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Fluorescence sensing and bioimaging of Cu(u) ions
using amino-1,8-naphthalimide-based small-
molecule chemosensors

Binduja Mohan, ®+
Noushija Mannanthara Kunhumont and Sankarasekaran Shanmugaraju (D}

Fluorescence chemosensors for selective sensing and quantification of biologically important metal ions
have attracted substantial research interest in recent years. Cu(i) is the third most abundant transition metal
ion and an essential heavy metal ion present in the human body. Cu(i) plays many essential functions in
living systems as a catalytic co-factor in various enzyme functions and electron transport. The alteration in
the essential concentration of Cu(i) causes several deadly diseases like Menke's syndrome, Wilson's disease,
and Alzheimer's disease. Given this, in the past decades, many small-molecule fluorescence sensors have
been developed and employed for trace detection and monitoring the concentration of Cu(l) ions in
biological systems. In particular, amino-1,8-naphthalimide fluorescence sensors have gained special
research interest for Cu(i) sensing because of their facile synthesis, easy functional, structure tunability, and
strong fluorescence emission in the visible region. In this article, we have discussed the applications of
various amino-1,8-naphthalimide-based small-molecule fluorescence chemosensors for selective sensing
and bioimaging of Culi) ions. In each section, we provide a detailed report on the synthesis, photophysics,
and fluorescence sensing properties including bioimaging of amino-1,8-naphthalimide-small-molecule
fluorescence chemosensors for Cu() ions.

biologically important and environmentally concerning
analytes." Metal ions play pivotal roles in the human body

The field of sensor chemistry has captured widespread global
attention because of its relevance and significance in sensing

Department of Chemistry, Indian Institute of Technology Palakkad, Palakkad-
678557, Kerala, India. E-mail: shanmugam@iitpkd.ac.in
+ These authors contributed equally.

Ms. Binduja Mohan is currently
a Ph.D. student at the Indian
Institute of Technology Palakkad.
She completed her M.Sc. in
Chemistry from St. Thomas
College Palai and B.Sc. in
Chemistry from B K College,
Amalagiri. Her research interests
are mainly coordination-driven
supramolecular  self-assembly,
design of theragnostic agents,
and sensor chemistry.

> o
Binduja Mohan

158 | Sens. Diagn., 2023, 2, 1158-1175

since metal ions are involved in various physiological
processes.” Contamination of food and water due to
industrial discharges, which majorly comprise heavy metal
ions and other impurities, generates toxic effects on human
health and adverse impact on the environment.® Metallic
products have become part of our daily life in various forms
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like utensils, cookware, deodorants, drinking water supplies,
etc. which further facilitates the bioaccumulation of heavy
metal ions in the human body apart from industrial
drainage.* Aberrations in the normal levels of essential metal
ions and intake of hazardous metal ions cause a wide range
of diseases and permanent injuries to the organs like kidney
failure, stomach ulcers, hypertension, bone lesions, lung
dysfunction, and cardiovascular and neuro-disorders.>®
Therefore, maintaining tight control over the homeostasis of
metal ions is of paramount interest to maintain proper
health and environmental sustainability.

Cu(u) is considered an essential trace heavy metal nutrient
and the third most abundant transition metal after Fe(u) and
Zn(n) in the human body.® Cu(u) plays many indispensable
roles like a catalytic cofactor, controlling enzyme functions,
and being involved in electron transport.” The alteration in
the uptake or consumption of Cu(u) levels in the human body
could result in various deadly diseases like Menke's
syndrome, Wilson's disease, and Alzheimer's disease.®™°
Besides, long-term exposure and consumption of Cu(u) ions
would result in liver and kidney failures.’* Further, the excess
amount of Cu(u) is highly lethal to microorganisms that are
critical for a proper balance of an ecosystem. The
Environmental Protection Agency (EPA) has stated that the
highest permissible level of Cu(u) ions in drinking water
must be less than 20 uM."? Given this, great research interest
has existed in recent years to develop practically useful
sensor systems with superior sensing properties for selective
detection and sensitive determination of Cu(u) ions.

In the past decades, the application of chemosensors in
numerous fields has received great attention due to the
exceptional achievements acquired in the design and
development of fluorescent chemosensors for tracking metal
ion concentration in the environment and biological systems
with excellent selectivity and sensitivity.">'* Other analytical
techniques such as electrochemical detection, element
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analysis, inductively coupled plasma mass spectrometry (ICP-
MS), spectrophotometry, and chromatography also gained
remarkable accomplishments in metal sensing.'>'®
Nevertheless, a few challenges still exist in these methods,
which include low accuracy, inadequate qualitative ability,
and expensive, laborious, and time-consuming
instrumentation which have restricted the widespread
applications of these methods. In light of this, fluorescence-
based sensing has gained incredible attention in the area of
metal sensing due to its unique features like being cost-
effective, having superior sensitivity, quick sensing response,
easy operation, and a non-invasive detection process.'*°

The basic paradigm for fluorescence chemosensors is
fluorophore-spacer-receptor, in which the most commonly
used fluorophores are anthracene, carbazole, fluorescein,
rhodamine, boron-dipyrromethene (BODIPY), coumarin, and
pyrene.*'** Owing to the outstanding features such as facile
synthesis, tunable structures and functions, and interesting
photophysical properties including large Stokes shift, high
photo-stability, relatively high quantum yield, and solvent-
dependent emission characteristics, amino-1,8-
naphthalimide (Nap) dyes have evolved as a favorite
fluorophore and thus, a large number of fluorescence sensors
have been developed and successfully employed for sensing
different analytes.***?” Amino-1,8-naphthalimides (Naps) are
a classical heterocyclic ‘push-pull’ class of fluorophores that
absorb and emit in the visible region. Nap derivatives are
generally highly emissive due to the efficient internal charge
transfer (ICT) transition from the amino group to the
electron-deficient ~ imide  moiety.>*®*  Moreover, the
fluorescence emission intensity of Naps highly depends on
the position of the amino group on the naphthalene unit.
3-Amino-based Naps are less emissive than 4-amino-based
Naps due to the less efficient ICT transitions.?® In addition to
the fluorescence sensing application, Naps have been used in
various other applications including as fluorescent markers
in biology, theragnostic agents, anticancer drugs, light-
emitting diodes, electroluminescent materials, molecular
logic gates, medicinal analgesics, fluorescence switches,
liquid crystal displays, and organic photoconductive
materials.> >’ Considering all these advantages, in recent
years, a plethora of amino-1,8-naphthalimide (Nap)-based
fluorescent chemosensors have been designed for efficient
sensing of biologically relevant Cu(u) ions at
concentrations. The present review article provides a detailed
report on the recent advances made in the use of Nap-based
small-molecule chemosensors for fluorescence sensing and
bioimaging of Cu(u) ions.

