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A highly selective lysosome-targeting NIR fluorescent probe (Lyso-
SiR-2S) for HOCL was constructed based on Si-rhodamine B spiro-
dithiolactone. This probe was very effectively employed to sense
HOCIL produced in various living cells and to visualize fluctuations
of endogenous HOCI resulting from GEN-induced acute kidney
injury in vivo for the first time.

Hypochlorous acid (HOCI) is a reactive oxygen species (ROS)
that is generated for innate immunity by the peroxidation of
chloride ion in the presence of myeloperoxidase (MPO)." It
plays a vital role in preventing pathogen invasion and modulating
cellular apoptosis.”> However, aberrant generation of HOCI can
cause oxidation of various biomolecules such as proteins and
lipids, and further give rise to damage of cells and tissues.? As a
result, excessive HOCI may lead to diseases related to inflamma-
tion and cancers.* Thus, it is imperative to develop effective tools
for exploring subtle fluctuations of HOCI in living systems.
Fluorescence imaging features simplicity of operation, non-
invasive detection, instantaneous response, and high sensitivity,
and has thus been regarded as a powerful method to monitor
substances in complex biosystems.> Fluorescence in the near-
infrared range (NIR, 650-900 nm) is particularly suitable for
application in biological imaging, owing to several attractive
merits, such as low levels of photodamage, minimum inter-
ference from autofluorescence of the living organism, weak
light scattering and deep tissue penetration. Many probes for
HOCI based on naphthalimides,® rhodamine,” acedan,® or
other fluorophores,’ all displaying short emission wavelengths
(<650 nm), have been developed (Table S1, ESIt). And a few
NIR fluorescent probes for HOCl based on heptamethine
cyanine dye (Cy7) or Si-rhodamine B were also reported.'® Even
so, further development of NIR fluorescent probes for HOCI is
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still in demand. This demand is due in part to some NIR probes
for HOCI such as Si-rhodamine B suffering to some extent from
background signals, which would influence their ability to
detect HOCI in practical applications. Moreover, these probes
for HOCI often cannot distinguish HOCI from other ROSs or
reactive nitrogen species (RNSs), especially ONOO~.*" It is thus
a considerable challenge to improve the sensitivity and selec-
tivity of the probes for HOCIL

The kidney organ normally performs the functions of clearing
away endogenous waste substances in the body, metabolizing
and eliminating xenobiotics such as administered drugs. As a
result, the kidney is at risk for injury when exposed to high
concentrations of drugs.'” In fact, drug-induced renal injury is a
common clinical dilemma, and many cases belong to the
category of acute kidney injury (AKI). A possible mechanism
involved here is the formation of ROSs and subsequent injurious
oxidative stress. And HOCl may be produced during this
process.”® Generally, the direct nephrotoxic effects of ROSs are
not only on mitochondria, leading to mitochondrial dysfunction
and oxidative stress, but also on other subcellular organelles
such as lysosomes. For example, gentamicin (GEN), an amino-
glycoside drug, is taken in epithelial cells via endocytosis and
mainly accumulates in lysosomes during acute nephrotoxicity,
causing rupture of overloaded lysosomes. In this case, genera-
tion of ROSs including HOCI may occur in lysosomes.'* However,
to the best of our knowledge, no investigation of the potential of
HOCI in lysosomes as an indicator for GEN-induced nephrotoxi-
city has yet been reported.

In view of these developments and remaining challenges, we
set out to construct a robust lysosome-targeting NIR fluorescent
probe possessing outstanding selectivity toward HOCI and low
background fluorescence for visualizing HOCI changes in vivo
during GEN-induced nephrotoxicity.

Si-Substituted rhodamine B not only keeps the superior
qualities of the original rhodamine B such as adequate solubility
in aqueous media and high quantum efficiency, but also demon-
strates improved photostability and a long emission wavelength."
Si-Rhodamine B has therefore attracted considerable attention for
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Fig. 1 The traditional design and our design of probes for HOCI based on
(Si-) rhodamine B.

