.

ROYAL SOCIETY
OF CHEMISTRY

Chemical
Science

View Article Online

EDGE ARTICLE

View Journal | View Issue

Ratiometric fluorescent probes for capturing
endogenous hypochlorous acid in the lungs of
micet

i '.) Check for updates ‘

Cite this: Chem. Sci.,, 2018, 9, 8207

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Xinfu Zhang, © 12 Weiyu Zhao,1? Bin Li, ©22 Wenging Li,* Chengxiang Zhang,?

Xucheng Hou,? Justin Jiang® and Yizhou Dong () *a<def

Hypochlorous acid (HCIO) is a promising diagnostic marker for inflammation and relevant diseases.
Although many probes were previously developed for HCIO imaging, the development of organ
targeting probes is still lacking. Herein, we designed and synthesized a series of cyanine derivatives as
ratiometric fluorescent probes to detect endogenous HCILO in the lungs with inflammation. By installing
diverse lipid chains and amino groups on cyanine, we identified that ClO1, with one n-octadecane chain
and two 2-[[2-(dimethylamino)ethylimethylamino]-ethyl groups, is a superior probe to target the lungs
over other major organs in mice. ClO1 was able to sense both exogenous and endogenous HCIO in
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Accepted 4th September 2018 A549 (human lung epithelial) cells through fluorescence ratiometric imaging. In a lipopolysaccharide
(LPS)-induced lung inflammation mouse model, ClO1 effectively captured endogenous HCIO in the

DOI 10.1039/c85c03226b lungs after intravenous administration. Overall, these cyanine-derived probes merit further development
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Introduction

Reactive oxygen species (ROS) and reactive nitrogen species
(RNS) play critical roles in biological pathways and stress
responses.’™® Hypochlorous acid (HCIO), as one of the ROS
molecules, is involved in multiple processes of the immune
system, such as counteracting pathogens, suppressing inflam-
mation and regulating cellular apoptosis."*** Evidence has
shown that an increased level of HCIO is often found to be
associated with human disorders, including inflammatory
diseases.” Due to the important functions of HCIO, previous
studies have investigated a wide variety of fluorescent probes for
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detecting HCIO. For example, probes established based on
naphthalimides, acedan, cyanine dyes and other types of fluo-
rophores were used to image HCIO in living cells
(Table S17%).»***3* Many of these probes exhibited favorable
features such as two-photon excitability or organelle target-
ability.®1%16:1821,222527,29-3135 Among these previously reported
HCIO probes, a number of them were fabricated with cyanine
dyes due to their high reactivity towards HCIO.7*%3¢3% A
mechanism of reaction was previously proposed as shown in
Scheme 1A.** In the presence of HCIO, heptamethine cyanine
dye (Cy7) undergoes an addition reaction to produce an inter-
mediate. This intermediate then loses a HCl molecule and
affords a Cy7 oxirane derivative, which exhibits shorter
absorption and emission wavelengths compared to the original
Cy7 molecule (Scheme 1A). This structural change enables Cy7
derivatives to be suitable ratiometric probes for HCIO. The
probes mentioned above are mainly applied in cell studies;
however, it is urgent to develop probes for sensing HCIO at the
organ level for the potential diagnosis of diverse diseases.
Previously, phenothiazine was modified with functional groups
and a probe termed PMN-TPP was produced. This probe
enabled the ratiometric fluorescence imaging of HCIO in mice
with skin inflammation.® Most recently, a probe derived from
2-methyl-1H-benzo[de]isoquinoline-1,3(2H)-dione was conju-
gated onto a diblock copolymer forming polymer micelles,
which were used to image liver injury in zebrafish.® Despite
these significant advances of diverse probes in the in vivo
imaging of HCIO, it is still of great demand to develop new types
of organ targeting probes.
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(A) Mechanism of heptamethine Cy7 for the ratiometric fluorescence imaging of HClO.?* (B) Structures of probes ClO1-CIlO6.

