gate was constructed based on behaviour of 122 towards AI** ions
and 122. AI** towards ClO™ ions.

A chemosensor, 123 (Fig. 107), based on naphthalimide-
rhodamine B derivative was synthesized by Wang and group for
the sequential detection of Cu?* and H,S [177]. Incorporation of
Cu?* ions to the solution of 123 caused significant changes in the
absorption and fluorescence spectrum with fluorescence color
change from green to light yellow (Table 16). These changes were
ascribed to 1:1 binding stoichiometry of 123. Cu?*, in which spiro-

Fig. 109. Plausible mechanism of detection Cu®* by 122 and H,S by 122.Cu?*.
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Fig. 110. Structures of chemosensors 125-128.

lactam rhodamine B structure was changed to open ring amide
structure due to binding of Cu?* with amino group on the piper-
azine of 123, which disturbed the PET process (Fig. 109). Further,
123. Cu?* complex was employed for the detection of H,S as it
caused significant changes in its absorption and fluorescence spec-
trum due to decomplexation reaction (Table 16).

A chemosensor 124 (Fig. 107) based on 1,8-naphtahlimde was
employed for the detection of Cu?*and S?~ ions by observing the
changes in fluorescence spectrum (Table 16) [178]. Addition of
Cu?* ions to the aqueous solution of 124 resulted in decrease in flu-
orescence intensity due to coordination of probe with the param-
agnetic Cu?" center. Further, the fluorescence emission of 124.
Cu?* was recovered on addition of $*~ ions due to displacement
mechanism.

Oshchepkova et al. synthesized copolymer gel based on a
crown-containing allyl derivative of 1,8-naphthalimide 125
(Fig. 110) as it contained double bond essential for copolymeriza-
tion with N,N-dimethylacrylamide (DMA) and N,N’-methylene bis
(acrylamide) (MBA) and investigated metal detection properties
of both the monomer and polymer gel forms [179]. Addition of
Mg?*, Ca?* and Ba?* ions to the acetonitrile solution of 125 caused
increase in fluorescence intensity by factors of 1.1, 3.0 and 9.4,
respectively. Further the response of gels prepared from 125 was
analyzed towards metal ion sensing, among which only Ca?* and
Ba%" ions caused significant enhancement in the fluorescence
intensity by factors of 2.3 and 4.8. The difference in the sensing
ability of monomer 125 and its polymer was ascribed to the fact
that once the critical positive charge in polymer was reached, it
became unable to bind cations and a portion of ionophoric groups
did not participate in complexation.

N-alkyl naphthalimide fluorophore conjugates (126a-126c¢)
(Fig. 110) possessing an ethylenediamine moiety were synthesized
by Narula et al. and used them for the differential detection of Zn>*
and AI** [180]. On addition of analytes to 126a in sodium dodecyl
sulfate (SDS) surfactant medium at critical micellar concentration,
it was not able to detect any ion, however, when the sensing was
carried out at half of critical micellar concentration, Zn?* and AI**
ions increased the fluorescence intensity by 12-14 fold along with
blue shift of 6-8 nm. LOD values of 126a towards Zn** and AI** ions
were measured to be 85 and 57 nM, respectively. Among the syn-
thesized conjugates, 126a exhibited best results for the detection
of Zn?* and AI*". Further, 126.Zn** complex was used for the detec-
tion of DPA. On addition of aqueous solutions of DPA to the solu-
tion of 126a.Zn?*, decrease in emission band at 515 nm was
observed. The order of sensing ability of 126.Zn>* complexes
towards DPA came out to be 126a.Zn** > 126b.Zn*" > 126¢.Zn*".

4-amino-1,8-naphthalimide based sensor 127 (Fig. 110) pos-
sessing urea functionality showed 73%, 70% and 15% fluorescence
quenching by acetate, dihydrogen phosphate and bromide ions,
respectively, in DMSO with 0.5% v/v water [181]. It was found that
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anion upon binding with urea causes a positive allosteric effect due
to which secondary binding event occurred to further form 1:2 and
2:1 complexes after initial formation of 1:1 complexes between
127 and corresponding anions.