the design of NIR fluorescent probes for HOCI (Fig. 1A). However,
the spiro ring formed by (thio)lactone generally tends to open
even in the absence of target analyte, especially under acidic
conditions (Fig. 1 and Fig. S2, ESIt). Consequently, these HOCI
probes could exhibit some background fluorescence, leading to a
low sensitivity for HOCI. Their application in imaging lysosomal
HOCI is limited. Moreover, these probes are liable to sense both
HOCI and ONOO™, resulting in their poor selectivity. Therefore,
we proposed that installing a dithiobenzoic acid lactone group
on Si-thodamine B rather than a thiobenzoic acid lactone would
improve the selectivity and sensitivity of HOCI NIR probes. The
gist for the design is that oxygen is more electronegative than
sulfur and hence the carbon atom of a sulfur-substituted carbo-
nyl (C=S) is less electron-deficient than a normal carbonyl
(C=0). And indeed dithiobenzoic acid lactone was shown to
be more stable than thiobenzoic acid lactone and to yield a lower
background fluorescence and higher selectivity (Fig. S1, ESI{), in
accordance with the reported higher reactivity of dithiobenzoic
acid than of thiocarboxylic acid.'® To verify our presumption, the
compound SiR-2S was designed, and in the meantime the
compound SiR-S was synthesized as a control compound for
comparison (Fig. 1B).

We measured the spectral properties of SiR-S and SiR-2S.
Since we expected Si-rhodamine B spirodithiolactones to be quite
stable even under acidic conditions, these spectral measurements
were performed at pH 4.5. The results confirmed that, compared
to SiR-S, SiR-2S possessed lower background and better stability
in the absence of HOCI, and higher selectivity (Fig. S2, ESIt). In
addition, SiR-2S displayed more enhancement of fluorescence
intensity after titration of the same amount of HOCI, which
indicated a greater sensitivity of SiR-2S than of SiR-S to HOCI
(Fig. S3, ESIt). Using the term 3o¢/k, SiR-2S was measured to
display a detection limit for HOCI of 28 nM (Fig. S4, ESIY).

Subsequently, we studied the response mechanism. Rhodamine B
thiolactone has been shown, upon encountering HOCI, to be
converted to the corresponding ring-opened rhodamine B."” We
envisaged that our probes SiR-S and SiR-2S after responding to
HOCI would be transformed into the corresponding carboxylic
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acids, due to the acidity and oxidation properties of HOCI.
Indeed, the mass analysis for the mixture of SiR-S or SiR-2S and
HOCI proved that assumption (Fig. S5, ESIT).

The results showed remarkable spectral properties displayed
by the compound SiR-2S under acidic conditions, and indicated
it to be an excellent candidate for constructing a lysosome-
targeting probe for HOCI. Therefore, we incorporated a mor-
pholine unit in SiR-2S through a click reaction of alkyne and
azide to obtain Lyso-SiR-2S (Fig. 1B and Scheme S1, ESIt). Then
its UV-vis spectrum and fluorescence as a function of the
concentration of HOCI were examined. Lyso-SiR-2S displayed
one gradually increasing broad absorption band centered at
667 nm after titration with HOCI (Fig. S6, ESI{). The maximum
fluorescence emission peak was observed at 677 nm, and the
intensity reached a plateau (83-fold enhancement) after addition
of 60 uM HOCI, accompanied by the mixture changing from
colorless to wathet blue in visible light (Fig. 2A and Fig. S7, ESIT).

The fluorescence intensity demonstrated an excellent linear
relationship with HOCI concentration (R* = 0.993) at low HOCI
concentrations (0-1.0 uM) (Fig. S8, ESIt). After the calculation,
almost the same detection limit of 25 nM was obtained here as
was obtained for the only reported lysosome-targeting NIR
probe for HOC], i.e., Lyso-NIR-HOCI (Table S1, ESI{). The high
sensitivity of Lyso-SiR-2S was expected to enable it to track
biogenic HOCI reliably. Its response mechanism was shown to
be the same as that of the probe SiR-2S (Fig. S5, ESIT).

