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A naphthalimide-based fluorescent and colorimetric probe for the detection
of mercury(ll) ions in aqueous solutions and in living cells
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A novel derivative of 4-styryl-1,8-naphthalimide containing
an N-arylazadithia-15-crown-5-ether moiety as a receptor
exhibited a hypsochromic shift with simultaneous
fluorescence quenching upon complexation with the
mercury(II) cation. The compound is suggested as a selective
fluorescent chemosensor for the detection of Hg?* in aqueous
solutions and in HEK 293 cells.
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The development of selective and sensitive methods for
determining heavy and transition-metal cations in aqueous
solutions is currently attracting a considerable attention.
Despite the fact that some cations of d-elements are involved in
physiological processes occurring in body and are contained in
some enzymes with various types of action,® they manifest
toxic effects in the vast majority of cases, even at low
concentrations.?

Mercury is among the most toxic heavy metals and it is
widely distributed in the environment as a result of human
activities. Mercury(i1) ions are easily converted by marine
microorganisms to methylmercury (MeHg™") that is more harmful
than inorganic or elemental mercury.3 Further up the food chain,*
MeHg* can accumulate in commercial fish, posing a threat to the
human health. The extreme toxicity of mercury compounds is
due to their high affinity to thiol groups of proteins and enzymes,>
which causes cell dysfunction and thereby causes damage to the
digestive, cardiovascular and central nervous systems.® Mercury
poisoning can cause a variety of serious diseases, such as
tremors, deafness, arthritis, loss of muscle coordination and
memory, and movement disorders.

Based on the above, the qualitative and quantitative analysis
of mercury cations in solutions and in cells of living organisms
is currently an important concern. This problem is often solved
using organic fluorescent reagents capable of changing the
maximum wavelength and intensity of the band in the emission
spectrum upon binding to metal ion.” Derivatives of
1,8-naphthalimide are among the most popular optical platforms
for the creation of such reagents (fluorescent chemosensors).8
Luminophores of this type have high thermal resistance and
photostability, intense absorption and fluorescence in the visible
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region of the spectrum. Moreover, their photophysical properties
can be finely tuned by varying the substituents in the
naphthalimide system.®

In this work, a 4-styryl-1,8-naphthalimide chromophore
possessing long wavelength fluorescence was used as the
photoactive component.l® Azadithia-15-crown-5-ether was
chosen as a receptor unit, which, as we have shown previously,
demonstrates high selectivity towards mercury(r) cations in
aqueous solutions. In the suggested chemosensor 1 (Scheme 1),
the receptor group is incorporated into the electron-donating
substituent located at position 4 of the naphthalimide system.
The existence of conjugation between the nitrogen atom of the
macrocycle and the carbonyl groups of the imide residue implied
that spectral response should appear by the ICT-mechanism,?
according to which complexation should cause changes in the
energy of intramolecular charge transfer (ICT) electronic
transition occurring in the chromophore upon photoexcitation. In
particular, coordination of the cation on the crown ether moiety
is assumed to hinder the shift of electron density from the
receptor to the dicarboxyimide moiety and is accompanied by a
blue shift of the absorption and fluorescence maxima. The choice
of the n-butyl group as the substituent at the imide nitrogen atom
was determined by the higher solubility of N-alkyl-1,8-
naphthalimides in comparison with the corresponding N-aryl
derivatives, which favors the purification of the compound and
preparation of its solutions for studies of the sensor properties.

Chemosensor 1 was prepared by the Heck reaction between
4-bromo-N-butyl-1,8-naphthalimide 4 and crown-containing
styrene 3 (see Scheme 1) by the procedure suggested previously
for the reaction of 4 with 4-dimethylaminostyrene.® Intermediate
3 was synthesized from aldehyde 2 by the Wittig reaction under
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Scheme 1 Reagents and conditions: i, [PhsPMe]*I-, BU'OK, THF, room
temperature; ii, Pd(OAC),, (o-Tol)3P, Et;N, DMF, 105 °C.

the conditions used in a synthesis of a structurally similar
compound.’* The intermediate 4-bromo-1,8-naphthalimide 4
and aldehyde 2 were prepared using reported methods.'®
Experimental details of the synthesis as well as data of
physicochemical methods of analysis for compounds 1 and 3 are
given in Online Supplementary Materials.