1,8-naphthalimide based sensors (128a-128c) (Fig. 110) were
synthesized by Yan and co-workers for the determination of F~
ions and trace water [182]. All the three probes exhibited similar
response towards F~ ions with naked eye color change from color-
less to violet due to keto-enol tautomerism. The free sensors
(128a-128c) exhibited absorption band in the visible region
(250-400 nm). Addition of F~ ions to the DMSO solution of
(128a-128c) caused the appearance of new absorption peak at
560 nm; while absorption peak at 265 nm underwent hyper-
chromic effect with minor change at 350 nm. Although the
response of probes (128a-128c) towards F~ was similar, their sen-
sitivity was different. Detection limits (association constant) of the
(128a-128¢) towards F~ jons were measured to be 7.6 x 1078
(3629 x 10> M), 94 x 10°® (1.879 x 10> M™!) and
1.1 x 1077(5.946 x 10°> M~!) M, respectively. The different types
of hydrogen bonding in (128a-128c) were held responsible for
their different sensitivity as 128c was not assisted by intramolecu-
lar hydrogen bonding, in 128b there was hydrogen bond between
hydroxyl group and the benzene ring and in case of 128a, hydrogen
bonding occurred between the hydroxyl group and pyridinium
nitrogen. The F~ complexes of (128a-128c) were employed for
the detection of trace water as addition of trace water to these
complexes regenerated the free sensors.

Ghosh et al. synthesized a 1,8-naphthalimide based sensor with
imino-phenol functionality 129 (Fig. 111), which was employed for
the sensing of Fe>* and Cu?* in a sol-gel medium [183]. The com-
pound 129 formed stable red gels in DMF-H,0 (1:1, v/v) and
DMSO0-H,0 (1:1, v/v) with minimum gelation concentrations of 8
and 10 mg ml~ !, respectively. On addition of Cu?* ions to the CHs-
CN and CH3CN-H,0 (4:1, v/v) solution of 129, changes in absorp-
tion and fluorescence spectrum were observed due to the
interaction of metal ions with the imino-phenol binding site in
129 (Table 17). The proposed sensor 129 exhibited reversible nat-

0s_N._O
GO
NH
fN
R
(129-131)

Fig. 111. Structures of chemosensors 129-131.
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Solvent systems, absorption and fluorescence changes, color changes, mechanism, stoichiometry (Ligand:Analyte), LOD* values and K,* values of sensors, (129-131) in the

presence of various analytes.

Sensor Solvent Absorption changes Fluorescence changes  Color changes Mechanism Stoichiometry LOD (uM) Ka Ref.
(nm) (nm) (x 10°)
129 (Cu?*) CH5CN Decrease at 455 Quenching at 545 with Yellow — colorless MLCT - 0.497 0.140 [183]
35 nm blue shift
129 (Cu®*) CH5CN-H,0 Decrease at 455 Quenching at 560 with Yellow — pale - - 0.413 0.014 [183]
(4:1, v/v) 37 nm blue shift orange
130 (Cu?*) CH5CN Decrease at 441 Decrease at 542 Greenish - 1:1 2.4 0.313 [184]
yellow — colorless
130 (F) CH3CN - 441 to 579 Greenish ICT - - - [184]
yellow — blue
131 (Cu?") THF/H,0 (2:1) Disappeared at 412 Sharp decrease at 520  Yellow — colorless CHQF, PET 2:1 0.962 x 107% 1.26 [185]
131 (F) THF/H,0 (2:1) Decrease at 412 and Quenched at 520 with  Yellow — blue ICT, PET 2:1 1.2 1.5 [185]
splitted into 408 and 5 nm blue shift
428, appearance at 580
and 620
131 (CN7) THF/H,0 (2:1) Disappeared at 412 and Quenched at 520 with  Yellow — violet ICT, PET 1:1 2.79 0.62 [185]

appeared at 581 and 5 nm blue shift

622

*K, and LOD values have been determined by observing fluorescence changes.
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Fig. 112. F or CN™ mediated deprotonation of 131.

ure on addition of S2~ ions in the solution phase due to formation
of CuS. The gel formed in DMSO-H,0 (1: 1, v/v) solution was not
able to detect any ion. However, addition of Fe* jons to the gel
formed in DMF-H,0 (1:1, v/v) disrupted the gel to sol due to the
coordination of Fe>* with the imino-phenol segment of gel. This
gel to sol conversion helped in the detection of Fe>* ions and Fe3*
induced broken gel was regenerated after addition of KF. Further,
it was found that this gel could also be used for the detection of
in situ oxidation of Fe?* to Fe>" in the presence of a suitable oxidiz-
ing agent. However, the proposed sensor 129 was not able to
detect Fe** jons in the solution form.

