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ABSTRACT: The early diagnosis of osteoarthritis (OA) can halt
or delay the progression of the disease, and it is essentially
beneficial to its treatment. However, biomarkers with sufficient
sensitivity for dynamically identifying early OA are still yet to be
determined. The overproduced hypochlorous acid (HOCI) has
been proposed as an obvious symptom in early OA. Herein, based
on the oxidation reaction of the sulfur atom in phenothiazine into
sulfoxide, we design and synthesize a phenothiazine-derived
coumarin fluorescent probe PDC for the detection of CIO™ in
cells and in an OA mouse model. The probe PDC exhibits
excellent selectivity and sensitivity for CIO™ detection with a limit
of detection as low as 16.1 nM. Taking advantage of the probe
PDC, we visualize and evaluate the level changes of ClIO™ in

OSTEOARTHRITIS

macrophage cells, which is stimulated by various inflammatory factors. The anti-inflammatory and therapeutic effects of
selenocysteine and methotrexate in inflamed cells are also confirmed. Finally, with in vivo imaging of CIO™ concentration changes in
OA BALB/c mouse models, we successfully inspected the relationship between OA phenotypes and the burst of CIO™. We suggest
that abnormal changes in HOCI concentration may be considered as a new biomarker for the early OA diagnosis.
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B INTRODUCTION

Osteoarthritis (OA) is a chronic and degenerative joint
disorder in which articular cartilage injury and reactive
hyperplasia of the joint edge and subchondral bone are
involved owing to various risk factors, including aging, obesity,
strain, trauma, and joint congenital abnormalities.”” The
structural abnormalities in joints are often accompanied by
pain and joint dysfunctions, which severely impair the living
quality of patients. However, OA is quite challenging to cure.
As is well known, in the early stages of OA, articular cartilage is
more metabolically adapted to its new environment, and the
cartilage matrix is more easily repaired and regenerated than
that at advanced stages of OA.>* Therefore, the early diagnosis
of OA have priority to hinder or prevent the progression of the
disease, and it may be beneficial to the treatment. Magnetic
resonance imaging (MRI) has been regarded as the most
widely used imaging technique for clinical diagnosis of OA.
Nevertheless, many structural abnormalities detected by MRI
are very common in older populations, which may cause the
diagnostic uncertainty for OA patients, and are not suitable for
early diagnosis of OA.” Therefore, it is invaluable to exploit
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new biomarkers with sufficient sensitivity for identifying early
OA.

It is now suggested that a low-grade inflammation is
implicated in OA,®” which induces the accumulation of
neutrophils and macrophages in impaired joints. Then,
myeloperoxidase (MPO), a specific enzyme, is overproduced
in these cells. In patients with early OA, a 4-fold increase in
MPO levels has been found in comparison with patients
without OA or with advanced OA.® Accordingly, hypochlorous
acid (HOC], in this work mainly as ClO7), a type of reactive
oxygen species (ROS, generally including ‘OH, O,~, ONOO",
'0,, ClO~, and H,0,), is over-generated in early OA through
an MPO-catalyzed reaction between H,0, and CI? It is
proposed that HOCI is involved in the degradative process of
articular cartilage in early OA based on an indirect detection of

Received: February 9, 2020
Accepted: June 26, 2020
Published: June 26, 2020

https://dx.doi.org/10.1021/acssensors.0c00270
ACS Sens. 2020, 5, 1949-1958


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ji-Ting+Hou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bingya+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuxia+Zou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peiwen+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xueping+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinhua+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabiao+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabiao+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssensors.0c00270&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00270?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00270?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00270?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00270?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00270?fig=abs1&ref=pdf
https://pubs.acs.org/toc/ascefj/5/7?ref=pdf
https://pubs.acs.org/toc/ascefj/5/7?ref=pdf
https://pubs.acs.org/toc/ascefj/5/7?ref=pdf
https://pubs.acs.org/toc/ascefj/5/7?ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c00270?ref=pdf
https://pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org/acssensors?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

Scheme 1. (A) Design Strategy of Phenothiazine-Derived Fluorescent Probes; (B) Proposed Reaction Mechanism between

Probe PDC and ClO
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its chlorinated products via in vitro analysis like HPLC—
MS.2'® However, such methods are not suitable for in situ
measurement and cannot provide reliable information on the
real-time fluctuation of ClO™ levels in early OA and thus
cannot reflect the dynamic progression of the disease. As such,
compared with its secondary products, CIO™ must present a
more ideal biomarker candidate for the determination of early
OA owing to their direct association. Combined with
traditional detection methods like MRI, early OA may be
diagnosed with the observation of CIO™ generation in the joint
of patients. Thus, it is urgent to develop a sensitive and
selective chemical tool for the
evaluation of CIO™ changes during the development of OA.

