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ARTICLE INFO ABSTRACT

Keywords: Reactions of peroxynitrite (ONOO™) with biomolecules can lead to cytotoxic and cytoprotective events. Due to
Knoevenagel condensation the difficulty of directly and unambiguously measuring its levels, most of the beneficial effects associated with
ONOQ__ ONOO™ in vivo remain controversial or poorly characterized. Recently, optical imaging has served as a powerful
V‘S‘lalfz"“g noninvasive approach to studying ONOO™ in living systems. However, ratiometric probes for ONOO™ are
Quantifying currently lacking. Herein, we report the design, synthesis, and biological evaluation of F4g,, a novel fluorescence
Phagocytes o1 . _. . - s -

Inflammation indicator that relies on ONOO -induced diene oxidation. The remarkable sensitivity, selectivity, and photo-

stability of F4g» enabled us to visualize basal ONOO™ in immune-stimulated phagocyte cells and quantify its
generation in phagosomes by high-throughput flow cytometry analysis. With the aid of in vivo ONOO™ imaging
in a mouse inflammation model assisted by F4go, we envision that F4g, will find widespread applications in the

study of the ONOO™ biology associated with physiological and pathological processes in vitro and in vivo.

1. Introduction

Peroxynitrite (ONOO™), a highly reactive oxygen species (hROS)
(Murray et al., 2003), is a short-lived oxidant and nucleophile that is
produced by the reaction of nitric oxide (+NO) and superoxide (O>"")
radicals at diffusion-controlled rates (~1x10°M™!s™!) (Gryglewski
et al., 1986; Beckman et al., 1990; Radi et al., 2001). ONOO~ is
produced mainly in macrophages, endothelial cells, platelets, leuko-
cytes, and neurons, and plays vital roles in physiological and patholo-
gical processes (Ahmad et al., 2009). ONOO™ can directly oxidize/
nitrate critical components of cells at all levels including proteins,
lipids, and nucleic acids, enabling it to elicit diseases including
cardiovascular and neurological disorders, cancer, and aging (Pacher
et al., 2007; Szabo et al., 2007; Franco et al., 2013). However, the
cytotoxic properties of ONOO™ can be utilized by immune system cells
to combat infecting microorganisms (Zhu et al., 1992; Denicola et al.,
1993). The human immune system can utilize ONOO™ to repel
microbial invasion (Alvarez et al., 2011). Putative physiological roles
for ONOO™ include vasodilatation, inhibition of platelet aggregation,
adhesion of inflammatory cells and protection against ischemia/
reperfusion injury (Ronson et al., 1999; Ferdinandy, 2006; Uppu
et al., 2007; Nossaman and Kadowitz, 2008).
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Due to the difficulty of directly and unambiguously measuring its
levels, most of the beneficial effects associated with ONOO™ in vivo
remain controversial or poorly characterized (Fang 2004). Thus, there
is an imperative need to develop specific probes for unambiguously
monitoring ONOO™ levels both in vitro and in vivo (Radi, 2013).

During the past several years, researchers have designed and
constructed a number of intensity-based turn-on fluorescent probes
for ONOO™ (Ueno et al., 2006; Yang et al., 2006; Zielonka et al., 2010;
Zhang et al., 2012; Chen et al., 2013; Lin et al., 2013; Hou et al.,
2014;), some of which have found utility in biological and comparative
discovery studies (Peng et al., 2014; Li et al., 2015a, 2015b).
Nevertheless, their use for precise ONOO™ quantitation is complicated
by variations in local probe concentrations, cellular microenviron-
ments, and sample thickness. Therefore, it remains a challenge to
design probes that can be robustly employed in ONOO™ detection and,
more importantly, in the direct analysis of its production in vitro and in
vivo.

To address these issues, a BODIPY-based fluorescent scaffold was
developed for the construction of Fsgo and F495. This fluorophore
exhibits an absorption maximum centered at 510 nm, which can be
red-shifted when condensed with benzaldehyde derivatives (Lee et al.,
2011; Hirata et al., 2011; Wang et al., 2011; Barba-Bon et al., 2014).
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Scheme 1. (a) Design strategy for the BODIPY-based ONOO™ fluorescent probes. (b) Synthesis of Fago, F495.(For interpretation of the references to color in this figure, the reader is

referred to the web version of this article.).