Scheme 1

Results and discussion

In this study, we aim to design lung-targeting probes and detect
HCIO molecules in the event of inflammation. To date,
numerous studies have explored lipid and polymer based
nanoparticles for the delivery of therapeutic cargo to the
lungs.**** For example, researchers employed cationic or
ionizable lipids to deliver DNA or siRNA to the lungs of mice.*>*
Based on these studies, we speculate that lipid chains and
amino groups may contribute to the accumulation of delivery
materials along with their cargo in the lungs. Therefore, we
conceived a series of heptamethine Cy7 based cyanine deriva-
tives, ClO1-ClO6, as fluorescent ratiometric HCIO probes
(Scheme 1B). According to the methods reported previously,>
ClO1-ClO6 were synthesized through two-step reactions. The
synthetic routes to ClO1-ClO6 are described in the ESL{ The
structures of ClO1-Cl06 were confirmed by "H NMR and high-
resolution mass spectrometry (ESIt). To confirm the mecha-
nism shown in Scheme 1, we treated ClO1 with HCIO and
measured the resulting product through mass spectra. A new

8208 | Chem. Sci., 2018, 9, 8207-8212

Clo2

ClO5

View Article Online

Edge Article

Clo3

|

|
P
~. +
/T_I

v
Clo6 %l—

peak of m/z +16 was found (ESI, Fig. S17), which corresponds to
the epoxides produced by the oxidation of the double bonds in
ClO1 (Scheme 1A). This result is in accordance with the reported
mechanism for the response of cyanine dyes towards HCIO.** In
order to study the effects of different functional groups, we
installed long (n-octadecyl alkane, C;3H;,) and short (n-butyl,
C,Hy) lipid chains. Meanwhile, we incorporated diverse amino
groups including 2[[2-(dimethylamino)ethyl]methylamino]-
ethyl groups (ClO1), 3-(dimethylamino)-propyl groups (ClO2
and ClO6), propyl-trimethylammonium groups (ClO3), and
hexahydro-1H-azepine-1-ethanyl (Cl04). ClO5 was synthesized
as a control compound without amino groups.

In order to study the sensing ability of Cl01-ClO6 towards
HCIO, we first performed a spectral study in solution with serial
concentrations of HCIO. Briefly, we investigated the absorption
and emission spectra of ClO1-ClO6 in phosphate buffered
saline (PBS) by using a NaClO solution as the HCIO source.
Upon titration with NaClO, ClO1 displayed a significant
decrease in the absorption peak at 638 nm and a gradual
increase in the absorption peak at 540 nm (Fig. S2%).

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc03226b

Open Access Article. Published on 05 Septemba 2018. Downloaded on 19/07/2025 11:38:57.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

Meanwhile, we observed an evident decrease in the peak at
760 nm and an increase in the peak at 605 nm in the emission
spectrum of ClO1 with increasing concentration of NaClO
(Fig. 1A, excited at 530 nm). Consequently, ClO1 exhibited
a dramatic fluorescence ratio (Iss/I760) enhancement from 0.1
to 6.9 in a NaClO concentration range of 0-14 uM (Fig. 1B). The
detection limit of ClO1 was calculated to be 0.1 uM (Fig. S371). In
order to investigate the effects of different reactive oxygen
species (ROS) and reactive nitrogen species (RNS) on ClO1, we
performed a selectivity study. As shown in Fig. S4 and S5,1 ClO1
demonstrated a minimal absorption change at 638 nm and
a minimal fluorescence change at 760 nm upon the addition of
awide variety of ROS/RNS, metal ions and amino acids, while an
apparent decrease was seen after the addition of HCIO. There-
fore, the reactivity of ClO1 towards HCIO is much higher than
that towards other ROS and RNS. Also, ClO1 displayed a signif-
icant decrease in absorption at 638 nm and a decrease in
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fluorescence at 760 nm upon the addition of NaClO in the
presence of Fe** and H,0,, but showed low reactivity with
reduced glutathione (GSH) (Fig. S4 and S51). Yet, local
concentrations of these analytes may be different in both cells
and tissues. In addition, we found that Cl02, ClO4 and ClO6
showed similar patterns of changes towards NaClO in both the
absorption and emission spectra (Fig. S6, S8 and S10%).
However, ClO3 and ClO5 exhibited strong fluorescence peaks at
both 560 nm and 750 nm without the presence of NaClO, which
makes them unsuitable for ratiometric fluorescence imaging
(Fig. S7 and S9%). Therefore, ClO1, ClO2, Cl04 and ClO6 were
selected for cell imaging studies.