The long wavelength band in the absorption spectrum of 1 in
water with a maximum at 490 nm [Figure 1(a)] corresponds to
the intramolecular charge transfer from the donor nitrogen atom
of the aryl moiety to the electron-acceptor carbonyl groups of the
dicarboxyimide residue. The fluorescence of compound 1 is
characterized by the presence of a band (quantum yield 0.028)
around 680 nm [Figure 1(b)]. Addition of Hg?* to an aqueous
solution of 1 resulted in a new band shifted hypsochromically by
100 nm in the absorption spectrum, which is associated with the
coordination of the mercury cation to the crown ether residue
[see Figure 1(a)]. This seems to be due to the fact that upon
complexation, the nitrogen atom of the macrocyclic moiety is
partially disconnected from the conjugated system. Moreover,
binding of the mercury cation by the crown ether receptor was
confirmed using *H NMR spectroscopy. In the presence of
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Figure 1 Spectral properties of compound 1 (10 umol dm=3) in water
(pH 4.5, acetate buffer, 0.01 M). (a) Absorption spectrum of 1 in the absence
(1) and in the presence (2) of mercury(i) perchlorate. (b) Fluorescence
spectra of 1 upon gradual addition of Hg(ClO,),, excitation wavelength
410 nm. (c) Dependence of fluorescence intensity of 1 at 680 nm (Iggo) ON
the concentration of Hg?* cations in solution (the points correspond to
experimental data, while the curves, to the calculation). (d) Ratio of
fluorescence intensity of 1 (I,) to the intensity after addition of 10 equiv. of
the metal cation (1) at 680 nm; excitation wavelength 410 nm.

mercury perchlorates, a strong downfield shift of the signals for
the benzene protons and crown-ether ring protons was observed.
The proton signals of the naphthalimide part were also shifted,
but to a smaller extent (see Online Supplementary Materials,
Figure S1).

Gradual addition of mercury cations resulted in quenching of
the fluorescence of 1 in the fluorescence spectrum. The decrease
in the intensity of the emission band may be due to the internal
heavy atom effect in the complex formed.!® The observed
changes in the fluorescence emission spectrum [see Figure 1(b)]
corresponded to the formation of a 1:1 complex. It was also
found that the experimental data on the dependence of the signal
intensity at a wavelength of 680 nm on the concentration of
Hg(ClO,), comply with the results of theoretical calculations by
the SpecFit32 program,’’ provided that only the formation of the
complex with this composition is taken into account [Figure 1(c)].
Based on the data obtained by spectrofluorimetric titration, we
determined the logarithm of the stability constant of (1) Hg?*
(logK), which amounted to 4.25+0.09. The lower value of logK
for the (1) Hg?* compared to that obtained for the complex of
the reported 4-acetylamino-1,8-naphthalimide with a similar
N-phenylazadithia-15-crown ether receptor located in the
CO-N(Ar-CO fragment as Ar-group (logK =6.51+0.03)1!
could be a result of conjugation between the receptor’s nitrogen
atom lone pair and carbonyl groups in the molecule 1.

To analyze the selectivity of sensor 1, the fluorescent
responses to the presence of various metal ions were measured.
The ratio of the fluorescence intensity of the free ligand at
680 nm to the intensity at the same wavelength detected after the
addition of a metal cation was used as a measure of the response.
The data in Figure 1(d) show that addition of 10 equiv. of Hg?*
results in significant fluorescence quenching, while in the cases
of Cu?*, Ag*, Zn?*, Ni?*, Pb?", Cd?*, Ca?*, Mg?* and Fe?*
cations, the changes were insignificant.