Then we also investigated the effects of various co-solvents
and bovine serum albumin (BSA) on the response of the probe
to HOCI to ensure its application in vivo. We found that the
probe still displayed a good response either using different co-
solvents or in the presence of BSA, and BSA did not quench the
fluorescence of the response product (Fig. S9, ESIT). The results
implied that the probe can be used for bioimaging in vivo.
Afterwards we investigated the selectivity of Lyso-SiR-2S for
HOCI over other relevant biological species, including ROSs,
RNSs, RSSs, and metal ions. We observed a dramatic fluores-
cence intensity enhancement only after the probe reacted with
HOCI, and there was no obvious change in fluorescence when
Lyso-SiR-2S was exposed to other species (Fig. 2B). These results
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Fig. 2 (A) Fluorescence spectra of Lyso-SiR-2S (5 uM) in PBS (15% EtOH,
pH 4.5) upon titration with HOCL, Jex = 616 nm; inset: color change of the
solution after the addition of HOCI under visible light. (B) The selective
response of Lyso-SiR-2S (5 uM) toward various analytes (100 pM, if not
indicated): (1) blank; (2)—(8) in order: Cu?*; Fe**; Mg?*; Zn?*; Mn?*; K*;
Na*; (9) Cys (500 pM); (10) H,S; (11)-(16) in order: H,O5; O,*~; t-BuOOH;
ONOO™; HO?*; t-BuOO?*; and (17) HOCL (50 uM). Each mixture was kept for
15 min at room temperature and then the fluorescence intensity was
recorded. (C) Fluorescence of Lyso-SiR-2S (5 pM) at 677 nm as a function
of time after the addition of 50 uM HOCL.
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indicated an excellent selectivity of Lyso-SiR-2S for HOCI. Afterwards,
the fluorescence of Lyso-SiR-2S as a function of time after
addition of 50 uM HOCI was measured (Fig. 2C). The response
here was almost finished within several seconds. Such a short
response time is beneficial for real-time detection of endogenous
HOCI fluctuation. Additionally, the fluorescence response of
Lyso-SiR-2S to HOCI was also measured at various pH values
(Fig. S10, ESIT). The fluorescence intensity was observed to
slightly decrease as the pH was increased from 4.0 to 9.0. It did
not change too much over the lysosome pH range of 4.0-5.5.
The results strongly suggested that it can work well as a
lysosome-targeting probe.

Next, the probe Lyso-SiR-2S was used for fluorescence imaging
in live cells. First, its biocompatibility was tested in HeLa cells
by carrying out a standard MTT assay (Fig. S11, ESI}). This test
disclosed a low cytotoxicity of the probe. Then we used one-
photon microscopy imaging to examine the ability of Lyso-SiR-2S
to respond to exogenous HOCI in live HeLa cells and endogen-
ous HOCI in RAW264.7 macrophages (Fig. S12 and S13, ESIt). The
results indicated that Lyso-SiR-2S can be effectively used to
monitor the fluctuations in the concentration of HOCI in
live cells.

Inspired by the prominent detection ability of Lyso-SiR-2S,
we further tried to explore its potential biological application
to visualize HOCI in live human kidney 2 (HK-2) cells with
GEN-induced nephrotoxicity. We measured the fluorescence of
Lyso-SiR-2S as a function of cell incubation time with GEN
(3 mM) in HK-2 cells. The cells incubated with the probe for
only 1 h showed negligible fluorescence (Fig. S14, ESIt). Those
pretreated with GEN for 4 h exhibited weak fluorescence, and
a remarkable enhancement was observed after incubation
for 8 h or 12 h. Thus 8 h was chosen as the incubation time
for the following study. For the probe, the response in fact was
observed to be completed within about 30 min (Fig. S15, ESIT),
and incubation for 90 min did not cause cell death, in contrast
with Lyso-Tracker Red (Fig. S16, ESIt).'® Here we incubated
cells with the probe for 1 h. t-Carnitine (LC) as an antioxidant
was reported to have a renoprotective effect in some drug-
induced nephrotoxicity cases such as those caused by cisplatin,
doxorubicin, and CsA.'® So we then measured fluorescence
levels with various concentrations of GEN and LC. As shown
in Fig. 3, the fluorescence intensity increased as the HK-2 cells
were pretreated with an increasing concentration of GEN from
1 to 3 to 6 mM, but decreased when LC (1 or 3 mM) was also
included. Overall, the results showed that Lyso-SiR-2S can
detect HOCI generated as a result of GEN-induced nephrotoxi-
city at the cellular level and that LC can reduce the amount of
HOCI and hence provide renoprotection during this process.

As previously mentioned, GEN mainly accumulates in lyso-
somes, where HOCI may be produced. To evaluate the subcel-
lular target specificity of Lyso-SiR-2S, colocalization experiments
were performed in HK-2 cells. As seen in Fig. S17 (ESIf), the
fluorescence of the probe overlapped well with that of Lyso-
Tracker Green, but not with that of Mito-Tracker Red, yielding
Pearson’s correlation coefficients of 0.81 and 0.52, respectively.
Furthermore, we confirmed that the probe can target lysosomes
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Fig. 3 (A) Confocal fluorescence images of HK-2 cells. The concentration
of our probe was 10 uM. (a) Cells were incubated with probe; (b—d) cells
were cocultured in advance with GEN (1, 3, or 6 mM) for 8 h, then with the
probe for 1 h; (e and f) cells were cocultured in advance with GEN (3 mM)
and LC (1 or 3 mM) for 8 h, then the probe for 1 h. Aex = 635 Nnm, dem =
650-750 nm. (B) Average values of the corresponding fluorescence
intensities from the images in (A). Scale bar: 20 um.

in HeLa cells and RAW264.7 macrophages (Fig. S18, ESIY),
showing Pearson’s correlation coefficients of 0.83 and 0.84
respectively. We thus concluded that the probe can specifically
localize and detect endogenous HOCI in subcellular organelles,
in contrast with compound SiR-2S (Fig. S19, ESIt).

