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ABSTRACT

Myeloperoxidase (MPO) generates hypochlorous acid (HOCI), a major oxidant in inflammatory biology and an increasingly
recognized pathogenic mediator and therapeutic target in oxidative and inflammatory diseases. However, selective detection
of MPO activity remains challenging because most HOCl-responsive fluorescent probes operate through nonspecific oxidative
mechanisms, rendering them vulnerable to interference from competing reactive oxygen and nitrogen species. Here, we present
an MPO-reporting fluorescent platform based on a meso-carboxamide-substituted 3,5-dimethyl BODIPY scaffold that exploits the
electrophilic chlorinating reactivity of MPO-derived HOCI. The lead probe undergoes rapid chlorination at the 2,6-positions,
generating highly emissive products with ca. 40 nm bathochromic shifts and overcoming the minimal spectral responses and
fluorescence quenching that have limited earlier chlorination-based designs. The modular meso-carboxamide architecture further
allows facile incorporation of targeting motifs without compromising probe performance. This platform enables quantitative MPO
assays, cellular imaging of exogenous and endogenous MPO-derived HOCI, discrimination between cancer and normal cells based
on redox differences, and noninvasive visualization of MPO-driven inflammation in a mouse model of atopic dermatitis. These
results establish electrophilic chlorination as a viable design strategy for selective MPO-responsive fluorescent probes and provide
a versatile tool for investigating MPO-associated inflammatory pathophysiology in biological and preclinical disease models.

1 | Introduction

Neutrophils, the most abundant granulocytic leukocytes in
humans, are the principal cellular effectors of the innate immune
response [1]. Upon activation by infectious or inflammatory
stimuli, these phagocytic cells rapidly migrate to affected tissues
and undergo a respiratory burst, during which NADPH oxidase
reduces molecular oxygen to superoxide (O, ), which subse-
quently dismutates to hydrogen peroxide (H,0,) [2, 3]. Myeloper-
oxidase (MPO), a heme-containing haloperoxidase stored pre-
dominantly in the azurophilic granules of neutrophils and, to a

lesser extent, in monocytes, is released into phagosomes or the
extracellular space upon neutrophil activation [4, 5]. In these
compartments, MPO catalyzes the oxidation of physiological
halides by H,0,, producing predominantly hypochlorous acid
(HOC], pK, 7.5) from abundant chloride ions (C17) [6]. HOCI
is a potent antimicrobial oxidant that halogenates and oxidizes
a broad range of biomolecules, including proteins, lipids, and
nucleic acids [7, 8]. Although tightly regulated MPO activity
is essential for host defense, excessive or dysregulated MPO
activity causes substantial oxidative tissue damage [9, 10]. Ele-
vated MPO activity has been implicated in diverse pathologies,
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FIGURE 1 | (a)Representative examples of previously reported HOCl-responsive fluorescent probes and their corresponding oxidation products.

(b) The chlorination-driven meso-carboxamide BODIPY platform 1 developed in this work for selective, fluorescent detection of MPO-derived HOCL. (c)

Chemical structures of analogues (Lyso-O, Lyso-N, and Mito-P).

including atherosclerosis, myocardial infarction, acute coronary
syndromes, rheumatoid arthritis, chronic kidney disease, pul-
monary inflammation, neurodegenerative disorders, and multi-
ple cancers, where it is often associated with poor prognosis [11-
20]. MPO is therefore recognized as both a diagnostic biomarker
and a therapeutic target [21, 22], as exemplified by the clinical
development of MPO inhibitors such as AZDA4831 for heart
failure [23]. Accurate and real-time monitoring of MPO activity
and its major product, HOCI, is thus important for elucidating
pathological mechanisms and guiding MPO-targeted therapeutic
strategies.

Current analytical methods remain limited for robust assessment
of MPO activity in biological systems. Traditional colorimetric
or fluorometric assays based on general peroxidase substrates
(e.g., TMB [24], ABTS [25], o-dianisidine [26] for colorimetry,
and Amplex Red [27] for fluorescence) lack specificity and
frequently overestimate MPO activity because of cross-reactivity
with other heme peroxidases. Enzyme-linked immunosorbent
assays (ELISAs), although sensitive, quantify total MPO pro-
tein rather than enzymatic activity [28, 29]. By contrast, LC-
MS/MS quantification of chlorination biomarkers such as 3-
chlorotyrosine (3-Cl-Tyr) provides high specificity and is widely
used as an in vivo benchmark of MPO-mediated chlorination, but
its destructive and labor-intensive workflow is incompatible with
real-time or spatially resolved analysis [30].

Fluorescent probes provide a more convenient approach to HOCI
detection, but most reported systems rely on nonspecific oxidative
activation mechanisms, including chalcogenide (S/Se/Te) oxida-
tion [31-35], oxidative C=C cleavage [36, 37], boronate oxidation
[38, 39], p-methoxyphenol oxidation [40], and oxidative cleavage
of aminophenyl ethers [41, 42], all of which can also be triggered
by competing reactive oxygen and nitrogen species (ROS/RNS),

such as H,0,, -OH, and ONOO~ (Figure 1a). Consequently, these
probes often produce mixed oxidative readouts and frequently
exhibit slow response kinetics or poor performance in com-
plex physiological environments. Moreover, although numerous
HOCI-responsive fluorescent probes have been reported [43-
47], only a limited subset has been applied to the detection of
MPO-derived HOCI (Table S2), and even fewer have demon-
strated robust utility across quantitative biochemical MPO assays,
cellular imaging, and in vivo inflammatory models.

