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Abstract

Crown ether ionophores linked to napthalimide fluorophores provide a powerful and
versatile class of fluorescent chemosensors. Here we demonstrate the unusual Hg?* ion
selectivity of an aza-crown ether binding domain and 4-aminonapthalimide fluorophore
linked together by electron rich 1,4-phenylenediamine. Binding, computational, and flu-
orescence studies reveal both photoinduced electron transfer and intramolecular charge
transfer mechanisms in operation. The sensor demonstrates exceptional selectivity for
Hg?t in aqueous ethanol and detects both Hg?t and Zn?t in aqueous acetonitrile.
Mercury ion sensitivity is retained in live cells at biologically relevant concentrations
of Hg?t, making it a potentially versatile and convenient tool for environmental and

biological assay and monitoring applications.
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Introduction

The measurement of heavy metals is critical to the health and sustainability of earth and hu-
man systems. Introduced into the atmosphere from natural and anthropomorphic activities,

t 15 and their bioaccumulation enhance risks to human and environmen-

heavy metals persis
tal health. Mercury has essentially no safe exposure limit, causing significant health risks. %"
As recognized by the World Health Organization (WHO) as one of the most toxic metals,®
mercury causes cancers,” and neurological' and genetic!! disorders. With wide distribution

2

in air,!? water,'® and soil,'* mercury must be carefully monitored and regulated. Some-

what overlooked, mercury’s caustic nature is also detrimental to industrial equipment. 516
Its corrosive presence, when undetected, has led to avoidable economic impact, especially
in petroleum refining.!™'® Therefore, a substantial effort has been made to detect mercury
ions, especially CH3Hgt and Hg?" ions.!?

Beneficial metals like zinc require close monitoring and regulation as well. Zinc is an es-

sential metal needed for proper metabolic reactions, gene and cellular regulation.?® However,

abnormal levels of zinc in the human body can cause complications like diabetes, epilepsy,
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Figure 1: Aminonaphthalimides 1A-1C with fluorophore in black and binding domains in
red.
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Figure 2: Divergent Synthesis of Aminonaphthalimide Sensors 1A-1C from common inter-
mediate 3

and Alzheimer’s disease.?! Therefore, despite their different level of toxicity and environmen-
tal and biological impact, mercury and zinc metal /metal ions have been significantly studied
using different analytical approaches.

Current analytical techniques for detecting Hg?* and other heavy metal ions rely on
sophisticated instrumentation techniques, including inductively coupled plasma mass spec-
trometry (ICP-MS), atomic emission spectroscopy (ICP-AES), and atomic absorption spec-
troscopy (AAS). While these methods represent the gold standard in sensitivity, they require
costly equipment, training, and sample preparation. Fluorescent techniques are compara-

tively rapid, sensitive, and cost-effective; coupled with advances in optics, fluorescence mea-
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surements can be made at low levels of detection by routine instrumentation. Though cur-
rently requiring more advanced microscopy, fluorescence measurements can image even indi-
vidual ions through single-molecule fluorescence techniques. 72 Significant efforts, therefore,
exist toward fluorescent sensors of metals, and with the advent of turn-on chemosensors that
bind individual ions, the potential for enhanced sensitivity and selectivity is growing.26738

Seeking synthetically tractable fluorescence sensors with new levels of selectivity and
sensitivity for heavy metals, we investigated the joining of crown ether ionophores to naph-
thalimides through conjugated phenylene diamine linkers. Naphthalimide fluorophores have
performed well with Hg ion sensors, but few are coupled with azacrownethers without the
inclusion of complex connecting functionality.3%47

Here we report the design of a Hg?" selective aminonaphthalimide-aza-crown-ether sensor
capable of select fluorescence in solution and within living cells, which has significant selec-
tivity for Hg?" ions and therefore potential as a functional chemosensor for trace mercury in
various applications (Figure 1). These selective turn-on chemosensors identify Hg?" primar-
ily by an internal charge transfer (ICT) mechanism. We previously demonstrated that this
class of molecules? %849 has promise for their function tailored chemical interfaces between
gas and solid optical devices for rare event searches in nuclear physics.?#°°52 In addition
to the beneficial properties expected above, we demonstrate a useful binary transition that
allows for ultra-sensitive turn-on analysis when taking advantage of a near-threshold turn-on
response. This new variant demonstrates selective and sensitive Hg?* detection in whole cells

with limited toxicity, potentially providing an immediate tool for sampling heavy metals in

cells.
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Experimental Section

Materials

Commercially available chemicals were used without further purification unless specified.
Spectrophotometric or HPLC-grade acetonitrile was used. Toluene and hexanes were freshly
dried and distilled prior to use. Ultrapure water from a Water Pro BT water station was

used for ultra-trace analysis.