Due to their ability for in situ detection, rapid response, and
11-16

direct visualization and

noninvasive measurement, a number of fluorescent
probes have been constructed for sensing CIO™ over the past
decades.'’ 7 Although several probes have been utilized to
image the generation of CIO™ in a commom arthritis

31-35
model,

to the best of our knowledge, there is no certain
fluorescent probe conceived to evaluate CIO™ in OA. Aware of
this requirement, in this work, we prepared two phenothiazine-
derived coumarin fluorescent probes PDC and PDN for the
imaging and evaluation of ClO™ fluctuations in the early
diagnosis of OA (Scheme 1). Encouragingly, the probe PDC
exhibited a more highly selective and sensitive response toward
ClO™ with a “turn-on” behavior, and it could be utilized to
image endogenous ClO~ in RAW 264.7 macrophages that
were treated with various inflammatory factors. Moreover, the
remediation of injuried RAW 264.7 cells was achieved using
antioxidants. Ultimately, the overproduction of CIO™ in OA
mouse models induced by lipopolysaccharide (LPS) was
successfully visualized for the first time, as well as its
remediation via the administration of selenocystine (Sec). By
making use of CIO™ as a potential biomarker, it was promising
that the probe PDC could be considered as a potent auxiliary
chemical tool to indicate the early OA in patients.
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B EXPERIMENTAL SECTION

General Remarks for Experimental. All chemicals were
purchased from Aladdin and Energy Chemical and were used without
further purification. 'H NMR and '*C NMR spectra were measured
on a 600 MHz NMR spectrometer. Proton chemical shifts of NMR
spectra are given in ppm relative to internals reference TMS ('H, 0.00
ppm). Mass spectra were measured on an HP-1100 LC—MS
spectrometer. UV—vis spectra were recorded on a UV-3900
spectrometer. Fluorescence spectra were recorded on an FLS 1000
fluorimeter. Confocal microscopy fluorescence images were acquired
on a Leica TCS SP8. The solvents used for UV—vis and fluorescence
measurements were of HPLC grade. Unless otherwise noted,
materials were obtained from commercial suppliers and were used
without further purification. All the solvents were dried according to
the standard methods prior to use. All of the solvents were either
HPLC or spectroscopic grade in the optical spectroscopic studies.

Preparation and Characterization of 2. Compound 1 was
prepared following a previous report.”® Compound 1 (3.2 g 11.8
mmol) was dissolved in 20 mL of EtOH, and then diethyl malonate
(3.8 g, 23.6 mmol) was added in a portion. The reaction mixture was
heated to 80 °C for reflux. After 8 h, the reaction was cooled down to
room temperature, and the precipitate was filtered to afford 2 as a red
solid (3.9 g, 90.6%)."H NMR (600 MHz, DMSO-d,) & 8.53 (s, 1H),
7.57 (s, 1H), 7.22=7.17 (m, 1H), 7.13 (dd, J = 7.6, 1.5 Hz, 1H),
7.10=7.07 (m, 1H), 6.98 (td, J = 7.5, 1.1 Hz, 1H), 6.94 (s, 1H), 4.22
(q,J=7.1Hz, 2H), 3.98 (q, ] = 6.9 Hz, 2H), 1.28 (t, ] = 6.9 Hz, 3H),
1.25 (t, ] = 7.1 Hz, 3H). °C NMR (150 MHz, DMSO-d) § 163.36,
156.79, 156.78, 150.33, 148.57, 142.06, 128.62, 127.66, 127.37,
124.37, 121.96, 119.23, 116.97, 113.31, 113.20, 102.31, 61.44, 42.70,
14.67, 12.72.

Preparation and Characterization of PDC. Compound 2 (3 g,
8.2 mmol) was dissolved in EtOH (60 mL), and 10% NaOH (80 mL)
was added. The mixture was refluxed for 30 min and then cooled
down to room temperature. The reaction mixture was adjusted to pH
2—3 with con. HCL. The precipitate was filtered to afford PDC as a
dark-red solid (2.6 g, 95%). '"H NMR (600 MHz, DMSO-d) & 8.53
(s, 1H), 7.58=7.53 (m, 1H), 7.19 (t, ] = 7.8 Hz, 1H), 7.12 (d, ] = 7.5
Hz, 1H), 7.07 (d, ] = 8.1 Hz, 1H), 6.97 (t, ] = 7.4 Hz, 1H), 6.93 (d, ]
=3.3 Hz, 1H), 3.97 (q, ] = 6.6 Hz, 2H), 1.28 (t, ] = 6.9 Hz, 3H). 1*C
NMR (150 MHz, DMSO-d;) & 164.62, 157.83, 156.67, 150.21,
148.43, 142.13, 128.60, 127.65, 127.30, 124.34, 122.03, 119.35,
116.95, 113.88, 113.39, 102.34, 42.69, 12.74. ESI-MS: m/z 340.0643
[M + H]": (calcd 340.0638).

