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A fluorophore dyad (L) containing rhodamine B and naphthalimide units linked through C=N was

constructed as a ratiometric probe for Cu?*. The selective fluorescent response of the probe L to Cu** was

triggered by Cu”" induced ring-opening process of the rhodamine B spirolactam, which was based on an

intramolecular fluorescence resonance energy transfer (FRET) mechanism from naphthalimide to

10 rhodamine B. The system exhibited high selectivity for Cu>* as compared to other tested metal ions and

anions, and signaled the binding event through occurrence of FRET mediated emission at 580 nm of the

rhodamine chromophore with enhancement in the fluorescence intensity, concurrently, the featured

emission of the naphthalimide donor at around 525 nm was nearly completely quenched. Furthermore, it

has been used for ratiometric imaging of Cu** in living cells with satisfying results.

15 Introduction

The selective binding of chemical species upon molecular
recognition can lead to large perturbations in the host
environment, particularly when the guest is ionic. Thus, the
design and development of small molecules for sensing
20 applications are of great interest. Fluorescent probes are powerful
tools for monitoring biologically relevant species in vitro
detection and/or in vivo bioimaging by virtue of their simplicity
and high sensitivity." Especially the widespread use of confocal
light microscopy has inspired chemists to develop functional
25 fluorescent reagents that respond to intracellular events, thus
offering a powerful set of chemical probes for studying
fundamental aspects of cell physiology. Accordingly, lots of
probes used for the detection of different targets have been
successfully designed,” these reported fluorescent probes widely
30 use signaling mechanisms of photo-induced electron transfer
(PET),? intramolecular charge transfer (ICT),> excimer/exciplex
formation,* and fluorescence resonance energy transfer (FRET),”
¥ etc. Among them, FRET is unique in generating fluorescence
signals sensitive to molecular conformation, association and
35 separation in the 1-10 nm range.’ More importantly, FRET
imaging that affords simultaneous recording of two emission
intensities at different wavelengths in the presence and absence of
analytes has provided a facile method for visualizing complex
biological processes at the molecular level.” However, most of
40 reported FRET imaging is focused on recognizing
biomacromolecules, and only few FRET-based probes have been
used to monitor low-weight molecular species (especially metal
ions) in living samples although some metal ions play important
roles in biological systems.>®!%!!
45 Cu*" is an essential element in living systems and has an
extremely ecotoxicological impact on the human health.'"

However, Cu®" exhibits toxicity under overloading conditions in
that it causes neurodegenerative diseases.!® Thus, it is necessary
to trace the concentration of Cu®" in vitro and in vivo, and many
50 studies focus on the design of fluorescent probes and the analysis
of Cu®" have been reported.'* Because FRET is a nonradiative
energy transfer process in which the excitation energy of the
donor is transferred to the nearby acceptor via long-range dipole-
dipole interaction and/or short-range multipolar interaction, it is
55 mainly determined by the extent of the spectral overlap between
the donor emission and acceptor absorption.” Therefore, it would
be possible to fabricate a ratiometric probe based on the FRET
mechanism if a molecule could generate a suitable fluorescent
energy acceptor by the interaction with target analyte. It is pitiful
60 that only a few studies have been reported based on FRET for the
detection of Cu®"."®
As we all know, rhodamine derivatives have excellent
photophysical properties, and many fluorescent probes derived
from rhodamine have been successfully used as for the detection
65 of metal ion, anions, et al.'® The naphthalimide derivatives have
broad fluorescence emission spectrum (450-650 nm), which
covered a part of absorption of rhodamine (500-560 nm) and
fulfilled a favorable condition for FRET. Kept this in mind, a
fluorescent probe comprised of a naphthalimide donor and a
70 rhodamine acceptor was designed for ratiometric detection of
Cu®" based on FRET, and this new probe L was successfully used
for FRET imaging Cu®" in living cells.

Experimental

Apparatus

75 NMR spectra were collected in DMSO-d; at 25 °C on a Bruker
WM-300 spectrometer. Electrospray ionization (ESI) analyses
were performed on a Thermo TSQ Quantum Mass Spectrometer.
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UV-Vis spectra were obtained on a Beckman DU-800
spectrophotometer with 1 ¢cm quartz cell at 25 °C. Fluorescence
measurements were carried out on a HORIBA Fluoromax-4
luminescence spectrometer. Fluorescence imaging was performed

5 by confocal fluorescence microscopy on an Olympus FluoView
Fv1000 laser scanning microscope. pH values were measured
with a pH-meter PBS-3C.