In principle, electrophilic chlorination can provide a far more
selective chemical signature of MPO-derived HOCI, as few
endogenous oxidants generate chlorinated organic products.
Classical biomarkers such as 3-Cl-Tyr illustrate the inherent selec-
tivity of chlorination chemistry [30], but translating this reaction
into a useful fluorescence-based sensing platform remains chal-
lenging. HOCl-mediated conversion of dihydroethidine (HE) to
2-chloroethidium is relatively MPO-specific, yet the chlorinated
product is only weakly fluorescent and spectrally overlaps with
other HE-derived oxidation products, necessitating mass spec-
trometric analysis [48]. More broadly, although halogenation
has been widely used to modulate fluorophore photophysics,
including BODIPY dyes for spectral tuning and photosensitizer
design [49-52], such transformations often cause only minor
spectral shifts or substantial fluorescence quenching in common
fluorophore scaffolds, thereby limiting analytical sensitivity and
utility in live-cell or in vivo imaging. Early studies using xanthene
dyes, including fluorescein and related derivatives, confirmed
that HOCI can chlorinate these scaffolds, but the resulting pho-
tophysical changes were analytically insufficient, either because
the spectral shifts were too small to be practically useful [50] or
because chlorination caused severe fluorescence quenching [49,
51]. Thus, the key challenge is not simply achieving fluorophore
chlorination, but converting MPO-derived chlorination into a
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selective fluorescence response that retains bright emission and
provides resolvable spectral shifts.

To address this challenge, we developed a chlorination-driven
fluorescent sensing platform based on a meso-carboxamide-
substituted-3,5-dimethyl BODIPY scaffold (Figure 1b,c). Unlike
conventional HOCI probes based largely on nonspecific oxida-
tive activation and prior BODIPY halogenation studies focused
mainly on photophysical tuning or photosensitization, this plat-
form uses MPO-derived HOCI chlorination as the fluorescence-
reporting reaction itself. Probe 1, a piperidine-functionalized
meso-carboxamide-BODIPY, undergoes rapid electrophilic halo-
genation at the 2,6-positions to yield chlorinated products 2 and
3, which retain high quantum yields while exhibiting distinct
bathochromic shifts of ca. 40 nm. This unusual combination of
efficient chlorination, strong fluorescence retention, and clear
spectral separation enables highly selective detection of MPO
activity through MPO-derived HOCI with minimal interference
from other ROS/RNS. Leveraging the synthetic modularity of the
meso-carboxamide position, this platform was further expanded
to organelle-targeted variants through amide conjugation. Across
this probe series, MPO and MPO-derived HOCI were detected
with high selectivity, enabling quantitative enzyme assays, visu-
alization of exogenous and endogenous MPO activity in cells,
discrimination between cancer and normal cells on the basis
of oxidative stress-associated redox differences, and noninvasive
imaging of MPO-driven inflammation in a mouse model of atopic
dermatitis.

2 | Results and Discussion

2.1 | Synthesis of Probes and Photophysical
Properties

MPO-responsive probe 1 was synthesized as outlined in Scheme
S1. To validate the proposed sensing mechanism of electrophilic
chlorination by HOCI generated through the MPO/H,0,/Cl~
system, the predicted mono- and di-chlorinated products 2
and 3 were independently prepared (Scheme S1). Analogues
(Lyso-0, Lyso-N, and Mito-P) were obtained by incorporating
lysosome-targeting morpholine [43, 53] (Lyso-O) or piperazine
[54] (Lyso-N) units, or a mitochondria-targeting triphenylphos-
phonium moiety [43, 53] (Mito-P) at the meso-carboxamide
position (Scheme S1-S2). All compounds were fully characterized
by 'H NMR, BC NMR, and high-resolution mass spectrometry
(HR-MS).

Probe 1 was selected as the representative compound for pho-
tophysical characterization. Its properties, along with those of
the chlorinated derivatives (2 and 3) were measured in acetate
buffer (100 mM, pH 5.0, 1% EtOH), conditions chosen to mimic
standard MPO assay environments (Table S1). In this medium,
probe 1 exhibited absorption and emission maxima (1,,,/Acr,) at
516/536 nm with a high fluorescence quantum yield (&5, = 0.96),
closely matching values obtained in ethanol (4,ps/A.m = 515/535
nm, @p; = 0.96) (Figure 2b,c and Figure S1). This minimal solvent
dependence indicates that probe 1 exhibits robust and stable
photophysical behavior across both aqueous and organic media.
Relative to probe 1, the chlorinated products 2 and 3 displayed
distinct bathochromic shifts: compound 2 exhibited A,,,/4.,, at
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FIGURE 2 | (a)Proposed sensing scheme for MPO activity based on
electrophilic chlorination of probe 1. (b, ¢) Normalized absorbance (b) and
fluorescence (c) spectra of 1, 2, and 3 in acetate buffer (100 mM, pH 5.0, 1%
EtOH, 25°C). Emission spectra were recorded with excitation at 460 nm
for 1 and 500 nm for 2 and 3.

