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A 1,8-naphthalimide-based fluorescent probe for
selective and sensitive detection of peroxynitrite

and its applications in living cell imagingf

Xiulan Li, i Jingli Hou,I Chao Peng, Li Chen, Wenbo Liu and Yangping Liu@®*

Peroxynitrite (ONOQO™) is an extremely reactive oxygen species which can damage a wide array of
biomolecules in cells and eventually result in mitochondrial dysfunction and cell death. Detection and
imaging of this species is of significant importance to understand its role in biological processes.
However, current methods are mostly limited by low sensitivity and/or specificity. In this work, we
designed and synthesized a new 1,8-naphthalimide-based turn-on fluorescent probe NP for ONOO™ in

which the 1,8-naphthalimide fluorophore was directly conjugated with a methyl(4-hydroxyphenyl)amino
group. The reaction of NP with ONOO™ led to the oxidative N-dearylation of the methyl(4-
hydroxyphenyl)amino group and produced a highly fluorescent product NP-P. The probe NP exhibited
high sensitivity for ONOO™ with a detection limit of 11 nM and high specificity over other reactive
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species in phosphate buffer. Moreover, NP was used to specifically detect ONOO™ generated in

RAW264.7 murine macrophages upon stimulation by LPS and IFN-y. Our present study sheds light on
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1. Introduction

Peroxynitrite (ONOO ™), a highly reactive oxidant and efficient
nitrating agent in living systems, is endogenously generated
through the diffusion-controlled reaction of nitric oxide (NO)
and superoxide (O, ")."? This species can react with a wide array
of biomolecules such as proteins, lipids, and nucleic acids,
resulting in cell death. As a result, ONOO™ is closely related to
a variety of diseases, including Alzheimer's disease, arthritis,
cancer, autoimmune and inflammatory diseases, and other
disorders.>® On the other hand, accumulating evidence has
demonstrated that ONOO™ plays positive roles in either signal
transduction via nitrating tyrosine residues’ or immunogenic
response against invading pathogens.** Therefore, develop-
ment of specific methods for detection of cellular ONOO™ is of
considerable significance for both diagnosis of pertinent
diseases and exploration of its diverse pathophysiology.
Fluorescent probes have been recognized as the most effi-
cient molecular tools for detection and imaging of trace
amounts of biomolecules in biological systems due to their
simplicity, sensitivity, visualization, real-time analysis and
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the design of new probes for ONOO™ and the resulting probe NP has great potential in enabling
selective and specific detection and imaging of ONOO™ in different biological and chemical systems.

noninvasiveness.** The early-stage fluorescent ONOO™ probes
were based on the reduced non-fluorescent rhodamine or
fluorescein dyes, which could be converted into fluorescent
products upon oxidization by ONOO™."*** However, the inter-
ference from other reactive oxygen species (ROS) such as "OH
and ClO~ was not negligible when using these probes. To
overcome this issue, small-molecule fluorescent probes with the
improved selectivity were developed on the base of the ONOO™ -
triggered specific reactions, including aromatic nitration,*
formation of dioxirane with activated ketones,**>* oxidation of
organoselenium/organotellurium,*>¢ phenol*” or 4-hydrox-
yaniline groups,”®*® chemical transformation of boronic acid****
or boronate**~** to phenol, and so on.***® Recently, fluorescent
probes displaying the reversible reactions with ROS have
accepted much attention.*”*

1,8-Naphthalimide has served as an attractive fluorophore
owing to its intense fluorescence, high sensitivity, good photo-
stability and insensitivity to pH in the physiological range.****
Herein, we present design and synthesis of a new 1,8-
naphthalimide-based fluorescent probe by direct conjugation of
the 1,8-naphthalimide fluorophore with a methyl(4-
hydroxyphenyl)amino reaction group, which has high selec-
tivity to ONOO™.*® It can be expected that the probe NP is non-
fluorescent due to the PET process from the methyl(4-
hydroxyphenyl) amino group with high electron density to the
excited fluorophore. However, robust fluorescence can be
observed due to the production of the green-emission product
NP-P upon from oxidative N-dearylation of the methyl(4-
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Schemel Proposed sensing mechanism of the probe NP for ONOO™.

hydroxyphenyl)amino group in NP by ONOO™ (Scheme 1). We
hypothesized that NP could be an ideal probe for detecting
intracellular ONOO™ due to the following virtues: high sensi-
tivity and selectivity to ONOO™, insensitivity to pH and high
photostability. Incorporation of the lipophilic triphenylphos-
phonium (TPP) cation group into 1,8-naphthalimide core is very
helpful to facilitate its accumulation within cells since such
lipophilic cations are shown to easily permeate lipid bilayers,
driven by the membrane potential.*?

