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Fluorescent dyes with fluorescence emission above 700 nm are favorable for bio-imaging due to the
higher tissue transparency and lower background fluorescence. In this study, we present a meso-
benzimidazole-pyronin platform (SiBMs) with fluorescence emission maxima above 700 nm, which pos-
sess good cell permeability, photostability, and lysosomal localization. The great photophysical properties
of the SiBMs encouraged us to further exploit their application toward bio-imaging. We synthesized the
reduced ‘dihydro’ derivative HSiBM3 for sensing ONOO-, with high selectivity and sensitivity and a fast
fluorescence “off-on” response (within 2 s). Then, we confirmed the potential of HSiBM3 for visualiz-
ing exogenous and endogenous ONOO- in cells and mice. More importantly, HSiBM3 was successfully
employed for visualizing acute-liver-injury-induced peroxynitrite.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Near infrared region (NIR) (650—900 nm) fluorescent dyes play
an irreplaceable role in fluorescence imaging techniques due to
their deep penetration, minimum background fluorescence, and
minimum photodamage to test samples, tissues, and animals [1-5].
By replacing the bridging oxygen atom with a SiMe, group,
Si-pyronin dyes show an emission maximum around 660 nm, with
a 90-nm red-shift in excitation and emission wavelengths com-
pared with their corresponding pyronine [6-10]. In addition to
their emission wavelength being in the NIR, Si-pyronins also main-
tain excellent photophysical properties, such as considerable flu-
orescence quantum Yyields, high molar extinction coefficients, as
well as great photostability [11-13]. More importantly, the above-
mentioned excellent spectral properties combined with good wa-
ter solubility, cell permeability, and low cytotoxicity make Si-
pyronins highly attractive and prevalent for developing fluorescent
probes [14-18] and characteristic fluorophores for labeling or
super-resolution imaging [19-25].

Nonetheless, it is still important for researchers to extend the
fluorescence emission of Si-pyronin above 700 nm, which is more
favorable for imaging due to the higher tissue transparency and
lower background fluorescence [26]. Some researchers, such as
Nagano and co-workers, modify Si-pyronin by expanding the ring
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to obtain longer-wavelength dyes (>700 nm) [7]. Guo’s and Wang’s
group synthesized SO,Rs (emission maximum around 740 nm) and
PRs (emission maximum around 710 nm) by replacing the SiMe,
group with a sulfone group and a phosphorus atom, respectively
[27,28]. Some researchers synthesized a Si-pyronine with a maxi-
mum emission wavelength of approximately 730 nm by introduc-
ing an electron-withdrawing phenylethynyl group at the C9 posi-
tion [29].

As far as we know, introducing CF; or CN to the C9 position
of pyronin dyes could increase the emission wavelength dramati-
cally [30-32]. Thus, we replaced CN and CF3; with a benzimidazole
group, which not only acted as an electron-withdrawing group but
also could be easily modified via the nitrogen atom of the benzim-
idazole 1 position. In this work, we present a meso-benzimidazole-
pyronin platform (SiBMs) with fluorescence emission maxima
above 700 nm by introducing an electron-withdrawing benzimi-
dazole unit at the meso position (Scheme 1). SiBMs not only main-
tain the outstanding spectral properties of the rhodamine family
but also perform well in fluorescence imaging, with good cell per-
meability, photostability, and lysosomal localization. Based on this
platform, we synthesized the ‘dihydro’ derivative HSiBM3 to serve
as a perfect NIR fluorescence probe, which could specifically react
with peroxynitrite (ONOO~) to produce SiBM3 quickly (within 2 s)
and sensitively (with detection limits of 13.5 nmol/L). Then, we de-
termined the applicability of HSiBM3 for visualizing exogenous and
endogenous ONOO™ in cells and mice. More importantly, HSiBM3
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Scheme 1. (A) Synthesis routes of SiPMe and SiBM1-3. (B) Proposed reaction mech-
anism of HSiBM3 for ONOO-.
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Fig. 1. Normalized absorption (A) and fluorescence (B) spectra of SiBM1-3
(5 pmol/L) and SiPMe (5 pmol/L) in PBS (10 mmol/L, pH 7.4) at 25 °C.

was successfully employed for visualizing peroxynitrite induced by
acute liver injury.

As shown in Scheme 1, compound 1 was synthesized by the
existing method and then added dropwise to a solution of freshly
prepared N-methyl benzimidazole-lithiation to give the product
SiBM1. Next, we synthesized SiBM2 and SiBM3 by replacing the
methyl with a long alkyl chain group. Subsequently, using NaBHy,
we synthesized the reductive of HSiBMs to detect reactive oxygen
species (ROS). The detailed synthesis steps and data of the above
compounds, such as TH NMR, 13C NMR, and HRMS spectroscopy;,
are supplied in Supporting information.