532/558 nm (Py;, = 0.83) and compound 3 showed A,,,/A.,, at
552/576 nm (®y; = 0.74) (Figure 2). Similar values were observed
in ethanol (A,ps/Aem = 529/555 nm, ®p; = 0.94 for 2; 548/573 nm,
@y = 0.84 for 3; Figures S2-S5), confirming solvent-independent
spectral behavior. Importantly, the substantial spectral separation
between probe 1 and its chlorinated products, combined with
consistently high quantum yields, supports dual-mode (chro-
mogenic and fluorescent) detection of MPO-generated HOCL
The fluorescence quantum yield of the dichlorinated product 3
remains high (@, = 0.74 in the assay buffer). This is notable
because 2,6-dihalogenated BODIPYs are widely used as triplet
photosensitizers. Compared to bromine and iodine, chlorine
substitution is only accompanied by a weak heavy-atom effect,
as evidenced in the literature for 2,6-dihalogenated BODIPYs
[52]. This photophysical profile stands in marked contrast to
previously reported chlorination-based probes built on xanthene
scaffolds, which suffered from either negligible spectral shifts or
severe fluorescence quenching upon halogenation [49, 51].

2.2 | HOCI Sensing in Aqueous Buffer Solution

Because MPO generates HOCI from H,0, and Cl-, the direct
HOCI-response of probe 1 before evaluating its performance
in MPO assays was first assessed. Addition of HOCI (100 pM)
to 1 (5 uM) in acetate buffer (100 mM, pH 5.0, 1% EtOH,
37°C) induced rapid (< 5 min) and pronounced spectral changes
(Figure 3). The original absorption and fluorescence bands of 1
(Aaps/Aem = 516/536 nm) decreased, accompanied by the emer-
gence of red-shifted features at A, = 552 nm and A, = 576
nm, consistent with formation of the di-chlorinated product 3
(Figure 3a,b). Concomitantly, the solution color changed from
pink to purple under ambient light, and the fluorescence shifted
from green to orange under 365 nm illumination (Figure 3a,b,
insets), enabling straightforward naked-eye detection.

Time-course studies confirmed that both absorbance and flu-
orescence changes proceeded rapidly and reached completion
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FIGURE 3 | UV/vis absorption (a) and fluorescence emission (b)
spectra of probe 1 (5 uM) before (green) and after (red) treatment with
HOCI (100 uM) in acetate buffer (100 mM, pH 5.0, 1% EtOH, 37°C).
Aex =460 nm (green) and 500 nm (red). Incubation: 5 min. Insets: Photos
of 1 (10 uM) before (—) and after (+) HOCI addition under ambient
light (a) and UV light (365 nm, b). (c) Fluorescence response [(Fy-F)/Fy]
at 536 nm versus [HOCI] (0-200 pM). Incubation: 5 min. F, and F
represent fluorescence intensities at 536 nm in the absence and presence
of HOC], respectively (1ex = 460 nm). Inset: A linear relationship between
fluorescence intensity [(Fy-F)/F,] at 536 nm vs. [HOCI] (0-50 uM). (d)
Selectivity of 1 (5 uM) toward various analytes, expressed as the Fs;5/Fs34
ratio. Analytes: (0) 1 only as a control, (1) HOCI (100 uM) (2) glucose, (3)
His, (4) Lys, (5) Gly, (6) Trp, (7) Cys, (8) GSH (reduced), (9) glutathione
peroxidase (GPx), (10) horseradish peroxidase (HRP), (11) trypsin, (12)
lysozyme, (13) lipase, (14) esterase, (15) BSA, (16) O," ~, (17) H,0,, (18)
‘BuOOH, (19) ONOO™, (20) *OH, and (21) *O'Bu. Conditions: [Analytes
2-15] = 1 mg/mL; [Analytes 16-21] = 100 pM. Incubation = 5 min for
HOCI; 12 h for others. A, = 460 nm. Inset: Emission spectra of 1 treated
with HOCI (red, 1y = 500 nm) and other analytes (black, Ao, = 460 nm).

within 30 min (Figure S6). Kinetic analysis under pseudo-first-
order conditions yielded second-order rate constants of 8.7 x 10
M~1.s7! for the monochlorination of probe 1 to give 2, and 8.0
x 10! M~1.s7! for the subsequent dichlorination of 2 to give 3
(Figure S7), confirming that the initial chlorination step proceeds
approximately 10-fold faster than the second, consistent with the
progressive accumulation of 3 at higher HOCI concentrations and
the sequential 1-2—3 pathway supported by time-dependent
HPLC analysis (Figure S15). HOCl-induced spectral changes
were concentration-dependent (Figure 3c and Figures S8 and
S9), yielding linear calibration curves suitable for quantitative
analysis. Excellent linearity was observed for both absorbance
at 552 nm (R?> = 0.983, Figure S10) and for the fluorescence
response [(F,-F)/F,] at 536 nm (R* = 0.995, Figure 3c, inset)
over 0—50 uM HOCI, with limits of detection (LOD, 30/slope) of
0.13 uM (absorbance) and 0.20 uM (fluorescence) (Figure S10).
These values are comparable to those of previously reported
HOCI probes and are well suited for detecting physiologically and
pathophysiologically relevant HOCI concentrations encountered
in inflammatory microenvironments, which typically fall in the
micromolar range (20-400 uM over 1 h, reaching up to low
millimolar levels at dense inflammatory loci) [43-47]. Probe 1
also exhibited excellent baseline stability, showing no significant

spectral changes over 10 h under assay conditions (Figure S11),
and remained chemically stable across pH 3-8 (Figure S12).
The optical response was most pronounced under mildly acidic
conditions (pH < 6.5) (Figures S13 and S14), consistent with HOCI
(pK, = 7.5) being the dominant chlorinating species in this
range. Accordingly, pH 5.0 was selected for all subsequent cell-
free and ex vivo assays to maximize HOCl-mediated chlorination
efficiency and enable direct comparison across experiments.

