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ABSTRACT: Hypochlorous acid (HOCl), as a highly potent
oxidant, is well-known as a key “killer” for pathogens in the innate
immune system. Recently, mounting evidence indicates that
intracellular HOCl plays additional important roles in regulating
inflammation and cellular apoptosis. However, the organelle(s)
involved in the distribution of HOCl remain unknown, causing
difficulty to fully exploit its biological functions in cellular signaling
pathways and various diseases. One of the main reasons lies in the
lack of effective chemical tools to directly detect HOCl at subcellular
levels due to low concentration, strong oxidization, and short
lifetime of HOCl. Herein, the first two-photon fluorescent HOCl
probe (TP-HOCl 1) and its mitochondria- (MITO-TP) and
lysosome- (LYSO-TP) targetable derivatives for imaging mitochon-
drial and lysosomal HOCl were reported. These probes exhibit fast response (within seconds), good selectivity, and high
sensitivity (<20 nM) toward HOCl. In live cell experiments, both probes MITO-TP and LYSO-TP were successfully applied to
detect intracellular HOCl in corresponding organelles. In particular, the two-photon imaging of MITO-TP and LYSO-TP in
murine model shows that higher amount of HOCl can be detected in both lysosome and mitochondria of macrophage cells
during inflammation condition. Thus, these probes could not only help clarify the distribution of subcellular HOCl, but also serve
as excellent tools to exploit and elucidate functions of HOCl at subcellular levels.

■ INTRODUCTION

The study of reactive oxygen species (ROS) is attracting
increasing attention due to their essential roles in cell signaling
and homeostasis, such as aging,1 pathogen response,2 and anti-
inflammation regulation.3 Among various ROS, hypochlorous
acid (HOCl) as a highly potent oxidant generated during
phagocytosis seems to mainly serve as a “killer” for pathogens
in the innate immune system.4 It is usually produced by
myeloperoxidase (MPO)-catalyzed per-oxidation of chloride
ions in phagolysosome, where pathogens are engulfed and
decomposed5 (Figure 1). In addition to phagosomal HOCl in
the presence of pathogens, mounting evidence demonstrates
that nonphagosomal intracellular HOCl (nphHOCl) gener-
ation can be induced by a variety of soluble stimuli,6,7 which
helps suppress inflammation and regulate cellular apoptosis.8,9

Furthermore, it is reported that nphHOCl may also be
implicated in neurodegenerative disorders10 such as Parkinson’s
disease11 and cerebral ischemia.12 At the same time, HOCl
could cause mitochondrial permeabilization,13 lysosomal
rupture,14 and cell death through calcium dependent calpain

activation.13 However, the distribution of nphHOCl at
subcellular levels is still unclear, which causes severe difficulty
to fully exploit and elucidate intracellular functions of
nphHOCl.15 One of the main reasons lies in lack of efficient
tools to directly real-time monitor nphHOCl at the subcellular
level due to its strong oxidization,16 short-lived time,17 and
relatively low concentration.18 Therefore, it is challenging and
highly desired to prepare novel chemical tools for elucidating
the distribution and functions of nphHOCl at subcellular level.
Fluorescence imaging possesses unique advantages for the

observation of functional and molecular recognition events in
live cells.19,20 Furthermore, it has emerged as the irreplaceable
technique to monitor the level, localization, and movement of
biomolecules at subcellular levels.21−25 Among various types of
optical imaging techniques, two-photon microscopy (TPM)
offers high-resolution imaging, deep penetration, and low
phototoxicity due to the remarkably focused excitation and
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reduced scattering of near-infrared light in biological
tissues.26−29 Recently, the detection of HOCl was implemented
by some good probes with different recognition moieties,
including dibenzoylhydrazine,30 p-methoxyphenol,31,32

oxime,33−36 selenide,37−40 thiol compounds (internal thioest-
er,41−44 thioether,45,46,6,72 and thiosemicarbazide48), and other
groups,47,49,64 which are specified in Supporting Information
Table S1. Even though most of these probes have been
successfully applied to image intracellular HOCl, few probes
were used to real-time detect HOCl at subcellular levels. On
the other hand, it was assumed that nphHOCl may be

generated in both mitochondria and lysosome of macrophage
cells due to the intracellular distribution of MPO that catalyzes
HOCl production.50,51 Nevertheless, to the best of our
knowledge, except for several mitochondria-located fluorescent
probes for the detection of intracellular HOCl,46,52,73 there is
no report yet describing a fluorescent probe for successful
detection of intracellular HOCl in lysosome, even though there
were two reported lysosome targeting probes with exogenously
added HOCl.40,53 The aforementioned concerns encouraged us
to develop novel two-photon fluorescent probes to sense this
important biomolecule and clarify its distribution in live cell
and inflamed mouse model.
Herein, we report the first two-photon fluorescent “turn-on”