Fu and co-workers synthesized a sensor based on diarylethene
with a 1,8-naphthalimide Schiff base unit 130 (Fig. 111), which
showed specific detection ability for Cu®>* and F~ ions [184]. Incor-
poration of Cu?* and F~ ions to the solution of 130 caused signifi-
cant changes in the absorption and fluorescence spectrum
(Table 17). On addition of EDTA to the solution of 130. Cu?*, fluo-
rescence of the solution was not regained indicating the irre-
versible nature of 130. The change due to F~ ions was ascribed to
enhancement in ICT process due to increased electron density on
nitrogen atom caused by deprotonation of N-H and O-H.

Saini et al. synthesized a chemosensor derived from 1,8-
naphthalimide and dehydroacetic acid 131 (Fig. 111) and utilized

Table 18

it for the detection of Cu?*, F~ and CN~ ions [185]. Addition of
Cu?*, F~ and CN~ ions to the solution of 131 caused significant
changes in the absorption and emission spectrum (Table 17). Pos-
sible cause of spectral change due to Cu?* ions was reduction in ICT
process with CHQF because of reduced electron density upon coor-
dination with Cu?*. The absorption changes due to F~ and CN~ ions
were attributed to the deprotonation and subsequent ameliorated
electron donor propensity of N-/O- moiety facilitating the ICT pro-
cess (Fig. 112). Emission intensity of the proposed sensor was
quenched in the presence of both cations and anions due to inher-
ent paramagnetism and enhanced PET process. Binding ratio of 2:1
was found for 131.Cu?* and 131.F~ while it was 1:1 for 131.CN".

Two similar 1,8-naphthalimide based chemosensors (132 and
133) (Fig. 113) detected F~ ions and oxyfluorfen by displaying
changes in its absorption as well as emission spectrum (Table 18)
[186,187]. Absorption and fluorescence changes were ascribed to
the deprotonation of -NH of 132/133 due to hydrogen bonding
interaction with F~. Further, the proposed sensors 132/133 were
also employed for the detection of oxyfluorfen as it caused signif-
icant reduction in fluorescence.

Goel et al. synthesized a 1,8-naphthalimide based Schiff base
134 (Fig. 113) and on addition of Hg?* and HSOj ions, significant
absorption and emission changes were observed due to hydrolysis
of probe 134 (Table 18) [188]. The sensor 134 also exhibited strong
intercalation properties with DNA.

A 1,8-naphthalimide based chemosensor 135 (Fig. 114) was
synthesized by Dwivedi et al., where addition of Fe** ions resulted
in enhancement of fluorescence which was ascribed to PET-off pro-
cess because upon binding with Fe**, charge transfer from electron
rich ionophore site to chromophore got restricted due to more con-
finement of electron density towards the metal center (Table 19)

Solvent systems, absorption and fluorescence changes, color changes, LOD* values and K,* values of sensors, (132-134), in the presence of various analytes.

Sensor Solvent Absorption changes (nm) Fluorescence changes (nm) Color changes LOD (uM) K, (x 10) Ref.

132 (F) CH5CN 289, 354 — 443 Quenching at 443 Colorless — yellow 0.52 0.0187 [186]
132 (Oxyfluorfen) CH3CN - Quenching at 443 - 0.83 - [186]
133 (F) DMSO 367 — 501 Quenching at 472 Colorless — light pink 0.848 - [187]
133 (Oxyfluorfen) DMSO - Quenching at 472 - 1.21 - [187]
134 (Hg?") CH50H 380 — 430 Enhancement at 580 pale yellow — bright yellow 0.0005 6.89 [188]
134 (HSOy) CH50H 380 — 430 Enhancement at 530 - 0.05 0.0563 [188]

*Ka and LOD values have been determined by observing fluorescence changes.
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Fig. 113. Structures of chemosensors 132-134.
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[189]. Further, upon incorporation of PPi to the solution of 135.
Fe3*, quenching in fluorescence was observed and bright green
color turned to colorless. The sensor 135 was also employed for
imaging of Fe>* and PPi ions in living cells, polymerase chain reac-
tion (PCR) product and Zebra fish. The optical properties exhibited
by 135 in the presence of tested ions mimicked “write-read-erase-
read” function through an INHIBIT logic gate.

Li and group synthesized a naphthalimide based sensor 136
(Fig. 114) for the detection of Fe** ions and acidic lysosomes by
observing changes in the absorption and emission spectrum
(Table 19) [190]. The spectral changes in the presence of Fe** ions
were ascribed to the fact that addition of Fe>* ions caused protona-
tion of methyl piperazine unit, which led to enhancement in
fluorescence.