Selectivity studies confirmed that probe 1 is remarkably specific
to HOCI (Figure 3d). Negligible spectral changes were observed
upon exposure to a broad panel of other ROS/RNS includ-
ing superoxide (O,"~), hydrogen peroxide (H,O,), tert-butyl
hydroperoxide (‘BuOOH), peroxynitrite (ONOO™), hydroxyl rad-
ical (*OH), and tert-butoxy radicals (*O'Bu), as well as potential
biological interferents such as amino acids/biothiols (His, Lys,
Gly, Trp, Cys, GSH, and HCy), glucose, bovine serum albumin,
and common hydrolytic enzymes (trypsin, lysozyme, lipase,
and esterase), even after 12 h of incubation. HPLC-MS anal-
ysis confirmed compound 3 as the major reaction product
(Figures S15 and S16), consistent with a chlorination-driven
sensing mechanism. In contrast, widely used HOCl-responsive
probes FLBA (fluorescein-based boronic acid) [55] and APF (3’-
(p-aminophenyl)fluorescein) [41, 42] exhibited significant cross-
reactivity with ONOO~, H,0,, and/or *OH (Figures S17-S20).
This comparison highlights the superior selectivity of probe 1 for
HOCI over competing ROS/RNS.

2.3 | MPO Activity Assays in Buffer Solution

Building upon the validated HOCI response of probe 1, we next
evaluated its performance for the quantitative detection of MPO.
Optimized assay conditions were identified as acetate buffer
(100 mM, pH 5.0, 1% EtOH) containing 100 mM KCl and 50
uM H,0, at 37°C (Figures S21-S23). Under these conditions,
treatment of probe 1 (5 uM) with MPO generated the charac-
teristic absorption and emission bands of dichlorinated product
3 (Aaps/Aem = 552/576 nm), accompanied by a decrease in the
parent probe signals at 516/536 nm (Figures S24 and S25). HPLC-
MS analysis confirmed 3 as the primary product (Figure 4a-
3), consistent with MPO-driven HOCI formation followed by
electrophilic chlorination.

The absorbance at 552 nm and the fluorescence response [(F,-
F)/F,] at 536 nm increased progressively with MPO concentration
(0—1000 ng/mL) and incubation time (0—33 min) (Figure S26).
Probe 1 exhibited excellent linearity across this entire range for
both readouts (absorbance: R? = 0.993; fluorescence: R? = 0.988,
Figure 4b). This range encompasses physiologically relevant
MPO concentrations from healthy baselines (~20—60 ng/mL) to
those associated with inflammatory disease (typically ~60-300
ng/mL, up to ~1000 ng/mL) [28, 29]. LODs were 0.13 ng/mL
(absorbance, Figure S27) and 0.25 ng/mL (fluorescence, Figure
S28), outperforming many current MPO assay probes (Table
S2). Consistent with the pH-dependent HOCI response, MPO-
induced spectral shifts were maximal at pH 5.0, with substantial
responses still observed at pH 5.5-6.5 (Figure S23). Control exper-
iments confirmed that the response required the simultaneous
presence of MPO, H,0,, and Cl~ (entry 2 in Figure 4c and
Figure S29); omission of any component abolished spectral shifts.
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FIGURE 4 | (a) HPLC monitoring of the reaction of 1 (5 uM) in the
absence (1) and presence of MPO (150 ng/mL) after 10 min (2) and 20
min (3), showing formation of mono- and di-chlorinated products 2 (4)
and 3 (5). Conditions: acetate buffer (100 mM, pH 5.0, 1% EtOH)
containing 100 mM KCl and 50 uM H, 0, at 37°C. (b) Calibration plots for
MPO (0-1000 ng/mL) based on fluorescence response [(Fy-F)/Fy] at 536
nm (left axis, R? = 0.988) and absorbance at 552 nm (right axis, R? = 0.993).
Spectra of 1 were recorded 3 min after MPO addition under the conditions
above (¢ = 460 nm). (c) Absorbance at 552 nm of 1 under the indicated
assay conditions. Spectra were recorded 20 min after addition of 1 to each
solution.

Because SCN™ (20-100 uM in plasma) is a kinetically preferred
MPO substrate that can divert enzyme turnover toward HOSCN
[6], probe 1 was evaluated under MPO/H,0,/SCN~ conditions
(100 uM NaSCN; entry 6, Figure 4c and Figure S29). Negligible
spectral changes were observed, consistent with HOSCN not
undergoing electrophilic aromatic substitution on the BODIPY
core. However, competition for MPO by SCN™~ may reduce the net
HOCI flux and attenuate the probe response in vivo. Treatment
with MPO/H,0,/Br~ (100 uM KBr, entry 7, Figure 4c and Figure
S29) produced a slight decrease in the parent absorption/emission
bands, without generating the red-shifted absorption/emission
features at 552/576 nm or increasing in Fy;/Fs;. Moreover,
when Cl~ and Br~ were present together (entry 8, Figure 4c
and Figure S29), the response closely matched that observed
with Cl~ alone (entry 2). Therefore, at physiologically relevant
concentrations, Br~ does not substantially interfere with CI- and
MPO-derived HOBr does not induce a confounding ratiometric
signal under assay conditions. Specificity was further supported
by inhibition studies: the absorbance increase at 552 nm was dose-
dependently suppressed by the MPO inhibitor 4-aminobenzoic
acid hydrazide [56] (4-ABAH: ICs, = 42.0 + 1.9 nM, entry 9
in Figure 4c and Figure S31) and by the HOCI scavenger N-
acetylcysteine (NAC: ICy, = 2.14 uM, Figure S32). The ICy, value
for 4-ABAH agrees well with reported values [57], confirming
the suitability of 1 for quantitative MPO assays and potential
high-throughput inhibitor screening. Notably, probe 1 also exhib-
ited excellent selectivity, producing the characteristic red-shifted
spectral response exclusively with MPO and remaining unre-
sponsive to other peroxidases, including glutathione peroxidase,
horseradish peroxidase, and eosinophil peroxidase (Figure S30).
Collectively, these results establish an electrophilic chlorination-