Such red-shifted fluorophores are desirable because of their low auto-
fluorescence, minimal phototoxicity, and negligible interference from
biomolecules when employed in live cell imaging. F4g» and F495 bear a
diene interconnection that acts as the recognition group. Synthesis was
facile, involving a Knoevenagel condensation reaction of BODIPY with
two trans-cinnamaldehyde molecules (Scheme 1b). F4g> and F495 were
expected to be oxidized by ONOO™ to their corresponding BODIPY
skeletons, which could switch on green fluorescence by cutting off the
diene interconnection. To optimize the detection sensitivity, our design
involves methoxyl and dimethylamino groups to be installed in the
target molecules. The quantum efficiency (@) of F4g- is 0.323 (606 nm),
while installation of a dimethylamino group, as that in F49s5, red-shifted
the emission peak to 660 nm with a reduced @ of 0.012.

2. Materials and methods
2.1. Materials and apparatus

All of the solvents used were of analytical grade without further
purification. F4g5 (1 mM) and F495 (1 mM) were prepared in dimethyl-
sulfoxide (DMSO) and stored in refrigerator for use. Stock solutions or
generation of ROS/RNS were prepared according to previous report (Li
et al., 2015a, 2015b). Lipopolysaccharides (LPS), phorbol 12-myristate
13-acetate (PMA), aminoguanidine (AG), apocynin were purchased
from Sigma-Aldrich (USA). NMR spectra were measured on a Bruker
DRX-500 spectrometer at 25 + 1 °C with TMS as the internal standard.
Mass spectrometry data were obtained on GC-TOF mass spectrometer.
Fluorescence spectra were determined on a PerkinElmer LS55 fluor-
escence spectrometer. Absorption spectra were determined on a UV-
3600 Shimadzu spectrometer. Fluorescence images were collected with
Olympus Fluoview FV1000 confocal microscopy. A Lauda E100
circulating water pump was used to maintain a constant temperature
at 37 °C. Ultrapure water was prepared using a Milli-Q A10 system. All
pH measurements were made with a JENCO 6230 M pH meter.

2.2. Synthesis

2.2.1. Synthesis of compound 1 (Li et al. 2015b)
2, 4-Dimethyl-1H-pyrrole (2.04 g, 30.0 mmol) and p-toluoyl chlor-
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ide (2.46 g, 16.0 mmol) was dissolved in 300 ml of dichloromethane
under N,. The resulting solution was stirred at room temperature
under N, for 2 h. Triethylamine (4.65 g, 46.0 mmol) and BF3-OEt,
(8.0 ml) was added. The solution was then stirred for 2h at room
temperature. The green organic solution was washed with brine and
dried over anhydrous Na»SO,4. The crude product was purified on a
silica gel column, eluting with petroleum ether and ethyl acetate (4:1)
to obtain a brick red powder 1.51 g (41.60%). 'H NMR (500 MHz,
CDCly), &: 7.30 (t, J=7.6 Hz, 2H), 7.17 (d, J=8.0 Hz, 2H), 6.00 (s, 2H),
2.58 (s, 6H), 2.46 (s, 3H), 1.42 (s, 6H). 13C NMR (126 MHz, CDCl), 5:
155.2, 143.2, 142.2, 138.8, 131.9, 131.6, 129.8, 127.8, 121.1, 21.4,
14.6.