low

2. Amino-1,8-naphthalimide-based
fluorescence chemosensors for Cu(i)
ion detection

In this section, we have exemplified the design, synthesis,
photophysical, and fluorescence sensing properties of several

Sens. Diagn., 2023, 2, 1158-1175 | 1159
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Nap-based fluorescence chemosensors for the detection of
Cu(u) ions. In 2017, Pu and co-workers developed a
photoactive  diarylethene-based amino-1,8-naphthalimide
Schiff base (Nap-1) which showed excellent fluorescent
sensing properties towards Cu(m) ions (Fig. 1A-D).*° The
presence of diarylethene makes Nap-1 an efficient
photochromic system due to its exceptional photo-switchable
characteristic (Fig. 1A). Nap-1 displayed an effective photo-
isomerization on changing the excitation wavelength. At A =
297 nm UV light irradiation, Nap-1 displayed sharp color
changes from colorless to orange along with the appearance
of a new absorption band at 4 = 475 nm which is due to the
formation of the closed-ring isomer of Nap-1. Moreover, the
initial strong ICT-based fluorescence emission of Nap-1
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Fig. 1 (A) The structure of sensor Nap-1. (B) The observed changes in
the fluorescence emission intensity of Nap-1 were induced by various
metal ions in CH3zCN. (C) The changes in fluorescence emission
intensity of Nap-1 induced by the addition of Cu(l) (inset:
corresponding photographs of visual color changes). (D) Photographs
for fluorescence color change of Nap-1 in CH3zCN in the presence of
various metal ions. Reproduced with permission from ref. 29.
Copyright 2017 Elsevier.
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gradually decreased with the increased Cu(u) concentration
(Fig. 1B and C). A clear color change from green fluorescence
to colorless was observed upon the addition of Cu(u) ions
into the Nap-1 solution (Fig. 1C inset). Interestingly, the
addition of other metal ions did not cause any visual color
changes (Fig. 1D). The fluorescence changes were found to be
irreversible  even  after the addition of excess
ethylenediaminetetraacetic acid (EDTA) solution. The binding
constant (K,) was estimated to be 3.13 x 10* L mol™ and the
limit of detection (LoD) was calculated to be 2.4 x 10° mol
L™". Job's plot and mass spectrometry analysis demonstrated
a 1:1 coordination complex formation between sensor Nap-1
and Cu(u). These studies confirmed that Nap-1 could be used
as a potential colorimetric and fluorescence ‘turn-off’ sensor
for selective and irreversible sensing of Cu(u) ions.

A novel fluorescence chemosensor (Nap-2) based on an
amino-1,8-naphthalimide having two [12]aneN; species for
Cu(n) detection was reported (Fig. 2A-E).*° Nap-2 displayed
an excellent 127-fold fluorescence quenching response with
the incremental addition of Cu(u) ions and no notable
inferences were seen with other competing metal cations
including Ag(1), Cd(u), Ca(u), Fe(u), Co(u), Li(r), Hg(u), K(1),
Ni(u), Mg(u), Na(i), Zn(u), and Pb(u) ions (Fig. 2B). The
quantum yield of the Nap-2 + Cu(un) coordination complex
was much lower (¢ = 0.0014) compared to sensor Nap-2 (¢ =
0.1498). Job's plot analysis confirmed that the binding
stoichiometry between Cu(u) and Nap-2 was 2:1. The
detection limit in aqueous media was estimated to be 1.3 x
10"® M which was much lower than the permissible limit of
Cu(n) ions in drinking water. The amino-1,8-naphthalimide
moiety with no [12]aneN; and triazole units exhibited no
notable fluorescence alteration in the presence of Cu(u) ions.
This data indicates that two [12]aneN; units are crucial for
effective complex formation. The combined effect of the
triazole-[12]aneN; unit and the amino-ester linkage resulted
in the strong fluorescence quenching of Nap-2 when
coordinated with the Cu(u) ion. The non-radiative decay
induced by the close contact between the amino-1,8-
naphthalimide moiety and Cu(i) ion might be the reason for
the attenuation in the fluorescence intensity. In addition, the
complex Cu(u) + Nap-2 could selectively detect adenosine
triphosphate (ATP) which enhances the application of Nap-2
in the biological field. Further, due to the increased
biocompatibility, high water solubility, and good sensitivity
for Cu(u) sensing, Nap-2 was successfully used for the
sequential sensing of Cu(u) and ATP both in an aqueous
medium and within HeLa as well as A549 cells
(Fig. 2D and E). The initial fluorescence intensity of Nap-2
was diminished significantly after the addition of Cu(u) ions
due to the efficient coordination complex formation, which
was decomposed by the addition of ATP. The fluorescence
intensity of Nap-2 was restored by adding an increased
concentration of ATP. At higher ATP concentrations, the HeLa
and A549 cell lines exhibited a strong fluorescence emission
and thus Nap-2 can be used as a potential chemosensor for
sensing and bioimaging of Cu(u).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) The structure of sensor Nap-2. (B) The observed relative
changes in the fluorescence emission spectra of Nap-2 were induced
by various metal ions. (C) The changes in fluorescence emission
intensity of Nap-2 induced by the addition of Cuf(i). (D) Confocal
microscopy images of A549 and Hela cells incubated with 10 uM Nap-
2 and Nap-2 + Cu(n) for 1 h. (E) Hela cells stained with 10 uM Nap-2 +
Cu() upon the addition of increasing concentration of ATP.
Reproduced with permission from ref. 30. Copyright 2016 Elsevier.