based platform as a rapid, sensitive, and highly selective dual-
mode (chromogenic and fluorescent) system for the detection of
MPO activity and MPO-derived HOCI.

2.4 | Fluorescence Imaging of Exogenous and
Endogenous MPO-Derived HOCI in Cells

To enable subcellular visualization of MPO-derived HOCI, ana-
logues of probe 1 were prepared by appending established
targeting motifs at the meso-carboxamide position: morpho-
line (Lyso-O) and piperazine (Lyso-N) for lysosomes, and
triphenylphosphonium (Mito-P) for mitochondria. Lysosomal
targeting was prioritized because MPO is predominantly local-
ized in azurophilic, lysosome-like granules in neutrophils and
internalized MPO in macrophages is trafficked to endolysosomal
vesicles, the primary intracellular sites of MPO activity and HOCI
generation [4, 5]. Enrichment of the probes in these compart-
ments was therefore expected to maximize access to MPO-derived
HOCI. Mito-P was included based on emerging evidence that
MPO is not exclusively confined to lysosomes but is also present
in the mitochondria of macrophages [58, 59]. Furthermore,
mitochondria are particularly vulnerable to HOCIl-mediated
oxidative damage during inflammatory responses [60]. The three
derivatives preserved the characteristic MPO/Cl~/H,0O,-triggered
spectral response of probe 1 (Figures S33-S47), indicating that
installation of the targeting groups did not perturb the sensing
mechanism. Colocalization studies with commercial organelle
trackers indicated preferential enrichment in the intended sub-
cellular compartments, rather than exclusive localization, with
Pearson correlation coefficients of 0.56 for Lyso-0, 0.69 for Lyso-
N, and 0.54 for Mito-P (Figures S49 and S50). By comparison,
probe 1 showed weak colocalization with lysosomes (0.48) and
mitochondria (0.38), consistent with its non-targeted intracel-
lular distribution (Figures S49 and S50). The cytotoxicity of
probe 1 and the targeted derivatives (Lyso-O, Lyso-N, and Mito-
P) was evaluated in three representative cell lines: HL-60 (human
promyelocytic leukemia, high MPO expression), K562 (human
chronic myelogenous leukemia, low MPO expression), and RAW
264.7 (murine macrophages, low MPO expression) [61-63]. All
probes maintained cell viability above 88% at concentrations up
to 20 uM in all three cell lines (Figure S48), confirming their
suitability for cellular imaging applications.

We first assessed whether the probes could visualize, in
cells, exogenous generation of MPO-derived HOCL. RAW 264.7
macrophages, which exhibit very low basal MPO activity [61-
63], were treated extracellularly with an MPO/Cl~/H,0, system
(100 mM acetate buffer, pH 5.0, 1% EtOH) and analyzed by
confocal fluorescence microscopy (Figure 5a). Cells incubated
with probe 1 alone exhibited predominantly green fluorescence
(1), consistent with the unreacted form of the probe. In contrast,
treatment with the complete MPO/Cl~/H,0, system induced
a pronounced green-to-red fluorescence transition, character-
ized by decreased emission in the green channel (Figure 5a-6;
Ex/Em = 488/520—540 nm) and markedly increased emission
in the red channel (Figure 5a-7; Ex/Em = 488/570—590 nm),
reflecting conversion of the probe to its chlorinated products.
Quantitative analysis showed a 6-7-fold increase in the Fyeq/green
ratio across all probe variants, including Lyso-O, Lyso-N, and
Mito-P, indicating that incorporation of targeting motifs does
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FIGURE 5 | (a)Confocal fluorescence images of RAW 264.7 macrophages loaded with probe 1 (5 uM, 30 min) (1-5) and then treated extracellularly
with KCI (100 mM), H,0, (50 uM), and MPO (100 ng/mL) in the absence (6—10) or presence (11-15) of the MPO inhibitor 4-ABAH (200 uM, 30 min).
Conditions: acetate buffer (100 mM, pH 5.0, 1% EtOH). Following probe loading and the indicated treatments, cells were synchronously fixed with 4% PFA
to terminate the MPO-dependent sensing reaction prior to confocal imaging, and counterstained with DAPI for nuclear visualization. (b) Quantification
of the fluorescence intensity ratio (Fred/green) in RAW 264.7 cells treated with probe 1, Lyso-O, Lyso-N, or Mito-P under the indicated conditions. (c)
Confocal fluorescence images of HL-60 cells loaded with probe 1 (5 uM, 30 min) under basal conditions (1-5) or after pre-treatment with 4-ABAH (200
uM, 30 min) (6—10). (d) Quantification of the fluorescence intensity ratio (Freg/Green) in HL-60 cells treated with probe 1, Lyso-O, Lyso-N, or Mito-P
under the indicated conditions. Cells were co-stained with DAPI for nuclear visualization. From top to bottom: green channel (Ex/Em = 488/520-540
nm), red channel (Ex/Em = 488/570-590 nm), blue channel (Ex/Em = 405/450-480 nm), merged images, and bright-field images. Scale bar: 20 um. Data
are presented as mean + SEM (n = 9). Different letters denote statistically significant differences (p < 0.05). Data in (b) and (d) were normalized to the

fluorescence ratio from cells treated with probe only.

not compromise sensing performance (Figure 5b and Figure S51).
The chlorinated products 2 and 3 showed neither significant
10, generation (Figures S67-S69) nor detectable photobleaching
(Figures S62-S66) under laser illumination. Probe-derived ROS
generation through photosensitization and self-sensitized pho-
todegradation therefore does not bias the fluorescence readout in
cellular imaging.

