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Copper ions are essential for many biological processes. However, high
concentrations of copper can be detrimental to the cell or organism. A
novel naphthalimide derivative bearing a monoboronic acid group (BNP)
was investigated as a Cu?* selective fluorescent sensor in living cells.
This derivative is one of the rare examples of reversible fluorescent
chemosensors for Cu?* which uses a boronic acid group for a binding
site. Moreover, the adduct BNP—Cu?* displays a fluorescence enhance-
ment with fructose. The uptake of this novel compound in HelLa cancer
cells was imaged using confocal fluorescence microscopy techniques
including two-photon fluorescence lifetime imaging microscopy.

Fluorescent sensors have been widely investigated in both
environmental and biological systems due to their simplicity
and high detection limit."> Copper(u), the third most abundant
transition metal ions in the human body after iron(m) and
zinc(u),® plays a crucial role in biological, environmental and
chemical systems.*” Both excess and deficiency in Cu(n) may lead to
severe diseases, such as Alzheimer’s and Wilson’s diseases and
haematological manifestations.°"> The average normal concen-
tration range of blood copper is 100-150 pg dL™" (15.7-23.6 uM)."?
Therefore, fluorescence probes for copper ions are extensively
sought and employed owing to their high sensitivity and the
simplicity of equipment requirements."*

Boronic acids are known to bind 1,2- and 1,3-diol-containing
structures through reversible covalent interactions.'” Such interac-
tions have been used for the preparation of fluorescent sensors and
transporters for carbohydrates.*?° While, Yoon and co-workers
have also utilized boronic acid-linked fluorescent chemosensors
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to detect metal ions.>!"** However, to the best of our knowledge
these are the only two examples of using boronic acid-based
fluorescent chemosensors to detect metal ions directly. Therefore,
we decided to explore the use of boronic acid based reporters for
the detection of Cu(u), since, a simple method using boronic acid
derived sensors would be desirable. The synthetic method that we
now report is straightforward, easy to scale up and leads to a simple
isolation of desired product. Our system is particularly appealing
since no chromatography-based separation procedures were
involved post-synthesis. We have also demonstrated the applic-
ability of the system for improved cellular imaging.>*

Herein, we describe a novel naphthalene derivative bearing a
monoboronic acid group “turn-off” chemosensor for Cu®>* ions. In
addition to solution based experiments, the detection of copper
ions in HeLa cells was investigated. Moreover, the complex BNP-
Cu®" is easily obtained and displays a fluorescence enhancement
with fructose, which can be considered as a fluorescence based
INHIBIT logic gate. That is to say fructose inhibits the fluores-
cence decrease upon the addition of copper ions.

For the synthesis of our naphthalimide-boronic acid BNP, we
first prepared the 2-amino-6-(propylamino)-naphthalene derivative
following standard procedures.” This intermediate was then reacted
with 2-formylphenylboronic acid ester in ethanol under reflux for
3 h. Subsequently the mixture was cooled to room temperature, and
the precipitate produced was filtered and washed with hexane to
give a yellow solid. We also prepared the naphthalene derivative 1
which does not include a boronic acid group and compound 2, a
simple boronic acid without an additional metal binding site, these
compounds were used as controls to illustrate the importance of
both the boronic acid and imine moiety (Fig. 1).

To obtain insight into BNP, its absorption (Fig. S1f) and
emission spectra (Fig. 2) upon titration with Cu®>" were recorded.
Compound BNP in methanol shows a strong band in the UV-vis
spectrum with a maximum absorbance at 450 nm. Upon increasing
the concentration of Cu®* (0-300 M), an absorption enhancement
could be observed with a red-shift to 465 nm in the absorption
maximum which indicated the formation of an adduct between
BNP and Cu®'. The fluorescence at 525 nm is simultaneously
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Fig. 1 Structures of boronic acid-conjugated chemosensors (BNP) and
control compounds 1, 2.
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Fig. 2 (a) Fluorescence spectra of BNP (1 x 107> M) in methanol in the
presence of different concentrations of Cu?* (0-10 pM) with an excitation at
450 nm. Inset: fluorescence intensity at 525 nm of BNP as a function of Cu?*
concentration. (b) Fluorescence spectra of BNP=Cu?* (1 x 107> M) in the
presence of different concentrations of fructose when excited at 450 nm.