Materials

All reagents and solvents are of analytical grade and used without

10 further purification. Metal ions species employed were from
NaCl, Mgc126H20, Cdclz, chlz, CaClz'ZHZO, FeC13’6H20,
CrC13’6H20, ZH(NO3)2'6H20, AgNO3, COC12'6H20,
MnCl,-4H,0, CuCl,-2H,0, NiCl,-6H,0, and PbCl,, respectively.
Anion species from various salts such as NaClO, NaNOs;,

15 Na,CO;, NaCl, NaAc, KBr, Na,S, NaSCN and Na,HPO,. Metal
ions and anions were dissolved in deionized water and probe was
dissolved in DMSO to obtain 1.0 mM stock solutions,
respectively.
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20 Scheme 1. Chemical structure and synthesis route of probe L.
Synthesis

The synthesis route of probe L was shown in Scheme 1.
The synthesis of probe L. 1.0 mmol compound 1'7 (0.283 g)
25 and 1.0 mmol compound 2'*° (0.496 g) were mixed in 50 mL
absolute ethanol and refluxed for 4 h. After the reaction was
finished, the precipitate so obtained was filtered and purified with
silica gel column chromatography (CH,Cly/acetic ether = 7:1,
v/v) to afford L as red-brown solid. Yields: 87.2 %. MS: nm/z
30 76234 [M + H]". '"H NMR (ds-DMSO, & ppm): 11.46 (s, 1H),
8.64 (d, 1H, J = 8.55), 8.59 (d, 1H, J = 8.25), 8.47 (d, IH, J =
7.25), 8.34 (d, 1H, J = 8.45), 7.92 (d, 2H, J = 8.40), 7.78 (t, 1H, J
=7.90), 7.63 (t, 1H, ] =7.37), 7.57 (t, 1H, ] = 7.40), 7.49 (d, 1H,
J =8.45), 7.09 (d, 1H, J = 7.60), 6.46 (d, 2H, J = 7.70), 6.43 (s,

35 2H), 6.36 (d, 2H, J = 8.95), 4.01 (t, 2H, J = 7.35), 3.32 (m, 8H, J
=6.93), 1.59 (m, 2H, ] = 7.42), 1.33 (m, 2H, J = 7.38), 1.09 (t,
12H, J = 6.97), 0.91 (t, 3H, I = 7.37). 3C NMR (d,-DMSO, &
ppm): 164.55, 164.01, 163.38 (C=0), 162.77, 152.96, 151.96,
149.04 (ArC), 145.96, 145.57 (C=N), 143.67, 134.72, 133.63,

40 132.17, 131.99, 131.38, 129.40, 129.35, 129.13, 128.55, 128.43,
128.06, 125.86, 124.28, 123.64, 122.58, 119.32, 112.78, 108.60,
107.93, 105.46, 97.83 (ArC), 65.98, 44.14, 36.25, 30.21, 20.28,
14.20, 12.88.

UV-Vis and fluorescence titration

45 Test solutions were prepared by placing 100 pL of the L stock
solution (1 mM) into a test tube, adding an appropriate aliquot of
individual ions stock solution (1 mM), and then diluting the
solution to 5 mL with ethanol/water (1:9, v/v, 50 mM HEPES, pH
7.4). For pH effect study, a series of HEPES buffers (50 mM)

50 were prepared with different pH values adjusted by adding
certain amounts of 1.0 M HCI or 1.0 M NaOH. All of the UV-Vis
and fluorescence titration data were recorded at room
temperature. For all fluorescence measurements, excitation and
emission slit widths were 3 nm and 3 nm, respectively.

55 Cell incubation and imaging

RAW cells placed on coverslips were washed with phosphate-
buffered saline (PBS), followed by incubating with 10 uM of
CuCl, (in PBS) for 30 min at 37 °C, and then washed with PBS
three times. After incubating with 20 pM of probe L for 30 min at

60 37 °C, and then the cells were washed with PBS three times
again. Fluorescence imaging of intracellular Cu®*" in RAW cells
was conducted by using a confocal fluorescence microscopy on
an Olympus FluoView Fv1000 laser scanning microscope.

Results and discussion
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Fig. 1. Spectral overlap of the donor 1 emission with the acceptor rhodamine B
absorption.

Absorption and fluorescence spectra of rhodamine B and
compound 1.

70 The absorption and the emission spectra of rhodamine B and
compound 1 (including donor and acceptor) of L were shown in
Fig. 1. Notably, naphthalimide exhibits emission at 525 nm when
excited at 355 nm, the maximum absorption peak at 556 nm of
rhodamine B at the ring-opened form overlaps with the emission

75 spectrum of naphthalimide, fulfilling a favorable condition for
FRET. In the new developed sensing system, the emission peaks
between naphthalimide and rhodamine B were well-resolved,
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which can avoid the emission spectra overlap problem generally

met by spectra-shift type probes. Futhermore, fluorescence signal

change at two different emission wavelengths with high

resolution also benefited for a large range of emission ratios,
5 thereby a high sensitivity for Cu®* detection was conducted.