Equipment

Fluorescence spectra were recorded using a Cary Eclipse Fluorescence Spectrophotometer
from Agilent Technologies (Product Number G8800A) at room temperature (25 °C). Instru-
mental set up: PMT detector voltage-High, Excitation filter-Auto, Emission filter-Open,
Excitation slit width-2.5 nm, Emission slit width-5.0 nm, scan control-medium, spectral
range 420 nm to 700 nm. All measurements were taken using type 18 quartz microcuvettes
with 10 mM path length. Solutions of probe molecules were prepared at 1 x 10~3 M concen-
tration in acetonitrile. Solutions of metal perchlorate salts (Ag™, Ba?*, Ca?*, Cu?*, Cd**,
CsT, Hg?t, K*, Lit, N(CH3);, Mg?*, Na®, Pb*", Rb*, Sr?*, Zn%*") were prepared at 1 x
1072 M concentration in 9:1 acetonitrile/water mixture. All fluorescent studies were done by
dilution of the probe molecule to 2 x 1075 M (20 uM). Metal ion selectivity studies were done
by diluting metal perchlorate solutions to 1 x 10~ M (100 uM) concentration. 'H NMR
spectra were recorded on 300 MHz or 500 MHz spectrometers and referenced to the residual
solvent signals (7.26 ppm in CDCl3 or 3.33 ppm in CD30D). 13C {'H} NMR spectra were
recorded on 75 MHz or 125 MHz spectrometers referenced to the residual solvent signal (77.0
ppm in CDCIl; or 45.0 ppm in CD3;0D). NMR data are reported as follows: chemical shift
(0, ppm), integration (H), multiplicity (s-singlet, d-doublet, t-triplet, q-quartet, m-multiplet,
br-broad), coupling constant (/, Hz). High-resolution mass spectrometry (HRMS) data were

recorded using a Shimadzu TOF spectrometer in the Shimadzu Center for Advanced Analyt-
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ical Chemistry at UT Arlington. Fourier transform- infrared (FT-IR) spectra were recorded
using a Bruker Alpha-P FT-IR spectrophotometer by attenuated total reflectance on a dia-
mond sample plate. Thin-layer chromatography was performed on silica gel-coated aluminum
plates (EMD Merck F254, 250 pm thickness). Flash chromatography was performed over
Silicycle Silicafash P60 silica gel (mesh 230-400) or standard-grade activated Alumina (mesh
50-300). Melting points were recorded in capillary tubes on a Mel-Temp II apparatus and

were uncorrected.

Results and Discussion

Synthesis

The preparation of probes 1A-1C (Figure 2) was completed by condensation of commercially
available butylamine with bromonaphthalic anhydride 2 to produce common naphthalimide
intermediate 3. Aryl bromide 3 was diversified into compounds 1A-1C by nucleophilic
aromatic substitution with ethanolamine to give 4, or with independently prepared anilines
to yield 1B and 1C directly. Compound 4 was further elaborated by PBrs bromination

and nucleophilic substitution with 1,10-diaza-18-crown-6-ether to provide 1A.

UV-Vis absorption studies

All fluorescent probes were initially measured in acetonitrile solution to determine their
photophysical properties. The absorption spectra of all probes, shown in Figure 3 (left),
appear to have broad peaks around 200-300 nm, and 350-500 nm, which are consistent with
the 1,8-naphthalimide chromophore. Probe 1B and 1C showed a red-shifted \,,,, around
450 nm compared to probe 1A (Ajae ~430 nm) due to an extended aniline chromophore.
The optical response of sensor 1B, when exposed to different metal cations, was studied
with UV /Vis and fluorescence spectroscopy. In acetontrile, the addition of mercury and

zinc perchlorate solution led to a shift of the absorption maximum from 450 nm to 430 nm,

6
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Figure 3: Left: UV-Vis absorption spectra of probe 1A-1C (25 uM) in acetonitrile at room
temperature. Right: UV-Vis absorption spectra of 1B (20 uM) in acetonitrile with and
without 5 equiv. of metal/nonmetal perchlorate in 9:1 acetonitrile/HEPES buffer at room
temperature.

followed by a visible color change from red to yellow in the case of probe 1B, while the
addition of equivalent amounts of most other metal ions resulted in no change in absorption
maxima or corresponding observations of color change (Figure 3, right). This suggests that
it follows the intramolecular charge transfer (ICT) mechanism.

