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h i g h l i g h t s

� A novel Resorufin-based fluorescent
probe for selective detection of
ONOO– were developed.

� Probe displayed high selectivity
towards to ONOO–.

� Probe could sense intracellular
ONOO– by fluorescent imaging in
living cells and inflammatory mice.
g r a p h i c a l a b s t r a c t

In this work, a new resorufin-based turn-on fluorescent probe (RFP) carrying phosphinate recognition
group [–P(O)Ph2] as a good trigger group was designed and synthesized. The probe exhibited highly
selectivity and sensitivity for detecting endogenous ONOO– in RAW264.7 cells and inflammatory mice.
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a b s t r a c t

Peroxynitrite (ONOO�) plays essential roles on various physiological and pathological processes of living
systems as a short-lived and highly reactive nitrogen (RNS) specie. The construction of novel long-
wavelength fluorescent probes with high specificity towards ONOO� for imaging in vivo is still demand
urgently. About this work, a novel resorufin-based red-emitting fluorescent probe for tracking ONOO�

has been constructed. The probe RFP exhibited high selectivity towards ONOO� anion over other ana-
lytes. Utilizing the probe, ONOO� could be directly observed by the naked eye. Furthermore, RFPwas suc-
cessfully applied for imaging endogenous ONOO– in RAW264.7 cells and inflammatory mice. This work
offers a convenient method for monitoring the intercellur ONOO– that be expected to be applied for
explaining the bio-functional roles of ONOO� in living system.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

As a short-lived and highly reactive nitrogen (RNS) specie, per-
oxynitrite (ONOO�) plays essential roles on various physiological
and pathological processes of living systems [1]. It is generated
through the diffusion control chemical transformation reaction of
nitric oxide (NO) and superoxide (O2

��) [2]. Peroxynitrite is a
potent cytotoxic substance which could react with large numbers
of biological species including nucleic acids, lipids and proteins,
eventually result in apoptosis [3]. Furthermore, it is not negligible
that peroxynitrite is a stronger oxidizer than NO or O2

��. Until now,
mounting evidences suggested that excessive ONOO� could cause
many diseases, such as inflammatory, neurodegenerative, Alzhei-
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mer’s disease, Parkinson’s disease, cardiovascular, ischemic reper-
fusion injury and cancer [4–7]. Thus, it is vitally necessary to build
up a new method for detecting cellular ONOO� and explore its role
in disease diagnosis and various pathophysiological properties.

To date, fluorescent analytical method is one of the most useful
tools for widely applying in chemical analysis, bioanalysis, and
medicine study owing to its outstanding advantages of rapid
response, real-time visualization, excellent sensitivity and noninva-
sive nature [8–13]. Recently, numerous fluorescent probes for trac-
ing ONOO� in living cells have been reported [14–27]. These
chemical reaction-based probes could be roughly divided into sev-
eral mechanisms: oxidation of boronate [28,29], oxidation of phos-
phyl/phosphinate [30–34], oxidation of ketones [35], redox
reactions of selenium [36], oxidative N-dearylation [37,38] and
other reaction strategies. Although the reported probes are exe-
cutedwell tomonitor ONOO�, there still exist some limitations, like
low selectivity (some ONOO� probes could respond to H2O2 and
NaClO as well) [39,40] and absorption/ emission in the short-
wavelength, which probable unavoidably interfered by biological
autofluorescence and enslaved to shallow tissue penetration
[41,42]. Moreover, the study on ONOO� fluorescent probes in
inflammatory model is none the less limited so far [43–45]. There-
fore, the construction of novel long-wavelength fluorescent probes
with high specificity towards ONOO� is still urgently demand.