https://dx.doi.org/10.1021/acssensors.0c00270
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Preparation and Characterization of 3. To a solution of
compound 1 (542 mg, 2.0 mmol) and ethyl nitroacetate (293 mg, 2.2
mmol) in n-butanol (20 mL) were added piperidine (50 uL) and
acetate acid (100 xL). The mixture was refluxed at 118 °C for 10 h
and then cooled down to room temperature. The precipitate was
filtered to afford 3 as a dark-red solid (380 mg, 55.9%). '"H NMR
(600 MHz, DMSO-dg) & 9.00 (s, 1H), 7.63 (s, 1H), 7.26—7.18 (m,
1H), 7.13 (td, ] = 7.7, 1.3 Hz, 2H), 7.06—6.98 (m, 2H), 4.01 (q, ] =
6.9 Hz, 2H), 1.29 (t, ] = 6.9 Hz, 3H). '*C NMR (150 MHz, DMSO-
dg) 6 157.29, 152.81, 151.74, 143.46, 141.28, 131.04, 128.77, 128.10,
127.68, 124.86, 121.61, 120.02, 117.28, 111.93, 102.12, 43.10, 12.66.
ESL-MS: m/z 341.0573 [M + H]*: (calcd 341.0591).

Preparation and Characterization of PDN. Hydrochloric acid
(5 mL, 15%) was slowly added to a solution of compound 3 (340 mg,
1 mmol) and SnCL,-2H,0 (564 mg, 2.5 mmol) in ethyl acetate (EA,
25 mL). The reaction mixture was refluxed for 8 h. After the solvent
was evaporated, the residue was neutralized with 15% NaOH to pH
5—6 and extracted with EA. The combined organic phase was washed
with brine and dried over Na,SO,. The crude product was purified
over silica gel by column chromatography using a mixture of
petroleum ether/EA (6:1, v/v) as the eluent to afford PDN as a
yellow solid. (200 mg, 64.5%). '"H NMR (600 MHz, chloroform-d) &
7.16 (ddd, J = 8.7, 7.8, 1.6 Hz, 1H), 7.11 (dd, ] = 7.6, 1.5 Hz, 1H),
6.98 (s, 1H), 6.93 (td, J = 7.5, 1.5 Hz, 1H), 6.90—6.87 (m, 1H), 6.75
(s, 1H), 6.59 (s, 1H), 3.91 (q, ] = 7.0 Hz, 2H), 1.43 (t, ] = 6.9 Hz,
3H). ®C NMR (150 MHz, chloroform-d) & 159.64, 149.40, 144.12,
143.96, 130.08, 127.61, 127.43, 12347, 122.86, 122.42, 121.01,
115.90, 115.44, 111.32, 102.82, 42.35, 12.77. ESI-MS: m/z 333.0658
[M + Na]*: (calcd 333.0668).

Preparation and Characterization of PDC-O. To 300 mL of
water was added a solution of PDC (14.0 mg, 41.3 ymol) in 1 mL of
DMSO. Under stirring and a 365 nm UV lamp, aqueous NaClO
(available chlorine 5.5 ~ 6.5%) was added to the mixture dropwise
until the fluorescence color changed into cyan completely. Then, con.
HCI was added to adjust the pH of the solution to ~S. The reaction
mixture was extracted with CH,Cl, (3X 30 mL). The combined
organic phase was washed with brine and dried over Na,SO,. The
final removal of the solvent afforded PDC-O as a yellow solid. (14.1
mg, 95.9%). "H NMR (600 MHz, DMSO-d;) & 8.82 (s, 1H), 8.64 (s,
1H), 8.05 (d, J = 6.7 Hz, 1H), 7.80—7.78 (d, ] = 3.1 Hz, 2H), 7.62 (s,
1H), 7.43—7.37 (m, 1H), 4.48 (q, ] = 7.0 Hz, 2H), 1.45 (t, ] = 6.9 Hz,
3H). 3C NMR (150 MHz, DMSO-d,) 6 163.91, 157.29, 156.52,
147.77, 141.43, 136.61, 134.74, 133.59, 131.54, 124.39, 123.07,
121.61, 116.90, 115.39, 112.60, 102.28, 42.64, 11.53. ESL-MS: m/z
356.0573 [M + H]": (calcd 356.0587).