In 2016, Liu et al. developed two interesting fluorescent
sensors Nap-3 and Nap-4 for Cu(n) sensing (Fig. 3A and B)
with the ability to display sharp visual color changes from
yellow for Nap-3 to blue upon Cu(u) binding (Fig. 3C).*" The
addition of Cu(u) ions into the Nap-3 solution in CH;CN/H,0O
resulted in the decrease in emission intensity at A = 530 nm
which is fluorescence

accompanied by an wunusual
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Fig. 3 (A) The structure of sensor Nap-3 and Nap-4. (B) The relative
changes in the fluorescence emission intensity of Nap-3 were induced
by various metal ions. (C) Visual color changes for Nap-3 before and
after binding with Cu(i) ions. (D) Fluorescence images of Hela cells
incubated with Nap-3 only (left-a) and Nap-3 + Cu(n) for 1 h (right-b).
Reproduced with permission from ref. 31. Copyright 2016 Elsevier.

enhancement at 4 = 440 nm when excited at 2 = 365 nm. The
sensing properties of these sensors were stable in a wide
range of pH and the addition of several competing metal ions
did not show any changes in emission spectra (Fig. 3B). The
reason for the exceptional enhancement of fluorescence
intensity was ascribed to the strong coordination of the S
atom to Cu(u) which suppresses the excited state fluorescence
quenching of the amino-1,8-naphthalimide moiety. The
binding ratio and limit of detection were determined to be
1:1 and 0.0326 pM. Interestingly, the subsequent addition of
Na,S reversed the fluorescence sensing through strong
complex formation with Cu(u) ions. In addition to the
fluorescence sensing, the ability of these sensors as cellular
imaging probes was demonstrated using HeLa cells. The
HeLa cells incubated with Nap-3 did not show any
fluorescence emission, but the addition of Cu(u) induced
bright fluorescence emission (Fig. 3D). To support the
proposed sensing mechanism, a reference sensor molecule
Nap-4 was designed, and similar titration studies were
performed. Interestingly, the fluorescence titration showed
significant fluorescence quenching with the appearance of no
new peak, which suggested that “S” in Nap-3 strongly
coordinates to form a stable complex and thus efficient
sensing. Therefore, Nap-3 and Nap-4 can be viewed as
excellent fluorescence turn-on sensors for selective sensing
and bioimaging of Cu(u) ions.

Another interesting Nap-based fluorescence sensor Nap-5
with a Schiff base receptor was reported.>”> Nap-5 is

Sens. Diagn., 2023, 2, 1158-1175 | 1161
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composed of a Nap fluorophore unit directly connected with
the Schiff base receptor without the spacer. Nap-5 was highly
fluorescent and displayed an excellent fluorescence
quenching in the presence of Cu(u) ions in Tris-HCI buffer/
DMF solution. The addition of other competing metal ions
showed almost no observable changes in the emission
intensity (Fig. 4A and B). The observed fluorescence
quenching was due to the formation of a chelated, stable
coordination complex between Nap-5 and Cu(u). From the
titration studies, the association constant and LoD were
calculated to be 1.088 x 10° M™" and 0.32 pM, respectively. In
continuation, the same group reported another interesting
sensor Nap-6 with a slight modification at the receptor site.*
Similar to Nap-5, sensor Nap-6 also displayed an excellent
fluorescence sensing ability for Cu(u), and no interference
was observed in the presence of other competing ions at
higher concentrations (Fig. 4C and D). The non-linear fitting
curve and Job's plot analysis indicated that the binding ratio
was 1:1 and the sensitivity of Nap-6 for Cu(i) was 0.23 uM.
These results confirm the effective sensing properties of Nap-
5 and Nap-6 towards Cu(u) ions.

A novel fluorescence sensor Nap-7 was designed by
reacting 6-hydrazino-benzo[delisoquinoline-1,3-diones with
4-tert-butyl-2,6-di-formyl phenol. Nap-7 displayed a highly
selective 30-fold fluorescence quenching response for Cu(u)
in CH;CN:H,O (4:1, v/v) solution (Fig. 5A).** The high
selectivity towards Cu(un) ions was not disturbed in the
presence of other analytes including most of the alkali
metals, alkaline earth metals and rare earth metals. The
sensitivity was found to be as low as 64 ppb and this level of
sensitivity is much lower than the allowed concentration of
Cu(u) in water. The stoichiometry plot and ESI-MS analysis
suggested that the binding ratio between Nap-7 and the Cu(n)
ion was 1:2. Notably, further studies using different salts of
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Fig. 4 The mechanism of Cu(i) sensing for (A) Nap-5 and (C) Nap-6.
The selectivity of the sensor (B) Nap-5 and (D) Nap-6 for Cu(u) ions in
the co-existence of other competing metal ions. Reproduced with
permission from ref. 32 and 33. Copyright 2017 Springer and 2017
Willey.
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Fig. 5 (A) The structure of sensor Nap-7 and its 1:2 complex
formation with the Cu(i) ion in CH3CN-H,O solution. (B) The
fluorescence microscopy image of Nap-7 within MCF-7 cells before
and after the addition of Cu(i) ions. Reproduced with permission from
ref. 34. Copyright 2016 Elsevier.

the Cu(u) ion such as Cu(NOj;),, CuCl,, Cu(ClO,), and
Cu(OAc), showed no changes in the emission intensity and
thus, the effect of anions on the sensing property of Nap-7
was negligible. The observed fluorescence quenching was
attributed to the photo-induced energy transfer from Nap-7
to the Cu(u) ion and the high selectivity of Nap-7 for Cu(u)
was due to the strong affinity of heteroatoms (O and N) for
Cu(n) and also to the ability of the Cu(u) ion to deprotonate
the amide moiety. The selective fluorescence quenching for
Cu(u) was also observed within the cellular medium (MCF-7
cells) with no apparent toxicity to the cell line (Fig. 5B). All
these data affirm the excellent efficacy of Nap-7 to act as a
Cu(n) sensing probe both in solution and in the biological
medium.