2.2.2. Synthesis of F4go

Compound 1 (520 mg, 1.54 mmol), and trans-p-methoxycinnamal-
dehyde (0.95 g, 5.86 mmol) were dissolved in a mixture of toluene
(50 ml), piperidine (1.0 ml) and AcOH (0.35 ml), the mixture was
stirred at 120 °C under reflux for 36 h. Any water formed during the
reaction was removed by using a Dean-Stark apparatus. The mixture
was diluted with dichloromethane and washed with brine. The organic
layer was collected, dried over Na,SO, and concentrated in vacuum.
The crude product was purified by silica gel column chromatography by
eluting with petroleum ether and ethyl acetate (100:1) to obtain a green
powder (88.9 mg, 11.2%). 'H NMR (500 MHz, CDCl;), §: 7.42 (d,
J=8.6 Hz, 2H), 7.31 (d, J=7.7 Hz, 2H), 7.19 (d, J=7.9 Hz, 2H), 7.09 (d,
J=11.0 Hz, 1H), 7.03 (d, J=12.3 Hz, 1H), 6.98 (d, J=10.8 Hz, 1H), 6.91
(d, J=8.6 Hz, 2H), 6.73 (d, J=15.2 Hz, 1H), 6.55 (s, 1H), 6.01 (s, 1H),
3.86 (s, 3H), 2.61 (s, 3H), 2.46 (s, 3H), 1.46 (s, 3H), 1.43 (s, 3H). 1°C
NMR (126 MHz, CDCl3), &: 159.9, 154.7, 152.7, 142.5, 140.3, 138.8,
135.8, 132.1, 129.7, 127.4, 125.5, 121.9, 121.1, 117.7, 114.3, 55.3,
29.7, 21.4, 14.7. MALDI-TOF-MS: Calcd. F,g,, 482.23, found: 482.23.

2.2.3. Synthesis of F495

Compound 1 (270 mg, 0.80 mmol), and 4-(dimethylamino)cinna-
maldehyde (457 mg, 2.61 mmol) were dissovled in a mixture of toluene
(50 ml), piperidine (1.0 ml) and AcOH (0.35 ml), the mixture was
stirred at 120 °C under reflux for 36 h. Any water formed during the
reaction was removed by using a Dean-Stark apparatus. The mixture
was diluted with dichloromethane and washed with brine. The organic
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Fig. 1. Spectroscopic properties of F4g, (5 M) in Tris-HCI (0.02 M) solution (ethanol/Tris-HCl=1:1 v/v, pH 7.4). (a) Time course of the F4g, fluorescence intensity ratio after the
addition of 40.0 um ONOO~; (b) Ratiometric fluorescence intensity (Fs10/Fs06) Of Fag2 as a function of ONOO™ (0—20.0 uM); (c) Fluorescence response of F4g, to increasing amounts of
ONOO™ (0—40.0 uM). Inset: Changes to the fluorescence intensity at 510 nm and 606 nm; (d) Ratiometric fluorescence responses (Fs10/Fs06) 0f F4go toward ONOO™ (40.0 uM) and
other ROS/RNS/RSS (100 equivalents). The excitation wavelength was 480 nm. The error bars represent + S.D. (n=3).

layer was collected, dried over Na,SO, and concentrated in vacuum.
The crude product was purified by silica gel column chromatography by
eluting with petroleum ether and ethyl acetate (50:1) to obtain a green
powder (122.1 mg, 30.9%). '"H NMR (400 MHz, CDCl,), 8: 7.50 (d,
J=8.8 Hz, 2H), 7.39 (d, J= 8.7 Hz, 2H), 7.28 (d, J=7.9 Hz, 2H), 7.17 (d,
J=3.6 Hz, 2H), 6.68-7.07 (m, 4 H), 6.55 (d, J=23.6 Hz, 2H), 5.96 (d,
J=3.8 Hz, 1H), 3.02 (d, J=5.3 Hz, 6H), 2.58 (s, 3H), 2.43 (s, 3H), 1.44
(s, 3H), 1.40 (s, 3H). >C NMR (126 MHz, CDCl3), §: 142.9, 138.6,
132.3, 129.6, 129.2, 128.2, 125.5, 120.4, 117.8,117.6, 114.5, 112.1,
111.0, 40.3, 29.7, 21.4, 14.8, 14.6. MALDI-TOF-MS: Calcd. Fy9s,
495.26, found: 495.25.