Cell Counting Kit-8 Assay for Probes. RAW 264.7 cells were
cultured in DMEM supplemented with 10% FBS in an atmosphere of
5% CO, and 95% air at 37 °C. The cells (8000 cell/well) were plated
into 96-well plates and allowed to adhere for 24 h. Subsequently, the
cells were incubated with 0.001, 10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 uM (final concentration) of the probe at 37 °C in an atmosphere
of 5% CO, and 95% air for 24 h. An untreated assay with DMEM was
also performed under the same conditions as those in the control.
CCK-8 solution (5.0 mg/mL, 10 uL) was added to each well. Then,
the plate was incubated in an atmosphere of 5% CO, and 95% air.
One hour later, the absorbance was measured at 450 nm using a
microplate reader (TECAN infinite M200pro).

Cell Culture and Confocal Imaging. For imaging experiments, a
probe with a purity of above 95% was used. RAW 264.7 cells were
incubated in DMEM supplemented with 10% fetal bovine serum
(FBS). The cultures were maintained at 37 °C in an atmosphere of
95% air with 5% CO,. Living cells were first inoculated to a confocal
plate followed by adding 1 mL of fresh complete culture media and
cultured for 24 h. Then, the cells were incubated with 10 uM probe
solution for 10 min. After that, probe PDC-loaded cells were
incubated with various stimuli for 30, 60, and 90 min before imaging
experiments. Confocal images of cells were obtained using an
Olympus FV3000 confocal microscope with a 60X oil objective
lens. The excitation wavelength selected was 405 nm, and the
collected wavelengths selected were 480—S510 nm.
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In Vivo Imaging in Living Mice Models. Six to eight week-old
BALB/c mice were provided by Hainan Medical University. The right
knees of the six to eight week-old BALB/c mice were injected with
LPS (0.1 mL, S mg/mL, PBS, intra-articular injection) every day; the
probe PDC (0.1 mL, 10 uM, DMSO/PBS = 1:1, V:V, intra-articular
injection) before in vivo imaging after a few weeks; (Sec), (500 ug/
kg) was i.p. injected every day before LPS administration; MTX (100
ug/kg) was i.p. injected every day before LPS administration. The hair
around the knee was removed during the research. Images were taken
using a PerkinElmer IVIS Lumina XRMS Series III in vivo imaging
system, with an excitation filter of 40S nm and emission windows
from 480 to 510 nm. All experimental procedures were conducted in
conformity with institutional guidelines for the care and use of
laboratory animals, and protocols were approved by the Institutional
Animal Care and Use Committee in Hainan Medical University,
Haikou, China.

B RESULTS AND DISCUSSION

Design Strategy and Synthesis of the Probes PDC
and PDN. Over the past several years, phenothiazine has been
employed as a block unit for the design of ClO™-specific
fluorescent probes due to its oxidizable sulfur atom.”” " As
illustrated in Scheme 1A, in those probes, electron-with-
drawing groups (EWGs) have usually been incorporated at the
3-position of the phenothiazine backbone to construct large 7
conjugations with intramolecular charge transfer (ICT), while
their optical behaviors are obviously altered upon the oxidation
of the sulfur atom to sulfoxide by ClO™. However, besides the
oxidizable sulfur atom, the introduced C=C bond is always
susceptible to ROS, increasing the uncertainty of the reaction
between the probes and ROS. In addition, these dual reaction
sites often lead to the generation of multiple fluorescent
products that may affect the accuracy of measurements."’
Moreover, the additional reactive site may weaken the probes’
selectivity to ClO™. On the other hand, coumarin widely exists
in natural products and has been vastly utilized in the creation
of fluorescent probes because of its splendid photophysical
properties.”" Thus, a new strategy to construct phenothiazine-
derived coumarin analogues for fluorescent detection of CIO™
is presented in this work by ring extension that amplifies the &
systems but avoids the introduction of additional reactive sites.
Such derivatives may be highly biocompatible with good
optical properties and has a single reaction site at the sulfur
atom. As indicated in Scheme 1, the probes PDC and PDN
comprised carboxyl and amino groups on the coumarin ring,
respectively, which resulted in their different response toward
ROS. We hypothesized the reason could be attributed to
distinct electronic effect of the respective substituents (Figure
2, density functional theory (DFT) calculations).

The two probes PDC and PDN were synthesized from the
phenothiazine intermediate 3 with a salicylaldehyde structure
(Scheme 2). Knoevenagel condensation between 3 and diethyl
malonate gave the phenothiazine-fused coumarin derivative 4,
which further underwent saponification to afford probe PDC
in a yield of 95%. In contrast, Knoevenagel condensation
between 3 and ethyl nitroacetate yielded nitrifying inter-
mediate S. Final reduction of § with stannous chloride gave
probe PDN in a yield of 64.5%.