In 2016, Zheng and his group reported a semicarbazide-
based fluorescent sensor Nap-8, which showed a unique
reaction-based turn-on fluorescence sensing towards Cu(m)
ions.*> The sensor Nap-8 underwent a Cu(i) ion-promoted
hydrolysis of the semicarbazide moiety into the formation of
the corresponding amino-derivative which exhibited a strong
fluorescence emission (see Fig. 6). The formation of the
amino-derivative of Nap-8 was verified based on the
absorption and emission spectra recorded after the addition
of Cu(u) in a buffer solution. Both the absorption and
emission spectra matched well with already reported data for

OO OO —=CC —C0
NWN“N”Z | HN\n,OH NH;,
0

Strong
Fluorescence

O
Low F! luorcsccnce C”(”)

Nap-8 (Zheng et.al.)

Fig. 6 The proposed reaction-based sensing mechanism of Nap-8 for
Cu(i) ions. The addition of Cu(i) induced hydrolysis to generate the
amino-derivative of Nap-8.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the amino-derivative. The proposed hydrolysis-based sensing
mechanism was further supported by the ESI-MS analysis.
After the reaction of the Cu(un) ion with Nap-8 in buffer
medium, an intense peak at m/z = 269.3 was observed which
corresponds to the proposed amino-derivative of Nap-8. This
was further confirmed by multinuclear NMR (*H and '°C)
analysis. Interestingly, Nap-8 displayed an intense
fluorescence enhancement even in the presence of other
competing metal ions with excellent sensitivity and thus Nap-
8 can be used as an efficient fluorogenic chemo-dosimetry
probe for the trace analysis of Cu(u) ions.

A novel fluorescence sensor (Nap-9) was synthesized via
four-step reactions starting from 4-bromo-naphthalic
anhydride.*® The developed probe Nap-9 displayed a highly
selective and effective off-on type of fluorescence response
for the addition of Cu(u) ions in CH3;CN-H,O (70:30, v/v)
along with a buffer solution of 3-(N-morpholino) propane
sulfonic acid (MOPS, 10 mM, pH = 7.0) (Fig. 7A-C). The PET
process from the electron-rich receptor moiety to the excited
state of Nap-9 fluorophore species was quenched in the
presence of Cu(u) ions which eventually lead to the
enhancement of fluorescence intensity (Fig. 7A). The
fluorescence enhancement efficiency did not alter upon
changing the concentration of Cu(u) ions from 1 to 10
equivalents, which indicates the binding stoichiometry as 1:
1. This binding ratio was further confirmed using Job's plot
analysis. The association constant was calculated to be 1.1 x
10'° M™* and the LoD was 0.15 uM. The 4.5 fold fluorescence
enhancement for Nap-9 upon the addition of 10 equivalents
of Cu(u) ion with no notable alteration with the presence of
other metal analytes makes the sensor Nap-9 an effective
probe for Cu(u) ions (Fig. 7B and C).

Another interesting naphthalimide fluorescence sensor
Nap-10 adorned with a di-(2-picolyl)amino (DPA) receptor
unit was reported for the excellent sensing of Cu(u) ions
(Fig. 8A).*” The absorption spectra of Nap-10 displayed a clear
hypochromic shift with the addition of Cu(u) ions which

(A)

other cations

0
Wavelenathiom)
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(Wang et al.)
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Proba K Na Ca Mg N Cr Ma Fo Mg Cu Co Cd Zn Fb Ag

Fig. 7 (A) The structure of sensor Nap-9 before and after the complex
formation with the Cu(i) ion. (B) The relative changes in emission
intensity observed for Nap-9 after the addition of various metal ions
and (C) their corresponding bar diagram showing the fluorescence
turn-on response for the Cu(n) ion selectively. Reproduced with
permission from ref. 36. Copyright 2013 Elsevier.
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leads to a naked eye color change from a yellow shade to
colorless. Interestingly, other metal ions did not show any
notable shift in the absorption peak of the sensor. Similarly,
the fluorescence emission intensity of Nap-10 was altered
significantly in the presence of Cu(u) ions. The initial strong
emission of Nap-10 was attenuated upon the addition of
Cu(u) ion solution and this was also reflected by a marked
color change (Fig. 8C and D). The bright green emission of
Nap-10 was observed to disappear after binding with the
Cu(u) ion (Fig. 8C inset). The binding ratio between Nap-10
and Cu(n) was estimated to be 1:1 by Job's plot. The
electron-donating DPA receptor promotes a strong push-pull
type of mechanism to the electron-withdrawing imide site
which facilitates the strong internal charge transfer (ICT)
transition. Upon metal binding, the lone pairs of electrons in
the DPA moiety are no longer available for an efficient ICT
process thus leading to the suppression of ICT which
eventually resulted in the quenching of fluorescence. The
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Fig. 8 (A) The structure of sensor Nap-10 and (B) X-ray crystal
structure of the 1:1 Cu(i) + Nap-10 complex. (C) The relative changes
in emission intensity before and after the addition of different metal
cations [inset: color changes observed for Nap-10 before and after the
addition of Cu(i)]. (D) The changes in fluorescence emission intensity
for Nap-10 upon the gradual addition of Cu(i) ions. Reproduced with
permission from ref. 37. Copyright 2012 Elsevier.
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crystal structure of the Cu(u) + Nap-10 complex reveals the
Cu(n) coordination to three different nitrogen atoms, two of
which belong to the pyridine ring unit and the other nitrogen
from the naphthalene ring unit (Fig. 8B). The crystal data
also validate the 1:1 binding ratio. The geometry of the
complexation was observed to be trigonal bipyramidal. This
is the first example of the successful crystal structure of the
di-2-picoly-amine (DPA)-Cu(ir) complex.
Tris-(2-aminomethyl)amine (tren) is a flexible amine used
extensively in the design and synthesis of luminescent
organic cages and organic polymers.*®
protonation of NH, groups, tren-based small-molecule
fluorophores are water-soluble. In 2013, Gunnlaugsson et al.
synthesized an interesting 4-amino-1,8-naphthalimide-based

