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A highly sensitive fluorescent sensor ZnDNwas designed, synthesized and used for tracking intracellular
zinc ions in various living cells and direct imaging of prostatic tissue inmice. ZnDNwas prepared from the
heterocyclic-fused naphthalimide fluorophore, and the zinc receptor, N,N-bis(2-pyridylmethyl)ethyl-
enediamine (BPEN). Upon addition of Zn2+ to the solutions of ZnDN, a remarkable fluorescence
enhancement was observed, which could be attributed to the photo-induced electron transfer (PET)
mechanism. Since ZnDN exhibited high sensitivity toward Zn2+ in phosphate buffer solution, with a limit
of detection of 4.0�10�9mol/L, it was further applied for the imaging of exogenous and endogenous Zn2+

in different living cells. Living cells imaging experiments suggested that ZnDN could image the changes of
intracellular free zinc ions, and could be used for two-photon imaging. Moreover, flow cytometry
suggested that ZnDN could distinguish cancerous prostate cells from normal cells. Animal experiments
indicated that ZnDN had the potential in imaging prostate tissue in vivo.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Zinc, as the secondmost abundant transitionmetal, is one of the
indispensable trace elements in the human body [1]. A large
amount of zinc bind to proteins, enzymes and other lowmolecular
weight ligands in mammalian cells, but only picomolar zinc is free
within cells [2–6]. However, free zinc ions participate in numerous
crucial physiological and pathological processes. In cells, the
concentrations of zinc ions is regulated by three main protein
families: metallothioneins (MTs), zinc transport proteins (ZnT),
and Zrt/Irt-like proteins (ZIPs) [7,8]. MTs, which function as
binding proteins and Zn2+ donors, not only bind Zn2+ with high
affinity but can also release self-binding Zn2+ under the induction
of nitrosation [9–11]. ZnT and ZIPs are two kinds of important zinc
transporters, which are responsible for the input and output of
intracellular zinc ions, respectively [12]. ZnT8, one of the ZnT
families, is responsible for the transport of zinc in β[24_TD$DIFF] cells, thus
would affect the production, secretion and metabolism of insulin
[13]. Scott et al. had reported that the concentration of zinc in
diabetic cadavers is only half of that in non-diabetic cadavers [14].
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Moreover, loss of zinc homeostasis has been associated with
several neurological diseases, including Alzheimer’s disease,
Parkinson disease, amyotrophic lateral sclerosis, and prostate
cancer [15,16]. Notably, prostate cancer is the leading cause of
cancer death in men, and causes no symptoms in its early curable
stage. Considerable literatures indicate that the level of zinc ion in
healthy prostate is ten times higher than other soft tissues.
Moreover, the zinc content in peripheral zone of prostate would
drastically reduce in the early stage of malignant prostate and the
decreasing of zinc content precedes cancerization [17–21]. Based
on these, the development of a powerful tool for the real time
monitoring of Zn2+ distribution, uptake, and trafficking in living
system is highly demanded.

