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Sensitive and effective imaging of carbon monoxide
in living systems with a near-infrared fluorescent
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CO, a gas molecule that is harmful to living organisms, has a high affinity with hemoglobin, which will cause
severe hypoxia. However, in recent years, researchers have discovered that endogenous CO, similar to NO,
is one of the messenger molecules, which has a certain regulatory effect in many physiological and
pathological processes in the respiratory system, cardiovascular system, and nervous system. Therefore,
it is urgent to explore an effective method to monitor the role of CO under physiological and
pathological conditions. Herein, we designed and synthesized a near-infrared small-molecule
fluorescent probe for the detection of CO in living cells. In this design, a two-site BODIPY dye was
introduced as the fluorophore, and the allyl chloroformate part as the CO reactive group. The probe
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Accepted 15th September 2021 displays excellent sensitivity, selectivity, and a good linear relationship to CO. Furthermore, it shows
good biocompatibility and low cytotoxicity. This probe has been successfully applied to the detection of

DOI-10.1039/d1ra06052) CO in a variety of cells. The developed fluorescent probe can serve as a potential molecular imaging tool
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1. Introduction

Nitric oxide (NO), carbon monoxide (CO) and hydrogen sulfide
(H,S) are generally considered to be the most important gas
signal molecules in living systems. CO, a steady-state molecule,
can exert significant cytoprotection, signal transduction and
inflammation reduction functions in organisms.'”* The endog-
enous CO is produced by heme oxygenase (HO-1) catalyzed
heme catabolism.* The level of CO in mammals is essential for
certain serious diseases, such as cardiovascular disease, lung
disease, sepsis and cancer.>® Thus, it is necessary to develop an
effective method for the detection of CO in biological systems in
order to understand its role in the physiological or pathological
processes.

As a transient gas molecule, CO is generally difficult to
capture. In recent decades, several analytical methods of
quantitative analysis of CO have been established, including
colorimetric measurement, electrochemical analysis, chroma-
tography, etc.9-11 Although these methods are proposed, these
technologies are time-consuming or expensive, and cannot
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for in vivo imaging and detection of CO.

monitor the analytes in real time. Fluorescence imaging tech-
nology has become a reliable method for real-time monitoring
molecular events in vivo due to its non-destructive feature and
high temporal and spatial resolution.””™® However, develop-
ment of fluorescent probes for monitoring CO at the cellular
level still remains challenging.””** The He group and Chang
group developed fluorescent probes for the detection of CO,*
which has deepened researchers’ understanding of the mech-
anism of CO in biological events. Soon thereafter, a large
number of small molecule fluorescent probes for CO detection
continued to emerge.”*> For example, Feng's group is
committed to developing a series of small molecule fluorescent
probes for CO detection, which can be used to detect CO in
living cells and animals.*>*® However, these probes have more
or less certain disadvantages, such as poor sensitivity to CO,>”**
or the need to use high concentrations of organic solvents,* or
a shorter emission wavelength.**** Therefore, development of
new fluorescent probes with improved properties and capable
of tracking CO in living cells is highly desired.

In this study, with the purpose of verifying the dynamic
changes of CO under oxidative stress, a NIR fluorescent probe
was designed and synthesized, which was capable of imaging
the CO content in cells. The probe was composed of a BODIPY-
based fluorophore and an allyl chloroformate unit (Fig. S1t). We
chose BODIPY, a representative type of near-infrared (NIR)
fluorescent dye, as the fluorescence signal unit. Compare with
traditional fluorescent dyes such as fluorescein, rhodamine,
cyanides and rare earth complexes, BODIPY has a high fluo-
rescence quantum yield, high molar extinction coefficient and
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Scheme 1 The molecular structure of the probe and its response
mechanism to CO.

good light stability.>*® Furthermore, it could keep stable under
complex conditions. The strategy of probe design relies on that
CO can easily reduce Pd** to Pd° in situ, and then easily remove
allyl chloroformate through the Tsuji-Trost reaction mediated
by Pd°, thereby producing a clear fluorescence signal at 745 nm
(Scheme 1).**° Importantly, our studies showed that this probe
system had the following merits: (1) the probe has a longer
emission wavelength, which enables the weakest background
fluorescence signal and enables us to obtain clear fluorescence
images; (2) due to the excellent optical properties of BODIPY,
the probe possesses fabulous pH stability; (3) in complex bio-
logical systems, it meets the requirements for the sensitivity and
selectivity of CO detection; (4) the probe can quickly detect the
changes of exogenous CO in the cell and monitor the CO under
oxidative stress conditions. Therefore, we forecast that the
probe may have great potential in clinical applications.