Naphthalimide-benzothiazole  hybrid chemosensor 137
(Fig. 114) detected cyanide and tryptophan in aqueous media,

Table 19
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Fig. 114. Structures of chemosensors 135-137.

where the changes in absorption and emission spectrum were
ascribed to the blockage of ICT process due to nucleophilic addition
of cyanide and tryptophan on the carbon of imine group leading to
formation of carbon-nitrogen single bond (amine) and conse-
quently disrupting the conjugation (Fig. 115) (Table 19) [191]. Fur-
thermore, for the practical applicability of 137, its alginate beads
were prepared which efficiently detected both the analytes.

Pang et al. synthesized naphthalimide based sensor 138
(Fig. 116) possessing amide functionalities that was able to detect
F~ and AcO~ ions in benzene [192]. In the UV-Vis spectrum,
absorption peak of the free sensor located at 414 nm was shifted
to two new peaks at 350 and 464 nm on addition of F~ ions. How-
ever, in the presence of AcO™ ions, absorbance peak at 414 nm was

Solvent systems, absorption and fluorescence changes, color changes, mechanism, stoichiometry (Ligand:Analyte), LOD* values and K,* values of sensors (135-137) in the

presence of various analytes.

Sensor Solvent Absorption Fluorescence changes (nm) Color changes Mechanism Stoichiometry LOD K, Ref.
changes (nm) (nM)  (x 10%)

135 (Fe?) Phosphate buffer 398 — 380 Enhancement at 529 - PET 1:1 1.05 0.565 [189]
(THF:H,0; 1:99, v/v) with 4 nm blue shift

135.Fe®* (PPi) Phosphate buffer - Decrease at 525 - - - 420 - [189]
(THF:H,0; 1:99, v/v)

136 (Fe**) Ethanol-HEPES buffer 410 — 381 Enhancement at 515 - PET - - 3.75 [190]
(80:20, v/v)

137 (CN°) EtOH-H,0; 1-1, v/v 394 - 346 520 — 453 Yellow — red ICT 1:1 4.5 - [191]

137 (Tryptophan) EtOH-H,0; 1-1, 394 - 355 520 — 444 Yellow - red ICT 1:1 152 - [191]
\\%

*K, and LOD values have been determined by observing fluorescence changes.

137

137-Tryptophan

Fig. 115. Nucleophilic addition of tryptophan to 137 (Reproduced from Sens. Actuators B Chem. 273 (2018) 143-152 [191]).
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Fig. 118. Possible mechanism of sensing of HSO3 and ClO~ by 140.

blue shifted to 351 nm. On the other hand, addition of F~ ions to
138 changed the fluorescence color from green to blue with 198-
fold enhancement in fluorescence; while it changed from green
to light blue in the presence of AcO~ ions with 132-fold fluores-
cence enhancement. Other competitive were found to exhibit no
interference with the sensing of these ions. Furthermore, the sen-
sor 138 also detected both the ions conveniently in the gel state.
The association constants of 138.F and 138.AcO~ were measured
to be 1.29 x 10* and 1.83 x 10°> M, respectively.

Two similar sensors showing mechanochromic luminescence
(MCL) based on 1,8-naphthalimide (139a and 139b) (Fig. 116)
were able to detect F~ and AcO~ ions in THF solution [193]. The
absorption spectrum of 139a displayed bands at 457 and
570 nm, which shifted to 612 nm with addition of F~ and AcO~
ions. The fluorescence peak of 139a at 570 nm underwent 91-
93% quenching along with color change from yellow-green to dark
blue in the presence of F~ and AcO~ ions. The possible reason for
this quenching was the formation of hydrogen bonded adduct of
139a with F~ ions (HF; species) due to which lone pair of nitrogen
got activated and PET process occurred. Similar results were
obtained in case of 139b on addition of F~ and AcO~ ions.

A ratiometric fluorescent probe based on 1,8-naphthalimide
140 (Fig. 117) was synthesized by Wu and group for the detection
of HSO3 and CIO~ ions [194]. On addition of CIO~ ions to the (DMF/
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PBS = 1:99, v/v, pH = 7.4) solution of 140, decrease was observed in
the absorption peak at 550 nm along with naked eye color change
from purple to pale yellow and in the fluorescence spectrum, emis-
sion peak at 620 nm decreased in intensity and a new peak
appeared at 515 nm. These changes were ascribed to the cleavage
and oxidation of C=C bond between naphthalimide and indole sul-
fonate, leading to the regeneration of raw material. Similar changes
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Fig. 119. Possible mechanism of sensing of HSO3 by 141 and formaldehyde by 141.
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in absorption and emission spectrum were observed in the pres-
ence of HSO3 ions. The sensing mechanism for the detection of
HSO3 ions was found to be the 1,4-addition across C=C bond, which
led to changes in the conjugation and thus spectral changes
(Fig. 118). The practical applications exhibited by this probe
include identification of tumor cells, exogenous and endogenous
imaging of these analytes and also their detection in plasma.