2. Material and methods
2.1 Synthesis of NP

The probe NP was synthesized using the route as shown in
Scheme 2. In brief, 4-bromo-1,8-naphthalic anhydride 1 reacted
with 4-(methylamino)phenol 2 in NMP at 140 °C to afford the
intermediate 3, which was further conjugated with (2-amino-
ethyl)triphenylphosphonium bromide 4 in the presence of DMAP
at reflux in ethanol to give the desirable compound NP as
a reddish-brown solid. The resulting fluorescent probe NP was
well characterized by "H-NMR, "*C-NMR and HRMS (Fig. S1-S4+).

2.2 Preparation of the test solution

Deionized water and spectroscopic grade ethanol were used for
spectroscopic studies. Peroxynitrite (ONOO ) solution was
prepared as reported,*” and its concentration was estimated by
using an extinction coefficient of 1670 M~ cm™" at 302 nm
[Conoo- = Abs;g, nm/1.67 (mM)]. Superoxide solution (0, ) was
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Scheme 2 Synthetic route of NP.
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prepared by adding KO, (1 mg) to dry dimethyl sulfoxide (1 mL)
and the solution was stirred vigorously for 10 min. H,0, solution
was prepared by dilution of commercial H,0, solution (30%) in
deionized water. Hydroxyl radical (OH') was generated in situ by
adding FeCl, into 10 equiv. of H,O, solution. ROO" was gener-
ated from 2,2'-azobis(2-amidinopropane)dihydrochloride, which
was firstly dissolved in deionized water and then added into the
probe testing solutions at 37 °C for 1 h. Nitric oxide (NO) was
generated from NO donor of B-Gal-NONoate (10 uM) with B-
galactosidase (2 unit) at 37 °C.

2.3 Cell culture

RAW?264.7 macrophage cells were kindly provided by Laboratory
of Epigenetics in Development and Tumorigenesis Department
of Cell Biology of Tianjin Medical University. Cells were grown
in RPMI 1640 medium supplemented with 10% Fetal Bovine
Serum (FBS) and 1% antibiotics at 37 °C in a 5% CO,/95% air
incubator in a humidified atmosphere.

2.4 Imaging the stimulation induced by ONOO™ in
RAW264.7 murine macrophages

For imaging exogenously added ONOO™, the cells were pre-
treated with NP (5 pM) for 30 min, and then incubated with
ONOO™ (50 pM) donor SIN-1 for 30 min at 37 °C in DMEM
medium. For imaging the endogenous ONOO™, the cells were
pretreated with 1 pg mL™" LPS and 50 ng mL ™" INF-y for 4 h in
DMEM medium at 37 °C, and then incubated with probe NP (5
uM) for 30 min at 37 °C in the same medium. For inhibition
assays, the cells were activated with LPS (1 ug mL ') and INF-y
(50 ng mL™") in the presence of LAME (5 mM) or TEMPO (300
uM) for 4 h, and then loaded with probe NP (5 pM) for 30 min.
After each treatment, the cells were washed with PBS for 3
times. Images were acquired through Olympus Fluo View™
FV1200 confocal microscope with band path of 500-600 nm
upon excitation of NP at 488 nm.

3. Results and discussion
3.1 Reactivity and selectivity of NP toward ONOO

The reaction of NP with ONOO™ was tested using HPLC and LC-
MS analysis. NP (4 uM) was stable in phosphate buffer solution
(100 mM, pH 7.4), and its retention time on the reversed C18
column was 18.5 min with the parent ion M" at m/z 607.2 as
a phosphonium cation (see details in ESIt). After addition of
ONOO™ (10 equiv.), a new peak with a retention time of 15.6 min
appeared with the parent ion M" at m/z 515.2 (Fig. 1), consistent
with the expected product (NP-P) of the N-dearylation reaction.
These results demonstrated that NP could be dearylated upon
treatment with ONOO™ to generate NP-P as showed in Fig. 1.
To verify whether the N-dearylation of NP induced by ONOO™
is concentration-dependent, we examined the fluorescent
response of NP towards ONOO™. As shown in Fig. 2A, NP (1 uM)
in PBS (100 mM, pH 7.4) only showed weak fluorescence with an
emission maximum at 545 nm (¢ = 0.005), indicative of highly
efficient fluorescence quenching by the phenol group. Upon
addition of ONOO™, the fluorescence intensity at 545 nm

