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ABSTRACT: A dual-channel naphthalimide-based chemo-
sensor for rapid and sensitive detection of fluoride ion has
been developed. Upon addition of F−, it undergoes
deprotonation reaction through H-bonding interactions, and
its maximum absorption wavelength is red-shifted for 214 nm
to the far-red region, together with drastically quenched
fluorescence. In addition, it shows high selectivity toward F−

anion, thus could be used for practical applications to detecting
F− in both solution and solid state. Furthermore, the
fluorescence of NIM could be enhanced in protein-containing acidic environments, hence NIM could act as lysosome marker
to differentiate cancer cells from normal ones in cell imaging.
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Although fluoride ion (F−) is beneficial to dental health and
treatment of osteoporosis,1,2 excessive ingestion of it may

result in fluorosis, urolithiasis, and even cancer.3,4 Therefore, it
is important to develop optical probes showing high
selectivity,5−7 good sensitivity,5,8 and rapid response5,7,9 toward
F− ion. Moreover, to act as an ideal F− probe, the following
features should also be considered: (1) presenting apparent
optical signal changes to realize naked-eye detection;5,10 (2)
showing optical response with a huge ratiometric value (>200
nm) to provide more precise built-in correction with minimized
environmental effects;8,11,12 (3) possessing optical signals in far-
red to near-infrared (NIR) region (>600 nm) to avoid
interference from endogenous chromophores in biological
systems;13−17 (4) showing practical applications to detecting F−

in real samples.18 Currently, the construction strategies for F−

probes are generally based on three kinds of molecular
interactions, i.e., F−-induced deprotonation through H-
bonding,7,8,19−23 B−F complexation,24−26 and F−-mediated
desilylation of Si−O/Si−C bonds.5,9,10,12,27−32 However,
chemosensors based on B−F complexation mechanism are
often sensitive toward oxygen and moisture, and would involve
complicated equilibria due to the formation of various
fluoroborate species as well;26 while for chemodosimeters
based on desilylation reaction, much excessive F− ion is
generally needed to reach the saturation of the signal (in some
cases, even 1400 equiv.),27 and the response time is often
unsatisfactory.28

Consequently, probes based on H-bonding interactions are
more attractive. Nevertheless, despite the enormous research
efforts,7,24 most of the H-bonding-based F− chemosensors
show relatively poor selectivity since they are susceptible to the

interference from alkaline anions like AcO−, H2PO4
−, CN−, and

OH−.7,8,33,34 To the best of our knowledge, there have been
only two reported examples fulfilling all the aforementioned
criteria,16,19 yet they both only show absorption response
toward F− anion. Herein, we developed NIM [(E)-2-(2-
(dimethylamino)ethyl)-6-(4-hydroxystyryl)-1H-benzo[de]-
isoquinoline-1,3(2H)-dione, structure shown in Scheme 1], a
novel colorimetric and fluorometric dual-channel naked-eye F−

probe bearing naphthalimide fluorophore. Different from the
frequently used amide/urea/pyrrole binding sites through F−···
H−N interactions,8,16,17,19 in NIM, a phenolic OH group is
employed as the color-reporting unit through F−···H−O
interactions. To minimize the cross affinities from interfering
alkaline anions, this electron-donating hydroxy group is
manipulated to be less acidic by inserting a styryl π-bridge
between the donor and acceptor units of NIM. In addition, the
resulting D−π−A-structured skeleton endows NIM with
intramolecular charge transfer (ICT) feature, hence it could
display optical response in far-red region after interacting with
fluoride ion (λmax = 641 nm) due to the much stronger
electron-donating capability of phenolate anion than that of
phenolic OH group, and a large ratiometric value of >200 nm
could even be achieved. Furthermore, NIM possesses good
membrane permeability and could accumulate in lysosomes of
cells, and hence could differentiate cancer cells from normal
ones when used in cell imaging.
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Spectrometric characterization results indicated that with
increasing concentration of tetrabutylammonium fluoride
(TBAF), the absorption band of NIM with λmax = 427 nm
was weakened gradually, while the newly emerged absorption
band with λmax = 641 nm was intensified concurrently, resulting
in a huge ratiometric value of 214 nm (Figure 1a). The titration
results suggested that the variation of NIM in A641 nm/A427 nm

correlates almost linearly with the concentrations of the F− ion
(see Figure S1a in the Supporting Information). Besides, the
addition of F− could also trigger distinct fluorescence
quenching of NIM (Figure 1b), and an excellent linearity
between fluorescence intensity (at λem = 582 nm) and F−

concentrations could be observed in the range of 0−48 equiv.
(960 μM) (see Figure S1b in the Supporting Information).
Accordingly, the detection limit was determined to be 14.2 μM
(see Figure S2 in the Supporting Information), which was
much lower than that of the enforceable drinking water
standard for F− (210 μM) set by the United States
Environmental Protection Agency (EPA). Moreover, the
intensity of both absorption (λmax = 641 nm) and photo-
luminescence (PL) emission (λmax = 582 nm) bands could
reach their saturation values in 15 s (see Figure S3 in the
Supporting Information). Therefore, NIM could act as a dual-
channel chemosensor for very rapid detection of F− ion.