2.3. Cell imaging experiments

RAW 264.7 macrophages and human THP-1 cells were obtained
from Professor Qiang Xu (NJU, Life sciences). THP-1 cells were
cultured in RPMI 1640 medium with 10% heat-inactivated FBS and
RAW 264.7 macrophages were cultured in DMEM medium supple-
mented with 10% heat-inactivated FBS. Cells were seeded in flat-
bottomed plates and incubated in a humidified 5% CO, environment at
37°C. Fugo and Fuos (5 uM) were added and cells were further
incubated for 30 min, followed by washing thrice with phosphate-
buffered saline (PBS). Fluorescence imaging was performed with
OLYMPUS FV1000 inverted fluorescence microscope with 60x objec-
tive lens. Under the confocal fluorescence microscope, F4go and Fo5
were excited at 488 nm and emission was collected at 490—-550 nm
(green channel), excited at 543 nm and emission was collected at 570—
680 nm (red channel).

2.4. Immune-stimulus

For the detection of immune associated ONOO™ generation, cells
were treated with LPS (1 pg/ml) for 16 h, PMA (500 nM) for 1 h and
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co-incubated with probes (5 uM) for 30 min. Fluorescence images were
recorded at different time points: 0.5 h, 12 h, 24 h. For the ONOO™-
blocking experiment, cells were pre-cultured with apocynin (100 uM)
for 30 min or aminoguanidine (AG) (5 mM) for 4 h, and then treated
with probes (5 uM) for 30 min.

2.5. In Vivo Imaging

All animal experiments were performed in accordance with the
guidelines issued by The Ethical Committee of Nanjing University.
Kunming mice were given an intraperitoneal (ip) injection of LPS
(200 pL, 2 mg/ml in saline) to induce acute inflammation. After 4 h,
the mice were divided into three group, the first group was given an ip
injection of saline (200 pL) as a control, the second group was injected
ip with PMA, the third group was given an ip injection of apocynin
(200 pL, 4 mM in saline). Animals were anesthetized by isoflurane and
abdominal fur was removed using a razor. All the treated mice were
injected ip with F4g> (100 pL, 200 uM in saline) after 1 h. Whole body
Images were acquired in 30 min by using Maestro EX in vivo imaging
system. Another group were injected LPS (100 pL, 2 mg/ml in saline)
on right and left rear paws. After 4 h, the left rear paw was injected
100 pL saline as a control experiment. And the right rear paw was
injected100 puL PMA. After 1h, F4g, (100 pL, 200 uM in saline) was
injected through tail vein. Images were acquired using Maestro EX in
vivo imaging system in 30 min. The imaging mode is set as: green
channel (Ex. 455 nm, Em. 490-540 nm) and red channel (Ex. 523 nm,
Em. 560—700 nm) respectively.

3. Results and discussion
3.1. Spectroscopic properties of Fug2 and F495

With Fug, and F495 isolated, their spectroscopic properties were
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evaluated in aqueous solution buffered to physiological pH (0.02 M
Tris-HCl, ethanol/Tris-HCl=1:1v/v, pH 7.4). Free F4g, featured a
prominent absorption band centered at 585 nm with a shoulder peak
at 550 nm (Fig. S3). The corresponding emission peaks were observed
at 510 nm and 606 nm with strong red fluorescence (®=0.323) (Fig. 1c,
Fig. S5). Similarly, F,495 exhibited 510 nm and 660 nm emission peaks
but with weak red fluorescence (©=0.012) because of the junction with
dimethylamino (Fig. S7). The fluorescence lifetime differs in terms of
the various installed groups. The fluorescence lifetime of Fugo is
3.9453 ns, whereas F495 has two lifetimes, 1.8161 ns (dominant,
88.8%) and 4.1559 ns (minor, 11.2%).