Reaction Mechanism and Selectivity of Probes PDC
and PDN toward CIO™. Initially, the optical responses of
probes PDC and PDN toward ROS were investigated. In PBS
buffer (pH 7.2—7.4, 10 mM), a main absorption band centered
at 415 nm (& = 15,300 M~ cm™) was found in the UV—vis
absorption spectrum of probe PDC (Figure S1). Upon

https://dx.doi.org/10.1021/acssensors.0c00270
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Scheme 2. Synthesis of Probes
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addition of 10 equiv of ClO7, the absorbance at 415 nm
disappeared, along with the appearance of a new peak centered
at 377 nm and a color change from yellow to colorless,
indicating a complete reaction between probe PDC and CIO™.

The reaction product was confirmed using HRMS analysis.
An apparent ion peak at m/z 356.0605 was observed in the MS
spectrum of the reaction mixture (Figure S2), which
corresponded to the oxidative product PDC-O ([PDC-O +
H]*: calcd 356.0587) (Scheme 1B). Further, we performed a
constant reaction between PDC and NaClO and isolated the
product PDC-O. The 'H NMR spectra of PDC and PDC-O in
DMSO-ds were then compared. As seen in Figure S3, all
proton signals in PDC-O was down-shifted in comparison to
those in PDC, which was ascribed to the formation of an
electron-withdrawing sulfoxide moiety. It is noteworthy that in
the reaction, PDC-O was obtained in a high yield of ~96%,
implying the nearly complete conversion of PDC into PDC-O
by ClO™. This result affirmed our design strategy to increase
the conversion efficiency of phenothiazine-based probes for
ClO™. Thus, the response of probe PDC toward ClO~ was
verified to be the oxidation of the sulfur atom in the
phenothiazine unit into sulfoxide.”” >’

When other ROS, including ‘OH, O,~, ONOO~, H,0,, and
‘BuOOH, were added to the solution of probe PDC, the
absorbance at 415 nm rarely showed changes, suggesting its
high specificity toward ClIO™. The results were also verified via
fluorescence tests (Figure 1A). Probe PDC emitted faint
fluorescence at 650 nm (quantum yield ® = 0.89%) due to the
strong ICT from the electron-rich phenothiazine unit to the
electron-deficient carboxyl coumarin. Upon oxidation by ClO~,
the ICT process was blocked. A 540-fold emission enhance-
ment at 503 nm (® = 7.8%) was subsequently observed
(Figure 1B). A large Stokes shift of 126 nm for the oxidized
product PDC-O was measured, which was extremely superior
for bioimaging owing to avoidance of the scattered light. In
contrast, the addition of other ROS caused negligible variations
of the emission spectra of probe PDC, affirming the high
selectivity of probe PDC toward ClO™. Considering that a
carboxyl unit could complex with many metal ions, we also
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measured the emission spectra of the probe toward common
metal ions, including Ca**, Zn*', Cu®**, Hg*, Ag*, and Pb*".
The results revealed that no fluorescence variations toward
these metal ions were produced, reconfirming the high specifity
of the probe (Figure S4).

When the carboxyl group in probe PDC was replaced by an
amino moiety to give probe PDN, there appeared a distinct
optical response toward ROS. In PBS solution (pH 7.2—7.4, 10
mM), probe PDN exhibited moderate emission at $39 nm
because of its weaker ICT in comparison to that of probe
PDC. Upon the addition of various ROS, dramatic
fluorescence quenching was found in the cases of CIO™ and
ONOO™, while no new emission peaks were generated (Figure
SS), implying that probe PDN showed much poorer selectivity
to ROS than probe PDC. Thus, PDC was chosen as the better
candidate for CIO™ sensing.

Density Functional Theory (DFT) Calculations. To
further interpret the reactivity difference between the probes
PDC and PDN, we performed DFT calculations using Becke’s
three-parameter hybrid exchange functional and the Lee-Yang-
Parr correlation functional (B3LYP) with the 6-311++G**
basis set."”*> All DFT calculations were carried out using
Gaussian 09.** As illustrated in Figure 2, the 7 electrons on the
highest occupied molecular orbital (HOMO) of the probe
PDC were primarily located on the whole heterocyclic ring,
and the carboxyl moiety essentially contributed little to its
HOMO. By contrast, the amino group in probe PDN provided
a large contribution to its HOMO. The big difference in the
electron contribution of carboxyl and amino units might lead
to the difference in the electron cloud density at the sulfur
atom in both probes. In the optimized structures of probes
PDC and PDN, the Mulliken charges of sulfur atoms were
calculated to be 0.197 and 0.173 (Figure S6), respectively,
indicating that the sulfur atom in probe PDN was more
electron-rich, thus accounting for its higher susceptibility
toward ROS. Hence, an electron-withdrawing group on the
coumarin ring was supposed to decrease the electron density at
the sulfur atom, which could improve its response selectivity
toward ROS. Furthermore, by the merits of time-dependent
DFT (TD-DFT) calculations, the oscillator strengths f of
probe PDC and its oxidized product PDC-O were determined
to be 0.2600 and 0.5625, respectively, which was consistent
with the emission enhancement of probe PDC upon reaction
with CIO™.