Importantly, the fluorescence response was strongly suppressed
by co-incubation with the MPO inhibitor 4-ABAH (200 puM)
(Figure 5a-11,12; Figure 5b), restoring signal close to the probe-
only condition. These results confirm that the observed fluores-
cence switching arises from MPO-dependent HOCI generation
rather than nonspecific probe activation. Notably, probe-treated
cells showed weak basal red fluorescence even in the absence
of exogenous MPO stimulation (Figure 5a-2), whereas red-
channel emission was further reduced in the presence of 4-ABAH
(Figure 5a-12). This result suggests that probe 1 is sufficiently sen-
sitive to detect trace endogenous MPO-derived HOCI production,

even in cells with minimal MPO expression. Similar fluorescence
responses were also observed in K562 cells (Figure S52), fur-
ther supporting the general applicability of this platform across
distinct low-MPO cell types.

Having established robust detection of exogenous MPO activity
using the MPO/Cl/H,0, system, we next assessed whether
the probes could detect physiologically generated HOCI in HL-
60 cells, a human promyelocytic leukemia cell line known to
express high levels of endogenous MPO [61-63]. Cells were
imaged under basal conditions and after pre-treatment with the
MPO inhibitor 4-aminobenzoic acid hydrazide (4-ABAH, 200
uM, 30 min) (Figure 5c,d). Under basal conditions, all probes
produced measurable red fluorescence in HL-60 cells (Figure 5c-
2; Figure S54), consistent with constitutive endogenous HOCI
generation. Pre-treatment with 4-ABAH markedly suppressed the
red fluorescence signal (Figure 5c-7; Figure S54), resulting in an
approximately 54%—61% decrease in the Fy.q/green atio for probe
1, Lyso-0, and Lyso-N (Figure 5d). These results indicate that the
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observed fluorescence signals arise predominantly from MPO-
dependent intracellular HOCI. By contrast, Mito-P showed only
a modest reduction in Fy.q/green Upon 4-ABAH pre-treatment (ca.
21%; Figure 5d and Figure S54). This weaker inhibitor response
may reflect its mitochondrial localization.

Notably, probe 1 exhibited substantially stronger basal red flu-
orescence in HL-60 cells than in K562 or RAW 264.7 cells,
both of which express low MPO levels (Figure S56), consistent
with the higher endogenous HOCI flux associated with elevated
MPO expression in HL-60 cells. The ability to distinguish high-
and low-MPO cell lines indicates that these probes not only
detect endogenous HOCI but also report differences in MPO
activity across distinct cellular contexts. Collectively, these results
establish this probe platform as a sensitive and selective tool for
detecting both exogenous and endogenous MPO-catalyzed HOCI
in cells.

2.5 | Oxidative Stress—Based Discrimination
Between Cancer and Normal Cells

Cancer cells often exhibit elevated oxidative stress arising from
altered metabolism and mitochondrial dysfunction, leading to
higher basal H,0, levels than those in normal cells [64, 65].
Because H,0, is a key substrate for MPO-catalyzed HOCI gen-
eration, we investigated whether the probes could discriminate
cancer versus normal cells on the basis of their differential
redox states. In the presence of exogenous MPO/CI-, lysates
from human breast cancer cells (MCF7) and lung cancer cells
(A549) showed 1.5-1.7-fold higher Fy.qgeen ratios than those from
their corresponding normal counterparts, MCF10A and MRCS5,
respectively (A549 vs. MRC5; MCF7 vs. MCF10A, Figure 6a
and Figure S58). This difference is consistent with the higher
endogenous H,0, levels in cancer cells, which promote HOCI
production under MPO-supplemented conditions. To further
accentuate metabolic differences, cells were pre-treated with
antimycin A (AntA), a mitochondrial complex III inhibitor
that induces mitochondrial dysfunction and markedly increases
intracellular H,0, production [66]. Following AntA treatment,
cancer cell lysates exhibited substantially higher Fy.q/green ratios
than their corresponding normal cell lysates, with increases of
approximately 4-fold for the MCF7/MCFI0A pair and 6-7-fold
for the A549/MRCS5 pair (Figure 6a and Figure S58). Similar
trends were observed across all probe variants, demonstrating
the robustness of the probe platform for distinguishing cancer
from normal cells on the basis of oxidative stress-associated HOCI
generation. We note that this discrimination experiment relies
on exogenous MPO/CI~ supplementation and is therefore not
a direct diagnostic assay for endogenous MPO activity. Rather,
the probe reports differential H,0,-dependent HOCI generation
between cancer and normal cell lysates under standardized MPO-
supplemented conditions. It may be applicable to ex vivo redox
profiling, rather than direct in vivo cancer diagnosis.