Our group has committed to designing and synthesizing fluo-
rescent sensors for various reactive species [46–51]. Fortunately,
the fluorescent probes we developed have excellent selectivity
and sensitivity. Take the advantage of good water solubility and
long-wavelength, resorufin was chosen as the fluorophore. Besides,
alkylation of the 7-hydroxy group of resorufin could induce effi-
cient fluorescence quenching [52–59]. Based on functional diphe-
nyl phosphinate recognition group [60], we designed and
synthesized a resorufin-based red-emitting ‘‘turn-on” fluorescent
probe RFP of ONOO– detection (Scheme 1). We have demonstrated
the practical utility of RFP in chemical and biological circumstance.
Probe RFP showed highly selectivity towards ONOO–, particularly
over NaClO and H2O2. To our delight, this probe could trace ONOO–

by naked-eye. Importantly, RFP enabled the direct image endoge-
nous ONOO– in both living cells and inflammatory mice.
2. Experimental

2.1. Reagents and instruments

All solvents and chemicals were purchased online without fur-
ther purification. The 1H NMR and 13C NMR spectra were per-
formed on a Bruker AVANCE NEO 500 instrument. UV–vis spectra
were obtained by using a PE Lambda 950 UV–vis spectrometer.
Fluorescence spectra were recorded using JY HORIBA FluoroLog-3
spectra fluorophotometer. High resolution mass spectra were
obtained by using Bruke solanX 70 FT-MS spectra.

2.2. Cell culture and cell imaging

RAW264.7 cells were pretreated with LPS and IFN-c for 12 h
and then the probe RFP (10 mM) was added to RAW264.7 cells
and incubated for another 30 min then washed by PBS twice. For
the control experiment, RAW264.7 cells with treatment of RFP
(10 mM) for 30 min. The fluorescence images of cells were obtained
by Laser scanning confocal microscopy (Ziss 880) (kex = 561 nm).

2.3. Fluorescence imaging in inflammatory mice

All animal care and experimental protocols for this study were
approved by the Animal Experiment Ethics Committee of Henan
2

University. To experimental groups, the nude mice were subcuta-
neously injected with a volume of 200 lL LPS for 12 h in left leg
to cause inflammation, then following subcutaneous injection with
RFP (500 lM, 200 lL) in situ. For the control group, the nude mice
were injected with same volume of 200 lL saline for 12 h in the
right leg then following subcutaneous injection of RFP in situ.
Using the fluorescence imaging system (VISQUE In Vivo Elite) to
gain the whole-body imaging.
3. Results and discussions

3.1. Spectral properties of RFP towards ONOO–

The fluorescent probe RFP was obtained by three steps
(Scheme S1). The compounds were characterized by HR-MS, 1H
NMR, and 13C NMR (supporting information). The probe consisted
of three parts, resorufin moiety as fluorophore, diphenyl phosphate
group as the specific triggered part reacting with ONOO– and ben-
zyl ether as the self-immolation linker which enabled quench the
fluorescence of the resorufin. We firstly investigated the spectral
properties of RFP in the absence and presence of ONOO– in PBS
buffer (10 mM, pH 7.4, containing 1% DMSO, 3 mM Hexadecyl tri-
methyl ammonium Bromide, CTAB) at 37℃. As shown in Fig. 1, the
maximum absorption peak of RFP itself was at 469 nm with neg-
ligible fluorescence intensity at 590 nm. After treatment with
ONOO–, the maximum absorption band showed a red-shift from
469 to 585 nm. Besides, as shown in Fig. 1b, its fluorescence inten-
sity at 590 nm was increased almost 25-fold. Apart from dramatic
fluorescence intensity increased by adding ONOO–, the color of
solution remarkably changed from yellow to pink, this change
could be directly observed by the naked eye. These results con-
firmed that the fluorescent probe RFP was available to detect
ONOO–.

Additionally, we measured the fluorescence enhancement in
different durations. As shown in Fig. 2a, after reacting with ONOO–,
the maximum absorption at 469 nm was gradually decreased and
increased at 585 nm within 20 min. Besides, the fluorescence
intensity at 590 nm increased rapidly within 10 min, however,
gradually and finally stabilized at 20 min (Fig. 2b), which indicated
that the process of self-elimination was finished in 20 min. Inset in
the Fig. 2b more clearly showed the kinetic curve of fluorescence
intensity for RFP at 590 nm in the presence of ONOO– at different
times.