In the next part of this work, we studied the possibility of
using compound 1 for the fluorescent visualization of Hg?* in
living cells. Confocal laser scanning microscopy (CLSM) shows
that 1 penetrates into HEK 293 cells. It is diffusely distributed in
the cytoplasm and accumulated in submicron-sized vesicular
structures [Figure S2(a),(b)]. It should be noted that the
intracellular fluorescence spectrum of 1 is characterized by a
shorter wavelength position of the maximum (600 nm in the
cytoplasm and 567 nm in the vesicles, see Figure S2) compared
to its spectrum in water [see Figure 1(b)]. Most likely, the blue
shift upon going from the aqueous solution to the intracellular
medium results from a decrease in the polarity of the
styrylnaphthalimide fluorophore microenvironment.1318

Comparison of the images of intracellular distribution of 1 in
vesicular structures obtained by CLSM with the distribution of
lipid droplets observed in the transmission images led to the
conclusion that 1 accumulates in lipid droplets, cellular
organelles that store neutral lipids (Figure S3). In this work, we
showed that intracellular accumulation of 1 reached saturation
within 2 h of incubation of HEK 293 cells with 1 (5 um), while
the half-accumulation time was 48+ 1 min [Figure S4(a)]. When
cells were incubated with compound 1 for 30 min, the intracellular
concentration of the compound increased linearly with incubation
concentrations of the sensor in the range of 1-20 pMm
[Figure S4(b)]. The pattern of intracellular distribution of the
compound remains unchanged. The further increase in the
incubation concentration of 1 is limited by the toxicity of the
solubilizer. The kinetics of 1 elimination from HEK 293 cells
showed that the intracellular concentration of the dye decreased
by half in 49+1 min after removal of the compound from the
external environment. In the subsequent hours, a decrease in the
rate of 1 excretion from cells was observed [see Figure S4(a)].
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Thus, compound 1 is characterized by equal rates of cellular
accumulation and excretion.

Pre-incubation of cells with Hg(ClO,), (5-100 pMm, 30 min)
followed by incubation of HEK 293 cells with 1 (5 uM, 30 min)
did not change the qualitative picture of intracellular distribution
of 1 and the shape of intracellular fluorescence spectra but
decreased the intracellular fluorescence intensity of 1, which,
taking the results of studies of the sensor properties of 1 in an
aqueous solution into account, indicates that a complex with the
Hg?* cation is formed (Figure 2). In the range of Hg(CIO,),
concentrations studied (5-30 uMm), the decrease in the
intracellular fluorescence intensity of 1 occurs in proportion to
the amount of Hg?* [Figure 2(d)]. Raising the concentration of
Hg(ClO,), in the extracellular medium above 80 pM does not
decrease the intracellular fluorescence intensity of 1
considerably.

In summary, the optical response of styrylnaphthalimide 1 to
the presence of mercury(i) cations involves a hypsochromic
shift of the long wavelength absorption band and a decrease in
the signal intensity in the emission spectrum associated with the
formation of a non-fluorescent complex. Compound 1 can be
used as a selective colorimetric and fluorescent chemosensor for
Hg?* ions in aqueous solutions and for the qualitative fluorimetric
determination of this ion in living cells.
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Figure 2 (a, b) Confocal fluorescence images and (c) fluorescence spectra
of compound 1 and its complex with Hg?* cations in HEK 293 cells at
Aex =405 nm. (a) Cells were incubated with 1 (5 pM, stock solution in
DMSO) for 30 min. (b) Cells were pre-incubated for 30 min with 20 um
Hg(ClO,),, washed twice with the Hanks’ solution and incubated with 5 pm
1 for 30 min. Column | shows CLSM images of intracellular fluorescence in
the spectral range of 510-730 nm. The fluorescence intensity scale is
presented in relative units. Column Il shows images of cells in transmitted
light. The scale label is 5 pm. Ellipses indicate groups of lipid droplets
located at the cell periphery and visible as bright white or black granules. (c)
Typical normalized intracellular fluorescence spectra of 1 (green lines) and
of the complex of 1 with Hg?* (red lines) in lipid droplets (solid line) and in
the cytoplasm (dashed line). (d) Dependence of the mean fluorescence
intensity of 1 in HEK 293 cells (I') on the concentration of Hg(ClO,),. HEK
293 cells were pre-incubated with 5-100 um Hg(ClO,), for 30 min, washed
twice with the Hanks’ solution and incubated for 30 min with 5 pMm of 1 from
a stock solution in DMSO. Data were averaged over 30 to 40 cells in each
measurement and presented as the mean value per cell £SD.

This work was supported by the Russian Science Foundation
(grant no. 20-73-10186-P). Steady-state fluorescence spectro-
scopy studies were performed with financial support from the
Ministry of Science and Higher Education of the Russian
Federation using the equipment of the Center for molecular
composition studies of INEOS RAS.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2024.04.034.
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