With SiBM1-3 in hand, we first tested their absorption and
emission spectra. The absorption and emission spectra in PBS (10
mmol/L, pH 7.4), EtOH, and DCM are illustrated in Fig. 1, Figs. S1
and S2 (Supporting information), respectively. As anticipated, the
absorption and emission maxima of SiBM1-3 in PBS (10 mmol/L,
pH 7.4) were approximately 680 and 700 nm, respectively, showing
a red-shift of 40 nm compared to SiPMe [33]. The absorption and
emission maxima were approximative in those different solvents.
The photophysical properties of SiBM1-3, such as molar extinction
coefficient, Stokes shift, and fluorescence quantum yield, are sum-
marized in Table 1. It was shown that these dyes displayed a con-
siderably high molar extinction coefficient in PBS (10 mmol/L, pH
7.4) solutions, EtOH, and DCM. Moreover, the fluorescence quan-
tum yield of SiBM1 was 0.297 in PBS, 0.184 in EtOH, and 0.12 in
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Table 1
Photophysical properties of SiBM1-3 and SiPMe in representative solvents.

Dyes Solvent Aabs Aex Stoke Emax (L mol~' @ I
(nm) (nm) shift cm 1)

SiBM1 PBS¢ 677 702 25 119400 0.297°
EtOH 680 706 26 125400 0.184°
DCM 679 709 30 137000 0.12°

SiBM2 PBS¢ 681 702 21 145100 0.389°
EtOH 682 705 23 151600 0.488°
DCM 681 704 23 161800 0.263P

SiBM3 PBS¢ 680 702 22 111400 0.385"
EtOH 682 705 23 111600 0.497°
DCM 680 707 27 118600 0.355P

SiPMe PBS¢ 646 665 29 108400 0.312

? &y is the relative fluorescence quantum yield estimated by using cresyl violet
as a standard;

b ®; is the relative fluorescence quantum yield estimated by using Cy5.5 as a
standard; @; = 0.23 in water;

¢ PBS (10 mmol/L, containing 0.25% MeCN, pH 7.4).
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Fig. 2. (A) Normalized time-dependent fluorescence intensity of SiBM1-3 and Cy5.5
continuously irradiated by a Xe lamp for 15 min. (B) Viability of HeLa cells after
treating with 1, 2, 5, and 10 pmol/L SiBM1-3 for 24 h.

DCM. SiBM2 and SiBM3 exhibited higher quantum yields (above
0.38 in PBS and 0.48 in EtOH) due to the long aliphatic chains,
which can suppress the rotation of the C-C bond. In addition, the
good linear relationship (greater than 0.99) between absorption in-
tensity and concentration of SiBMs indicated that SiBM1-3 pos-
sessed good water solubility (Fig. S3 in Supporting information).

Subsequently, we studied the stability of SiBM1-3, including pH
stability, chemical stability, and photostability. As shown in Fig. S4
(Supporting information), the fluorescence intensity of SiBM1-3
was high at the range of pH 5-10, indicating their suitability for
applications under physiological conditions. The absorption maxi-
mum of SiBM1-3 at 680 nm decreased and a new absorption max-
imum at 700 nm gradually increased when pH decreased from
5.0 to 2.0, which could attribute to protonation of benzimidazole
nitrogen (Scheme S1 in Supporting information). Importantly, the
protonation of benzimidazole nitrogen makes the emission max-
ima of SiBM1-3 red-shift to 720 nm due to the enhanced electron-
withdraw. After fluorescent pH titration experiments, the pK; value
of SiBM1-3 were calculated as 3.79, 2.79 and 4.28 (Fig. S5 in Sup-
porting information).

Then, we investigated the fluorescence spectra stability of
SiBM1-3 in PBS solutions containing H,0,, Cys, GSH and ONOO-,
which easily quenched the fluorescence of Si-pyronins. As shown
in Fig. S6 (Supporting information), SiBMs showed considerable
stability toward H,0,, Cys, GSH and ONOO~. By using a Xe lamp,
we investigated the photostability of SiBM1-3 compared with
Cy5.5 under the same conditions. As shown in Fig. 2A, when these
dyes were irradiated by the Xe lamp for 15 min, their fluorescence
intensity preserved more than 95% and exhibited greater stability
than Cy5.5 (70% reserved). All the above data illustrate that SiBM1-
3 had good pH stability, chemical stability, and photostability.