Next, we applied ClO1, ClO2, ClO4 and ClO6 to detect
exogenous HCIO (NaClO solution) in live A549 cells (a human
lung adenocarcinoma cell line). We found that these probes
were able to stain A549 cells (Fig. 2 and S11-S13t). Consistent
with the spectral study in solution, ClO1 showed weak
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(A) Emission spectra of ClO1 (5 uM) upon treatment with various concentrations of NaClO (0—14 uM); (B) fluorescence ratio (Igos/l760) Of

ClO1 (5 uM) upon treatment with various concentrations of NaClO (0—-14 uM).

Fig.2 Detection of exogenous HCIO in A549 cells by CLO1. Cells were imaged with ClO1 in the absence (A—C) or presence (D—-F) of NaClO. (A)
and (D) are green channels (560-660 nm); (B) and (E) are red channels (655-755 nm); (C) and (F) are the ratio images of the green/red channel.

Scale bar = 20 pm.

This journal is © The Royal Society of Chemistry 2018
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fluorescence in the green channel (Fig. 2A, pseudo color green)
and intense fluorescence in the red channel (Fig. 2B, pseudo
color red) from the normal cell imaging. After treatment with
NacCloO, the cells displayed a remarkable enhancement in the
fluorescence of the green channel (Fig. 2D) and a slight decrease
in the fluorescence of the red channel (Fig. 2E). The ratio of the
intensity in the two channels (green/red channel) increased
dramatically from the baseline (Fig. 2C) to up to 5.0 (Fig. 2F),
which indicates that ClO1 possesses a robust ratiometric
imaging property. ClO6 displayed similar responses towards
HCIO in A549 cells to ClO1 (Fig. S131). C102 and Cl04 exhibited
a much lower fluorescence enhancement in the green channel
than ClO1 and ClO6 (Fig. S11 and S1271). Due to the high ratio
enhancement in both the spectral study (0 to 6.9) and cell
imaging (0 to 5.0), we selected ClO1 for further in vitro and in
Vivo experiments.

In order to evaluate the ability of ClO1 to detect in situ HCIO
production, we used lipopolysaccharides (LPS, endotoxins that
cause the release of HCIO in cells and animals*) to induce
endogenous HCIO production in A549 cells. Briefly, cells were
further incubated with or without LPS for 24 h after staining
with ClO1. We observed an apparent fluorescence increase in
the green channel of cells treated with LPS (Fig. 3D) as
compared to the control group without the treatment with LPS
(Fig. 3A). An enhancement of the fluorescence ratio (green/red
channel) was detected from 0 (Fig. 3C) to 2.5 (Fig. 3F) upon
treatment with LPS. These results indicated that ClO1 was able
to capture HCIO molecules generated from LPS treated cells.
Furthermore, in order to study the cytotoxicity of ClO1, an MTT
assay was performed using a series of concentrations of ClO1.
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As shown in Fig. S14,7 the survival rate was higher than 90%,
suggesting low cytotoxicity of ClIO1 at the tested concentrations
(0.5-10 uM).