40 absorption profile of the donor (naphthalimide), which had a
maximum at 463 nm. Notably, upon sequential addition of Cu*"
to the L solution induced an increase in the absorption intensity at
556 nm, which corresponded to the absorption of rhodamine B
(Fig. 3), corresponding to a change in color from weak yellow to

45 pink as shown in the inset of Fig. 3. Meanwhile, the band at 463
nm decreased gradually in intensity, with an isosbestic point at
490 nm. These facts indicated that L was induced to form the
open-ring structure from the spirolactam form by Cu®".
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Fig. 2. Fluorescence titration spectra of L (2 pM) in ethanol/water solution (1:9, v/v,

50 mM HEPES, pH 7.4) upon gradual addition of Cu®*" (0-10 pM). Inset:

Fluorescence intensity ratio changes (Fssp nm/Is25 nm) Of L upon gradual addition of
10 cu?" Ex=355nm.
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Fig. 3. Changes in absorption spectra of L (5 uM) in ethanol/water solution (1:9,
v/v, 50 mM HEPES, pH 7.4) with various amounts of Cu?" (0-50 pM). Inset:
photograph of L (20 uM) as a selective naked-eye probe for Cu*" upon addition of
100 pM individual metal ion including blank, Ag", Ca*", Mg?', Zn**, Pb*, Cu*’,
Hg*", Cd*', Co*", Ni*, Mn*, Cr’* and Fe*" (from left to right).

Fluorescent and colorimetric signaling of Cu**

The fluorescence spectrum of compound L, in the absence of
Cu®", exhibited emission at 525 nm attributed to 1, 8-
20 naphthalimide donor by excitation of 355 nm. The rhodamine B
moiety adopted a closed, non-fluorescent spirolactam form,
spectral overlap between 1, 8-naphthalimide emission and
rhodamine absorption is minimized, and as a result, FRET is
suppressed. Upon selective binding to Cu®* (0-10 pM) in the
25 solution of L, a new emission band characteristic of the acceptor
component appeared at 580 nm corresponded to the opening of
the spirolactam ring of thodamine B to an amide form (the energy
acceptor). Meanwhile, the donor emission at 525 nm decreased.
Spectral overlap was enhanced, the subsequent FRET process of
30 L are triggered by Cu®", the linear fluorescence enhancement of L
(2 pM) toward amounts of Cu®* added was obtained in the range
0of 0.5-1.5 uM (R = 0.999) (Inset of Fig. 2). The limit of detection
(LOD) was attained of 0.25 puM, based on 3 X 8y, /k (Where Spjani
is the standard deviation of the blank solution and £ is the slope
35 of the calibration plot). The transformation of L was also
supported by fluorescent emission at 580 nm excited by 520 nm
light (Fig. S1, in the supporting information). The absorption
properties of L in ethanol/water solution (1:9, v/v, 50 mM
HEPES, pH 7.4) were also determined. L showed only the
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Fig. 4. The fluorescence (a, b) and absorption (c, d) spectra of L (2 uM and 5 uM,
respectively) in ethanol/water solution (1:9, v/v. 50 mM HEPES, pH 7.4) upon
addition of 50 uM Cu?" and other metal ions and anions, including of Na®, Ag”,
Zn*', Pb*, Co*", Cd*', Ni¥', Ca®", Mg®", Hg*", Cr*', Fe**, Cl10", NO5,, COs>, Ac’, Br,
Cr, SO4%, SCN", HPO,* and S™.

Interference studies from other metal ions and anions

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], oo—oo0 | 3



P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

10

15

Analytical Methods

To further investigate the selectivity of probe L, fluorescence and
UV-Vis responses of L toward various metal ions and anions
were carried out. In the mixed aqueous media, most of metal ions
(Na+, Ag+, Zn2+, Pb2+, C02+, Cd2+, Ni2+, Ca2+, Mg2+, Hg2+, Bt
and Fe**) and anions (ClO, NO;,, CO;*, CI, Ac, Br, SO,
SCN", HPO,* and S%), except for Ag’, which promoted a slight
effect, did not lead to any significant fluorescence and absorption
changes in the visible region (Fig. 4). In addition, to check the
practical ability of L as a Cu®" selective fluorescent probe, we
carried out competitive experiments in the presence of Cu®*
mixed with 10 equiv. other metal ions and anions. As shown in
Fig. S2 in the supporting information, the ratiometric
fluorescence changes resulting from the addition of Cu®* was not
influenced by the subsequent addition of the other metal ions and
anions.
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Fig. 5. (a) Job’s plot for determining the stoichiometry of L and Cu?*". The total
concentration was kept 20 uM; (b) Fluorescence spectra of the reversibility behavior

20 of L with Cu?*. a: blank (2 uM); b: blank (2 uM) + Cu*™ (50 uM); c: blank (2 uM) +

Cu?" (50 uM) + EDTA (200 uM); d: blank (2 uM) + Cu** (50 uM) + EDTA (200
uM) + Cu** (200 pM).