Considering the excellent photophysical properties and suffi-
cient stability, we deduced that SiBM1-3 hold great potential for
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Fig. 3. Confocal images of Hela cells co-stained with SiBM1-3 (2 umol/L, 20 min) and LysoTracker Red (0.1 pmol/L, 15 min) in PBS at 37 °C or MitoTracker Red (0.2 pmol/L,
15 min) in PBS at 37 °C. Overlay 1: overlay of the red channel and yellow channel. Overlay 2: overlay of Overlay 1 and bright-field images. For SiBM1-3, the emission was
collected at 680-760 nm (Aex: 633 nm); for LysoTracker Red and MitoTracker Red, the emission was collected at 570-650 nm (Aex: 561 nm); Scale bar: 20 pum.

imaging in biological applications. Thus, we investigated the cellu-
lar imaging performance of SiBM1-3 and tested their cytotoxicity
by an MTT assay before imaging in cells. As shown in Fig. 2B, cell
viability was above 80% in the case of HeLa cells incubated with
SiBM1-3 for 24 h at the range of 1-10 pmol/L, indicating the toxic-
ity was very small. Subsequently, we incubated SiBM1-3 with HeLa
cells at 37 °C for 20 min; a bright fluorescence was observed under
laser scanning confocal microscopy when excited at 633 nm (Fig.
S7 in Supporting information), suggesting that the dye possessed
good cell membrane permeability.

In order to determine the subcellular localization, we co-stained
SiBM1-3 with commercial LysoTracker Red DND-99 and Mito-
Tracker Red in Hela cells. As shown in Fig. 3, after co-staining
SiBM1-3 with LysoTracker Red DND-99 for 15 min, the yellow flu-
orescence from LysoTracker and the red fluorescence from SiBMs
overlapped well (R > 0.75); especially, the Pearson’s coefficient
of SiBM3 and LysoTracker Red was 0.88 due to the morphine
group. By contrast, low Pearson’s coefficients were observed when
co-staining SiBMs with MitoTracker Red (below 0.45), indicating
SiBM1-3 could specifically localize in lysosomes instead of mito-
chondria. Importantly, the fluorescence intensity of HeLa cells af-
ter treating with SiBM1-3 maintained 80% of the original value af-
ter continuous irradiation by a semiconductor laser for 10 min. By
contrast, under the same conditions, the fluorescence intensity of
LysoTracker Red was photobleached below 50% (Fig. S8 in Support-
ing information), indicating that SiBM1-3 were still photostable in
cells.

The superior photophysical properties and outstanding per-
formance in cells encouraged us to expand the application of
the SiBMs platform. We synthesized reduced ‘dihydro’ derivatives
(HSiBM1-3) to selectively sense ROS, with reference to dihydrofluo-
rescein (DHF, a widely used fluorescent ROS probe) [34]; its chemi-
cal structure was confirmed by 'H NMR, 13C NMR, and HRMS spec-
tra). With HSiBM1-3 in hand, we evaluated their capability to re-
spond to ROS in a PBS buffer solution (20 mmol/L, containing 20%
MeCN, pH 7.4), including H,0,, CIO—, ONOO-, HO", '0,, 0,"~, and
NO. As shown in Fig. S9 (Supporting information), HSiBM1-3 were
almost non-fluorescent in PBS due to their non-conjugated struc-
ture. However, after treating with 5 equiv. of ONOO~, strong flu-
orescence near 700 nm was observed. More importantly, HSiBM3
had better selectivity toward ONOO~ than HSiBM1 and HSiBM2,
which were susceptible to CIO~ and NO. Subsequently, we deter-
mined whether HSiBM3 could be photo-oxidized. As shown in Fig.
S$10 (Supporting information), the fluorescence intensity of HSiBM3
showed almost no change after being continuously excited by a Xe
lamp for 10 min, indicating excellent photostability. Therefore, we
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Fig. 4. (A) Absorption spectra of HSiBM3 (5 pmol/L) in PBS (20 mmol/L, containing
20% MeCN, pH 7.4) before and after treating with 5 equiv. of ONOO~ and SiBM3
(5 pmol/L). (B) Time-dependent fluorescence intensity of HSiBM3 (5 umol/L) treated
with 25 pmol/L ONOO- at 704 nm. (C) Fluorescence spectra of HSiBM3 (5 pmol/L)
in PBS (20 mmol/L, containing 20% MeCN, pH 7.4) upon gradual addition of ONOO~
(0-25 pmol/L). (D) Linear correlation between fluorescence intensities of HSiBM3
(2 pmol/L) at 704 nm and concentration of ONOO~. Aex: 670 nm; T=25 °C.

selected HSiBM3 as an ONOO~ fluorescent probe for further re-
search.