Spectral Properties of Probe PDC toward CIO~.
Having demonstrated its excellent selectivity toward ClO~,
we next examined the spectral behaviors of probe PDC with
ClO™ in detail. First, titration tests were conducted. When
increasing doses of CIO™ were added to the solution of probe
PDC, the absorption band at 415 nm decreased gradually,
accompanied by the generation of a new peak at 377 nm
(Figure 1C). An isosbestic point at 400 nm was detected,
signifying the generation of a single absorptive product in the
reaction. The blue shift from 415 to 377 nm was attributed to
the blocked ICT process resulting from the oxidiation of the
sulfur atom. Meanwhile, the fluorescence intensity of probe
PDC at 503 nm was synchronously reinforced and kept steady
when 10 equiv of ClO™ was added (Figure 1D,E). A linear
relationship between the fluorescence intensity at 503 nm
(Iso3) and the concentrations of ClIO™ in the range of 0—5 yM
was calibrated (Figure 1F). According to the titration profile,
the limit of detection toward ClO™ was determined to be 16.1
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Figure 1. (A) Emission spectra of the probe PDC (10 zM) before and after addition of various reactive species (100 yM) in PBS solution (pH
7.2—7.4, 10 mM); (B) intensity changes of PDC before and after addition of various reactive species. Inset: photography of probe PDC with or
without ROS under daylight (top) and a 365 nm UV lamp (bottom), respectively; (C) UV—vis titration of PDC toward various concentrations of
ClO™ in PBS solution,; (D) fluorescence titration of PDC (10 M) toward various concentrations of ClO~ in PBS solution; (E) relationship
between lglo; and ClO~; (F) linear relationship between fluorescence intensity (I5o;) of PDC (10 #M) and various concentrations of CIO™. 4, =

400 nm; slit widths: § nm/S nm.

nM, which is comparable to those of reported probes (Figure
57).17—35

The reaction kinetics between probe PDC and CIO™ was
verified using time-dependent fluorescence measurement. The
fluorescence intensity of probe PDC at 503 nm was very weak
in the initial 100 s of reaction, while a sharp increase was
observed within seconds after CIO™ was added, confirming the
real-time detection of ClO™ with probe PDC (Figure S8).
Photostability is another feature necessary for bioimaging.
Upon continuous irradiation with a xenon lamp at 400 nm for
1 h, the emission intensity of PDC and PDC-O at 503 nm
remained virtually unchanged, suggesting their superb
resistance to photooxidation or photobleaching (Figure S9).
Afterward, the fluorescence responses of probe PDC toward
ClO™ were examined in different buffered solutions with varied
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pH values. In the pH range of 3.00—10.00, the emission
intensity of probe PDC at 503 nm altered slightly, indicating
its good pH tolerance. However, in the presence of ClO~, an
~100-fold enhancement was observed at pH 4.00. The
intensity increased greatly with increased pH (Figure S10).
These results suggested that although probe PDC showed a
higher response to CIO™ over HOC], it could respond to
HOCI/CIO™ with sufficient sensitivity when the pH changed
from 4.00 to 10.00, a range covering the whole physiological
pH.
Evaluation of CIO~ Level Changes in Cell Models.
Inspired by its splendid optical properties, the detection of
intracellular ClO™ was carried out with probe PDC. The
cytotoxicity of the probe in RAW 264.7 cells was first inspected
using a CCK-8 assay. As shown in Figure S11, 90% of the cells
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Figure 2. Molecular orbital plots for the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital
(HOMO) and the HOMO/LUMO energy gap of molecules PDC,
PDC-O, and PDN.

were still alive when cultured with 50 uM probe for 24 h, and
almost 80% of the cells survived even after incubation with 90
UM probe for 24 h. The median lethal dose LDy, value of the
probe was determined to be 257 uM in RAW 264.7 cells,
demonstrating its low cytotoxicity and admirable biocompat-
ibility.