Due to its facile

fluorescence sensor Nap-11 functionalized with a tren
receptor moiety at the 4th position of the naphthalimide
moiety (Fig. 9).>° The sensor Nap-11 exhibited an efficient
and selective fluorescence quenching of up to 80% and a
blue shift in the absorption band upon the addition of Cu()
in 100 mM NaCl buffer solution. Further studies
demonstrated that the fluorescence emission properties
altered with a change in the pH of the solution. This is
because the tren-receptor NH, groups are involved in the PET

ions

process thereby quenching the fluorescence intensity in the
basic pH. Meanwhile in acidic pH < 4, the NH, groups are
protonated which inhibits the PET process and thus
enhances the fluorescence emission. The observed
fluorescence changes in response to the change in pH of the
medium were found to be fully reversible. At a highly acidic
pH, the binding ratio between Cu(u) and Nap-11 was 1:2, but
this ratio changed to a 1:1 at physiological pH. In addition
to the excellent sensing characteristics, sensor Nap-11 can be
easily recovered from the metal-sensor complex upon
titrating with the chelating agent EDTA or glutathione.

In 2019, Qian and team designed and synthesized a series
of amino-1,8-naphthalimide-based fluorescence sensors (Nap-
12 to Nap-15) for multiple applications, of which Cu(u) ion
sensing is one of the main purposes (Fig. 10A)."° Upon
screening the selectivity of these sensors towards various
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Fig. 9 The changes in ICT-based fluorescence emission spectra of
Nap-11 as a function of increasing concentration of Cu(i) upon
excitation at 1 = 445 nm (inset: the structure of sensor Nap-11).

Reproduced with permission from ref. 39. Copyright 2013 Taylor and
Francis.
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metal ions in the Tris-HCI buffer medium, the emission
characteristics displayed an efficient and selective quenching
for Cu(u) ions. The sensors Nap-12 to Nap-15 exhibited
almost 116, 20, 12, and 14-fold quenching of emission
intensity with the addition of 5-equivalents of Cu(u) ions,
respectively. Interestingly, similar studies with other metal
ions showed no notable fluorescence changes, except a one-
fold emission enhancement observed for sensor Nap-14 upon
the addition of Fe(ur) ions. It was suggested that the possible
reason for this is due to the peculiar structural features of
Nap-14 compared to other the

sensors. Furthermore,
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Fig. 10 (A) The structure of sensors Nap-12 to Nap-15. (B) Confocal

fluorescence microscopy images of Hela cells treated with sensors
Nap-12 to Nap-15 and then incubated with Cu(i) ions (the images
were recorded at different times). (C) Fluorescence microscopy images
of Hela cells incubated with Nap-12 + Cu(i)) and Nap-13 + Cu()
complexes and Lyso-Tracker red for 0.5 h. Reproduced with
permission from ref. 40. Copyright 2019 Frontiers.
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presence of a long hydrophobic chain as well as the carbonyl
group attached to the 1,8-naphthalimide moiety restricted
the PET process and thereby enhanced the fluorescence
emission intensity. The detection limit of Nap-12 to Nap-14
was estimated to be 2.62 x 107°, 4.51 x 10, and 1.17 x 10°®
M, and Job's plot confirmed the binding ratio between
sensors and Cu(u) to be 1:2. The paramagnetic nature of
Cu(u) ions and the effective coordination of the amino group
towards Cu(u) ions leads to excellent fluorescence quenching
properties. Along with Cu(u) sensing in a buffer medium,
cellular imaging studies were also performed using HeLa
cells. Sensors Nap-12 to Nap-15 were highly emissive within
HeLa cells and the subsequent incubation of Cu(u) quenched
the fluorescence emission (Fig. 10B). This was further
extended to demonstrate the use of sensor-Cu(u) complexes
to visualize them within the lysosomes in live HeLa cancer
cell lines (Fig. 10C). All these studies demonstrated that
triazole-based ligands Nap-12 to Nap-15 could be used as
potential fluorescence sensors for the trace determination of
Cu(u) both in the buffer medium and within the cancer cell
lines.

Another interesting fluorescence sensor was reported by
Yoon and co-workers, who designed two different
4,5-disubstituted-1,8-naphthalimide sensors, Nap-16 and
Nap-17, which showed excellent fluorescence sensing of Cu(u)
(Fig. 11A).*" The fluorescence titration studies using Nap-16
and Nap-17 in HEPES buffer solutions (0.5 M, pH = 7.4)
displayed unique alteration with the addition of Cu(u) ions.
The broad emission peak of Nap-16 at A = 534 nm decreased
in intensity which was accompanied by the generation of a
blue-shifted emission band at A = 478 nm upon titrating with
Cu(u) ions. These changes indicated the complexation of

Aa)

Nap-16

O 0 (Yoon et al.)