2. Experimental section
2.1 General comments

Benzaldehyde, p-hydroxyacetophenone, diethylamine, nitro-
methane, ammonium acetate diisopropylethylamine, boron
trifluoride-diethyl ether, allyl chloroformate, NaOH, Tween-80,
PdCl, and CORM-3 were purchased from Aladdin. Commer-
cial dyes and CCK-8 are from Thermo Fisher Scientific. Unless
otherwise stated, all other chemicals are from commercial
sources and are analytical reagent grade. All experiments always
use ultrapure water.

Performed on silica gel plate TLC. Hitachi U-2910 for UV
absorption spectroscopy experiments. Fluorescence spectros-
copy experiments were performed on Hitachi F4600 fluores-
cence spectrophotometer. "H NMR and *C NMR were obtained
from BrukerAM 400 MHz and 100 MHz spectrometers, respec-
tively. HR-MS data is obtained by Agilent 1290 infinity 6540
UHD accurate quality Q-TOF MS (Agilent, USA). The laser
scanning confocal microscope (Olympus FV1000) uses a 60-fold
objective lens to obtain cell fluorescence images. The images
are collected and used Olympus FV10-ASW Ver.2.1 b software
for processing. FBS, DMEM and PBS were purchased from
Gibco, USA. All kinds of cell line were purchased from the
Typical Culture Collection Committee of the Chinese Academy
of Sciences (Shanghai, China). The probe (10 mg) was dissolved
in deuterated chloroform (0.5 mL) and used for '"H NMR, "*C
NMR, HR-MS to characterize its structure.
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2.2 The cytotoxicity test of the probe

FaDu cells were placed in MEM with 10% FBS, HeLa, PC12,
RAW 264.7 and A549 cells were placed in DMEM with 10% FBS,
cultured at 37 °C in 5% CO, and 95% air. Five kinds of cells
(8000 cells per well) were respectively seeded into 96-well plates,
and adherent culture for 24 h. Subsequently, the cells were
incubated with 0.001, 10, 20, 30, 40, 50, 60, 70, 80 and 100 uM
(final concentration) probes (dissolved in DMSO) at 37 °C in 5%
CO, and 95% air at 24 h, under the same conditions as the
control, untreated DMEM was also tested. Add CCK-8 solution
(5.0 mg mL ™", 10 uL) to each well. Then the plate was incubated
in 5% CO, and 95% air for 1 h, and then the absorbance was
measured at 750 nm using TECAN infinite M200pro.

2.3 Cell imaging experiment

Fluorescence images were collected on the Olympus FV1000
confocal laser scanning microscope. The cells were plated in
a confocal Petri dish and cultured adherently for 24 h. Before
imaging, rinse the confocal Petri dish three times with 1 mL
PBS, and then the probe (10 pL, 1.0 mM) was added. After
different treatments, the cells were washed three times with
PBS, and then the cells were imaged.

2.4 Preparation of cell hypoxia model

Inoculate RAW 264.7 cells at a density of 10° mL ™" in 96-well
plates (100 pL per well), and according to hypoxia time 10 min,
30 min, 1 h, 3 h, 6 h, 12 h, 24 h, 36 h, 48 h and 72 h were
randomly divided into 11 groups. After the cells are fully
attached, the hypoxic group cells are placed in a transparent
glass box, and then the glass box is placed in a 37 °C incubator
for culture, and then pass 5% CO,, 1% O, and 94% N, gas
cylinders into the glass box, set the gas outlet, and continue to
mix the gas. The hypoxia treatment was 10 min, 30 min, 1 h, 3 h,
6 h, 12 h, 24 h, 36 h, 48 h and 72 h. The normal experimental
group was continuously cultured in an ordinary incubator
containing 5% CO, at 37 °C.