As the oxidation stress was predicted to oxidize the diene inter-
connection to form the BODIPY skeleton, the changes in the signal of
red-to-green fluorescence thus furnished a ratiometric chemosensor
(Drummen et al., 2004; De Cremer et al., 2010; Oushiki et al., 2010;
Sun et al., 2014). Based on our strategy, the fluorescence response of
F4g0 and F495 toward ONOO™ was tested. As expected, upon addition of
ONOQO7, the changes of F4g, in the absorption spectra were observed,
and absorption peaks at 500 nm and 530 nm appeared and became
larger (Fig. S3). Interestingly, the fluorescence emission of F4go was
enhanced by approximately 50-fold in ratiometric intensity after
adding 8.0 equivalents of ONOO~, along with a bright color change
from red to green (Fig. 1d, Fig. S5). However, the relative emission
intensity of F495 exhibited no significant fluorescence changes when
exposed to ONOO™ (Fig. S7). The time-dependent fluorescence changes
(Fs510/Fs06) of F4g0 in the presence of ONOO™ show that the reaction can
be completed within 1 min and that the ratios of Fs10/Fgps remain
constant for 30 min. Indeed, the short response time and spectrum
stability were essential for the real-time detection of ONOO™ (Fig. 1a).
The effects of pH on F4g, were also investigated, and the probe was
found to display no corresponding fluorescence variation in the pH
range of 2.0-12.0 (Fig. S4), which clearly demonstrates the stability of
our probe in a physiological pH range. Furthermore, the solvent-
dependency of the fluorescence signals (the ratios of Fgreen/Frea) Was
also studied in different polarity of solvents (Fig. S1, S2). The ratio
value of F,g» is constant in different solvents, which indicate that F4go
is insensitive to the polarity of solvents. However, F495 is highly
sensitive to the polarity of solvents, whose structure is similar to the
Compound 1 (Rurack et al., 2001). The dimethylamino group in F495
and Compound 1 contribute to the solvent sensitivity while the
methoxyl group makes the F,g, insensitive to different solvents
according to our obtained fluorescence data (Fig. S1, S2).

3.2. Selectivity studies for F4g, and Fy95

To further test the specificity of our probe towards ONOO™, the
fluorescence spectra of Fsg> and F495 were recorded before and after
the addition of various ROS and RNS. Only ONOO™ was observed to
change the fluorescent response toward F4g, under identical conditions
(Fig. 1d , Fig. S3). The HO- radicals, rather than ONOO~, caused a 20-
fold relative green fluorescence enhancement for Fs9s5 (Fig. S10).
Importantly, the other ROS/RNS and sulthydryl-containing amino
acids did not promote observable changes even when present in excess
of 100 equivalents (Fig. 1d). These results suggest that Fg, is highly
selective for ONOO™.

To examine the sensitivity of F4g, to ONOO™, fluorescence titration
experiments were performed in Tris-HCl buffer solution. Increasing
(0—8.0) equivalents of ONOO~ were reacted with F,4g,, and a concen-
tration-dependent fluorescence enhancement at 510 nm and a reduc-
tion at 606 nm were recorded after 30 min. Based on these data, a
calibration curve (R?=0.991) with a linear range of 0-20.0 uM was
obtained (Fig. 1b), suggesting the potential utility of F4g, in live cells.
The detection limit of ONOO~ was calculated to be 150.54 nM, which
supported the potential use of our probe for ratiometrically detecting
and quantifying ONOO™ at low concentrations.
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3.3. Proposed mechanism for sensing ONOO™

Previous reports have revealed that the oxidation of a diene
interconnection via either ROS/RNS results in corresponding hydro-
xylate or epoxide formations, and another variety of ROS results in the
formation of the two main corresponding products (Drummen et al.,
2004; De Cremer et al., 2010; Oushiki et al., 2010; Sun et al., 2014).
The fluorescence response of F4g, toward ONOO™ is anticipated to be a
consequence of the butadienyl bridge being oxidized into an extra
carboxylic group in BODIPY (Scheme S1a). Oxidization of F495 by HO+
radicals may obtain similar results (Scheme S1b). To gain experimental
support for our proposal, fluorescence changes of F4g, toward ONOO™
were studied using the addition of 8.0 equivalents of ONOO™ to the
F4go solution. The emission peaks at 510 nm were enhanced, whereas
those at 606 nm were reduced dramatically. This phenomenon sup-
ported our hypothesis that F,g, was oxidized to form the BODIPY core.
To shed light on the proposed assumption, the UV—visible absorption
spectra were monitored following ONOO™ titration. Upon the addition
of ONOO™, absorption peaks at 500 nm and 530 nm rose in amplitude,
while those at 585 nm declined. This result indicated that the diene
interconnection between the BODIPY core and the phenyl moiety of the
molecule had been disrupted, as proposed in Scheme S1, and the
disruption was further confirmed by LC-MS. The m/z signal at 367.08
represents the carboxylic functional group in the BODIPY species
(calculated value is 367.14) and the m/z signal at 151.00 represents the
carboxylic phenyl moiety (calculated value is 151.04) (Fig. S13, Scheme
Sla), demonstrating the existence of a carboxylic BODIPY structure
rather than the hydroxyl form reported by others. All of the results
described above supported the proposed reaction with ONOO™ and
further confirmed the distinct fluorescence response pathway toward
ONOO'.