This journal is © The Royal Society of Chemistry 2017
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Fig.1 LC-MS analysis for the reaction of NP with ONOO™. See details
in ESLT

gradually increased due to the production of the highly fluo-
rescent NP-P (@ = 0.66, Fig. 2A). The fluorescent intensity rea-
ches the maximum value when 15 equiv. of ONOO™ was added,
and a >12-fold enhancement in the fluorescence intensity was
observed. Further addition of ONOO™ resulted in a slight
decrease of the fluorescent intensity (Fig. 2A). The fluorescence
intensity at 545 nm was linearly related to the concentrations of
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Fig. 2 (A) Fluorescence response of NP (1 uM) towards the concen-
trations of ONOO™ (from bottom line to top line: 0-20 uM) in PBS; (B)
the corresponding linear relationship between the fluorescent inten-
sity and the concentrations of ONOO™; (C) the fluorescent changes of
NP (1 uM) and its reaction mixture with ONOO™ (10 puM) against light
(445 nm).
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ONOO™ in the range of 0 to 10 uM (R*> = 0.99) (Fig. 2B). And the
detection limit of 11 nM was calculated based on 3a/k. This
value was comparable to those of other peroxynitrite probes
such as HKGreen-4 (10 nM)* and MITO-CC (11.3 nM).* The low
detection limit indicated that NP was highly sensitive to
ONOO .

While the sensitivity depends strongly on the fluorescence
brightness of a probe before and after its reactivity with ONOO ™,
photo bleaching by a strong laser excitation may also lead to less
sensitivity. Therefore, the stability of the product NP-P against
light was investigated. The reaction mixture containing ONOO™
(10 uM) and NP (1 puM) in PBS was exposed to a long-term
irradiation with light (445 nm) (1 h). As shown in Fig. 2C, no
significant decrease of its fluorescence was observed, indicating
that NP-P was highly photostable. Similar photostability was
also observed for NP except for the weaker fluorescence for NP.
Therefore, NP can be applied for long-term measurement or
imaging of ONOO™.

In addition to high reactivity, high selectivity is also required
for NP as a good probe to detect ONOO ™ in biological systems.
For this purpose, the reactivity of NP towards various biologi-
cally relevant ROS, such as H,0,, "OH, O,"~, HOCI, ROO" and
NO was also examined. Fig. 3 showed that almost no fluores-
cence enhancement was observed when excess (10 equiv.) of
each species including NO, “OH, HOCI and ROO" was added
into the NP solution (1 uM) in PBS. And only a 2-fold
enhancement of fluorescence was observed after addition of
0O,"" or H,0, as compared to a 12-fold enhancement of fluo-
rescence in the case of ONOO™. Meanwhile, the fluorescence
response of NP towards reducing agents, amino acids and metal
ions was also investigated (Fig. S61). No significant fluorescence
enhancements were observed upon treatment of NP with these
agents. Collectively, NP has high selectivity and sensitivity
toward ONOO™ over other ROS, biologically related agents and
metal ions, thus allowing for further investigation on imaging
ONOO" in cells.

3.2 Effect of pH on the fluorescence response of NP toward
ONOO ™

We also evaluated the reactivity of NP with ONOO™ at different
pHs. As shown in Fig. 4A, NP displayed pH-dependent reactivity
to ONOO™ with the significant fluorescence response in the pH

1800 4
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6004

3004

Fluorescence Intensity at 545 nm

NP NO ROO’ O,” OH H,0, HOCI ONOO"

Fig.3 Comparison of the fluorescence responses of NP (1 uM) toward
ONOO™ and other ROS (10 pM for all ROS) in PBS (100 mM, pH 7.4) at
25°C.
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Fig. 4 (A) The fluorescence response of NP (1 uM) towards ONOO™
(10 uM) in PBS (100 mM) with different pHs from 4 to 10. The solution
of ONOO™ was added to the solution of NP in PBS with the designated
pH. Then, the fluorescent intensity of the reaction mixture was
measured. (B) The pH effect on the fluorescence intensity of the
product from the reaction of NP with ONOO™. The solution of NP in
DMSO was initially mixed with the aqueous solution of ONOO™ and
the resulting solution was further diluted with PBS (100 mM) to afford
the final concentrations of NP (1 uM) and ONOO™ (10 uM). Then, the
fluorescent spectra were recorded and the fluorescent intensities
were measured. Aex = 445 nm and A¢y, = 545 nm. Slits: 10/10 nm,
voltage: 700 V.
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range of 6-10 with an emission maximum at 545 nm after
adding specific amount of ONOO™. And the enhancement was
strongest in the pH range of 8-9, indicating that the probe NP
can be used to detect ONOO™ at physiological conditions.
Furthermore, considering that pH within cells varies in a wide
range, the effect of pH on the fluorescence of the product NP-P
was also investigated. The pH values in the system were
adjusted by adding high concentrations of PBS (100 mM) with
designated pHs to the reaction mixture of ONOO™ and NP. As
shown in Fig. 4B, the intensity was almost the same across the
pH values from 4 to 10 indicating that the fluorescence of NP-P
was insensitive to pH. The above results indicated that the probe
NP is well suitable to detect ONOO™ in the wide range of pHs.