Tan et al. synthesized a naphthalimide derived two-photon-
FRET based probe, 141 (Fig. 117), for the detection of bisulfite ions
and formaldehyde [195]. On addition of HSO3 ions to the phos-
phate buffered (PBS, pH 7.4, containing 1% DMSO) solution of
141, the absorption peak at 590 nm was blue shifted to 400 nm
with naked eye color change from purple to colorless. In the fluo-
rescence spectrum, intensity of the emission peak at 630 nm
decreased; while increase was observed at 535 nm along with flu-
orescence color change from bright red to bright green. Further, on
addition of formaldehyde to the adduct 141.HSO3, spectrum simi-
lar to that of free sensor 141 was generated, which indicated the
reversible nature of probe 141. These changes were attributed to
the Michael addition reaction of o,B-unsaturated bond (Fig. 119).
The proposed sensor 141 was found to be highly selective towards
HSO3 ions over other competitive anions and biothiols and detec-
tion limit of 141 towards HSO3 ions was measured to be 7.48 nM.
Furthermore, the sensor 141 efficiently detected both the analytes
in food and water samples. The sensor 141 was also used for their
imaging in liver tissue, zebrafish and mice.

A trifunctional molecular sensor 142 (Fig. 120) based on 1,8-
naphthalimide was synthesized by Naha et al. and was applied
for the detection of CN-, Fe** and H,S [196]. Addition of CN~ ions
to the 5% aqueous DMSO solution of 142 resulted in red coloration
and orange turn-on emission, which could be ascribed to the
deprotonation of the acidic hydrazide causing the attenuation of
ESIPT and turning on the ICT mechanism. Further, 142.CN™ com-
plex was utilized for the relay detection of Fe*" as its addition
caused instant discoloration and quenched the fluorescence
because of turning off of the ICT process due to protonation of the
sensor. The proposed sensor 142 was also used for the detection
of HS as it produced red coloration (similar to Fe**) in the solution
of 142 after its addition due to conversion of nitro to amino group
(Fig. 121). The changes produced by 142 in the UV-Vis and fluores-
cence spectrum were different than those produced by Fe>* unlike
the same color change. Binding ratio in 142. CN~ and 142.CN".Fe3*
was found to be 1:1 as indicated by the Job’s plot. Job’s plot con-
struction was not applicable for finding the binding ratio in 142.
H,S as it involved chemodosimetric reduction process. The pro-
posed sensor 142 was also used for imaging of CN~ and Fe?* in
RAW264.7 cells and zebrafish.

A reversible, water-soluble, on-off-on naphthalimide-based
chemosensor 143 (Fig. 120) was synthesized by Guo et al. for
imaging of cellular Cu?" and cysteine [197]. After addition of Cu?*
ions to aqueous buffer (5 mM HEPES, pH = 7.0) solution of 143,
the absorption peak at 400 nm and fluorescence band at 520 nm
decreased in intensity. However, after addition of cysteine to the
solution 143.Cu?’, these optical changes reappeared, indicating
the reversible nature of 143 due to its release from the 143.Cu?*
complex through the chelation of cysteine with the Cu®*
(Fig. 122). The detection limit of 7.11 nM and 0.18 uM was
obtained for Cu®* and cysteine, respectively. Fluorescence spectra
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titration and Job plot revealed the coordination ratio of 2:1 in
143 and Cu?" ions. It was reported that lone pair of electrons on
hydroxyl and amino functional groups could occupy the 3d, 4 s
or 4p empty orbitals of Cu?* leading to the formation of a bidentate
or multidentate complex. Furthermore, it was found that 143
exhibited good cell permeability and successfully detected Cu?*
and cysteine in living cells (HeLa cells).