Nap-17

(Yoon et al. )j(

Fig. 11 (A) The structure of sensors Nap-16 and Nap-17. (B) Reversible
colorimetric responses of sensors Nap-16 and Nap-17 before and after
mixing of CN™ ions to their respective Cu(i) complexes. Reproduced
with permission from ref. 41. Copyright 2010 Elsevier.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Tutorial review

Cu(u) ions with sensor Nap-16. Job's plot confirmed a 1:1
binding ratio between Nap-16 and Cu(u) ions. The association
constant was estimated to be 2.7 x 10> M™" and the limit of
detection was 1.0 x 10°® M™". Similarly, with the addition of
Cu(n) ion solution, sensor Nap-17 displayed an efficient
quenching pattern at 4 = 550 nm, and the dissociation
constant was calculated to be 2.2 x 10™® M™. Upon the
interaction with the Cu(u) ion, the NH proton of Nap-17 gets
easily deprotonated which facilitated the observed
fluorescence quenching. The absorption spectra of Nap-17
showed a decrease in the band at A = 459 nm and the
generation of two different bands at 4 = 306 and 504 nm
which displayed sharp isosbestic points at 4 = 390 and 492
nm, respectively. The hypsochromic shift in the fluorescence
peak was due to the partial positive charge near the cation
because of the interaction of the metal cation with the
electron-rich moiety of the fluorophore. Therefore, Nap-16
can be a ratiometric sensor and Nap-17 a colorimetric sensor
for Cu(u) ion detection. Moreover, the fluorescence sensing
responses can be reversed by titrating with CN™ ions, which
breaks the coordination complex by forming an effective
complex with the Cu(u) ion (Fig. 11B). This reversible
switching was reflected by the color changes of both sensors.
Therefore, both Nap-16 and Nap-17 can be utilized as
possible reversible fluorescence and colorimetric sensors for
the detection of Cu(u) ions.

A cleft-shaped sensor Nap-18 was developed by a simple
naked-eye substitution reaction between N-butyl-4-bromo-5-
nitro-1,8-naphthalimide and N-phenyl ethylenediamine
yielding the expected sensor molecule in analytically pure
form and high yield."> Nap-18 was successfully utilized for
selective detection of Cu(u) ions, producing clear naked eye
color changes (Fig. 12). The yellow color of Nap-18 changed
to pink upon complex formation with Cu(u) ions. Notably,
the fluorescence emission of Nap-18 was observed to be red-
shifted from green to red upon binding with the Cu(u) ion
(Fig. 12). It was suggested that the reason for the observed
sharp color changes might be due to the Cu(u)-coordinated
deprotonation of amine groups on the naphthalene ring. It
was further proposed that the binding of Cu(u) with Nap-18

’ 9

ENH HNj —_— [N%uwﬁ

NH HN NH HN

& O

Nap-18 (Cui et al.)

Fig. 12 The structure of sensor Nap-18 and its Cu(i) complex, and
sharp visual changes from green to pink. Reproduced with permission
from ref. 42. Copyright 2005 American Chemical Society.
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\

Nap-19

Monomer

Fig. 13 The proposed Cu(i) sensing mechanism of excimer-monomer
switching of sensor Nap-19 (inset: visual color changes of the sensor
from green to blue after complexation with metal) in an aqueous
medium. Reproduced with permission from ref. 43. Copyright 2010
Royal Society of Chemistry.

took place in a stepwise manner, first forming a 1:1
complex, then forming a 1:2 complex, and later rapidly
releasing two amino protons from the naphthalimide
moiety to form the 1:1 chelate complex of Nap-18 with
Cu(u). The observed sharp visual color changes make Nap-
18 a suitable colorimetric and ratiometric probe for Cu(n)
ion sensing.

Spring et al. designed a unique ratiometric fluorescence
sensor Nap-19 for Cu(u) detection by the incorporation of a
piperazine  ring into two  N-butyl-4-acetamido-1,8-
naphthalimide moieties (Fig. 13)."> Upon changing the
polarity of the sensing medium from low to high, the
piperazine ring of the sensor exhibited a conformational
switching from chair to boat, leading to the transformation
of 1,8-naphthalimide monomer emission at A = 450 nm via a
static excimer formation which emits at 4 = 550 nm.
Fluorescence emission intensity displayed no noticeable
changes with the addition of less than one equivalent of
Cu(u) ion, whereas the UV-vis spectra exhibited a notable
decrease in peak intensity along with a red-shift as well as
peak broadening when one equivalent of Cu(u) ion was added
to the sensor solution. However, the second equivalent of
Cu(u) ion addition resulted in an enhanced blue shift of the
peak. The excited state of the naphthalimide dimer unit
induces a dynamic excimer emission in polar solvents in
their free state. However, upon complexation with the Cu(u)
ion, the obtained complex exhibits a static excimer emission
which originated from the ground state of the naphthalimide
dimer formation. Further, the bathochromic shift of the
excitation spectrum of the complex also validates the
formation of the static excimer. In a nutshell, Nap-19 can be
utilized as a ratiometric fluorescence probe for selective
sensing of Cu(n) ions in an aqueous solution based
on the excimer-monomer switching characteristics of the
1,8-naphthalimide moiety.
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Fig. 14 (A) The structure of sensor Nap-20 and its Cu(i) complex. (B)
The observed changes in the absorption spectra for Nap-20 after
adding Cu(n) solutions (inset: the titration profile based on the
absorbance at 252 nm). (C) The relative changes in the fluorescence
emission intensity for Nap-20 upon mixing the Cu(i) ion solution
(inset: the obtained titration profile based on the intensity ratio at 435
and 526 nm). (D) The confocal fluorescence image of MCF-7 cells
treated with Nap-20 (above) and subsequent addition of Cu(i) ions
(below) (labels a-h are part of the original images). Reproduced with
permission from ref. 44. Copyright 2012 American Chemical Society.

Another interesting ratiometric Cu(u) sensor, Nap-20, was
devised by linking 4-amino-1,8-naphthalimide and
8-aminoquinoline fluorophores through a piperazine linker
unit (Fig. 14A).** Due to the large spectral overlap, both these
fluorophores were excited at the same wavelength. In the
HEPES buffer medium, Nap-20 showed two strong absorption
peaks, a peak centered at 4 = 252 nm which corresponds to
the m-n* transition, and an ICT-based transition peak at 1 =
403 nm (Fig. 14B).