HOCl probe (TP-HOCl 1) and its mitochondria- (MITO-TP)
and lysosome- (LYSO-TP) targetable derivatives, which can
image intracellular HOCl in live cell and inflamed mouse
model. In the presence of HOCl, TP-HOCl 1 exhibits a
dramatic fluorescence increase with very short response time
(within seconds), excellent selectivity, and high sensitivity (16.6
nM). Besides, in live cell experiments, it is clearly indicated that
MITO-TP and LYSO-TP can respond toward HOCl in
mitochondria and lysosome. Furthermore, these probes were
successfully applied to image mitochondrial and lysosomal
HOCl in inflamed mouse model through two-photon imaging.

■ RESULTS AND DISCUSSION

Design and Synthesis of HOCl Probes. Acedan, as a
well-known two-photon fluorophore,54−57 was chosen as the
fluorescence reporting group due to its excellent photophysical
properties resulting from the typical “push−pull” (amine-
ketone) structure (Scheme 1A).57 Thus, it is predictable that
protection of the ketone will decrease the “pull” ability thereby

Figure 1. Stimuli that induce intracellular HOCl. Apart from ingested
particles that give rise to phagosomal HOCl (phHOCl) production
(left), certain stimuli, such as lipopolysaccharides (LPS), lead to
nonphagosomal HOCl (nphROS) production without being ingested
(right). H2O2, hydrogen peroxide; MPO, myeloperoxidase.

Scheme 1. Synthesis and Proposed Sensing Mechanism of Probes for HOCla

aReagents and conditions: (a) 2-mercaptoethanol, 50 °C, 3 h; (b) 1,2-ethanedithiol, 50 °C, 3 h; (c) hydroxylamine, 50 °C, 3 h; (d) 37% HCl, reflux,
48 h; (e) 2-morpholinoethanamine, Na2S2O5, microwave 80 W, 160 °C, 5 h; (f) propane-1,3-diamine, Na2S2O5, microwave 80 W, 160 °C, 6 h; (g) 2-
bromoacetyl chloride, rt, 50 min; (h) triphenylphosphine, rt, 16 h.
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quenching the fluorescence of acedan. On the other hand, it is
reported that the thiol atom in methionine is easily oxidized in
tandem to sulfoxide and sulfone by HOCl.58 Thus, 2-
mercaptoethanol and 1, 2-ethanedithiol were employed to
protect the ketone of acedan in the design of HOCl probes
(TP-HOCl 1 and TP-HOCl 2). It was expected that both
compounds will be nonfluorescent or weakly fluorescent due to
the disruption of the “push−pull” structure; however, reaction
with HOCl, which deprotects the oxathiolane/mercaptal group
to reveal the ketone, would lead to fluorescence enhancement.
This expectation was further supported by the significantly
increased oscillator strength of TP-HOCl 1 ( f, from 0.067 to
0.44) before and after reacting with HOCl calculated by density
functional theory (DFT) (Figure S1). For comparison, oxime, a
known reaction site for HOCl,33,34,36,59 was also introduced by
combining hydroxylamine with acedan (TP-HOCl 3). Through
comparison of response ability of three probes to HOCl, TP-
HOCl 1 was chosen as the ideal HOCl probe, which is specified
in the following paragraphs.
To monitor HOCl at subcellular levels, lysosome- and