The strong fluorescence of the probe Lyso-SiR-2S in HK-2
cells with GEN-induced injury verified the theoretical specula-
tion that HOCI is one kind of ROS generated during nephro-
toxicity events. Therefore, we further investigated the capability
of the probe to monitor endogenous HOCI produced in vivo
during GEN-induced nephrotoxicity. When the tested mice
were pre-injected with GEN or PBS and then injected with
Lyso-SiR-2S, the former showed stronger fluorescence than
did the latter. Meanwhile, we did not observe any fluorescence
signal in the kidneys of intact mice (Fig. 4A). Various doses of
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Fig. 4 (A) Fluorescence imaging of mice in vivo with GEN-induced
nephrotoxicity. (a) Images of intact mice, and (b and c) mice injected with
PBS (b) or GEN (50 mg kg™ (c) into the abdominal cavity for 8 d, and
then intravenously injected with Lyso-SiR-2S in PBS (100 pL, 200 uM).
(d) Average values of corresponding fluorescence intensities from the
images in a—c. (B) Renal fluorescence images of mice. The mice were
pretreated with GEN at different doses (0, 50, 100 mg kg™ for different
injection times (2, 5, 8, 10 d), and then treated with the probe (100 pL,
100 uM) for 3 h. Then the dissected kidneys were used for imaging (Jex =
640 NM, Aem = 695-770 nm). (C) Average values of fluorescence intensity
corresponding to the images in (B). (D) Concentrations of blood urea
(BUN) and serum creatinine (Scr) in the control and GEN (100 mg kg™
groups. The values displayed are mean values + SD, n = 3, *p < 0.05,
**p < 0.01, **p < 0.001.
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GEN (0, 50, 100 mg kg~ ") were also administered through intra-
peritoneal injection for various durations (2, 5, 8, 10 d). Afterwards,
the solution of the Lyso-SiR-2S probe in PBS was injected via the
tail vein. Fluorescence imaging of the harvested kidneys was
performed after 3 h. As shown in Fig. 4B and C, when the mice
were not treated with GEN, the fluorescence of the kidneys hardly
changed (the other images for the control are shown in Fig. S20,
ESIt). In contrast, an obvious enhancement of the signal was
observed post GEN injection. And comparisons of the duration of
2 d with other durations at the same dose of GEN showed the dose
of 100 mg kg~ for 8 d leading to relatively severe nephrotoxicity.
In the meantime, we also measured the concentrations of blood
urea and serum creatinine, which are conventional bio-markers of
acute kidney injury.?® As displayed in Fig. 4D, the mice subjected
to a GEN (100 mg kg™ ") injection for 8 d showed higher serum
creatinine and blood urea concentrations than did the control
group. GEN was concluded to have caused severe kidney injury.
The results indicated an up-regulation of the level of HOCI in the
mice suffering from GEN-induced kidney failure. Our Lyso-SiR-2S
probe was apparently able to detect GEN-induced nephrotoxicity
in vivo by reacting with endogenous HOCI generated during this
process, demonstrating its potential application in the diagnosis
and pathological study of GEN-induced nephrotoxicity.

In summary, we first designed a highly sensitive SiR-2S probe
by employing a dithiobenzoic acid lactone recognition unit
instead of thiobenzoic acid lactone, and successfully improved
the selectivity of the Si-rhodamine B thiolactone probe (SiR-S)
for HOCI. The SiR-2S probe also showed good stability, even
under acidic conditions. Thus we further developed a lysosome-
targeting NIR fluorescent probe, Lyso-SiR-2S, with low levels of
background signals. It presented a detection limit of 25 nM and
a fast response, within several seconds. What is more, Lyso-SiR-
2S retained excellent selectivity for HOCI over other ROSs and
RNSs. These features enable it to directly detect fluctuations of
exogenous and endogenous HOCI in living HeLa and RAW264.7
cells. In addition, the good performance of Lyso-SiR-2S for
fluorescence imaging implied that it can capture endogenous
HOCI generated in live HK-2 cells and in kidneys of mice in vivo
during GEN-induced acute renal injury, and such a detection
was here achieved for the first time. This probe is promising as a
powerful and convenient imaging tool for the diagnosis and
pathophysiological study of drug-induced acute nephrotoxicity.
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