Fluorescent techniques, which have been widely used in
imaging various kinds of analytes in living cells and tissues, have
some unique advantages, such as non-invasive, higher sensitivity,
and excellent temporal-spatial resolution [22–26]. For a recent
example, Xiao [25_TD$DIFF]et al. designed a FRET based probe to research pH
changes in lysosomes of macrophages during inflammation [27]. It
is known that naphthalimide has been applied in the construction
of various fluorescent probes [28]. To date, a wide variety of
naphthalimide-based fluorescent probes and their biological
applications have been developed as an efficiency labelling
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (A–H) Co-localization images of ZnDN (5�10�6 mol/L) with commercial
dyes (10�7 mol/L, 30min) in living A549 cells. Red channel (lex = 561 nm,
lem = 590–650 nm) for Lyso-Tracker (A) and Mito-Tracker (E). (B, F) Green channel
(lex=476 nm, lem [21_TD$DIFF] = 500–550 nm) for ZnDN. (C, G) Bright field image. (D) Overlay of
(A), (B) and (C). (H) Overlay of (E), (F) and (G). (I-J) Fluorescence imaging of ZnDN
(5�10�6 mol/L) in living A549 cells with two-photon microscopy and one-photon
microscopy. (I) Red channel (lex = 900 nm, lem = 500–550 nm) was two-photon
microscopy. (J) Green channel (lex = 476 nm, lem = 500–550 nm) was one-photon
microscopy. (K) Bright field image. (L) Overlay of (I), (J) and (K).
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approach. For example, Guo [26_TD$DIFF]et al. reported a highly selective and
sensitive fluorescent chemosensor for Hg2+ [29]. Wang [26_TD$DIFF]et al.
developed a pH-resistant Zn2+ sensor derived from 4-amino-
naphthalimide [6]. Cui [26_TD$DIFF]et al. reported a ratiometric fluorescent
probe for direct detection ofN-acetyltransferase [30]. However, the
naphthalimide-based fluorescent probes are still not widely used
in intracellular labelling and imaging owing to its solvatochrom-
ism, and poor fluorophore brightness in aqueous solution [31]. By
fusing a twisted water-soluble heterocycle onto naphthalimide
scaffold, we have constructed a novel nonplanar and rigid
fluorophore structures, which not only enhanced the rigidity,
but also confirmed the nonplanarity of the fluorophore, and thus
decreased the aggregation of the fluorogenic molecules [32].
Inspired by this work, herein, we designed a highly sensitive
fluorescent probe for tracking intracellular zinc ions and direct
imaging of prostatic tissue in mice by using this novel naph-
thalimide-based fluorophore and N,N-bis(2-pyridylmethyl)ethyl-
enediamine (BPEN) as the receptor for zinc ions.

Probe ZnDN can be readily synthesized as we previously
reported [6,32] (Scheme S1 in Supporting information). Based on
the fluorescent recognition mechanism of photo-induced electron
transfer (PET), BPEN was introduced into the imide moiety of the
naphthalimide fluorophore as the receptor of Zn2+.

We first conducted the pH-titration of the probe ZnDN and its
Zn(II) complex. The pH value of the test system was adjusted by
HCl and NaOH solution. As shown in Fig. S4 (Supporting
information), probe ZnDN emits very weak fluorescence at pH
4.0–9.0, which can be attributed to the PET processes from the
aniline nitrogen to the fluorophore. While ZnDN–Zn(II) complex
exhibits the enhanced fluorescence and is not subject to
interference induced by pH changes in the range of pH
4.0�9.0. Therefore, the subsequent experiments will be carried
out in the PBS buffer (10�2 mol/L, pH 7.4).

The fluorescence titration of Zn2+ was then examined in PBS
buffer (10�2 mol/L, pH 7.4). With addition of 10�3–10�2 mol/L (0–1
equiv.) Zn2+, the fluorescence intensity at 525 nm increased
gradually, and reached the maximumwith the addition of 1 equiv.
Zn2+ (Fig. S5A in Supporting information). Upon addition of Zn2+,
the biggest intensity could reach 17 times and fluorescence
quantum yield enhanced almost 10 times from 0.08 to 0.8.
According to Job’s plot (Fig. S6 in Supporting information), ZnDN
formed the 1:1 complex with Zn2+, and the association constant of
the complex was 7.04�108 L/mol. The detection limit of ZnDN for
Zn2+ was calculated to be 4.0�10-9 mol/L based on LOD = 3s/s.

The selectivity and competitiveness of ZnDN toward different
metal ions (Zn2+, Ca2+, K+, Mn2+, Na+, Ag+, Cr3+, Co2+, Fe3+, Pb2+, Ni2+

with perchlorate anions) were further investigated in PBS buffer
(10�2 mol/L, pH 7.4). Upon addition of 3 equiv. different metal ions,
negligible changes were observed in the fluorescence emission
spectra (Fig. S8 in Supporting information). However, the
fluorescence intensity was significantly enhanced after Zn2+ was
added. Even in the presence of 3 equiv. of other metal ions, the
fluorescence intensity exhibited similar enhancement when Zn2+

was added. Therefore, probe ZnDN should have the potential in
imaging intracellular zinc ions.