3.4. In vitro visualizing and quantifying endogenous ONOO™ in
stimulated phagocytes

After demonstrating the excellent responsivity and exceptional
selectivity to hROS, Fug, and F495 were employed for ratiometric
imaging and quantifying hROS in live cells. Cell cytotoxicity tests
toward RAW 264.7 cells proved that there was no significant cytotoxi-
city in the presence of 1-10 uM F4g> and Fuo5 for 24 h (Fig. S15).
Considering the oxidative stress associated with metabolic activity in
cancer and normal cells (Finkel and Holbrook, 2000), we studied
whether Fsgo and F495 could function well in murine RAW 264.7
macrophages and human THP-1 cell lines without immune stimuli.
After incubation of the phagocyte cells with either F4g, or F495 (5 uM)
for 30 min, the probes penetrated the cell membranes and stained the
cells with clear red fluorescence from the emission channel (Fig. S16—
S19). After extending the incubation times to 12 h and 24 h, the red
fluorescence intensity showed negligible changes (Fig. 2), suggesting
that F4go and F495 could tolerate the oxidative stress in non-immune
cell lines. Owing to the exquisite fluorescence stabilities of F4g» and
F495, we were motivated to perform an immunostimulation experiment
in live cells. For this experiment, RAW 264.7 macrophages were
immune-stimulated and then stained with 5 uM Fsg» or F4os for
30 min, followed by the immediate acquisition of confocal fluorescence
images. As illustrated in Fig. 3al, a2, and Fig. S20, the red fluorescence
of F,g5 significantly decreased, and the green fluorescence dramatically
increased, indicating that the immune-associated stimulation could be
visualized by our probe. However, the red fluorescence intensity of F495
hardly changed (Fig. S21) probably due to the insensitivity toward
immune-associated stimulation though possessing the low HO- radi-
cals detection limits (311.14 nM) (Fig. S9).

Beckman and co-workers first proposed the concept of ONOO™
formation by the non-enzymatic reaction of «NO and O,"”, and
expounded the truth that generating of «NO and O,'~ is regulated by
NADPH oxidase (NOX) and inducible nitric oxide synthase (iNOS),
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Fig. 2. Fluorescence intensity of F4g> in murine RAW 264.7 macrophages and human
THP-1 cells in absence of a stimulus. Cells were incubated for 0.5 h, 12 h, 24 h before
confocal imaging. Fluorescence data were acquired by using red channel A.,=543 nm,
Aem=570-630 nm. Statistical analyses were performed with two-sample t-test (n=6 fields
of cells). The error bars represent + S.D.

respectively (Gryglewski, et al., 1986; Beckman et al., 1990; Radi et al.,
2001). To validate whether the fluorescence visualization is caused by
ONOO~ generation, we conducted an enzyme inhibition test. After
pretreatment of the cells with either iNOS inhibitor aminoguanidine
(AG, 5 mM) or a NOX inhibitor, apocynin (100 uM) (Peng et al., 2014;
Li et al., 2015a, 2015b), the green fluorescence signal of F,g, was
effectively suppressed in the stimulated cells (Fig. 3b1, b2, c1, c2),
suggesting that ONOO™ generation was greatly attenuated. These
results further confirm that the observed ratiometric fluorescence
change of F4go in murine RAW 264.7 macrophages is attributed to
the ONOO™ generation that is induced from immunostimulation.