mitochondria-targetable groups (morpholine60 and triphenyl-
phosphine61) were further introduced to ensure the probe’s
intracellular localization. In addition, to avoid affecting the
sensitivity of the probe, these groups were carefully positioned
at the other end of acedan to generate long distance gap from
the reaction site. The lysosomal HOCl probe LYSO-TP and
mitochondrial HOCl probe MITO-TP were effectively
prepared from cyclization reaction of precursor 4 or 7 with
2-mercaptoethanol (Scheme 1E). The precursor 4 was
synthesized through the hydrolysis of commercially available
dye 6-methoxy-2-acetonaphthone and subsequent amination of
intermediate 3 with 4-(2-aminoethyl)morpholine. The pre-

cursor 7 was readily synthesized through amination of
intermediate 3 with 1,3-propanediamine, and then amide
coupling with 2-bromoacetyl chloride, and finally salt formation
with triphenylphosphine. The detailed synthetic procedures,
NMR and HRMS spectra are displayed in the Supporting
Information.

Comparing the Fluorescent Response of TP-HOCl 1−3
to HOCl. To compare the fluorescent response of TP-HOCl
1−3 to HOCl, three probes were titrated with HOCl from 0 to
75 μM. Compared to TP-HOCl 2, the fluorescence intensity
ratio (F/F0 at 500 nm) of TP-HOCl 1 was enhanced more
significantly at low concentration of HOCl (Figure 2A),
thereby indicating higher sensitivity. One reason may be due
to the single sulfur atom in 1,3-oxathiolane, which would
require less HOCl for complete oxidization of TP-HOCl 1.
Different from the case of TP-HOCl 1 and TP-HOCl 2, oxime-
based probe TP-HOCl 3 shows only slight response to HOCl,
which may be attributed to the more effective oxidative
deprotection of oxime by HOCl under basic conditions.33

Therefore, TP-HOCl 1 was chosen as the probe for HOCl
detection and its basic photophysical properties were examined
(Table S2 and Figure S2).

Fluorescent response of TP-HOCl 1 to HOCl. To
investigate the sensitivity, selectivity and response time of TP-
HOCl 1 to HOCl, fluorescence spectroscopy was measured at
various concentrations of HOCl. As it is shown in Figure 2B,
the fluorescence intensity of TP-HOCl 1 at 500 nm increased
more than 670-fold when 20 equiv of HOCl was added, which
results from the recovery of “push−pull” structure of acedan
when the oxathiolane was deprotected by HOCl. Moreover,
TP-HOCl 1 could respond to low concentration of HOCl with
detection limit up to 16.6 nM (Figure S3), which indicates the

Figure 2. Fluorescence spectra of TP-HOCl 1−3 responding to HOCl in PBS/EtOH (1:1, pH 7.4) solution. (A) Plot of fluorescence intensity ratio
(F/F0 at 500 nm) changes of TP-HOCl 1−3 as a function of HOCl concentrations; data acquired at 20 s after addition of HOCl (λex = 375 nm). (B)
Fluorescence enhancement of TP-HOCl 1 (5 μM) as a function of HOCl (0 to 100 μM). Inset shows Fluorescence spectra of TP-HOCl 1 (0.5 μM)
before and after adding HOCl at low concentrations (0−200 nM). (C) Time course of fluorescence intensity of TP-HOCl 1 before and after adding
10 and 30 μM HOCl. (D) Fluorescence responses of TP-HOCl 1 (5 μM) toward various analytes (50 μM for biomolecules (1−9) and 100 μM for
other ROS/RNS (10−17)). (1) PBS; (2) ATP; (3) ADP; (4) NAD; (5) GSH; (6) Cys; (7) Fe3+; (8) Zn2+; (9) Cu2+; (10) H2O2; (11) •OH; (12) t-
BuOOH; (13) t-BuOO•; (14) NO•; (15) O2

−; (16) ONOO−; (17) HOCl.
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high sensitivity of probe TP-HOCl 1 to HOCl and the ability of
probe TP-HOCl 1 to monitor trace amounts of intracellular
HOCl. In addition, the time dependent fluorescence intensity
changes of probe TP-HOCl 1 to HOCl revealed that the
reaction can be completed within seconds at different pH buffer
(pH 5.5, 7.4, 9.2) and the fluorescent signals remained nearly
unchanged over time (Figures 2C and S4), which enables its
real-time detection of HOCl. However, no fluorescence change
was observed when TP-HOCl 1 was incubated with other ROS
(50 μM) and biomolecules (100 μM) (Figure 2D). In addition,
selectivity (HOCl 50 μM and other ROS 250 μM) was further
examined at pH 5.5 and 7.8, which were chosen to mimic the
lysosomal and mitochondrial pH, respectively. As shown in
Figure S5, TP-HOCl 1 can also respond to HOCl rather than
other ROS in both weak acid and basic environment. Notably,
H2O2, a precursor of HOCl, does not interfere with the
detection of HOCl even at 500 μM (Figure S6). In addition,
TP-HOCl 1 displayed almost no response to another highly
potent oxidant, peroxynitrite (ONOO−) (Figure S7), in good
agreement with previous reported probes with thioester41−44