The biocompatibility and subcellular localization ability of
probe ZnDN were evaluated before living cell imaging. MTT assay
was used to determine the cytotoxicity of ZnDN in MCF-7 cells and
A549 cells. The cells viability was above 80% with the concentra-
tion of ZnDN ranging from0 to 2�10�5mol/L after 24 h incubation
(Fig. S9 in Supporting information), which indicated that ZnDN had
low toxicity and could be used for imaging in living cells. Then we
investigated the subcellular location of ZnDN in A549 cells with
Lyso Tracker1 Red DND-99 L-7528, a commercial lysosome
marker. As shown in Fig. 1, the fluorescence imaging of ZnDN
(Fig. 1B) was overlapped well with Lyso Tracker1 Red DND-99
L-7528 (Fig. 1A), with the Pearson’s correlation coefficient at 0.94
(Fig. 1D), which indicated that ZnDN was mainly localized in
lysosome. Since this novel fluorescent skeleton had an application
in two-photon microscope (TPM) imaging [32], we also investi-
gated the TMP imaging ability of ZnDN. The fluorescence signal of
ZnDN with one-photo excitation (Fig. 1J) showed excellent overlap
with that of two-photo excitation (Fig. 1I), indicating that ZnDN
could be used for TPM imaging of zinc ions in living cells.

Then we explored the imaging of Zn2+ in living cells using
confocal microscopy. A549 cells stained with 5�10�6 mol/L of
ZnDN displayed weak green fluorescence because of the low level
of intracellular free zinc (Fig. 2A). Upon addition of Zn2+/pyrithione
(1:2) (ZnPT, 5�10-5 mol/L), the fluorescence intensity gradually
increased and reached maximum at 25min. After the subsequent
addition of 2.5�10-4mol/L ofmembrane-permeable Zn2+ chelator,
N,N,N',N'-tetrakis(2-pyridylmethyl) [27_TD$DIFF]ethylenediamine (TPEN), the
green fluorescence signal gradually decreased, indicating that
the green fluorescence is originated from the binding of ZnDNwith
free Zn2+. Similar results were observed in the flow cytometer
experiment (Fig. S10 in Supporting information). In order to detect
endogenous Zn2+, we applied SNOC, a NO donor, which could
induce free Zn2+ release from MTs [33,34], to treat the cells.
Similarly, the fluorescence signal also enhanced and reached
maximum at 30min when treated with 1mmol/L SNOC. Upon
addition of 5�10-5 mol/L of TPEN, the fluorescence decrease was
observed again (Fig. 2B), implying that the NO-induced fluores-
cence enhancement was attributed to the release of intracellular
zinc. In the A549 cells, a 1.91-fold and a 1.40-fold enhancement in
the fluorescence intensity of exogenous and endogenous Zn2+were
observed (Figs. 2C and D), respectively. These results indicated that
ZnDN is a sensitive fluorescent probe for the real-time monitoring
of intracellular exogenous and endogenous Zn2+.

It has been reported that the prostate contains higher
concentration of zinc than any other soft tissue in the body, and
the content of zinc in cancerous prostate tissue will decrease
sharply [35]. By using the probe ZnDN, we next assessed the zinc
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Fig. 2. Confocal fluorescence imaging of Zn2+ in A549 cells. (A) Real-time imaging of exogenous Zn2+, incubation of A549 cells with ZnDN (5�10�6mol/L, 30min), followed by
addition ZnPT (5�10�5mol/L, 35min), then additionTPEN (5�10�5mol/L, 20min). (B) Real-time imaging of endogenous Zn2+, incubation of cells with ZnDN (5�10�6mol/L,
30min), followed by addition SNOC (10�3 mol/L, 35min), then addition TPEN (5�10�5 mol/L, 10min). Normalized of the change in fluorescence intensity of ZnDN treated
with exogenous (C) and endogenous (D) Zn2+. lex = 476 nm, lem = 500–550 nm.
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Fig. 3. Flow cytometry raw histogram of RWPE-1 cells (A), DU-145 cells (B) and PC-
3 cells (C) following sham treatment, incubation with ZnDN (5�10�6 mol/L) in the
absence of zinc, incubationwith ZnDN in the presence of added zinc (ZnPT, 5�10�5