Interestingly, upon incremental addition of Cu(u) ions,
Nap-20 showed a ratiometric response. The absorption
intensity of the peak at 252 nm enhanced gradually while the
peak at 403 nm slightly blue-shifted and the intensity of the
peak was decreased. Similarly, the fluorescence emission
spectrum of Nap-20 showed two intense peaks at 4 = 435 and
526 nm; these emission peaks correspond to two different
fluorophores of Nap-20. The increased addition of Cu(m) ions
into the sensor solution induced selective quenching of the
emission at 526 nm with no significant changes at 435 nm
(Fig. 14C). The ratio between the two emission peaks
demonstrated linearity up to 1:1 concentration of Nap-20
and Cu(m). It was noticed that the observed ratiometric
fluorescence response was not altered by the presence of
other competing metal cations. Further biological studies of
live MCF-7 cell imaging indicated the use of Nap-20 as a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (A) The structure of sensor Nap-21 and its Cu(i) complex. (B)
The confocal fluorescence images of RAW cells treated with Nap-21
(top panel) and cells incubated with Nap-21 and Cu(i) (bottom panel)
(labels a-f are part of the original images). The rightmost images are
bright-field images. Reproduced with permission from ref. 45.
Copyright 2014 Royal Society of Chemistry.

potential ratiometric fluorescence sensor for trace monitoring
the Cu(u) ion concentration within the cellular medium (Fig. 14D).

In 2014, Zhang et al. reported a unique Cu(u) ion sensor
(Nap-21) based on an intramolecular fluorescence resonance
energy transfer (FRET) mechanism using an amino-1,8-
naphthalimide fluorophore which connected through a
spacer with a rhodamine B fluorophore (Fig. 15A).*> The
absorption peak of ring-opened rhodamine B at 4 = 556 nm
significantly overlaps with the emission spectrum of the
amino-1,8-naphthalimide which emits at 2 = 525 nm which
engenders the sensor Nap-21 to exhibit FRET. The strong
emission of Nap-21 emanating from the amino-1,8-
naphthalimide moiety was quenched and a new emission
peak at 1 = 580 nm was observed in the presence of Cu(u)
ions. The appearance of a new peak was assigned to the ring-
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Fig. 16 The structures of sensors Nap-22 to Nap-25 employed for
selective and efficient sensing of Cu(i) ions.
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opening of the spirolactam to form an amide. The detection
limit was calculated to be 0.25 pM. Job's plot indicated the
formation of a 1:1 metal-ligand coordination complex,
which was further validated by ESI-MS analysis. The confocal
microscopy images revealed the potential use of Nap-21 as a
ratiometric Cu(u) sensor with high-level practical feasibility
(Fig. 15B).

Two structurally similar fluorophore-spacer-receptor types
of sensors Nap-22 and Nap-23 were configured based on
4-amino-2,2,6,6-tetramethyl  piperidinyl for fluorescence
sensing of Cu(n) ions (Fig. 16)."® Among the various metal
ions tested Pb(u), Zn(u), and Ni(u), the highest fluorescence
enhancement was measured for Cu(u) ions. The fluorescence
titration profile indicated a 1:1 complex formation of the
sensor with Cu(u) ions. It was proposed that the Cu(u) ions
coordinated with both the piperidine moiety and the
aromatic amine site which resulted in the restriction of the
PET process from the amine receptor site to the
1,8-naphthalimide moiety. Subsequently, the inhibition of
PET resulted in an efficient fluorescence enhancement. In
addition to the emission enhancement, the chelation of the
sensor led to the hypsochromic shift in wavelength due to
the reduction in the electron-donating ability of aromatic
amine. These studies demonstrated the ability of Nap-22 and
Nap-23 as efficient fluorescence switches for excellent
sensing of Cu(u) ions. These studies were further explored by
the same group and in continuation, two more sensors Nap-
24 and Nap-25 with similar sensing properties were reported
(Fig. 16)."” Sensors Nap-24 and Nap-25 were weakly emissive
due to the PET process which quenches the intrinsic
emission of sensors. But, the coordination of Cu(u) ions with
sensors engenders an efficient emission increase due to the
prevention of the PET process. Besides Cu(u) sensing, the
fluorescence switching of these sensors based on H' ion
concentrations in solution was demonstrated.

In 2014, Xu and team designed a novel 4-amino-1,8-
naphthalimide-based fluorescence sensor Nap-26 consisting
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Fig. 17 (A) The structure of sensor Nap-26 and its Cu(i) coordination
complex. (B) The relative changes in fluorescence emission for Nap-26
in the presence of different metal cations. (C) The observed changes in
emission intensity upon the gradual addition of Cuf(i) ion solution.
Reproduced with permission from ref. 48. Copyright 2014 Royal
Society of Chemistry.
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Fig. 18 (A) The structure of sensor Nap-27 and (B) visual color
changes were observed for Nap-27 before and after mixing with
different metal ion solutions. (C) Relative changes in emission intensity
upon the addition of various metal ions. (D) The fluorescence titration
studies for Nap-27 at different concentrations of Cu(i) ion solution
(inset: a plot of fluorescence changes vs. equivalents of Cu(n) ion).
Reproduced with permission from ref. 49. Copyright 2007 Elsevier.

of the morpholine moiety as a receptor site for Cu(u) binding
(Fig. 17A).*® Nap-26 exhibited an efficient fluorescence turn-
on sensing response for the Hg(u) ion and a fluorescence
turn-off response for Cu(u) in aqueous solution (Fig. 17B).
Notably, the observed fluorescence changes gave a linear
curve with increasing concentration of metal ions, and the
efficient fluorescence quenching in the presence of Cu(u) was
attributed to the heavy atom effect (Fig. 17C). Therefore, Nap-
26 can be a potential bifunctional sensor system for the
quantification of metal-ion concentrations in solutions.

In 2007, Fu et al reported a novel two-channel
fluorescence sensor Nap-27 designed from macrocyclic
dioxotetramine, which acts as a receptor and amino-1,8-
naphthalimide (Fig. 18A)." The initial emission intensity of
Nap-27 was perturbed upon the addition of Cu(u) and Hg(u)
metal ions, while other metal ions showed almost no changes
in the emission spectra of Nap-27 (Fig. 18B). From the
titration profile, the limit of detection was found to be 3 x
10”7 M for Cu(m) and 7 x 10”7 M for Hg(u). The observed
photophysical changes were also reflected by sharp visual
color changes (Fig. 18C). Therefore, Nap-27 can be utilized as
a potential visual and optical sensor for the trace sensing of
both Cu(n) and Hg(m) even in the presence of other
competing metal cations.