Thus, the reactivity properties of HSiBM3 in PBS (20 mmol/L,
containing 20% MeCN, pH 7.4) toward ONOO~ were evaluated. As
shown in Fig. 4A, the absorbance of HSiBM3 (5 pumol/L) at 680 nm
and its fluorescence at 704 nm were extremely low due to the
non-conjugated structure. After reacting with 25 pmol/L ONOO-,
an obvious absorption band and strong fluorescence appeared at
680 nm and 704 nm, respectively. The new merged absorption
and fluorescence spectral profiles were nearly identical to those of
SiBM3, and the HRMS peak at m/z 566.3311 corresponded to SiBM3
(Fig. S11 in Supporting information), revealing that the possible re-
action product formed after HSiBM3 was treated with ONOO~ was
SiBM3. Moreover, the fluorescence intensity at 704 nm rapidly in-
creased and reached the highest value within 2 s, indicating the
extremely fast reaction of HSiBM3 with ONOO~ (Fig. 4B).

Notably, the fluorescence intensity of HSiBM3 (5 upmol/L) at
704 nm also exhibited a fairly linear relationship with the concen-
tration of ONOO~ in the range of 0-4 pumol/L, and the lower limit
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Fig. 5. (A) Fluorescence images and fluorescence-DIC overlay images of HeLa cells pretreated with HSiBM3 (2 umol/L) for 30 min, and then treated with various ROS in
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Fig. 6. (A-D) Confocal images of RAW 264.7 cells pretreated with LPS (1 pg/mL)/IFN-y (50 ng/mL) in the absence and presence of ROS scavengers [AG (0.5 mmol/L), TEMPO
(1 mmol/L), and FeTMPyP (200 pmol/L)] for 6 h, at last, treated with HSlBM3 (2 pmol/L) for 30 min. (E) Average fluorescence intensity from images results. Emission was

collected at 680-760 nm (Aex: 633 nm). Scale bar: 50 pm.

of detection (LOD) was determined to be as low as 13.5 nmol/L
(Figs. 4C and D). As shown in Fig. S12 (Supporting information),
HSiBM3 was non-fluorescent at pH 2-12 and displayed significant
fluorescence turn-on responses for ONOO~ at pH 3-8. Taken to-
gether, HSiBM3 was shown to be a selective and sensitive fluores-
cent probe for ONOO~ and thus holds potential for real-time imag-
ing of ONOO~ under physiological pHs.

Before the cell imaging, the cytotoxicity of HSiBM3 in HeLa cells
was tested. As shown in Fig. S13 (Supporting information), after in-
cubating under a certain concentration of HSiBM3 (1-10 umol/L),
the cell viability was higher than 80%, indicating a low cytotoxic-
ity and excellent biocompatibility of HSiBM3. Then, we studied the
performance of HSiBM3 (2 pmol/L) toward sensing ONOO~ in HeLa
cells by laser scanning confocal microscopy. As shown in Fig. 5, the
HSiBM3 (2 pmol/L)-loaded Hela cells were non-fluorescent; after
adding various ROS (i.e., H,0,, CI0~, ONOO-, HO", 10,, 05", and
NO), ONOO~ elicited the most obvious fluorescence enhancement
when excited at 633 nm, indicating HSiBM3 could selectively im-
age exogenous ONOO™ in the cellular environment. Using the same
condition, negligible fluorescence could be observed from HSiBM3
(2 pmol/L)-loaded HelLa cells after being continuously irradiated for
15 min (Fig. S14 in Supporting information), which further illus-
trated that the fluorescence signal was attributed to the reaction
between the HSiBM3 and ONOO-. In addition, we assessed the
subcellular localization of HSiBM3 in HelLa cells after treating with
SIN-1 (ONOO~ donor). As shown in Fig. S15 (Supporting informa-
tion), excellent overlapping images between the turn-on single and
LysoTracker Red DND-99 were observed, indicating that HSiBM3 lo-
calized in lysosomes.