Furthermore, the fluorescence titration assay was performed,
the fluorescence responses over the concertation of 0–100 mM
ONOO– with RFP were obtained, Fig. 3a was clearly demonstrated
that the fluorescence intensity of RFP increased in a ONOO– dose-
dependent manner. Simultaneously, a good linear relationship
between the fluorescence intensity and ONOO– concentration from
0 to 35 lM was obtained (Fig. 3b), and the detection limit was cal-
culated to be 238 nM based on 3r/k, detection limit implied the
possibility of accurate measurement in vitro testing.
3.2. Selectivity of RFP

A successful fluorescent probe for applicating with biological
samples should bear some advantages including high selectivity,
high sensitivity and high resolution. Due to the biological system
often contains other ROSs/RNSs, the selectivity of the probe RFP
towards ONOO– were following investigated, including various
ROSs: (O2

. –; 1O2; _OH; _OtBu; H2O2; OCl–,), amino acids (Cys; Hcy;
GSH), ions (K+; Na+; Ca+), and other analyte (H2S; HSO3

–; SO4
2–;

SO3
2–; CO3

2–; HCO3
–; NO2

–; NO). According to the experimental results
(Fig. 4a), it can be clearly observed that among all of the analyte,
only ONOO– could trigger the remarkable fluorescent intensity



Scheme 1. Proposed recognition mechanism of RFP toward ONOO�.

Fig. 1. (a) UV–vis spectra and (b) fluorescence changes of probe RFP in absence and presence of ONOO�. The probe was incubated in PBS (pH 7.4, 10 mM, 1% DMSO, 3 mM
CTAB) at 37 ℃ for 30 min. Inset of (a): The colour change of RFP in the absence and presence of ONOO� under daylight. (b) photography of RFP in the absence (right) and
presence (left) of ONOO� at 365 nm, kex = 525 nm.

Fig. 2. (a) Time-dependent absorption and (b) fluorescence spectra of RFP (10 mM) towards to ONOO� (100 mM). The probes were incubated at 37℃ in PBS (pH 7.4, 10 mM, 1%
DMSO, 3 mM CTAB). inset: Scatter plot of the time-dependent curve: the probe and ONOO� react completely within 20 min, kex = 525 nm.

Fig. 3. (a) Fluorescence titration of RFP with ONOO�. (b) Changes in fluorescence intensity of RFP at 590 nm as a function of [ONOO�]. RFP (10 mm) and ONOO� (0–35 mm) in
PBS (pH 7.4, 10 mM, 1% DMSO, 3 mM CTAB, kex = 525 nm).
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Fig. 4. Fluorescence intensity response of RFP (10 mM) at 590 nm by treating with various biological species. (a) 0:blank, 1: O2
. �, 2: 1O2, 3:_OH, 4:_OtBu, 5: H2O2, 6: OCl�, 7: H2S,

8: HSO3
�, 9: SO4

2�, 10: SO3
2�, 11: CO3

2�, 12: HCO3
�, 13: NO2

�, 14: NO, 15: K+, 16: Na+, 17: Ca+,18: Cys, 19: Hcy, 20: GSH, 21: ONOO�. (b) 0:O2
. �, 1:1O2, 2:_OH, 3:_OtBu, 4:H2O2, 5:

OCl�, 6: H2S, 7:HSO3
�, 8:SO4

2�, 9:SO3
2�, 10:CO3

2�, 11:HCO3
�, 12:NO2

�, 13:NO, 14:K+, 15:Na+, 16:Ca+, 17:Cys, 18:Hcy, 19:GSH, and 20:ONOO� All analytes were kept at a final
concentration of 100 mM and the mixture solution were incubated at 37 ℃ in PBS (pH 7.4, 10 mM, 1% DMSO, 3 mM CTAB) for 30 min in advance, kex = 525 nm and
kem = 590 nm.
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change in 590 nm. In addition, we compared the superoxide anions
from different sources, and found that RFP had no response (Fig-
ure S2). Anti-interference ability is an essential indicator of a
probe, in line with our expectations, the probe RFP could enable
to respond to ONOO– with similar degrees of fluorescence
enhancement even in the presence of other related species
(Fig. 4b). It is noteworthy that intracellular thiols (such as GSH,
Hcy, Cys) were the central of reducing sources to cellular redox
homeostasis [61], especially GSH was the most abundant endoge-
nous thiol. Even if excessive thiols exist, the probe RFP could still
respond to ONOO– with significant fluorescence enhancement.
These results suggested its potential applicability of tracking
ONOO– in complex biological environment.
3.3. Effect of pH

With this high selectivity fluorescent probe in hand, its pH sta-
bility towards the ONOO– were investigated, in different pH value
from 6.0 to 8.0, the probe RFP itself was so stable that almost no
fluorescent (Figure S1) when incubated in 37℃ for 1 h. On the con-
trast, it showed obviously fluorescent intensity enhancement in
the presence of ONOO– in different pH value from 6.0 to 8.0, which
implied potential application in biological samples to detect
ONOO–. Therefore, we speculated that the probe RFP was stable
and could detect ONOO– in the physiological environment.
Table 1
Performance comparison with other ONOO� sensors.

NO. Sensors kex/kem (nm) buffer solution
(v/v)

Saturati

1 555/690"
(~120-fold)

DMSO : PBS = 1 : 1 20

2 670/742"
(~10-fold)

DMSO : PBS = 1 : 1 40

3 527/665"
(~100-fold)

DMSO : PBS = 1 : 1 20

4 403/520"
(~12-fold)

DMSO : PBS = 1 : 99 18

5 445/532;
(~10-fold)

DMSO : PBS = 1 : 9 0.25

6 525/590"
(~25-fold)

DMSO : PBS = 1 : 99
(3 mM CTAB)

20

4

In addition, we listed several types of representative probes
based on functional diphenyl phosphinate recognition group for
ONOO– sensing reported to date (Table 1). We compared the sens-
ing performance in terms of the saturation time, linear range and
sensitivity of the RFP with other works. Although the performance
of our works is not optimal, but on the whole, the RFP in our work
showed faster response time and lower detection limit.
3.4. Study on the sensing mechanism

A briefly description for the working mechanism of the fluores-
cent probe as followed (the reaction mechanism was shown in
Scheme 1), in the presence of ONOO– which could attack the trig-
gered moiety, the diphenyl phosphate group was cleaved and then
underwent a step of self-elimination, finally the resorufin with red
fluorescence was exposed. To certify the response mechanism, the
product of the reaction of RFP with ONOO– was recorded by MS,
from Figure S2, the major peak of the product found at m/
z = 212.50 [M�H]– was consistent with the anion mode of the flu-
orophore, which supported the proposed mechanism.

To gain a clearer explanation about the photophysical proper-
ties of RFP in the presence of ONOO–, theoretical calculations were
conducted by density functional theory (DFT) with the mGGA /
MII-L method basis set through the Materials Studio. The opti-
mized geometries and the highest occupied molecular orbitals
on time (min) Liner range (mM) Detection limit (nM) Ref.

0 ~ 150 4620 [33]

0 ~ 40 400 [30]

0 ~ 10 33 [31]

0 ~ 45 80 [42]

0 ~ 80 17.6 [32]