Subsequently, the generation of ClIO™ in RAW 264.7 cells
treated with different drugs was well evaluated using probe
PDC. The stimulating factors including interleukin-1 (IL-1),
tumor necrosis factor-a (TNF-a), and LPS were three types of
stimuli that could induce inflammatory responses in cells.
RAW 264.7 cells were treated with probe PDC for 10 min and
then incubated with IL-1, TNF-q, or LPS for 0, 30, 60, and 90
min, respectively. As displayed in Figure 3, negligible
fluorescence was visualized after 90 min in the control

group, indicating that our probe was stable in the complicated
cellular micromilieu. Obvious fluorescence emission appeared
when the probe-loaded cells were incubated with each stimulus
for 30 min, suggesting that the probe was able to permeate the
cell membrane and could sensitively image the generation of
ClO™ in stimulated cells. The fluroescence intensity from
stimulated cells increased over time, consistent with the
continous production of intracellular CIO™ during inflamma-
tion. The ClO™ burst after 90 min treatment represented by
fluorescence signal intensity was ordered as follows: LPS >
TNF-a > IL-1 (Figure S12). Furthermore, the strongest
fluorescence was observed in cells treated with a combination
of these three agents, suggesting that inflammation may be
evoked by multiple factors. The fluorescence was mainly
observed out of nucleus, (Figure S13), implying the local-
ization of the probe molecules in the cytoplasm.

To further demonstrate the intracellular selectivity of PDC
toward ClO~, 4-aminobenzoic acid hydrazide (ABAH), a
potent MPO inhibitor, was cultured with RAW 264.7 cells for
2 h before incubation with LPS for different time (0, 30, 60,
and 90 min). As seen in Figure S14, the fluorescence intensity
in ABAH-pre-treated cells was much lower than that in only
LPS-treated cells, suggesting that the inhibition of MPO
activity reduced the generation of ClO™. Hence, the turn-on
behavior of PDC in inflamed cells was essentially ascribed to
the elevated MPO activity.

Sec has been recognized to play important roles in
maintaining cellular redox balance™ and has been demon-
strated as a first-line antioxidant in cells against ox1dat1ve stress
to protect cells and organisms from oxidative damage.** In an
earlier work, we have inspected the frotective effect of Sec in
carbon disulfide-induced hepatitis.”" On the other hand,
methotrexate (MTX) is a standard drug for the treatment of
rheumatoid arthritis (RA) by controlling synovial inflamma-

0 min 30 min 60 min

al

Control E

LPS TNF-a IL-1

LI-1+TNF-
a+LPS

90 min

Figure 3. Evaluation of the generation of CIO™ in RAW 264.7 cells treated with different stimuli using probe PDC. (A) Cells were treated with
probe PDC for 10 min and then incubated with stimuli for 0, 30, 60, and 90 min before confocal imaging. (a) Control; (b) IL-1 (1.0 pg/mL); (c)
TNF-a (1.0 pg./mL); (d) LPS (1.0 ug/mL); (e) IL-1&TNF-a&LPS (1.0 pg/mL, 1.0 pg/mL, and 1.0 pg/mL). (B) Fluorescence intensity
collected from images al—a4. (C) Fluorescence intensity collected from images b1—b4. (D) Fluorescence intensity collected from images c1—c4.
(E) Fluorescence intensity collected from images d1—d4. (F) Fluorescence intensity collected from images el—e4. Statistical analysis was
performed using Student’s t test (n = 3). *P < 0.0, error bars are mean =+ SD, n = 3.
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Figure 4. Protective effects of different agents in inflamed RAW 264.7 cells using probe PDC. (A) (a) Cells were treated with probe PDC for 10
min; (b) cells were incubated with LPS (1.0 ug/mL) for 36 h and then treated with probe PDC for 10 min; (c) cells were treated with LPS for 1 h
and then co-cultured with (Sec), (1.0 gg/mL) and LPS for another 35 h. Probe PDC was incubated for 10 min before imaging. (d) Cells were
treated with LPS for 1 h and then cultured with MTX (1.0 yg/mL) for 35 h. Probe PDC was incubated for 10 min before imaging. (e) Cells were
treated with LPS for 1 h and then cultured with (Sec), (1.0 #g/mL) and MTX (1.0 ug/mL) for 35 h. Probe PDC was incubated for 10 min before
imaging. (B) Fluorescence intensity collected from images a—e. Error bars are mean + SD, n = 3.

tion, while it has been utilized for pain reduction in OA
patients in recent studies.”® Therefore, the anti-inflammatory
effects of Sec and MTX were then evaluated in LPS-stimulated
RAW 264.7 cells.

As shown in Figure 4A, the fluorescence in LPS-treated cells
largely increased, while the co-incubation with selenocystine
((Sec),, the precursor to be converted into Sec in cells by
dithiothreitol)*’ and MTX caused obvious emission intensity
decrement, suggesting that the production of CIO™ induced by
LPS could be inhibited by Sec and MTX-triggered
cytoprotective action. It should be noted here that the degree
of fluorescence decline in the (Sec), group was less than that
in the MTX group, which implied that Sec displayed a weaker
anti-inflammatory effect than MTX. However, the co-
incubation of (Sec), with MTX induced a maximum
fluorescence reduction (Figure 4B). The results illustrated
that the elimination of CIO™ might be a key factor in MTX-
triggered pain reduction in OA, and Sec could act as an
auxiliary agent during MTX treatment.