3. Conclusions and outlook

The design and development of suitable chemical sensors for
selective detection and ultra-trace monitoring of the
concentrations of biologically important analytes and
environmentally concerning pollutants have attracted
substantial research attention in the past decades. In
particular, small-molecule-based chemosensors received
special attention because of their easy synthesis, product
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scalability, facile structures & functional tunability, and high
solution processability which facilitates their easy device
fabrication. A myriad of small-molecule chemosensors based
on different fluorophores have been designed and employed
as fluorescence sensors for sensing anions, cations, small
molecules, chemical explosives, and biomolecules. Given the
facile synthesis, strong absorption & fluorescence emission in
the visible region, large Stokes shift, high fluorescence
quantum yield, and good photostability, amino-1,8-
naphthalimide (Nap) derivatives have been extensively used
as fluorescence chemosensors for the detection of different
metal cations in solutions.

In this article, we have exemplified various examples of
Nap-based small-molecule fluorescence chemosensors
reported to date for the selective sensing and bioimaging
of Cu(un) ions. The fluorescence sensing properties of
different sensors highlighted in this article are presented
in Table 1. We have discussed in detail the photophysical
properties, the mode of binding, the fluorescence sensing
mechanism, and the bioimaging applications of several
sensors for the detection of Cu(n) ions. Gratifyingly, a few
of the Nap sensors presented in this article exhibited
excellent chemical stability under various experimental
conditions and high selectivity for selective sensing of
Cu(u) even in competitive environments. Hence, Nap-based
fluorescence sensors have unlimited potential to be used
as fluorescence sensors for sensing and bioimaging Cu(n)
ions. However, there are multiple issues with Nap sensors
exemplified in this article and these issues must be
resolved for developing practically useful fluorescence
sensor systems. Most of the Nap sensors reported to date
are either fully water-insoluble or partially soluble in water
and thus they are not biocompatible. Moreover, the
fluorescence sensing studies of Nap sensors were largely
performed in an organic solvent or in a mixture of
organic solvent and H,O medium, which limits their bio-
imaging applications. Therefore, developing water-soluble
Nap fluorescence sensors for Cu(u) sensing is imperative.

One feasible method to enhance the water solubility of
Nap derivatives is to functionalize the sensors with water-
soluble organic ligands. In light of this, Gunnlaugsson
et al. have synthesized a Nap-based fluorescence sensor
functionalized =~ with  tris(2-aminoethyl)Jamine  (TREN)
chelating amine, which enhanced the water solubility of
Nap sensors and also acts as a receptor site forming a
stable coordination complex with metal cations.** One such
example is sensor Nap-11 substituted with the TREN ligand
at the imide site, which was found to be fully soluble in
water and forms a stable 2:1 selective coordination
complex with Cu(u) ions in water. In this direction, further
work is in progress in our group for developing
biocompatible and practically useful Nap-based fluorescence
sensors for sensing and bioimaging of biologically relevant
metal cations.

As alluded to above, Nap derivatives are strongly colored
and they absorb and emit in the visible region. For in vivo

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bioimaging applications, sensors with fluorescence emission
in the red and near-infrared region are highly preferable.
Therefore, further structure and functional modifications of
Nap-based sensors are essential for real-time sensing and
imaging of Cu(u) within biological systems. Another issue
with Nap sensors is their poor sensitivity for target analyte
detection. Compared to conjugated polymer-based
fluorescence sensors, discrete small-molecule fluorophores
have less sensitivity because of their stochiometric binding
with target analytes. Most of the Nap sensors discussed
herein sense Cu(u) ions at higher levels than the
permissible concentrations of metal cations in groundwater
and biological systems. The sensitivity of Nap-based small
molecule fluorescence sensors can be improved by
connecting discrete fluorophores into supramolecular
polymeric sensors via a molecular self-assembly process.
This can be achieved by attaching self-assembling
functional groups such as COOH, OH, and NH, on the
periphery of the Nap unit.”° The supramolecular self-
assembly is a promising one-step synthetic method used to
design the targeted products in quantitative yield.”!
Recently, this strategy has been successfully used to develop
various supramolecular polymeric fluorescence sensors for
the sensitive detection of secondary chemical explosives.'
The enhanced sensitivity is ascribed to the molecular wire
effect, where the fluorescence quenching is communicated
via long-range excitonic migration along the polymeric
chains. Therefore, Nap derivatives can be used as a lead
compound to develop fluorescence sensors with superior
sensitivity by functionalizing the Nap core moiety with
desired substituents.

Another issue with Nap-based sensors is their poor
photostability. Nap-derivatives are known to form strong
intermolecular stacking interactions between the
adjacent units, which in general results in self-quenching
of intrinsic fluorescence emission due to the aggregation-
caused quenching (ACQ) effect.”>® The photostability of
Nap derivatives can be improved by introducing bulky
substituents on the periphery of Nap units. The bulky
substituents can prevent molecular aggregation and thus
retain the intrinsic fluorescence emission of Nap
fluorophores. The photostability also can be enhanced by
immobilizing the Nap fluorophores within the polymer-
based matrixes like molecularly imprinted polymers
having  appropriate  internal  cavities for  guest
encapsulation. Furthermore, the high selectivity of Nap
sensors for Cu(u) detection can be achieved by sensibly
altering the receptor cavity size to match the size of Cu(n)
ions.

In summary, we believe that this review conveys the
advantages of Nap-based sensors in fluorescent sensing and
the importance of Cu(u) sensing and bioimaging
applications. We also hope that this review article will be
useful to researchers working in related areas and encourage
new ideas for the design of reliable chemosensors for Cu()
detection in the future.
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