Em: 525 nm

/

Ex: 355 nm

Scheme 2. Binding mode of L with Cu®".

25 Possible sensing mechanism

The method of continous variation (Job’s plot) clearly confirmed
the 1:1 stoichiometry L with Cu?", as shown in Fig. 5(a), which

because of the stronger affinity between EDTA-Cu®", it resulted
in the decomplexation of L-Cu®* complex. On further addition of
Cu*", the fluorescence intensity was revived again indicating the
35 reversible behavior of L for Cu**. The proposed binding mode of
L with Cu*" was illustrated in Scheme 2.

Fig. 6. FRET images in RAW cells. (Top, a—c) Cells incubated with 20 uM L for 30
min. (Bottom, d—f) Cells incubated with both 10 uM Cu*" and 20 uM L for 30 min.
Emission was collected by the green channel at 520 + 20 nm (a and d) and the red
channel at 600 + 40 nm (b and e). (¢ and f) Bright field imaging. ex = 404 nm

Fluorescence imaging of living cells for Cu®*

The hydrophilicity of the rhodamine moiety and the lipophilicity
of the naphthalimide moiety mean that probe L has the advantage

45 of proper amphipathicity and can be dissolved in mixtures of

organic solvents and water. It is a very important factor for both
cell permeability and intracellular fluorescent imaging. We
proceeded to evaluate the potential biological applications of L in
vitro detection of Cu** in RAW cells. The double-channel

50 fluorescence images at (520 % 20) and (600 % 40) nm are shown

in Fig. 6 as L was excited at 404 nm. RAW cells incubated with
L (20 puM) for 30 minutes at 37 °C led to a clear green
intracellular fluorescence, which suggested that L was cell
permeable (Fig. 6a). However, cells supplemented with CuCl,

55 (10 uM) were then treated with L (20 puM) under same

conditions, a remarkable increase in the red fluorescence intensity
(Fig. 6e) and a partial quenching of the green fluorescence
intensity (Fig. 6d) was observed. Meanwhile, brightfield
measurements after treatment with Cu®* and L revealed that the

60 cells remained viable and no apparent toxicity were observed

throughout the imaging experiments.

Fig. 7. Confocal fluorescence images in RAW cells. a) Cells incubated with 20 uM
L in PBS buffer for 30 min; b) Brightfield image of cells shown in panel a); ¢) Cells

was also supported by ESI-MS (Fig. S3, in the supporting 65 incubated with 10 uM Cu** for 30 min, washed three times, and then further

information), where main peak at 869.14 corresponded to [L +

30 cu** + CH;CH,OH — H']". We also carried out a reversibility

experiment, as shown in Fig. 5(b). In the presence of EDTA,

incubated with 20 uM L for 30 min; d) Brightfield image of cells shown in panel c).
ex =559 nm
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Furthermore, under selectively excitation of the rhodamine
moiety of L with longer-wavelength light at 559 nm, staining
RAW cells with a 20 pM solution of L for 30 min at 37 °C gave
very weak intracellular fluorescence (Fig. 7a). Upon addition of
10 uM CuCl, to L-loaded RAW cells in the growth medium for
30 min at 37 °C, a significant increase in the fluorescence from
the intracellular area was observed (Fig. 7¢). These experiments
indicate that L can provide ratiometric detection for intracellular
Cu?". Therefore, it could be a useful molecular probe for studying
biological processes involving Cu** within living cells.

Method performance comparison

The photophysical properties of typical FRET based Cu®" probes
were summarized (Table S1)."> Though the availability of
fluorescence is increasing, there are still numerous challenges and
opportunities remaining for development of new fluorophores
and practical applications in biological systems, such as signal
output,®® testing media'® and applicability."**® Our newly
developed probe based on FRET presents a number of attractive
analytical features such as testing media and wide applicability. It
can be used for rapid analysis of ultra-trace level Cu®" in living
cells with satisfactory results.

Conclusions

In summary, we have presented the synthesis and properties of L,
a new FRET-based ratiometric Cu® probe. It exhibits a clear
Cu?*-induced change in the intensity ratio of the two emission
bands of naphthalimide and rhodamine. Moreover, confocal
fluorescence microscopy confirmed that L can be used for
monitoring intracellular Cu®* levels in living cells with general
fluorescence and FRET methods. Thus, we expect the strategy
will serve as practical tool for environmental samples analysis
and biological studies.
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