quenched, which was attributable to the coordination of the
paramagnetic Cu>" center as reported in previous studies.*"**
A job plot indicates that the binding of BNP with Cu®" has 2:1
stoichiometry (Fig. S31). Based upon the results of the fluorescence
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titration experiments, the association constant of BNP for Cu®*
was determined to be 3.39 x 10° M™" (Fig. S2+). In agreement
with the stoichiometry of the reaction the best fitting of the
binding model displays a second binding constant which was
found to be 50 M~ ". The discrepancy of the two values indicates
the presence of a secondary event in solution which is slower
but necessary to complete the “turn-off” process.

In order to further investigate BNP, the fluorescence behavior
of BNP toward various metal ions was investigated in methanol
(Fig. S41). Metal ions such as Na“, Zn**, Ag®, Fe**, Fe**, Ni*",
Cd**, Hg**, and Pb>* show subtle changes, but only the addition
of Cu®" to BNP gave a significant decrease of fluorescence
intensity by 75%.

In order to probe the role played by the boronic acid group in
copper ion binding and fluorescence quenching, compound 1 was
treated with Cu®" in methanol. No changes in the fluorescence
properties of 1 were observed, suggesting the importance of the
boronic acid moiety in BNP for the binding of copper ions
(Fig. S5t). As another control, the simple boronic acid derivative
2 without the imine metal recognition site was investigated with
Cu®" under the same conditions. In this system fluorescence
quenching was not observed, which indicates that the imine
group plays a role in the coordination of Cu** (Fig. S67).>® This
suggests that the boronic acid and Schiff base work together to
bind copper(x) ions in polar environments.

It is well known that boronic acids have high affinities for
substances that contain vicinal diol groups. Thus, we decided to
use BNP to detect fructose. While BNP did not show any fluorescent
changes upon addition of fructose (Fig. S7t), the addition fructose
to a solution of BNP-Cu®* resulted in a fluorescence enhancement
(Fig. 2). When 2 equivalents of Cu®>* are added to the BNP solution
followed by fructose addition the system behaves like a fluores-
cence INHIBIT logic gate (Fig. 3).

The capacity of the boronic acid-linked BNP to detect copper
ions was investigated in HeLa cells using confocal imaging and
fluorescence lifetime imaging (FLIM). Fluorescence lifetime is
often considered as a means of distinguishing between different
fluorophores, different energy states of the same fluorophore and
environmental effects such as quenching caused by binding of
intracellular ions such as CI~ or Ca®" or oxygen. FLIM was likewise
used to monitor the stability and demetallation of metal complexes,
including Cu(u), in cancer cells.*** Therefore by utilising an
approach of fluorescence lifetime imaging the presence of Cu(u)
ions could be investigated by mapping the submicron cellular
localisation on ions. Furthermore, a recent study showed that a
variant of human apocarbonic anhydrase II could monitor Cu(u)
ions in cells via FLIM, whereby an increase in Cu(u) ions produced
a decline in the average lifetime observed.”®*° We have combined
FLIM and multiphoton excitation in this study to offer reduced
effect of the excitation light since the use of near infrared leads to
reduced cellular phototoxicity. Further advantages of two-photon
excitation is that imaging occurs only from the focal plane, and
causes less damage to cells than single-photon microscopy and
decreases photo-bleaching, whilst improving imaging depth.**?"