3. Results and discussion
3.1 Design and synthesis of the probe

The synthetic steps of compound 1-4 are detailed in the ESI
(Fig. S17). Under an Ar atmosphere, compound 4 (99.7 mg, 0.1
mmol) and triethylamine (30 pL, 0.21 mmol) were added to
a round bottom flask containing 50 mL of dichloromethane.
The allyl chloroformate was slowly added (16.3 pL, 0.2 mmol)
into the mixed solution at 0 °C, and then further stirred at 25 °C
for 6 h. After the solvent was removed under reduced pressure,
the obtained product was purified by silica gel chromatography
(200-300 mesh) with gradient eluents CH,Cl, and CH3;OH
(100 : 1 to 5 : 1, v/v). The target compound 5 (39.91 mg, yield:
38%) was obtained. "H NMR (400 MHz, CDCl;) 6 (ppm): 8.09-
8.02 (m, 7H), 7.46-7.41 (m, 6H), 7.34-7.31 (d, 4H), 7.00 (s, 2H),
6.06-5.95 (m, 2H), 5.47-5.43 (dd, 2H), 5.36-5.34 (dd, 2H), 4.77-
4.76 (d, 4H). "*C NMR (100 MHz, CDCl;) 6 (ppm): 158.35, 152.99,
152.92, 145.66, 144.34, 132.16, 131.16, 131.01, 129.66, 129.42,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(@) The change of the fluorescence spectrum of the probe (10 uM + 10 uM PdCl,) after adding CORM-3 (0-200 uM); (b) after adding

CORM-3 (0-200 uM), the change of the UV absorption spectrum of the probe (10 uM + 10 pM PdCL,); (c) the fluorescence intensity of the probe
(10 uM + 10 uM PdCLy) itself and the probe after adding CO under different pH conditions; (d) time response kinetics of the probe before and after
adding 200 uM CORM-3. Repeat the experiment 3 times and express it as the average value (+s.d.). The spectrum was obtained in 10 mmol L™*
HEPES buffer solution (pH 7.4, 0.5% DMSO, 0.5% Tween-80 and Aex/Aem = 690/710-850 nm).

129.25, 128.67, 121.29, 119.81, 119.09, 69.41. HR-MS: mj/z
C40H30BF,N;04, caled, 697.2196; found [M + Nal*, 720.2160.

3.2 The influence of Tween-80 on the fluorescence intensity
of the probe

Due to the relatively complex environment in living systems, it
is easy to quench the fluorescence of BODIPY dyes. Polyoxy-
ethylene sorbitan monooleate (Tween-80) is a common
nonionic surfactant, which can effectively avoid the quenching
of fluorescent dyes after forming surfactant micelles. Therefore,
Tween-80 was used to simulate physiological conditions during
the experiment. Firstly, the effect of Tween-80 concentration
(0%, 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.8% and 1.0%) on
the fluorescence intensity of the probe (10 pM, 0.5% DMSO,
0.5% Tween-80) was tested. As shown in Fig. S3,t the fluores-
cence intensity increased slowly with the concentration of
Tween-80 ranging from 0.0% and 0.4%. While the concentra-
tion was ranging from 0.5% and 1.0%, the fluorescence inten-
sity reached a platform and remained stable. Therefore, 0.5%
Tween-80 was selected as the experimental condition in the
following experiment.

© 2021 The Author(s). Published by the Royal Society of Chemistry

3.3 Spectral properties of the probe

Subsequently, we explored the spectral characteristics of the
probe. The absorption and fluorescence emission spectra were
respectively evaluated under the simulated physiological condi-
tions of HEPES (pH 7.4, 10 mM, 0.5% Tween-80) at 37 °C. As
shown in Fig. 1a, the probe (10 uM + 10 pM PdCl,) displayed
a strong absorption peak at 655 nm. However, a new absorption
peak appeared at 710 nm with the addition of CORM-3, which
indicated that a new substance was formed by the reaction to CO.
Furthermore, as the concentration of CORM-3 increased, the
absorption at 655 nm gradually decreased, and the absorption at
710 nm gradually increased. Next, we studied the fluorescence
spectrum of the probe. As shown in Fig. 1b, the probe (10 uM + 10
uM PdCl,) displayed a weaker fluorescence intensity, while the
fluorescence intensity of the probe increased at 745 nm as the
concentration of CORM-3 increased. In addition, it was found
that there was a satisfactory linear response relationship between
the fluorescence intensity of the probe (10 uM + 10 uM PdCl,) and
CORM-3 (200 uM) (Fig. S47). The linear fitting equation is F745 nm
= 31.021 [CO] + 399.18, and the correlation coefficient (R*) is
0.9956. Based on the standard method of 3a/k, the detection limit
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of CO was calculated to be 45 nM. Because CO has the disad-
vantages of poor stability and rapid metabolism in biological
systems, the reaction kinetics of the probe system (10 uM + 10 uM
PdCl,) to CO was evaluated in HEPES buffer solution (pH 7.4,
0.5% DMSO, 0.5% Tween-80). As shown in Fig. 1d, after the
addition of CORM-3 (200 puM), the fluorescence intensity of the
probe reached its peak at 600 s and remained relatively stable,
which indicated that the proposed probe could be responded to
CO. Later, we studied whether pH affects the change of probe
fluorescence intensity. As shown in Fig. 1c, in the studied pH
range (4.0-10.0), the probe displayed a weak fluorescence signal.
After adding a certain amount of CORM-3, the probe displayed
obvious fluorescence intensity under weak acid and neutral
conditions. However, with the increase of alkalinity, the fluores-
cence intensity gradually weakened. These results indicated that
the probe could be suitable for detecting CO content under
physiological conditions.