3.3 Bioimaging of ONOO ™ in RAW264.7 cells

NP was used to detect ONOO™ generated from RAW264.7
murine macrophages which are known to produce ONOO™
upon stimulation with interferon-y (IFN-y) and lipopolysac-
charide (LPS).** As shown in Fig. 5B, when the cells were incu-
bated with NP (5 uM), a very weak green fluorescence was
observed due to endogenous ONOO™ from macrophages on
rest. Pretreatment of the cells with the ONOO™ donor SIN-1 (3-
morpholinosydnonimine)* induced the marked fluorescence
enhancement (Fig. 5C). Similarly, a strong fluorescence was
observed when the cells were stimulated with IFN-y/LPS
(Fig. 5D). In order to confirm that the fluorescence originates
from ONOO™, the cells were pretreated with either 2,2,6,6-tet-
ramethylpiperidine-N-oxyl (TEMPO, the O,"~ scavenger)" or
labdanolic acid methyl ester (LAME, nitric oxide synthase
inhibitor) before stimulation with IFN-y/LPS. The almost

{F)LPS+IFN+TEMPO

{E) LPS+IFN+LAME
+NP +NP

Green Channel

Brightfield

k ..
3 d
L

Fig. 5 Fluorescence images of ONOO™ by NP in RAW264.7 murine macrophages under different conditions; (
with NP (5 uM,) for 30 min and then imaged; (C) NP-loaded cells were treated with SIN-1 (50 uM, 30 min) and then imaged; (D) cells were

A) blank; (B) cells were treated

1) for 4 h and then treated with NP (5 uM, 30 min); (E) NOS inhibitor LAME (5 mM) was

co-incubated with LPS (1 pg mL™Y/IFN-v (50 ng mL™) and then with NP (5 uM, 30 min); (F) superoxide inhibitor TEMPO (300 pM) was co-
incubated with LPS/IFN-+y stimulation and then with NP (5 pM, 30 min); excitation wavelength = 445 nm; emission wavelength = 500-600 nm.
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complete inhibition of the fluorescence enhancements by
TEMPO or LAME indicates that NP is specifically sensitive to
ONOO ™ in RAW264.7 cells. To verify if NP could be accumulated
in mitochondria due to the TPP cation group, the macrophages
were pretreated with NP and MitoTracker Red. After extensive
washing with PBS, the cells were incubated with SIN-1 (50 pM)
for 30 min. The overlaid images (Fig. S71) clearly showed that
the NP probe was not site-specifically localized into the mito-
chondria but with additional distribution in the nuclear. The
nonspecific distribution property of NP may be due to its lower
hydrophobicity which has a significant role in controlling the
targeting property of the TPP group.***® No significant cytotox-
icity of NP below 5 uM (Fig. S81) further ensures the use of NP in
biological systems. These results consistently confirm that the
probe NP with good biocompatibility can be used for bioimag-
ing of ONOO™ in cells.

4. Conclusions

In the present study, we synthesized a novel fluorescent probe
NP for ONOO™ by the direct conjugation of a 1,8-naphthalimide
dye with a sensitive methyl(4-hydroxyphenyl)amino reaction
group. The reaction of the probe NP with ONOO™ resulted in the
oxidative N-dearylation to release the fluorescent product NP-P,
as verified by LC-MS. NP exhibits high sensitivity to ONOO™
with a detection limit of 11 nM. Moreover, this probe also shows
high selectivity to ONOO™ over various reactive species and
strong fluorescent response to ONOO™ at pHs from 7 to 9. High
biocompatibility and photostability guarantee the wide use of
NP in biological systems. Using a laser scanning confocal
microscope, the specific imaging of the exogenous and
stimulation-induced ONOO™ in RAW264.7 murine macro-
phages was successfully achieved. Taken together, our new
probe is well suitable for detection and imaging of ONOO™ in
biological systems which would deepen our understanding of
various pathophysiological roles of ONOO~ in cellular
processes.
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