Two-photon excitation of the boronic acid-linked BNP, its
quenching by Cu®>" and recovery upon addition of fructose was
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Fig. 3 Column spectra with Cu?* (50 uM) and b-fructose (200 mM) as inputs.
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investigated in DMSO solution at 10 mM. DMSO was used due to its
low volatility in comparison to methanol and was as also employed
for the stock solution in the cellular experiments (0.5% DMSO).
When BNP was excited at 910 nm, an intense emission was
observed, which was quenched after addition of 5 equivalents of
Cu®’. However, an additional 5 equivalents of fructose led to an
enhancement of the fluorescence (Fig. 4). Moreover, the Time-
Correlated Single Photon Counting (TCSPC) was measured (Fig. 5).
For BNP the first lifetime component (z,) was 2.0 ns (25.0%), with a
second component (t,) of 9.4 ns (75.0%) and a mean lifetime ()
of 7.6 ns. By adding 5 equiv. Cu>", the lifetime of BNP decreased to
4.5 ns. Furthermore, upon addition of fructose, the lifetime compo-
nent decreased further to 4.1 ns.

Confocal microscopy shows that BNP enters cells and dis-
plays strong fluorescence in the absence of external copper ions
(Fig. 6 and 7a—c). Furthermore lifetime distribution curve from
the FLIM data of BNP showed a 7; of 1.5 ns + 0.6 ns, when
incubated in HeLa cells, which was comparable to the 2.0 ns 74
observed in solution confirming the presence of the BNP ligand
in cells and indicated that the lifetime was not significantly
different between DMSO solution and in cells (Fig. 7).
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Fig. 4 Emission spectra of BNP (10 mM), BNP plus 5 equiv. Cu?* and
BNP-Cu?* plus 5 equiv. fructose with two-photon excitation at 910 nm.
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Fig. 5 Nanosecond decay curves for BNP, BNP plus 5 equiv. Cu?*, BNP-
Cu?* plus 5 equiv. fructose.

Contrastingly, when 5 equivalents of copper ions (250 pM) were
added a very weak fluorescence response was observed, indicating
quenching (Fig. 6 and 7d-f). Moreover, the fluorescence lifetime
was observed to have a t; of 4.4 ns 4 0.5 ns, which was consistent
with data observed in DMSO solution. Further work may shed light
upon the interaction of BNP and copper in cells and to fully
understand its potential as a copper sensor.

In conclusion, we have developed a robust naphthalimide based
fluorescence sensor bearing a monoboronic acid group. The sensor
displays high selectivity for copper ions in living cells, which is one
of the few examples of boronic acid based fluorescent chemosensors
as a copper(u) binding site. With this research we demonstrated that
boronic acids can be used to bind metal ions as well as diols.
The chelate, BNP-Cu®*, displayed fluorescence enhancement with
fructose, and the system could be described as a fluorescence
INHIBIT logic gate. We believe that these results will be of particu-
larly interest for the further development of the next generation of
molecular ion sensor systems.

T.DJ and M.L. are grateful for financial support from China
Scholarship Council (CSC) and University of Bath Full Fees Scholarship.

Fig. 6 Laser scanning confocal imaging of BNP in absence of Cu®* (a—c),
and BNP in presence of Cu?* in Hela cells (d—f). (a) Overlay image of (b)
and (c), (d) overlay image of (e) and (f). (b, e) Fluorescence micrographs
with excitation at 405 nm and the emission long path filtered at 515 nm,
(c, f) differential interference contrast micrograph.
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Fig. 7 Two-photon lifetime imaging at 910 nm, 15 min incubation of
50 uM BNP in Hela cells (0.5% DMSO, 2.5 mW), (a—c) and 50 uM BNP +
250 uM Cu®*, 56 mW (d-f). Images show: (a) fluorescence lifetime
mapping for 7; and (d) confocal overlay image of 6e and 6f, (b and e)
corresponding fluorescence lifetime distribution curves, (c and f) sample
point decay trace inside the cell.
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