mol/L), and incubation with ZnDN in the presence of a labile zinc chelator (TPEN,
5�10�5 mol/L). (D) Quantitative analysis of the results illustrated in (A), (B) and (C)
to distinguish cancerous prostate cells (PC-3 cells and DU-145 cells) from normal
prostate cells (RWPE-1 cells).
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level in different prostate epithelial cell lines, including cancerous
cells (PC-3 and DU-145) and normal cells (RWPE-1). As shown in
Fig. 3, flow cytometry measurements of ZnDN confirmed the
presence of free zinc in normal prostate cells (RWPE-1) and the
reduced zinc in malignant cells (PC-3 and DU-145). After treated
with ZnDN (5�10�6 mol/L) under the same conditions, the mean
fluorescence intensity in PC-3 and DU-145 cells were reduced 2-
fold compared with RWPE-1 cells. And the addition of 5�10�5

mol/L TPEN reduced the fluorescence intensity in all prostate cell
lines to background levels. After addition of 5�10�5 mol/L of Zn/
pyrithione (ZnPT), 7.2-fold and 3.0-fold/4.6-fold enhancement in
the fluorescence intensity were observed in the normal prostate
cells andmalignant cells, respectively. These results suggested that
normal prostate cells have more endogenous Zn2+ than cancerous
and can accumulate more exogenous Zn2+ in normal cells.

After a series of successful fluorescence imaging for zinc ions in
different prostate cells, we performed in vivo imaging of Zn2+ using
the LPS-induced mouse inflammation model. As shown in Figs. 4A
and B, after tail intravenous injection with 200mL of ZnDN
(10�5 mol/L), a bright fluorescence signal was observed in the area
of prostate. After co-injection of ZnDN and the zinc chelator TPEN,
the fluorescence signal decreased remarkably, which indicated
that the signal was zinc specific. Because of the very small size of
mice prostate, we performed H&E-staining experiment and
[(Fig._4)TD$FIG]

Fig. 4. (A) Fluorescent imaging of mice prostate after i.v. injection of ZnDN (left) and ZnDN plus TPEN chelator (right) in vivo. (B) Fluorescent optical imaging of the excised
tissues of mice: prostate, heart, liver, spleen, lung, kidney, bladder. (C, D) H&E staining and fluorescence microscopy of frozen prostatic tissue sections derived from
noninjected ICR mice. (E, F) Fluorescence microscopy of frozen prostatic tissue sections derived from ICR mice injected with ZnDN alone and ZnDN plus TPEN. Scale bar:
200mm. (G) Quantitative evaluation of the fluorescence intensity of excised prostate tissues.
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confirmed that excised tissue was from the prostate of mouse
(Fig. 4C). Then we investigated the fluorescence microscopy of
frozen prostate sections. As shown in Fig. 4D, the frozen prostate
section from mouse without any treatment displayed very weak
autofluorescence, and the frozen prostate section from mouse
injected with ZnDN displayed a bright green fluorescence (Fig. 4E).
As expected, the frozen prostate section derived from the mouse
injected with ZnDN and TPEN exhibited very weak fluorescence
signal (Fig. 4F), and the fluorescence intensity of the former is 1.83
times that of the latter (Fig. 4G). All these results suggest that the
high sensitivity probe ZnDN has a potential to visualize the zinc-
rich prostate by fluorescence imaging technique.

In summary, based on the novel seven-membered heterocycle
fused 1,8-naphthalimide skeleton, we have designed a highly
sensitive fluorescent probe ZnDN for zinc, with a limit of detection
of 4.0�10�9 mol/L. Living cells imaging indicated that the probe
was specifically localized in lysosome and could imagemobile zinc
level in different kinds of cell lines. Imaging of prostate cells
revealed that normal prostate cells have higher concentration of
Zn2+ than cancerous ones, and could accumulate more exogenous
Zn2+. Moreover, ZnDN was successfully used to image Zn2+ in the
prostate tissue of mouse. So it is anticipated that ZnDN has a
potential to visualize the zinc-rich prostate by fluorescence
imaging technique.
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