and thioether45,46,6,39 as recognition moieties. TP-HOCl 1 is
thus a good HOCl probe with high sensitivity, remarkable
selectivity and very short response time.
Effect of pH to Response Ability and Stability of TP-

HOCl 1. To test the feasibility of TP-HOCl 1 as HOCl probe,
the performance of TP-HOCl 1 to HOCl in PBS buffers with
different pH values ranging from 4 to 9 was tested. As shown in
Figure S8, after addition of HOCl, remarkable fluorescence
enhancement of TP-HOCl 1 could be observed immediately at
wide pH ranges (pH 4−9) without significant variances,
indicating that the assay is compatible with most intracellular
pH environments. Even though it was reported that pH may
affect the oxidizing rate of hypochlorite,62 it was difficult to
discriminate the difference under various pH conditions
because of the fast response of thioehter to hypochlorite,
which can be achieved within seconds. Similar results can also
be observed in the previous thioether-based probes.45,63

Meanwhile, a stability test for TP-HOCl 1 in PBS buffer was
also conducted to check whether the oxathiolane group of TP-
HOCl 1 is stable at intracellular pH values (pH 4−9). As
indicated by Figure 3A, almost no fluorescence changes were
observed even after 4 h incubation, while strong fluorescence
was recovered after addition of 40 μM HOCl, which suggests

the stability of TP-HOCl 1. Therefore, these results clearly
demonstrate the feasibility of TP-HOCl 1 responding toward
HOCl in a broad range of pHs.

Fluorescent Response of TP-HOCl 1 to HOCl Gen-
erated in Myeloperoxidase (MPO)/H2O2/Cl

− System.
With the favorable features of TP-HOCl 1 demonstrated, the
feasibility of real-time detection of HOCl generation in an
enzyme system was further investigated. MPO/H2O2/Cl

−

system (PBS, 20 μM H2O2, 1 U/mL MPO, pH = 7.4, 37
°C) was used to mimic the generation of HOCl inside cells. As
shown in Figure 3B, the fluorescence intensity of TP-HOCl 1
was increased immediately after addition into MPO/H2O2/Cl

−

system. Continuous fluorescence increase over time was
observed (within 15 min) due to gradual production of
HOCl. Nevertheless, almost no variation in the fluorescent
signals was observed in the presence of only MPO or H2O2,
which demonstrated that HOCl rather than H2O2 or MPO is
the target analyte. Furthermore, there is no obvious signal
increase after inhibition of MPO by addition of 4-aminobenzoic
acid (ABH, an MPO inhibitor) into the MPO/H2O2/Cl

−

system. Importantly, after addition of ABH or cysteine at 1
and 2 min, the increasing fluorescence intensity was inhibited
immediately thereby showing plane lines. Taken all together,
TP-HOCl 1 was successfully used in real-time detection of
HOCl generation in MPO/H2O2/Cl

− system, enabling itself to
be a promising probe for studying HOCl-related biological
processes.

Mechanism of TP-HOCl 1 Responding to HOCl. To
further examine the sensing mechanism of probe TP-HOCl 1,
reversed-phased HPLC-MS was used to clarify the process of
the reaction between TP-HOCl 1 and HOCl. The HPLC
chromatograms of TP-HOCl 1 and compound 1 are shown in
Figure S9A and D. After incubation with HOCl (100 μM and
200 μM) for 1 min (Figure S9C, D), except for the peaks from
TP-HOCl 1 and deprotected compound 1, a new peak with
longer retention time was observed. This compound was
purified and identified as the chlorinated product (compound
9) through 1H NMR, 13C NMR and, HRMS (Figure S10A−C).
Meanwhile, the position of chlorine atom was further verified
by H−H COSY, indicating that chlorine atom locates at C-7
rather than C-5 (Figure S10D). A similar chlorination reaction
with HOCl was also observed in other fluorophores, such as Si-
fluorescein and rhodamine.43,64 In particular, the photo-