Subsequently, we imaged endogenous ONOO- in LPS
(1 pg/mL)/IFN-y (50 ng/mL)-treated RAW264.7 cells. As shown
in Fig. 6, when the LPS/IFN-y pretreated RAW264.7 cells were
stimulated with HSiBM3 for 30 min, a bright fluorescence was

Fig. 7. (A, B) Overlay of fluorescence images and bright field images of mice i.p.
injected HSiBM3 (100 pL, 200 umol/L) in the absence and presence of SIN-1 (100 pL,
500 pmol/L). (C, D) The mouse was first i.p. injected with LPS (1 mg/mL, 100 mL)
followed by AG (100 pL, 1 mmol/L) or not for 24 h, and then i.p. injected with
HSiBM3 (100 pL, 200 pmol/L). Excitation filter: 630 nm; emission filter: 700 nm.

observed. In contrast, extremely weakened red fluorescence was
observed when RAW264.7 cells were pretreated with LPS/IFN-y
and ROS scavengers (AG [35], TEMPO [36], and FeTMPyP [37]) for
6 h and then incubated with HSiBM3 for 30 min. Thus, HSiBM3
was a suitable fluorescent probe for imaging ONOO~ in cells,
and coupled with being lysosome-targetable, possesses huge
potential for studying the relationship between lysosomes and
ONOO-.

Given that the emission wavelength of SiBM3 was near the
700 nm wavelength window for deep tissue penetration and mini-
mum background fluorescence, we further investigated the perfor-
mance of HSiBM3 to image exogenous and endogenous ONOO™~ in
8-week-old BALB/c mice. As shown in Fig. 7, almost no fluores-
cence signal was observed when the mice were intraperitoneally
injected with HSiBM3 for 30 min. In contrast, a strong fluorescence
signal was observed when the mice were i.p.-injected with HSiBM3
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Fig. 8. (A) Fluorescence images of representative livers. Mice i.p.-injected with PBS (as a control) for 24 h, or 20% CCl4 (10 mL/kg, dissolved in olive oil) for 24 h, or i.p.-
injected with CCl; and then injected with GSH (150 mg/kg, ROS scavenger) for 24 h, followed by HSiBM3 (100 pL, 200 pmol/L). (B) Relative fluorescence intensity in (A).

Excitation filter: 630 nm; emission filter: 700 nm.

and then with the SIN-1 for another 30 min. In addition, when
the mice were i.p.-injected with LPS (to induce inflammation) for
6 h, an obvious fluorescence signal was observed after being i.p.-
injected with HSiBM3. Almost no fluorescence signal was observed
when the mice were i.p.-injected with LPS followed by AG for 6 h
before injecting with HSiBM3, indicative of the ability of HSiBM3
to image exogenous and endogenous ONOO™ in living mice.

It was reported that a single intraperitoneal injection of carbon
tetrachloride (CCly) could induce acute liver injury in mice, and
ONOO~ is produced in this process [38]. Thus, we detected en-
dogenous ONOO~ in CCly-stimulated mice (to induce liver injury)
by HSiBM3. At first, the BALB/C mice were i.p.-injected with PBS
(as a control) or 20% CCl4 (10 mL/kg, dissolved in olive oil) or i.p.-
injected with CCl; and then injection with GSH (150 mg/kg, ROS
scavenger) for 24 h. Then, the mice were injected with HSiBM3
(100 pL, 200 pmol/L) via a tail vein for 2 h before isolating the
liver for imaging. As shown in Fig. 8, the CCl4-treated group shows
a three-fold fluorescence enhancement compared with the control
group. After adding GSH, a remarkable decrease in fluorescence
was observed, as compared to the mice only injected with CCly.
The above results confirmed that HSiBM3 was suitable for in vivo
detection of both endogenous ONOO~ and hepatotoxicity.

In summary, we have developed three NIR fluorescent dyes
(SiBM1-3) by introducing an electron-withdrawing benzimidazole
unit at the C9 position of a Si-pyronin dye, which showed an emis-
sion wavelength of 700 nm and excellent optical properties. Fur-
thermore, SiBM1-3 showed good cell-membrane permeability and
photostability in HeLa cells and could specifically localize in lyso-
somes. To further exploit the application of the SiBMs platform, we
further synthesized reduced ‘dihydro’ derivatives (HSiBM1-3) and
evaluated their sensing performance toward ROS. It was demon-
strated that among these probes, HSiBM3 had the best sensing
ability for ONOO™, including high selectivity and sensitivity and
a fast fluorescence “off-on” response (within 2 s). HSiBM3 was
further successfully used for imaging exogenous and endogenous
ONOO~ in cells and mice. More importantly, HSiBM3 was success-
fully employed for visualizing acute-liver-injury-induced peroxyni-
trite. It is expected that more functional dyes could be developed
in the future using this platform.
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