3.4 The selectivity of the probe to biologically relevant
interferences

Whether it has high selectivity is also one of the criteria for
evaluating an excellent probe. Subsequently, we studied
whether the probe can specifically detect CO. Organisms are
rich in biological mercaptans, such as GSH, with concentrations
as high as millimolar. We first tested some representative
species such as amino acids, anions, and cations. As expected,
after adding these candidates, the fluorescence intensity of the
probe showed negligible change, indicating that the probe was
negative for these substances. ROS and RNS in cells can explode
when inflammations or cancers occur. These substances
generally have strong oxidizing properties. We tested several
common active substances and gases in the following

DAPI

Probet+Pdcl,+CO

DAPI Probe+Pdcl,+CO
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experiments. We found that only CO could cause a significant
change in the fluorescence intensity, and the addition of other
substances basically kept the fluorescence intensity of the probe
unchanged (Fig. S5t). All the above selective experimental
results clearly prove that the probe has a certain feasibility for
rapid detection of CO with high-sensitivity and selectivity under
physiological conditions.

3.5 Cytotoxicity test of the probe

Next, through CCK-8 cell proliferation experiments, this study
tested the effects of different probe concentrations on cell
viability. The kit was utilized to test the cytotoxicity of probes
with increasing concentrations (0.001, 10, 20, 30, 40, 50, 60, 70,
80, 90, 100 uM).

Encouraged by the above experimental results, we tried to
apply it to living cells for the detection of CO levels. First, we
used the CCK-8 kit to perform toxicity tests on five different cells
human pharyngeal squamous cell line (FaDu), human cervical
cancer cell line (HeLa), and human adrenal chromaffin cell
tumor cell line (PC12), mouse peritoneal macrophage cell line
(RAW 264.7) and human non-small cell lung cancer cell line
(A549). As shown in Fig. S6,1 even when the concentration of the
probe was as high as 100 pM, the survival rate of these types of
cells was still above 80%, further indicating that the probe has
low toxicity and good biocompatibility, which could be well
used in biological systems. This experiment confirmed that our
probe had good biocompatibility and laid a solid foundation for
the following biological applications.

3.6 Imaging of CO in living cells

Since the probe had excellent biochemical properties such as
high sensitivity and selectivity for CO detection, high quantum

DAPI&Probe+Pdcl,+CO Bright-field

DAPI&Probe+Pdcl,+CO Bright-field

Fig. 2

A) From left to right: DAPI (10 uM) in Hela cells, probe (10 pM + 10 pM PdCl,) + CORM-3 (200 pM), DAPI + probe (10 uM + 10 uM PdCL,) +

CORM- 3 (200 uM), bright field image; combined image of fluorescence and bright field; (B) from left to right: DAPI (10 uM) in RAW 264.7 cells,
probe (10 uM + 10 uM PdCl,) + CORM-3 (200 uM), DAPI + probe (10 uM + 10 pM PdCl,) + CORM-3 (200 uM), bright field image; combined image
of fluorescence and bright field (Aex = 690 NM, A, = 710-850 nm; scale bar = 30 um).
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A549

Fig.3 Confocal fluorescence cellimaging of the probe (10 uM + 10 uM PdCl,) in A549, PC12, FaDu and LO; cells lines (A

850 nm. Scale bar = 30 um).

yield and good biocompatibility, we applied it to detect CO in
living cells. In order to determine the distribution of CO in the
cell, we first analyzed the location of the probe in the cell, and
selected HeLa and RAW 264.7 cell lines as the test cell model.
HeLa cells and RAW 264.7 cells were simultaneously incubated
with the nuclear dye 4’,6-diamidino-2-phenylindole (DAPI) and
this probe. As shown in Fig. 2, the fluorescence images of HeLa
and RAW 264.7 cells showed that the probe was located in the
cytoplasm and did not enter the nucleus. These results indi-
cated that the probe could detect CO in the cytoplasm.