Figure 3. (A) Probe TP-HOCl 1 (5 μM) could kept stable in physiological pHs (pH 4−8). Probe was incubated in various pH buffers (pH 4−9) for
0.5, 2, and 4 h, and then 40 μM HOCl was added. (B) Fluorescence responses of TP-HOCl 1 toward HOCl generated in MPO/H2O2/Cl

− system
(PBS, 20 μM H2O2, 1 U/mL MPO, pH = 7.4, 37 °C). ABH (4-aminobenzoic acid hydrazide, 10 μM) or Cys (cysteine, 200 μM) was added at 1 and
2 min, respectively. MPO, myeloperoxidase; ABH, MPO inhibitor.
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properties of compound 9, such as quantum yield and two-
photon cross section, were measured, which suggests
comparability with that of compound 1 (Table S2) thereby
demonstrating little interference for further experiment. Taken
together, a possible sensing mechanism of probe TP-HOCl 1 to
HOCl is proposed and shown in Figure 4. Nonfluorescent TP-

HOCl 1 is initially oxidized by HOCl to intermediate sulfoxide
compound 8, further oxidized to unstable Sulphone and finally
hydrolyzed to generate fluorescent compound 1. Then
compound 1 was partially chlorinated to compound 9 by
excessive HOCl. In addition, to verify the above sensing
mechanism, intermediate sulfoxide compound 8 was also

Figure 4. Proposed sensing mechanism of TP-HOCl 1 for HOCl.

Figure 5. Intracellular localization of MITO-TP and LYSO-TP in HeLa (A, B) and macrophages cells (C, D). (A, B) images of HeLa cells pretreated
with 10 μM MITO-TP (or 10 μM LYSO-TP) for 20 min and subsequently 1 μM Mito-Tracker Red (or 1 μM Lyso-Tracker Red) for 10 min. Then
cells were treated with 50 μM HOCl for another 5 min. (C, D) Images of macrophage cells pretreated with LPS (120 ng/mL)/IFN-γ (20 ng/mL)
for 24 h, then treated with 10 μM MITO-TP (or 10 μM LYSO-TP) for 20 min and subsequently 1 μM Mito-Tracker Red (or 1 μM Lyso-Tracker
Red) for another 10 min. Green, probe fluorescence; red, Mito-Tracker and Lyso-Tracker fluorescence; yellow, merged signal. Scale bar: 10 μm.
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prepared. Notably, compared with TP-HOCl 1, unstable
compound 8 is more easily oxidized to compound 1 by
HOCl (Figure S11), suggesting that sulfoxide compound 8 is
the possible intermediate of the oxidation process.
Fluorescence Imaging of HOCl at the Subcellular

Level. HOCl, as the key “killer” for pathogens during
phagocytosis, is proposed to be mainly produced from MPO-
catalyzed peroxidation of chloride ions in phagolysosomes.
Recently, accumulating research demonstrates that non-
phagasomal HOCl (nphHOCl) can also be produced after
incubation with soluble stimuli.52,65 However, the organelles
with intracellular nphHOCl are still unclear, which limits
further elucidation of the corresponding functions of nphHOCl
at subcellular level. Therefore, to clarify the distribution of
HOCl at subcellular levels, mitochondria- (MITO-TP) and
lysosome- (LYSO-TP) targetable derivatives of probe TP-
HOCl 1 were synthesized through introducing triphenylphos-
phine61 or morpholine60 to the amine group. Furthermore, in
vitro experiment demonstrates that both MITO-TP and LYSO-
TP can respond to HOCl at nanomolar level in PBS (1%
DMSO, pH 7.4 and 5.0), respectively (Figure S12).
As shown in Figure S13, cell cytotoxicity of the probes was