Xie et al. synthesized a dual analyte sensitive probe, 144
(Fig. 120), based on 1,8-naphthalimide for the detection of Pd (0)
and pH involving morpholine group for pH and allylcarbamate
group for Pd (0) sensing [198]. The sensitivity and selectivity of
the proposed probe 144 towards pH was tested in PBS (10% DMSO;
10 mM) solution. In the absorption spectrum, the absorption peak
at 370 nm was blue shifted to 365 nm and in the fluorescence spec-
trum, significant enhancement in the fluorescence intensity at
485 nm was observed as the pH was lowered down from 9.50 to
4.00. Good linearity was observed in the fluorescence enhance-
ment at 485 nm and pH value in the range of 5.25 to 6.75. Anti-
interference studies for the detection of pH were carried out in
pH range 4.50 to 7.40 and it was found that other metal ions did
not interfere with the pH sensing. Further, on addition of Pd
(PPhs)4 (Pd° resource) to the PBS (10% DMSO; 10 mM; pH 7.4) solu-
tion of 144, 36-fold enhancement in fluorescence intensity was
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Fig. 121. Mode of sensing of CN~ and H,S by 142 and Fe3* by 142.CN".
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Fig. 122. Possible mode of sensing of Cu?* by 143 and cysteine by 143.Cu?*.
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observed at 545 nm and it was found that other metal ions includ-
ing other variants of Pd did not show any interference with Pd (0)
analysis. These changes were ascribed to the synergestic effects of
PET and ICT processes. Furthermore, the proposed sensor 144 effi-
ciently analysed pH and Pd (0) in the lysosome of HeLa cells and
zebrafish.

6. Future perspectives and conclusions

Supramolecular chemistry offers a collection of particular yet
non-permanent interactions that facilitate the creation of complex
materials with tunable and reversible properties. The field of
chemosensing has drawn a substantial attention, where the recog-
nition process is coupled to the specific action of signalling. Mon-
itoring the presence of contaminants in environment is of
general interest in order to ensure safety of the environment and
mankind. Among the several pollutants, sensing of ions (toxic
metal ions and anions) is one of the most challenging fields owing
to their use in physiology, medical diagnostics, catalysis and their
subsequent impact on the biological system, environment and nat-
ure. Further, abnormal levels of the biomolecules eg. biothiols,
amino acids, NADH, various enzymes and triphosphate based bio-
molecules etc. in the human body may lead to skin related prob-
lems, liver damage, brain injury and Parkinson’s disease etc.

In this review, various 1,8-naphthalimide based derivatives and
their potential applications in the field of chemosensing for the
years 2017-2021 have been reported. 1, 8-naphthalimide has a
very important place in the chemosensors owing to its superior
features of strong absorption band in the visible region, outstand-
ing photostability, high fluorescent quantum yield and large
Stokes’ shift besides the possibility of easy modification of its
structure. 1, 8-naphthalimide contains a very strong naphthalene
ring structure so that the interaction of its molecules with solvents
or other solute molecules is reduced, making the external transfer
of energy to be lowered, which is very beneficial to the emission of
fluorescence. 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. Furthermore, majority of the 1,8-
naphthalimide based derivatives are less cytotoxic and biocompat-
ible in nature, thus making them suitable candidates for bioimag-
ing of analytes and cancer cells in living organisms without the
destruction of sample.

Although, the literature of 1,8-naphthalimide is replete but still
lot of advancements could be made in this research field and num-
ber of challenges such as achieving analyte detection in aqueous
environments, demonstrating robust performance in biological
environments etc. still remain unsolved due to their complexity
and unpredictability. Therefore, efforts need to be done for
strengthening the selectivity, environmental adaptability and sen-
sor reusability. Other major issue is the non-green approach that
for synthesis of majority of the chemosensors, which needs imme-
diate attention for the welfare of environment. Also, scanty infor-
mation with respect to 1,8-naphthalimide based bioconjugates is
available which limits their application in clinical, molecular, cellu-
lar and translational fields. The greatest challenge in the field of
chemosensing in present time is the practicality of the sensors,
which is further associated with many factors such as cost, porta-
bility, operability etc. Due to lack of such attributes, the field of
chemosensing is still limited to laboratory only, therefore, to take
chemosensors beyond laboratory to commercial level, the crucial
target is to develop simple, cost-effective, fast, easily operable
and portable sensors. The perfect example of such practical and
commercially available sensor possessing these attributes is a per-
sonal glucose meter, therefore attempts should to made to develop
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chemosensors of such kind. Simultaneously, we hope that gaining
insights into the discussed literature reports will assist the
research fraternity working in the area of sensing to refine their
knowledge of the field and will facilitate to develop superlative
chemosensors possessing improved practical applications in
future.
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