0 ~ 35 238 This work
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(HOMO) and lowest unoccupied molecular orbitals (LUMO) of the
probe and resorufin were clearly showed in Fig. 5. For the probe
RFP, both the LUMO and HOMO p-electrons of probe were mainly
located on phenoxazine moiety, the intramolecular charge transfer
(ICT) process was prevented due to the protection of hydroxy by
diphenyl phosphinate. The HOMO p-electrons of resorufin were
located on the whole molecular, while LUMO p-electrons resorufin
were mainly distributed in the carbonyl moiety, the ICT progress
was recovered. Besides, the HOMO and LOMO energy level of probe
were �6.012 eV and �3.880 eV respectively, the energy gap (DE)
was 2.132 eV. After reacting with ONOO–, the HOMO and LOMO
energy level of resorufin were changed to �5.417 eV and
�3.546 eV respectively, the energy gap was narrowed to
1.871 eV. In this respect, the HOMO-LUMO energy gap tended to
Fig. 5. Molecular orbital plots and the corresponding HOMO and LU

Fig. 6. (a) Bright filed and (b) fluorescence images of RAW264.7 cells treated with 10 mM
preincubation with LPS and INF-c for 12 h followed treated with 10 mM RFP for 30 min

5

narrow which was consistent with the obvious red shift in the
absorption spectrum of probe RFP. The theory calculations were
in good accordance with the experimental results that rationalized
the ICT process.
3.5. Live cell imaging

We first investigated the biocompatibility, since the prerequi-
site of a probe to cell and in vivo imaging was biocompatibility.
The cytotoxic effects of RFP on cells were performed by the CCK-
8 assays (Figure S3), RFP showed low cytotoxicity at concentra-
tions up to 20 lM in live cells, laying a good foundation for biolog-
ical application. We then examined the potential of RFP for
visualizing ONOO� in RAW264.7 cells. It was known that
MO energy gaps of RFP before and after reacting with ONOO�.

RFP for 30 min and (d) bright filed and (e) fluorescence images of RAW264.7 cells by
. (c) was the overlap of (a) and (b); (f) was the overlap of (d) and (e).



Fig. 7. Fluorescent imaging of mice at 0 min (a) and 15 min (b). The left leg of mice was subcutaneously injected with LPS (1 mg/mL, 200 mL) for causing inflammation and the
right leg was subcutaneously injected the same volume of saline as a blank control. After 12 h, the RFP (50 lL, 500 lM, DMSO/saline = 1/9) was subcutaneously injected
in situ. (c) Relative fluorescent intensity from the normal and inflamed tissues. All assays were performed in triplicate and expressed as the mean ± SD.
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RAW264.7 cells could produce ONOO� by stimulating with
lipopolysaccharide (LPS) and pro-inflammatory cytokine interfer-
on-gamma (IFN-c) [37]. As illustrated in Fig. 6, after only incubated
with RFP, the RAW264.7 cells exhibited weak red fluorescence. As
expected, the cells incubated with LPS and INF-c displayed obvi-
ously red fluorescence. These results demonstrated that the probe
RFP could track the endogenous ONOO� in the living cells.
3.6. Inflammatory mice imaging

According to the previous literature [62], LPS was used to
induce inflammation in nude mice in this study (Fig. 7). The left
leg of mice was subcutaneously injected with LPS (1 mg/mL,
200 mL) for causing inflammation and the right leg was subcuta-
neously injected the same volume of saline as a blank control. After
12 h, the RFP was subcutaneously injected in situ incubated for
30 min. Compared with normal tissues, the LPS-stimulated inflam-
mation tissues were clearly showed an obviously enhancement of
fluorescence intensity, as expected. Moreover, the fluorescence
intensity reached the maximum in 15 min indicating that RFP
could quickly track endogenous ONOO� in inflamed mice in situ.
4. Conclusions

In summary, we reported a new red-emitting fluorescent probe
for tracking ONOO� based on resorufin. The probe RFP exhibited
high selectivity towards ONOO� anion over other analytes. Utiliz-
ing the probe, ONOO� could be directly observed by the naked
eye. Furthermore, we successfully applied RFP for imaging endoge-
nous ONOO– in living RAW264.7 cells and inflamed mice. With
these results, we envisioned that the probe RFP may have a
promising prospect to be applied for elucidating the bio-
functional roles of ONOO� in living system.
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