initially examined in HeLa cells, which proves that there is no
significant cytotoxicity in the presence of 1−32 μM probe
MITO-TP or LYSO-TP for 12 h. To determine the intracellular
location of MITO-TP and LYSO-TP inside cells, the probe
MITO-TP (or LYSO-TP) and Mito-Tracker Red (or Lyso-
Tracker Red) were coincubated with live HeLa cells, which was
treated HOCl (50 μM) for another 5 min. As expected, probe
MITO-TP mainly localized in the mitochondria rather than
lysosome and nucleus (Figures 5A and S14A), while LYSO-TP

mainly stained in the lysosome of live cells (Figures 5B and
S14B). Meanwhile, the same subcellular distribution of MITO-
TP and LYSO-TP can also be confirmed in LPS/IFN-γ-
stimulated macrophage cells (Figures 5C, D and S15). After
confirming the intracellular localization of LYSO-TP and
MITO-TP, the distribution time of these probes were evaluated
in RAW cells (shown in Figure S16). To efficiently track the
probes in cells, compounds 4 and 7, the bright fluorescent
precursors of LYSO-TP and MITO-TP, were used to examine
the intracellular distribution time. As shown in Figure S16, the
fluorescent intensity of compounds 4 and 7 rapidly reaches the
equilibrium state within 20 min in RAW cells and keeps stable
in at least 60 min. Based on the structural similarity of probes
(LYSO-TP and MITO-TP) and their precursors (4 and 7), it is
rational to assume that the probes LYSO-TP and MITO-TP
can also quickly reach the equilibrium state inside cells and
keep stable for some time.
After that, the detection of HOCl in mitochondria and

lysosome was examined in murine live macrophage cell line
RAW 264.7 (Figure 6). It was reported that targeting groups
such as triphenylphosphine66 and morpholine67,68 can sig-
nificantly increase the distribution in mitochondria and
lysosome respectively and relatively difficult to be washed
out. Thus, RAW cells were incubated with MITO-TP and
LYSO-TP for 20 min respectively and subsequently washed
with PBS buffer to remove the free probes, which ensures that
probes mainly localized in the targeted organelles (mitochon-
dria and lysosome). As shown in Figure 6A (a, e), both MITO-
TP and LYSO-TP stained cells showed very weak fluorescence.
However, the intracellular fluorescence from both MITO-TP
and LYSO-TP stained cells were much stronger when the cell

Figure 6. Detection of HOCl in live RAW 264.7 macrophage cells via MITO-TP and LYSO-TP. (A) Representative fluorescent images of
macrophage cells. (a, e) MITO-TP or LYSO-TP (15 μM) was incubated with macrophages cells for 20 min and washed by PBS buffer. (b, f) Cells
were preincubated with probes, washed by PBS buffer and stimulated with LPS (1 μg/mL)/PMA (1 μg/mL) for 1 h. (c, g) Cells were preincubated
with probes, washed by PBS buffer and stimulated with LPS (1 μg/mL)/PMA (1 μg/mL) and ABH (200 μM) for 1 h. (d, h) Cells were
preincubated with probes, washed by PBS buffer and stimulated with LPS (1 μg/mL)/PMA (1 μg/mL) and NAC (1 mM) for 1 h. (B, C)
Quantification of the fluorescence signals from (a)−(h). Data were normalized to the fluorescence intensity from LPS/PMA stimulated macrophage
cells (b or f). Error bars are ± SD, n = 3. Scale bar: 30 μm.
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was subsequently stimulated with lipopolysaccharides (LPS, 1
μg/mL) and phorbol myristate acetate (PMA, 1 μg/mL)
together (Figure 6A (b, f) and B, C). Based on remarkable
fluorescence increase from the probe localized organelles, it is
evident that the increased fluorescence signal is mainly due to
the reaction between probes and nonphagosomal HOCl in
mitochondria and lysosome.65 To further examine the above
assumption, control experiments were performed, in which 4-
aminobenzoic acid hydrazide (ABH) was added to decrease
cellular HOCl level through inhibiting the activity of MPO.16