Different solvents were investigated in order to see how they would alter the selectivity
(Figure 4, left). During the measurements, the A, value shifted to 460 nm, with DCM
exhibiting a change in color from red to pink, and the shift of the A\, value to 510 nm
due to the low polarity and low viscosity of the solvent, since non-polar solvents are not
affected by the dipole effect of the fluorophore. Ethanol was used as a solvent for testing the
response to metal perchlorates that had the effect of losing their vibrational fine structure
due to their high polarity and increased viscosity compared to methanol. A shift of the
maximum absorption wavelength was observed as Hg?™ was added, moving from 460 nm to
440 nm, followed by a visible change from red to yellow, while lead and other metals did

not show any significantly different behavior (Figure 4, right). Adding zinc perchlorate did
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Figure 4: Left: UV-Vis absorption spectra of probe 1B (25 M) in various solvents at room
temperature. Right: UV-Vis absorption spectra of probe 1B (20 M) in ethanol in the
presence of 5 equiv. of various metal/nonmetal perchlorates at room temperature.

not result in a change to the absorption, leading to the conclusion that ethanol was the best

solvent for Hg?" selectivity.

Fluorescence spectroscopic studies

Fluorescent probe 1B shows an extremely strong response to added Hg?* at the tens-of-uM
level in ethanol. Two-dimensional emission/excitation spectra for the unbound and Hg?*-
bound sensor at 20 uM in ethanol with 15 uM mercury perchlorate salt added are shown
in Figure 5, left. A photograph showing the visible fluorescent emission of the bound and
unbound solutions under 405 nm excitation is shown in Fig. 5, right. In all subsequent
fluorescence studies reported, the mixture is excited at 430 nm.

We tested fluorescent response of probe 1B against various metal /nonmetal perchlorates.
To evaluate the sensitivity and selectivity of 1B toward Hg?", a competition experiment
(Figure 6) was performed. A number of different metal/nonmetal ions were used to test

the complexation ability of the receptor, including Ag™, Ba?*, Ca?*, Cu?*, Cd?*, Cs**,
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Figure 5: Left: 3D emission-excitation spectrum for the unbound (left) and Hg**-bound
(right) mercury sensor 1B in ethanol, Right: photograph of fluorescence in unbound (left)
and Hg?"-bound (right) mercury sensor.

Hg?™, K, Lit, N(CH3)37, Mg?", Na*, Pb?*, Rb*", Sr?* and Zn?*'. We maintained the
concentration of the solution of the molecule probe in ethanol at 10 M with the addition of
5 equivalence of metal/nonmetal perchlorates. In all cases, a one minute incubation in the
dark was allowed before taking measurements. Strong selectivity and sensitivity to Hg?* is
observed, and this sensitivity is unimpaired by admixture of other ions into the solution.
Fluorescence studies were performed first in acetonitrile followed by ethanol to probe
the effect of changing solvents on the emission of 1B. At all concentrations in both solvent
systems, 1B is pale orange and does not emit fluorescent signal. In acetonitrile, the addition
of Hg?* and Zn?* at various concentrations results in a color change from pale orange to
yellow along with fluorescence emission with peak excitation at 430 nm. This intensity
gradually increases (Figure 7) from a low intensity with the addition of metal perchlorates
to the maximum intensity with the addition of 0.04 mM Hg?*" and 0.10 mM Zn?**. In ethanol,
only the addition of Hg?" at varying concentrations results in the color change from pale
orange to yellow along with fluorescent emission. This intensity increases (Figure 8) to a

maximum intensity with the addition of 0.03 mM of Hg?". As shown in Job’s plot analysis
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Figure 6: Competitive fluorescence response of 1B (10 M) to Hg*™ (50 M) in the presence
of other metal /nonmetal ions (ions, 50 M) in 8:2 ethanol /water. Excited at \., 430 nm.

the ligands bound in ethanol with a stoichiometric 1:1 complex with Hg?* perchlorate in a
9:1 acetonitrile/HEPES buffer stock solution (Figure 9).