The elusive nature of ONOO™, stems from its extremely short half-
life (~10 ms) and low steady-state concentration (nM range), making it
difficult to quantify in live cells (Szabo et al., 2007). To date, no
fluorescence methods are available for the direct quantitation of
ONOO™ by a ratiometric approach. According to the calibration curve
(Fgreen/Frea versus ONOO™ concentration) established in living cells in
Fig. S23b, the concentrations of ONOO™ in the murine RAW 264.7
macrophages (Fig. 3b) was estimated to be 655.1 + 72.5 nM and RSD
11.07%, in agreement with the previously estimated nanomolar steady-
state concentration range (Nalwaya and Deen, 2005; Quijano et al.,
2005), which demonstrates Fy4g, is capable of detecting and quantifying
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immune-associated ONOO™ in live cells.

To confirm the universality of F4g5 to image and quantify ONOO™ in
different phagocyte cell lines, the human THP-1 cell line was adopted
to evaluate the capacities of probe. The probe emitted clear red
fluorescence after THP-1 cells were incubated with 5 uM Fug, for
30 min; however, negligible green fluorescence was observed (Fig. S18,
S19). The ratio of green/red fluorescence intensities remained unper-
turbed even after 12 h and 24 h, suggesting F,g» could even tolerate the
oxidative stress in a non-immune-stimulated THP-1 cell line.
Furthermore, Fig. 4(al, a2 and b) shows significant increases in
green/red emission ratios localized within the phagosomes compared
to other intracellular regions in immune-stimulated cells. These data
establish that F4g, is capable of visualizing immune-stimulated pha-
gocytes. The pretreatment of the cells with either AG (5 mM) or
apocynin (100 uM) distinctly reduced green fluorescence (Fig. S20),
demonstrating that the observed ratiometric fluorescence changes of
F4g0 were attributed to ONOO™ generation.

Our cell imaging experiments using F4g> provide the direct visua-
lization evidence that immune-associated ONOO™ is indeed generated
in human macrophages, and the ratiometric readout provided by this
probe allows for detection of highly localized changes in ONOO™
concentrations at phagocytic sites (Fig. 4b1-b3), the Pearson's correla-
tion coefficient of the red and green channel is 0.914, confirmed the
detecting reaction toward ONOO™ mostly occurred in the phagosomes.
The average basal ONOO" level in human THP-1 cells (Fig. 4b) was
calculated as 666.7 + 59.9 nM and RSD 8.98%, based on the calibration
curve established in Fig. S23b.

To further demonstrate the capacity of F4g, to quantify ONOO™ in
large populations of stimulated macrophages, we conducted a two-
color flow cytometry (FCM) analysis in human THP-1 cells. The THP-1
cells were treated with the same procedure mentioned previously. The
data dots (Fig. 4c) for different cell groups distributing in different
regions indicates the fluorescence intensity of the two channels (FITC-
A channel and PE-A channel). The ratio of two mean fluorescence
intensities (FITC-A/PE-A) showed an obvious increase from 0.305 to
3.060 after immune-stimulation (Fig. 4d). Interestingly, this 10-fold
enhancement is consistent with the data obtained from confocal
fluorescence imaging. Thus, we have developed a methodology utilizing
the FCM analysis assisted by Fsg» to quantify ONOO™ levels in
stimulated THP-1 cells. These results have demonstrated that our
method allows for ONOO™ quantification in immune-stimulated pha-
gocytes with high selectivity and sensitivity.

Control  Immune AG Apocynin
stimuli +
Immune Immune
stimuli stimuli

Fig. 3. Confocal fluorescence images of RAW 264.7 macrophages exposed to immune stimulus. RAW 264.7 macrophages were treated with immunostimulation and then loaded with
5 UM Fyug, for 30 min. (al-a3) LPS (1 pg/ml) for 16 h then PMA (500 nM) for 1 h; (b1-b3) AG (5 mM) for 4 h, LPS (1 pg/ml) 16 h then PMA (500 nM) for 1 h; (c1-c3) Apocynin
(100 uM) for 1 h, LPS (1 pg/ml) for 16 h then PMA (500 nM) for 1 h; (b) Relative Fgeen/Frea ratios displayed by cells loaded with Fag,. Scale bar represents 20 pm. The error bars
represent + S.D. (n=12). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