Scheme 1. Synthetic Routes to NIM

Figure 1. (a) UV−vis absorption spectra of NIM (20 μM in DMSO) upon titration of TBAF (25 equiv.); (b) PL emission spectra of NIM (20 μM
in DMSO) upon titration of TBAF (48 equiv.). Insets: photographs of optical changes upon addition of F−. The excitation wavelength is 490 nm.

Figure 2. (a) Absorption response (A641 nm) of NIM (20 μM in DMSO) toward various anions (25 equiv.); (b) Fluorescence response (I582 nm) of
NIM (20 μM in DMSO) toward various anions (48 equiv.). Insets: photographs of NIM upon addition of various anions. 1, free; 2, Cl−; 3, Br−; 4,
I−; 5, NO3

−; 6, H2PO4
−; 7, AcO−; 8, F− (TBAF); 9, F− (KF); 10, SO4

2−; 11, BF4
−; 12, CN−; 13, OH−.
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As illustrated in Figure 2, only F− could trigger distinct
optical response of NIM, whereas other anions like Cl−, Br−, I−,
NO3

−, H2PO4
−, AcO−, SO4

2−, and BF4
− could cause negligible

spectroscopic and visual signal changes (Figure 2 and Figure S4
in the Supporting Information). In fact, the presence of more
basic CN− ion could only lead to slight optical signal changes of
NIM. More importantly, upon addition of basic OH− anions,
although the color of NIM solution changed instantly from
yellow to blue, it faded back from blue to green to yellow within
10 min. Simultaneously, OH− anions could also trigger instant
PL quenching of NIM, yet the fluorescence could be recovered
within 10 min (see Figure S5 in the Supporting Information).
Hence after 10 min storage, OH− ion just showed slight
interfering effect. Therefore, NIM was demonstrated to be
insusceptible to the interference from alkaline anions like
AcO−, H2PO4

−, CN−, and OH−, hence it displayed high
selectivity toward F− ion. The reason why OH− ion could
trigger such dynamic optical signal changes on NIM is still
unclear, and in-depth investigations on the mechanism behind
this behavior is in progress.
Accompanied with spectroscopic alterations, the addition of

F− into NIM could also result in distinct color changes from
yellow to deep blue as well as fluorescence quenching, which
could be easily distinguished by naked-eye (Figure 1). This is
further confirmed by the color gradient experiments with NIM
(40 μM) in the presence of various F− concentrations. As
shown in Figure S8a, in the presence of 8 equiv. of F− (320
μM), obvious color changes of NIM solution could be
discerned, indicating NIM could be used for practical
estimation of F− concentrations conveniently. In addition, by
doping NIM (0.2 wt %) into poly(methyl methacrylate)
(PMMA) matrix, the detection of F− could be realized even in
solid-state, confirming the practical potential of NIM for
qualitative detection of F− in environmental samples (see
Figure S8b in the Supporting Information). Moreover, NIM
was also demonstrated to be applicable to the detection of F− in
real samples like toothpastes (see Figure S9 in the Supporting
Information), confirming that NIM is a promising fluoride ion
probe for practical applications.
For the phenolic proton of NIM, its NMR signal was found

to be located at 9.84 ppm, whereas that of the phenolic proton
of 2-ethyl-6-hydroxy-1H-benzo[de]isoquinoline-1,3(2H)-dione,
the analogous compound of NIM lacking styryl π-bridge was
reported to be 11.88 ppm,35 therefore, NIM bearing an extra π-
bridge should show weakened acidity. Upon addition of 0.3
equiv. of F−, the 1H NMR signal of the phenolic proton of NIM
(9.84 ppm) disappeared, but the signals of other aromatic
protons remained to be unaltered (see Figure S10 and Figure
S11 in the Supporting Information), whereas further addition
of F− would induce distinct upfield-shifted proton signals of
both the phenyl and ethene-1,2-diyl segments (Figure 3), and a
new proton signal at 16.44 ppm corresponding to [HF2]