This sensing system displays a notable non-linearity in fluorescence response at low Hg?*+
concentrations. Up to a threshold value of 8 uM no fluorescence is induced, and above this
limit a rapid switch-on behaviour is observed. We have observed this non-linearity observed
in multiple solvents and instrument settings, and also validated it via US-Vis absorption
spectroscopy. We speculate that is caused by the partial dissociation of the perchlorate salt
at low concentrations to [HgClO4]™ and C1~, with production of the dication Hg?" becoming
substantial at higher concentrations. The complex and concentration-dependent speciation
of dicationic salts is well documented.®®*>% To test this hypothesis a comparison was made
to HgCl, salt which is well known to dissociate weakly, and then predominantly to [HgCl]*

d25758  In the latter case no fluorescence was

and Cl™ at all relevant concentrations studie
observed at any concentration despite the ready solubility of the HgCl, in both solvent sys-
tems, supporting the hypothesis of ion speciation dependence of fluorescence. This nonlinear

response may appear to impose a modest limit of detection for dissolved Hg, but it also of-
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Figure 7: Top: Titration fluorescence spectra of 1B (20 uM) in acetonitrile with Hg?* per-
chlorate in 9:1 acetontrile/HEPES buffer stock solution at A4, 430 nm. Bottom: Titration
fluorescence spectra of 1B (20 uM) in acetonitrile with Zn** perchlorate in 9:1 aceton-
trile/HEPES buffer stock solution at A4, 430 nm.

fers an opportunity for a dramatically enhanced limit of detection using pre-spiked solutions
prepared at the transition edge. Because the local gradient of fluorescence vs concentration
is substantially increased near threshold, world-leading limits of detection of 1.44 nM (using
the standard protocol of gradient / noise floor 30°Y) are obtained if the starting solution is
prepared to sit at the transition point. This approach resembles the exploitation of nonlin-

ear phenomena employed elsewhere in precision sensing, for example, transition edge sensors

11
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Figure 8: Titration fluorescence spectra of 1B (20 uM) in ethanol with Hg?* perchlorate in
9:1 acetonitrile/water at A, 430 nm.

based on materials held at the threshold of superconductive phase transitions presently rep-
resent the worlds most sensitive known bolometers. %! To our knowledge, exploitation of
fluorescent sensing systems with nonlinear near-threshold response to enhance limit of de-
tection has not been previously reported as an ion assay method. Such systems appear to

offer highly promising approaches to ultra-precise metal assay through fluorescence.

I'H NMR studies

1B was further analyzed through 'H NMR experiments. The initial attempt to study the
effect of Hg?" on sensor 1B in acetonitrile-d3 solution was not successful due to precipitation
of an unknown dark brown solid as well as a significant peak broadening effect. However, the
precipitation issue was resolved with the use of CD3Cl solvent in the case of mercury salt.
When mercury and zinc perchlorate salts were added in five equivalents separately to the
CD3Cl and CD3CN solution respectively containing 14 mM of sensor 1B, we observed a sig-
nificant deshielding effect in protons of both phenyl substituent (H7-H10) and naphthalimide
ring (H2-H6) concomitant to visual color change from red to yellowish-brown. Crown ether

protons were found to have the mixed effect of shielding and deshielding, presumably due to
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Figure 9: Jobs plot analysis of Hg?* binding to 1B, suggesting a 1:1 stoichiometry, as
predicted by simulations.

the reorganization of the crown ring upon binding to Hg*" or Zn?* ions (Figure 10). These
preliminary investigations through NMR studies strongly indicate complexation of Hg** and
Zn>* ions with both nitrogen of the phenyl group, thereby affecting intramolecular charge
transfer from nitrogen substituents to carboxyimide group in naphthalimide fluorophore; the

effect which was further supported by UV-Vis result.

Computational Evaluation

The optimization and frequency of probe 1B without (left) and with (right) Hg** Figure 11
was performed by computational studies, carried out using the Gaussian 09 program.%?
A polymerizable continuum model (PCM)% and m062x density functional® were used to
calculate the species in acetonitrile solution with the def2svp basis set.5>% A Multiwfn
analyzer and Gaussview were used to determine the visible orbital geometry of the molecule.