2.6 | Cellular and Ex Vivo Detection of
Inflammatory Responses

To assess probe performance under inflammatory conditions,
RAW 264.7 macrophages were stimulated with lipopolysac-

charide (LPS) that induces pro-inflammatory and oxidative
responses. LPS-treated cells showed substantially higher red
fluorescence and elevated Fiey/green ratios (1.4-1.8) than untreated
controls (Figure 6b and Figure S53), indicating increased HOCI
levels during inflammatory activation. This enhancement in
Fred/creen 18 consistent with LPS-induced oxidative signaling,
which promotes a respiratory burst and increases intracellu-
lar H,0, production [67, 68], thereby facilitating HOCI for-
mation from endogenous MPO activity or MPO internalized
under inflammatory conditions. While cell-free assays, ex vivo
experiments, and cellular imaging of exogenous MPO-derived
HOCI were conducted at pH 5.0, endogenous cellular imaging
was performed under physiological culture conditions, where
HOCI and OCI™ coexist (~1:1 at pH 7.4). Importantly, MPO-
derived chlorination in biological systems typically occurs within
mildly acidic microenvironments — including lysosomes (pH
4.5-5.0), phagosomes/phagolysosomes (pH 5—6.5), and locally
acidic inflammatory or cancerous tissues (pH 4.0—6.5) — rather
than solely at bulk extracellular pH [69-72]. The fluorescence
responses are therefore best interpreted as reporting MPO-
associated chlorinating activity within local organellar or inflam-
matory microenvironments, where HOCI/OCI~ speciation is
governed by the local rather than bulk extracellular pH.

To further evaluate probe performance in primary immune
cells under inflammatory conditions, the probes were applied to
granulocytes isolated from LPS-treated mice. Plasma/granulocyte
mixtures from LPS-treated mice exhibited 1.6-1.9-fold higher
Fred/creen Yatios than those from wuntreated control mice
(Figure 6¢), confirming that the probes can detect inflammation-
associated HOCI production in primary immune cells obtained
from an in vivo inflammatory model. These cellular and ex vivo
results demonstrate that the probes sensitively capture HOCI
elevations associated with inflammatory activation, supporting
their utility for monitoring MPO-derived HOCI production
during active immune responses.

2.7 | InVivo Visualization of Inflammation in an
Atopic Dermatitis Mouse Model

To extend these findings in vivo, the probe series was evaluated
in a 2,4-dinitrochlorobenzene (DNCB)-induced atopic dermatitis
(AD) mouse model, a well-established model of chronic skin
inflammation [73]. Following tail-vein injection of the probes,
clear differences in fluorescence patterns were observed among
healthy control and DNCB-treated AD mice. Healthy control
animals displayed strong green fluorescence with weak red
fluorescence, whereas DNCB-treated AD mice showed the oppo-
site trend, with diminished green fluorescence and markedly
enhanced red fluorescence at superficial inflamed dorsal skin
sites (Figure 7a). This fluorescence shift resulted in significantly
elevated Fyeq/creen Tatios across all probes in the AD group relative
to healthy controls: probe 1 (~8-fold), Mito-P (~8-fold), Lyso-N
(~10-fold), and Lyso-O (~12-fold) (Figure 7b). 4-ABAH treatment
in vivo (40 mg/kg, i.p., once daily during AD induction) markedly
suppressed the DNCB-induced elevation in Fieq/green Iatios across
all probes (Figure 7b), providing pharmacological evidence that
the fluorescence response is driven by MPO activity in inflamed
skin lesions rather than nonspecific oxidative processes. The
probe-dependent differences in Freq/green ratios likely reflect
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FIGURE 6 | (a)Comparative fluorescence ratios (Fred/Green) Of probe 1 measured in lysates from normal (MRC5), cancer (A549), and antimycin
A (AntA)-treated (red) cells, shown in the absence (green) and presence (pale red and red) of MPO/KCI. Cell lysates were analyzed in acetate buffer
(100 mM, pH 5.0) with or without MPO (100 ng/mL)/KCl (100 mM). (b) Relative fluorescence response (Freq/Green) i probe (5 uM)-loaded RAW 264.7
macrophages under basal conditions (green) or after stimulation with lipopolysaccharide (LPS, red). (c) Relative fluorescence response (Fred/Green) fOr
probe 1, Lyso-O, Lyso-N, and Mito-P in the absence (pale green) and presence of plasma/granulocyte mixtures isolated from uninflamed healthy
(green) or LPS-injected inflamed mice (red). Plasma/granulocyte mixtures were analyzed in acetate buffer (100 mM, pH 5.0). Ratios were normalized to

the uninflamed healthy control group. Data are presented as mean + SEM (n = 9). Different letters denote statistically significant differences (p < 0.05).

variations in systemic biodistribution and tissue accumulation
among the probe variants rather than subcellular organelle
targeting per se, and should be interpreted with caution given the
small sample size (n = 3).