Z. Li et al.

Red channel Green channel

al

a

Merge

C 10°
10*
<
&) 108
=
o
=9
10?
10! kB2 : :
10! 10 10° 10* 10°
PE-A

Biosensors and Bioelectronics 90 (2017) 75-82

b 0.5

Fgreen/ F red

Control Immune AG Apocynin
stimuli + +
Immune Immune
stimuli stimuli
d 4
< 3
j<al
=
< 21
&}
E—1
o
=5
14
oL NN
Control LPS/PMA

Fig. 4. Confocal fluorescence images of THP-1 cells exposed to immune stimulus. THP-1 cells were treated with immune stimuli and then loaded with 5 pM Fyg, for 30 min. (al-a3) LPS
(1 pg/ml) for 16 h then PMA (500 nM) for 1 h; (b1-b3) Magnified section (indicated by a white box in al-a3) shows phagosome imaging in immune-stimulated THP-1 cells; (b) Relative
Fgreen/Frea ratios displayed by cells loaded with Fagz; (c) Flow cytometry analysis of Fygo-loaded normal THP-1 cells (red) and stimulated THP-1 cells (blue); (d) Ratiometric mean
fluorescence intensity of the green (FITC-A) and red (PE-A) channels displayed by cells stained with F4g. Scale bar represents 20 pm. The excitation wavelength was 488 nm. FITC-A
channel: 530 + 30 nm. PE-A channel: 585 + 42 nm. The error bars represent + S.D. (n=3). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

3.5. In vivo imaging and quantifying ONOO™ in inflammation mouse
model

As reported, excessively produced ONOO™ is implicated in the
development of numerous inflammatory diseases (Radi, 2013).
Thereby, F4g> was used to evaluate the endogenous ONOO™ levels in
a mouse inflammation model. The mice were administered intraper-
itoneally (i.p.) with lipopolysaccharide (LPS) to induce acute inflam-
mation (Lee et al., 2007). After 4 h, the mice were anaesthetized and
their abdominal fur was removed. Then, the mice were injected i.p.
with F4g, and divided into three groups. One group was injected i.p.
with saline, the second group was injected with PMA, and the third
group was injected with apocynin (4 mM) followed by PMA (Fig. 5a)
(Oushiki et al., 2010). Images were acquired using an in vivo imaging
system after 30 min. The ratio fluorescence intensity of Fsgo was
remarkably increased by approximately 10-fold by PMA stimulation
compared to the saline-treated groups and was partially suppressed by
apocynin treatment (Fig. 5b).

Another group of mice was injected with LPS into both the right and
left rear paws. After 4 h, PMA was injected into right rear paws and
saline was injected into the left rear paws (Fig. 5¢); then F4g, was
injected through the tail vein. The data acquired from the images show
a greater ratio fluorescent intensity compared to the left paws
pretreated with saline (Fig. 5d), which indicate that F,g, is transported
and accumulated in inflamed areas and the ratio-metrically imaging of
ONOO™ is observed in right paws. Taken together, our experiments
demonstrate that F4g, is capable of imaging inflammation-associated
ONOO™ generation in vivo.
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4. Conclusions

In summary, we have designed and synthesized two probes (Fg»
and F495) by a Knoevenagel condensation reaction of the BODIPY
scaffold with two trans-cinnamaldehyde molecules. F4g, functions as a
specific ratiometric chemosensor that features a stable structure in live
cells and a sensitive response toward ONOO™ with a marked red-to-
green emission change. The detection limit was as low as 150.54 nM.
Significantly, F4g> can be applied to image basal ONOO™ in immune-
stimulated macrophage cells and the ONOO™ generation in phago-
somes can be quantified by high-throughput flow cytometry analysis. It
is believed that F,4g, provides a promising chemical tool for the study of
ONOO~ biology and understanding the molecular mechanism of
ONOO™ activity in the inflammatory response process in vitro and in
vivo. Current efforts are underway to utilize F4g> and develop next
generation versions to probe the biology of reactive ROS/RNS species,
specifically in the context of diseases.
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