Following the in wvitro studies, we performed a bio-
distribution study of ClO1-ClO6 in C57BL/6 mice. Indoc-
yanine green (ICG, an FDA approved cyanine for fluorescence
imaging in the clinic**) was used as a control. Cl01-Cl06 and
ICG were injected intravenously into mice. 1 h post injection,
major organs (liver, lungs, spleen, kidneys, and heart) were
harvested and imaged by using the IVIS fluorescence imaging
system. ClO1-ClO3 exhibited higher accumulation in the lungs
than in other organs. Cl04 and ClO5 displayed higher distri-
bution in both the spleen and lungs. ClO6 and ICG showed
a higher signal in the liver (Fig. 4). Based on the structural
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Fig. 4 The ratio of radiant efficiency to the organ weight of mice
intravenously injected with ClO1-ClO6 and ICG. (n = 3; *P < 0.05; **P
< 0.01; ***P < 0.001; n.s., P> 0.05; t test, double-tailed).

Fig. 3 Detection of endogenous HCLO in A549 cells by ClO1. Cells were imaged with ClO1 in the absence (A-C) or presence (D-F) of LPS. (A)
and (D) are green channels (560-660 nm); (B) and (E) are red channels (655-755 nm); (C) and (F) are the ratio images of the green/red channel.

Scale bar = 20 pm.
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Fig. 5 Fluorescence imaging of the lung histology slides from mice intravenously injected with ClO1. (A-D) control mouse with intravenous
injection of ClO1; (E-H) mouse treated with intranasal administration of LPS and intravenous injection of ClO1. (A) and (E) are green channels
(560-660 nm); (B) and (F) are red channels (655-755 nm); (C) and (G) are overlay images of green and red channels; (D) and (H) are ratio images

of green/red channels.

features of ClO1-ClO6 and their corresponding organ distri-
bution, we found that a long lipid chain was favorable for lung
accumulation. Also, amino groups were a critical factor for lung
targeting (ClO1 vs. Cl04), and might be protonated in cells and
produce positive charges. These results are consistent with
previous reports that positive charges on nanoparticles affect
their lung-targeting ability.*>**

Lastly, we studied whether ClO1 was able to detect endoge-
nous HCIO at LPS-induced lung inflammation sites in mice. We
first treated mice with LPS (intranasal administration) to induce
acute lung inflammation. Then, we intravenously injected ClO1
into both untreated and LPS-treated mice. 1 h after the injec-
tion, the lungs of the mice were dissected and sectioned into
~100 pm slices and imaged under a confocal microscope.
Strong fluorescence was observed in the red channel of both
slices, which confirmed the accumulation of ClO1 in the lungs
(Fig. 5B and F). Consistent with the in vitro results, many spots
in the lungs treated with LPS produced a strong signal in the
green channel (Fig. 5E), while minimal fluorescence was found
in the green channel of the untreated lungs (Fig. 5A). The
fluorescence ratio (green/red channel) at the inflammation sites
was around 5.0 (Fig. 5H), which is much higher than that in the
control lungs without inflammation (Fig. 5D).

Conclusions

In summary, we designed and synthesized a series of Cy7 based
fluorescence ratiometric probes in order to detect HCIO in the
lungs. ClO1-ClO3 with long hydrophobic lipid chains and
hydrophilic amino groups showed high accumulation in mouse
lungs after intravenous injections. However, ClO4 with hex-
ahydro-1H-azepine-1-ethanyl amino groups and ClO5 with n-

This journal is © The Royal Society of Chemistry 2018

butyl (without amino groups) showed a higher uptake in the
spleen than in other organs tested. ClO6 with short lipid chains
displayed high distribution in the liver similar to ICG. These
results indicated that both lipid chains and amino groups are
important moieties for enabling the lung targeting effect of the
probes. Moreover, an appropriate combination may dramati-
cally increase the targeting specificity. Among these probes,
ClO1, containing one n-octadecane chain and two 2-[[2-
(dimethylamino)ethyl]methylaminoJ-ethyl groups, exhibited
a sensitive fluorescence ratio response towards both exogenous
and endogenous HCIO in live cells. Based on the in vivo results,
we demonstrated that ClO1 was able to capture LPS-induced
HCIO in the mouse lungs. These findings can be applied to
design new probes for non-invasive and real-time monitoring of
HCIO in vivo in the future.
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