The mechanism for fluorescence switching is illustrated by these calculations as a com-
bination of two clear effects. In the case of the unbound sensor, the dominant excitation
mode is from HOMO-1 to LUMO with transition strength 0.70 (green, left), but emission
by fluorescence is prohibited by photoinduced electron transfer (PET) from the intermediate
HOMO level to the now singly occupied HOMO-1 level of the excited state (orange). Upon

binding Hg*", intramolecular charge transfer (ICT) takes place to shift charge density in the
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Figure 10: 'H NMR spectra showing the downfield shift of H7-H10 in response to ion chela-
tion, which correlates to the absorption shift by ICT.

HOMO level toward the fluorescent group (cyan); this alters the excitation dynamics such
that the excitation transition is now predominantly from HOMO to LUMO-1 (green, right).
PET cannot occur following such a transition, so fluorescence is enabled upon ion chelation.

This mechanism is notably somewhat different to the one we have observed in similar
species developed for Ba?" sensing,?® where it is primarily the 're-ordering’ of the frontier
molecular orbitals upon ion binding rather than evolution of their charge distribution through
ICT that is responsible for the PET-induced fluorescence switching behaviour. Combined,
the off state of 1B at the wavelength of excitation to detect Hg?" is extraordinarily dark

without the metal analyte.

Biological Studies

The practical application of Hg?" selective probe 1B was carried out using a fluorescence
imaging study for the sensing of Hg?* ions in living cancer cells. To image the cells through

sensing of Hg?" ions with probe 1B, two different concentrations of the probe (50 uM, Figure
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Figure 11: Simulated orbitals of 1B. Hg?* induced ICT mechanism is illustrated by the
metal centered charge density and stabilization of the HOMO level in excess of LUMO and
LUMO+1 level stabilization. Bottom: Predicted shift to higher energy absorbance.

12 and 10 uM, see SI) in acetonitrile solution were chosen. In the absence of Hg?" ions, cells
treated with the only probe were non-fluorescent. Notably, the cells pretreated with 50 uM
of Hg?" ions followed by addition of 50 uM and 10 puM probe 1B separately in two set
of experiments gave bright green fluorescence. Additional representation of overlay images
of fluorescence and bright field clearly demonstrates the ability of probe 1B to cross cell
barriers for sensing Hg?* ions in the cytoplasmic level of the cells.

Initially, an MTT assay was performed to examine the toxicity level of the probe 1B
in MCF-7 breast cancer cells. This showed that the probe is almost non-toxic at a wide
range of selected concentrations (0.195 - 100 uM) and is suitable to image cells even at high
concentrations of the probe (not shown). The cytotoxicity of 1B against HeLa cells was then
evaluated using the MTT assay. The cells were exposed to the sample in the concentration
range of 0.20 to 100 uM for 24 h. HeLa cells exhibited good cell viability in the presence of the

probe, indicating that 1B exerts low cytotoxicity in the concentration range of 0.20-100 uM
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Green filter Bright field

Figure 12: Confocal fluorescence images for the detection of the probe 1B (50 uM) in the
presence (1B+Hg?"; a, b, and ¢) of Hg?" ions (50 uM) and in the absence (1B only; d, e, and
f) of Hg?* ions. Image a and d are fluorescence images of 1B and 1B+Hg?" when excited at
488 nm. Image b and e are corresponding bright-field images of fluorescence images a and d
respectively. images ¢ and f are overlay images of both fluorescence and bright field images
of a and d respectively.

(see SI). These findings highlight the potential of 1B in Hg?* detection 4n situ in biological

systems.

Conclusion

We have reported the development and synthesis of a selective and sensitive aminonaphthalimide-
aza-crown-ether-based ion sensor with a high degree of selectivity for Hg?" in ethanol and
Hg?" and Zn?* in acetonitrile/water solvent. Computational and fluorescence studies showed
that an intramolecular charge transfer mechanism is predominant in the fluorescence switch-
ing process, and the stoichiometry of the binding has been validated to be 1:1 on capture
of Hg?". The maximally sensitive method of mercury assay using this molecule was realized
by pre-spiking the sensing mixture with mercury salts to the fluorescence switching tran-

sition edge. With such a mixture, world leading limits of detection of 1.5 nM have been
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realized. The sensor is rather non-toxic, with MTT assay performed to examine the toxicity
level in MCF-7 breast cancer cells, and functions well inside living cells. This molecule thus
shows great promise as a convenient probe for toxic Hg?* in environmental and biological

applications.
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