−

species19 could be observed in the presence of 2 equiv. of F−

(see Figure S10 in the Supporting Information). Therefore,
NIM should first interact with F− ion at the phenolic site
through H-bonding,17 followed by F−-induced deprotonation
into its phenolate anion.
To evaluate the potential bioapplications of NIM, we

conducted fluorescence microscopy imaging experiments on
NIM-incubated RAW 264.7 (mouse monocyte macrophage cell
line), 4T1 (mouse breast cancer cell line) and HeLa (human
cervical cancer cell line) cells in the absence or presence of F−.
Nevertheless, although NIM could stain all the three kinds of

cells, in all the cases, the presence of F− ion could not trigger
obvious fluorescence quenching in these cells, as shown in
Figure S12 in the Supporting Information. More surprisingly,
compared to the normal RAW 264.7 cells, the NIM-incubated
cancerous HeLa and 4T1 cells were found to show much
stronger fluorescence (see Figure S12 in the Supporting
Information), implying that it might be used to differentiate
cancer cells from normal ones in cell imaging applications. This
hypothesis was further confirmed by similar experiments on
other normal cells like HUVEC (human umbilical vein
endothelial cell line), 3T3 (mouse fibroblast cell line) and
HEK 293 (human embryonic kidney cell line) and cancer cells
like MCF-7 (human breast cancer cell line) (Figure 4 and
Figure S13 in the Supporting Information). In depth
investigation on intracellular localization of NIM revealed
that NIM could spread in cytoplasm but accumulate in
lysosomes of both normal and cancerous cells, since the
corresponding fluorescent spots were found to be colocalized
with the lysosome markers (LysoTracker, Life Technologies)
(see Figure S14 in the Supporting Information). Therefore, as
NIM could act as lysosome marker, while there exist more
numerous, larger lysosomes in cancer cells than normal ones,36

NIM-stained cancer cells could exhibit more intense
fluorescence than normal cells, and hence NIM could be
used to differentiate cancer cells from normal ones in cell
imaging applications.
To unveil why NIM could act as lysosome marker, we first

investigated the fluorescence behaviors of NIM in both
DMSO/H2O (v/v, 75/25) and PBS in neutral and acidic pH
environments, since the microenvironments of lysosomes (pH
∼ 5) are more acidic than other organelles and cytoplasm.37 As
shown in Figure S15 in the Supporting Information and Figure
5a, NIM could emit orange fluorescence in DMSO/H2O
mixture, but is nearly nonemissive in PBS, but in each case, the
fluorescence of NIM is insensitive to pH environment
variations within pH range of 4.5−7.4. In addition, although
when NIM was mixed with blank RPMI-1640 medium (pH
7.4), no fluorescence was discernible in this mixture, the
addition of fetal bovine serum (FBS) into the medium would
result in obvious orange fluorescence whose intensity is in
proportion to the concentration of NIM (see Figure S16 in the
Supporting Information), implying that the fluorescence of
NIM might be lit up in the presence of protein. To verify this
conjecture, we mixed NIM with bovine serum albumin (BSA)

Figure 3. Partial 1H NMR spectral (10.2−5.9 ppm region) changes of
NIM in DMSO-d6 in the presence of TBAF (0−4.0 equiv.).
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in PBS (pH 7.4). As shown in Figure S17 in the Supporting
Information, the fluorescence intensity of NIM is found to
enhance monotonously with increasing BSA concentrations.
Therefore, we could draw a conclusion that the presence of
protein is related to the enhancement of fluorescence of NIM.
It is noteworthy that the growth medium containing both

NIM and serum/BSA is found to display intensified
fluorescence upon acidification from pH 7.4 to pH 4.5 (Figure
5b and Figure S18 in the Supporting Information), suggesting
that in acidic protein-containing environments, the fluorescence
of NIM could be enhanced more effectively. Accordingly, since
lysosomes are protein-containing organelles with more acidic
microenvironments than those of other organelles and
cytoplasm,37 NIM should show stronger fluorescence in
lysosomes comparing to other organelles. To validate this
hypothesis, we investigated the fluorescence properties of NIM
in both living and dead cells, because lysosomes in living cells
display lower pH values than those of dead cells.37 The results
indicated that although NIM could stain both living and dead
cells, there exists stronger fluorescence only in the lysosomes of
living cells (see Figure S19 in the Supporting Information).
On the basis of all these experimental observations, we

tentatively attribute the lysosome-marking capability of NIM to
its intensified fluorescence in protein-containing acidic environ-
ments. Moreover, as NIM accumulates in lysosomes with acidic
microenvironments (pH ∼5), yet in such acidic environments,
it should be much difficult for NIM to be deprotonated by F−

ion, consequently, NIM displays negligible optical response
toward F− ions.
In summary, NIM has been demonstrated to be a high-

performance ratiometric colorimetric and “on−off” fluoromet-
ric naked-eye F− probe. It shows high selectivity, good
sensitivity, and fast response toward F−, and presents
absorption signal in far-red region, together with a huge
ratiometric value of 214 nm after addition of F− ion. In
addition, it could be used for practical applications to detecting

F− in both solution and solid state. Furthermore, as the
fluorescence intensity of NIM could be enhanced in protein-
containing acidic environments, it is a promising lysosome
marking reagent, and could be used to differentiate cancer cells
from normal ones in cell imaging applications because of the
presence of more numerous, larger lysosomes in cancer cells
than normal ones.
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