The robust fluorescent response reflects elevated HOCI pro-
duction at sites of inflammation, likely driven by infiltrating
neutrophils and other activated immune cells that release MPO
within AD lesions. Successful induction of the AD model was
verified by RT-PCR analysis, which showed significant upreg-
ulation of AD-associated inflammatory biomarkers, including
Nos2, Mmp8, Mmp9, and Ccl27 [74], in DNCB-treated skin
(Figure 7c). Notably, 4-ABAH treatment reduced the expres-
sion of these inflammatory markers relative to the DNCB-only
group (Figure 7c), consistent with suppression of MPO-associated
inflammatory activation. Histological analysis by H&E staining
further revealed pronounced epidermal and dermal thickening, a
hallmark feature of AD, in DNCB-treated mice (Figure 7d), which
was attenuated upon 4-ABAH treatment (Figure S60). Fluores-
cence localization studies demonstrated preferential accumula-
tion of the probes in inflamed AD skin tissue, with minimal

signals in healthy skin (Figure 7e), indicating that both strong
fluorescent activation and selective tissue localization contribute
to the high imaging contrast observed. As an additional line
of evidence, MPO enzymatic activity, measured directly in skin
tissue lysates using a commercial colorimetric o-dianisidine MPO
activity assay, was significantly elevated in DNCB-treated AD
mice relative to healthy controls and was substantially reduced
upon 4-ABAH treatment (Figure S61), corroborating the in vivo
imaging results and confirming that the fluorescence signal
specifically reflects local MPO-derived HOCI production. Collec-
tively, these results demonstrate that the probe series sensitively
detects MPO-mediated HOCI production in an inflammatory skin
model, highlighting their potential for non-invasive imaging of
inflammatory disorders.

3 | Conclusion
In summary, we have developed a chlorination-driven BODIPY

fluorescent platform for the highly selective detection of MPO
activity and MPO-derived HOCI based on a meso-carboxamide-

8of12

Angewandte Chemie International Edition, 2026

85U8017 SUOLLLOD 3ATER1D 3(dedl|dde ay3 Aq peusenob s e ssoile O ‘@SN Jo se|ni Jo} Aiq1 8UlUO A8]IM U (SUORIPUOD-pUR-SLULB) D" A3 1M Afe.q| 18U {UO//SANY) SUORIPUOD PUe SWB | 8L 88S *[9202/TT/E0] Uo ARriqiauluo Ae|im ‘AseAlun Buy-Bunyd Aq S//60.6'91Ue/200T 0T/10p/W0D A8 |Im" Akeiq jpul|uoy/:sdny wo.j pepeo|umod ‘Sy ‘9202 ‘€2/ET2ST



@ Bright Green Red Merged (b)18.=g?4'<':t§°| (c)1z.=gﬁ?:%°| (d)
= iz o iz o iz o oy = DNCB/4-ABAH mDNCB/4-ABAH
898 £885 38 £ggs <3 £
6 z2¢ 6 z2%¢ 6§ z2% 5§ zzI¥ 4 Ze G
O 0O Aw O 0O aOw (S == O 0O Qw 2 EE O |~
8 s
3 22
— w &9 C m
v &)a. %)
w E
0 . A i 250 pm
1 O N D PO
0" 0" 8O o R L\
? P K ™ \t\‘(\ \l\« (N

Vo
(e) Bright Green Red Merged Bright Green Red Merged

1

Mito-P Lyso-N Lyso-O

FIGURE 7 | (a)In vivo fluorescence images of healthy control mice, DNCB-induced atopic dermatitis (AD) mice, and DNCB/4-ABAH-treated AD
mice after tail-vein injection of probe 1, Lyso-O, Lyso-N, or Mito-P. AD mice showed decreased green fluorescence and enhanced red fluorescence
at superficial inflamed dorsal skin sites relative to healthy controls, whereas 4-ABAH treatment suppressed the DNCB-induced fluorescence response.
(b) Quantification of the fluorescence ratio (Fgred/green) in healthy control, DNCB-treated, and DNCB/4-ABAH-treated mice for each probe. (c) RT-PCR
analysis of AD-associated inflammatory biomarkers (Nos2, Mmp8, Mmp9, and Ccl27) in skin tissues from healthy control, DNCB-treated, and DNCB/4-
ABAH-treated mice. (d) H&E-stained skin sections showing epidermal and dermal thickening in DNCB-treated mice. Scale bar: 50 um. (e) Fluorescence
localization images of dorsal skin showing preferential accumulation of the probes in inflamed AD lesions (right side), with minimal signal in healthy
skin (left side). Data are presented as mean + SEM (n = 3). Different letters in (b) and (c) denote statistically significant differences (p < 0.05).

substituted 3,5-dimethyl BODIPY scaffold. By coupling a chem-
ically well-defined electrophilic chlorination reaction with a
fluorophore that retains strong emission after halogenation, this
platform overcomes a key limitation of previous chlorination-
based systems, namely, weak spectral response or fluorescence
quenching. The lead probe exhibits a distinct ca. 40 nm
bathochromic shift upon chlorination, enabling sensitive dual-
mode detection of MPO-derived HOCI with excellent selectivity
over competing ROS/RNS. Importantly, the modular meso-
carboxamide design also enabled straightforward access to probe
derivatives, including Lyso-O, Lyso-N, and Mito-P, without
compromising sensing performance. Across this probe series, the
strategy proved effective in quantitative MPO assays, cellular
imaging of exogenous and endogenous MPO-derived HOCI,
discrimination between cancer and normal cells, and detection
of inflammation-associated HOCI in cellular, ex vivo, and in
vivo models, including a DNCB-induced mouse model of atopic
dermatitis. This strategy differs from prior BODIPY halogenation
chemistry and conventional HOCI/MPO probes by converting
MPO-derived electrophilic chlorination into a selective fluo-
rochromic readout with retained bright emission. Overall, this
work establishes electrophilic chlorination as an effective design
strategy for MPO-responsive fluorescent probes and expands
the molecular toolkit for studying MPO-mediated inflammatory
pathways in biological and preclinical disease models.
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