In Vivo Imaging of CIO™ in an OA Mouse Model.
Encouraged by our results in in vitro tests, we carried out the
in vivo imaging of CIO™ generation in a BALB/c mouse model
with OA phenotypes. The right knees of six to eight week-old
BALB/c mice were injected with LPS every day, as this had
been identified previously to contribute to the pathogenesis of
OA.° As illustrated in Figure SA, no detectable fluorescence
was observed in mice injected with probes only, while an
increasing fluorescence emission was visualized from the right
knees with ongoing injection of LPS (Figure SB), signifying the
continuous accumulation of ClO™ in the joint during the
progression of OA. In the hematoxylin—eosin (H&E) images
of tissue slices from LPS-treated joint (Figure SG), macro-
phage infiltration (red arrows) and joint fluid (red arrows)
were indicated in the articular cavity and the articular cartilage
was severely damaged, confirming the initiation of OA.
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Therefore, ClO™ could be regarded as a new potential
biomarker for the early diagnosis of OA with the aid of
ClO™-specific fluorescent probe PDC.

The protective effects of Sec and the treatment efficacy of
MTX in OA mice were then investigated. As shown in Figure
S, the fluorescence intensity from OA mice pre-treated with
(Sec), or MTX showed a clear decrease compared to that in
the LPS-group. The result demonstrated that the generation of
ClO™ was suppressed by both drugs. MTX exhibited a higher
inhibitory effect than Sec did (Figure SD,E). In the
corresponding H&E images of joint slices from drug-treated
groups (Figure SG), fewer inflammatory cells were observed,
and the articular cartilage was almost intactly present,
illustrating the considerable protective effect of Sec and
MTX in LPS-induced OA. The co-administration of (Sec),
with MTX exhibited the most powerful ClO™ elimination and
articular cartilage protection (Figure SF). These combined
results elucidated that LPS induced OA in mice and caused the
accumulation of neutrophils and macrophages, thus resulting
in the up-regulation of CIO™. The ClO™ level was positively
related to the severity of OA. Moreover, Sec could be used as a
protective antioxidant in combination with clinical drugs for
the treatment of OA. Our experimental results indicated that
ClO™ could serve as a new potential biomarker for early OA
diagnosis and its treatment.

B CONCLUSIONS

In summary, we have developed two phenothiazine-derived
coumarin probes PDC and PDN for the detection of ClIO™ in
cells and in OA mouse models. Carboxyl-substituted probe
PDC provides a higher sensitivity and selectivity toward ClO~
in PBS compared with amino-substituted probe PDN. Probe
PDC is also verified to be highly biocompatible and cell
membrane-permeable. In RAW 264.7 cells stimulated by
various inflammatory factors, the overgeneration of ClIO™ was
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Figure S. Protective effects of different agents in BALB/c mice with the OA model using probe PDC: (a) control. (b) right knees of six to eight
week-old BALB/c mice injected with LPS (S mg/mL, PBS) every day and then administered with probe PDC (0.1 mL, 10 uM, DMSO/PBS = 1:1,
V:V) before in vivo imaging after a few weeks. (c) (Sec)2 (500 pg/kg) i.p. injected every day before LPS administration; (d) MTX (100 ug/kg) i.p.
injected every day before LPS administration; (e) (Sec)2 (500 ug/kg) and MTX (100 ug/kg) ip. injected every day before LPS administration.
(B) Fluorescence intensity collected from (a); (C) fluorescence intensity collected from (b); (D) fluorescence intensity collected from image (c);
(E) fluorescence intensity collected from image (d); (F) fluorescence intensity collected from image (e). Statistical analysis was performed using
Student’s t test (n = 3). *P < 0.0S, error bars are +SD. (G) Representative H&E staining of the knee slices from the mice treated under various

conditions.

further visualized using probe PDC, as well as the anti-
inflammatory effects of Sec and MTX. Finally, in vivo imaging
of CIO™ in OA BALB/c mouse models was successfully
performed for the first time. Based on the facts that low-grade
inflammation is observed in OA and MPO is overexpressed in
early OA, we speculated that HOCI was overproduced in early
OA. Since our probe can sensitively detect HOCI upregulation
in OA mice stimulated by LPS, it is a potential chemical tool
for the diagnosis of early OA by using CIO™ as a new potential
biomarker.

B ASSOCIATED CONTENT
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