Next, we further discussed the potential application for
whether the probe (10 pM + 10 uM PdCl,) can image exogenous
CO levels in cells, the A549, PC12, FaDu and LO, cells were
incubated with the probe (10 M + 10 uM PdCl,) for 30 min
before confocal imaging. As shown in Fig. 3, compared with the
control group, the fluorescence intensity in each tumor cell line
was significantly increased after the addition of CO donor
CORM-3 (200 uM). The above experiments confirmed that the
probe can sensitively image exogenous CO levels in cells.

Control 3 min 10 min

Fig. 4 Fluorescence imaging experiments of probes on cells at different hypoxia time points (4

pum).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.7 Cell imaging of endogenous CO under hypoxia condition

As we all know, activated macrophages can directly or indirectly
participate in the immune response of the immune system,
clear antigens, foreign bodies, senescent cells and cell debris
through phagocytosis, and then secrete various ROS, RNS and
pro-inflammatory factors.***® Macrophages are immune cells
and have multiple functions. They are important objects of
studying cell phagocytosis, cellular immunity and molecular
immunology. The mouse macrophage-like cell line RAW 264.7
is the most commonly used mouse macrophage cell line in
biomedical research. So, we used RAW 264.7 cells as the tested
cell model to further verify whether the probes can monitor CO
levels in cells in real time. Endogenous CO is generated by HO-1
catalysis in the body using heme as a substrate,’” and long-term
hypoxia will increase the transcription of HO-1 gene and HO-1
activation, leading to the production of endogenous CO.***
As shown in Fig. 4, RAW 264.7 cells were randomly divided into
11 groups according to the hypoxia time of 0 min, 10 min,
30 min, 1 h, 3 h, 6 h, 12 h, 24 h, 36 h, 48 h and 72 h. With the

30 min

ex = 690 Nm, Aer, = 710-850 nm. Scale bar = 30
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Control

Fig. 5 The probe imaging experiment on the dynamic changes of endogenous CO in RAW 264.7 cells under oxidative stress.
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Hemin ZnPP

A) Column 1:

control PBS; columns 2 to 5: fluorescence obtained by pretreating RAW 264.7 cells with 10 uM LPS, hemin or ZnPP for 12 h, and then further
incubating with 10 pM probe + 10 pM PdCl, for 30 min. (B) Bright field image of (A) (Aex = 690 nm, Aemy, = 710-850 nm. Scale bar = 30 pm).

prolongation of hypoxia, the fluorescence intensity of RAW
264.7 cells gradually increased, and reached the peak at 24 h.
Then it continued to weaken, and there still had weak fluores-
cence at 72 h. It showed that the cells still expressed a small
amount of CO when hypoxia for 72 h. In summary, the above
experiments confirmed that the designed probe can sensitively
detect the changes of exogenous and endogenous CO.

3.8 Imaging of endogenous CO in cells by probes under
oxidative stress

Next, we investigate whether the probe can detect the produc-
tion of endogenous CO in cells under oxidative stress. It is well
known that LPS or hemin can induce the expression of HO-1,
thereby promoting the production of CO.** But ZnPP may
inhibit the expression of HO-1 and thereby inhibit the produc-
tion of CO.*" First we pretreated the cells with LPS, hemin or
ZnPP for 12 hours, respectively, then incubated with the probe
for 30 minutes, and finally performed imaging. As shown in
Fig. 5, the cells in the PBS experimental group had almost no
fluorescence. However, the fluorescence signal produced by
cells stimulated by LPS or hemin was significantly stronger than
that produced by ZnPP, which confirms that LPS and hemin can
stimulate the production of CO, while ZnPP can effectively
inhibit the production of CO. This proves that the probe can
sensitively detect the dynamic changes of endogenous CO in
cells under oxidative stress.

4. Conclusion

In summary, we design and develop a BODIPY-based NIR
fluorescent probe that can be applied to detect and image the
dynamic changes of CO levels in living cells. The probe displays
high selectivity and sensitivity, low LOD and excellent biocom-
patibility. In addition, the probe can also effectively monitor the
fluctuation of CO in cells under hypoxia conditions. Besides, the

32208 | RSC Adv, 2021, 1, 32203-32209

probe can also sensitively detect and image CO fluctuations in
inflammatory cells under oxidative stress. The above experi-
ments confirm that the probe can be employed as an excellent
optical imaging tool, and we believe that it may have great
potential and prospects in clinical applications.
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