As shown in Figure 6A (c, g), cellular fluorescence intensity of
both MITO-TP and LYSO-TP stained cells is suppressed to
some extent when the stimulated RAW cells were incubated
with 200 μM ABH together. Similar phenomena were also
observed in 24 h incubation of stimuli and ABH (Figure S17).
In addition, the fluorescence of probes stained cells can also be
reduced clearly by addition of N-acetylcysteine (NAC), a
powerful ROS scavenger71 (Figure 6A (d, h) and B, C). This is
mainly because most of the intracellular HOCl can be
effectively removed by NAC, in which the thiol atom can
react with HOCl rapidly. One possible reason for the existence
of intracellular HOCl in both mitochondrial and lysosomal is
the movement of intracellular HOCl between organelles.
Another plausible reason is that nphHOCl could be in situ
generated in both mitochondria and lysosome of LPS/PMA-
stimulated macrophage cells. This is because the respiratory
burst induced by LPS and PMA in mitochondria produces
higher amount of H2O2,

5,69,74 which can easily transfer to other
organelles like the lysosome due to its good plasma membrane
permeability.70 Meanwhile, it is reported that MPO is located
not only in lysosome but also in mitochondria of macrophage
cells.50,51 Therefore, it is assumed that H2O2 may work with

MPO to produce nphHOCl in both mitochondria and
lysosome.

Two-Photon Tissue Imaging of HOCl in Inflamed
Mouse Model. To examine whether nphHOCl can be in vivo
detected in mitochondria and lysosome of macrophage cells in
inflamed mouse model, 200 μL of LPS (1 mg/mL) was
subcutaneously injected into right rear paws of mice to cause
inflammation (Figure 7A). After 1 day, MITO-TP and LYSO-
TP were intravenously injected and the paw skin was sectioned
1 h later. As shown in Figure 7B, strong fluorescence from both
MITO-TP and LYSO-TP in LPS-stimulated macrophage cells
was observed in inflammation tissues (shown in green color),
which was further confirmed by immunostaining of histological
sections with macrophage marker CD11b (shown in red color).
However, the signals from both probes and macrophage marker
remained largely negative in the normal tissues (Figures 7B and
S18).
Besides, the fluorescence from MITO-TP and LYSO-TP was

collected at different depths in inflamed tissues and
reconstructed in a three-dimensional (3D) box to describe
the spatial distribution of LPS-stimulated macrophage cells
(Figure 7C). Taken together, MITO-TP and LYSO-TP were
successfully applied to stain the macrophage cells in inflamed
mouse model through intravenous injection. Importantly, it is
indicated that much higher concentration of nphHOCl in both
mitochondria and lysosome of macrophage cells could be
detected during inflammation.

■ CONCLUSION

In summary, we have developed the first two-photon
fluorescent “turn-on” HOCl probe (TP-HOCl 1) and its
mitochondria (MITO-TP) and lysosome (LYSO-TP) target-

Figure 7. Detection of LPS-dependent HOCl generation in inflammation tissues via LYSO-TP and MITO-TP. (A) 200 μL of LPS (1 mg/mL) was
subcutaneously (i.h.) injected into right rear paws of mouse to cause inflammation. After 1 day, 200 μL of 1 mM MITO-TP (or LYSO-TP) was
intravenously (i.v.) injected and the paw skin was sectioned 1 h later. (B) Fluorescence images of probes and CD11b in the inflamed tissue. Probe
fluorescence, green; antibody CD11b, red. Arrows indicate the merged parts of HOCl sensitive probes and CD11b. (C) 3D volume-rendered image
shows the distribution of macrophages within the inflamed and normal tissues. (+) Inflammation tissues; (−) Normal tissues. Scale bar: 30 μm.
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able derivatives to image HOCl among corresponding
organelles. Because of the unique oxidation deprotection
mechanism, these probes show not only fast response (within
seconds) and good sensitivity (<20 nM) to HOCl but also high
selectivity over other ROS and biomolecules. Cell imaging
experiments indicate that probes MITO-TP and LYSO-TP
display good cell penetration and localize in mitochondria and
lysosome of living cells, respectively. Furthermore, it was
indicated that HOCl may be detected in both mitochondria and
lysosome of LPS/PMA-stimulated macrophage cells. In
particular, two-photon imaging shows that a much larger
amount of HOCl can be detected in both lysosome and
mitochondria of macrophage cells during inflammation
conditions in a murine model. Therefore, due to the advantages
of these probes, they not only can help elucidate the
distribution of subcellular HOCl, but also serve as excellent
tools to exploit potential functions of HOCl at subcellular and
tissue levels.
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