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A B S T R A C T

The development of effective method for monitoring of endogenous hypochlorous acid (HClO) in vivo is of great
significance for early diagnosis of lipopolysaccharide (LPS) induced acute liver injury. Herein, we report a
polymer micelles-based ratiometric fluorescent probe (PM) based on the combination of intramolecular charge
transfer (ICT) mechanism and fluorescence resonance energy transfer (FRET) principle for selective visualiza-
tion of endogenous HClO in vivo. Upon the reaction of PM with HClO, the electron-donating thiourea moiety is
oxidized and transformed into imidazoline moiety (electron-withdrawing group), resulting in a dramatic blue
shift (˃100 nm) in the fluorescence emission. The as-prepared PM shows good water dispersibility (100%
aqueous media), fast response (< 40 s), high sensitivity (a detection limit of 1.75 nM), and outstanding
selectivity toward HClO over other ROS/RNS (50 equiv.). In addition, the vivo imaging experiments
demonstrate that PM facilitates the visualization of endogenous HClO generation with LPS induced acute
liver injury in zebrafish model.

1. Introduction

Acute liver injury is a common concern for both clinicians and
patients (Stravitz et al., 2007). Taking too much inflammatory is one of
the most common causes of acute liver injury (Hartmut, 2000;
Lonsdale et al., 2010). Lipopolysaccharides (LPS), which are found in
Gram-negative bacteria, have been identified as one of the most
common inflammatory mediators that lead to acute liver injury (Gao
et al., 2016; Yao et al., 2016). It has been well documented that
endogenous hypochlorous acid (HClO) can be produced by myeloper-
oxidase enzyme-mediated peroxidation of chloride ions, and myelo-
peroxidase is overexpressed when LPS induced acute liver injury
(Jaeschke et al., 2011; Li et al., 2005). Obviously, the design of effective
tools which aim to monitor endogenous HClO level is helpful for early
diagnosis of LPS induced acute liver injury.

In recent years, fluorescent probes have been proven to be effective
tools for monitoring biologically relevant species in vivo due to their
numerous advantages, such as high sensitivity, simple manipulation,
excellent temporal-spatial resolution, real-time spatial imaging, etc.

(Aron et al., 2015; J. Chen et al., 2015; W. Chen et al., 2015a; Cheng
et al., 2012; Contreras-Gutierrez et al., 2013; Ding et al., 2013;
Francesco et al., 2014; Guo et al., 2016; He et al., 2016; Hou et al.,
2016; Hu et al., 2016; Karima et al., 2012; Li et al., 2014; Lin et al.,
2015; Liu et al., 2014; Qing et al., 2016; Ramon-Marquez et al., 2016;
Sauer et al., 2012; Sun et al., 2016; Tao et al., 2013; Xiao et al., 2017;
Zhou et al., 2015). With the development of molecular fluorescence
technology, a number of fluorescent probes for HClO detection in vivo
have been reported (Jaeschke et al., 2011; Li et al., 2005, Zhu et al.,
2016). However, most of them display one fluorescence emission
signal, which are readily perturbed by some limitations, such as
microenvironment, sensor concentration, photobleaching and excita-
tion intensity, etc. By contrast, the ratiometric fluorescent probes with
two distinct emission signals can greatly overcome the above limita-
tions of one emission signal-based probes (Yu et al., 2013a, 2013b).

To date, several ratiometric fluorescent probes for imaging endo-
genous HClO in vivo have been developed (Huang et al., 2016; Xiao
et al., 2015). Despite these efforts, to our best knowledge, in vivo
imaging of endogenous HClO with the aid of small molecule probes is
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still restricted by inherent problems such as instant elimination and
extravasation out of the vasculature (Chen et al., 2016; Hu et al., 2014;
Wang et al., 2017). To overcome these problems, the recently devel-
oped polymer nanoparticles-based ratiometric fluorescent probes are
highly desirable for imaging endogenous HClO in vivo owing to their
good water solubility, flexible design, tunable structure and function,
large accumulation capacity and long circulation times (Chen et al.,
2016; Hu et al., 2014; Wang et al., 2017). So far, however, no polymer
nanoparticles-based ratiometric fluorescent probes has been reported
for imaging endogenous HClO in vivo, which propel us to develop a
polymer nanoparticles-based fluorescent probe for ratiometric imaging
of endogenous HClO in vivo.

Herein, we firstly synthesize amphiphilic diblock copolymers
[PEO113-b- P(St20-co-NPAI3)] via the reversible addition-fragmenta-
tion chain transfer radical polymerization (RAFT). Then, a polymer
micelles-based ratiometric fluorescent probe (PM) based on the
combination of intramolecular charge transfer (ICT) mechanism and
fluorescence resonance energy transfer (FRET) principle for selective
visualization of endogenous HClO in vivo has been successfully
developed by a reprecipitation strategy, as shown in Scheme 1. In the
presence of HClO, an obvious blue shift (˃100 nm) in the fluorescence
emission can be observed as the electron-donating amine moiety at the
4-position of 1,8-naphthalimide is replaced by less electron-rich
imidazoline functionality. The as-prepared PM shows good water
dispersibility, fast response (< 40 s), high sensitivity (~1.75 nM), and
outstanding selectivity toward HClO. Moreover, the vivo imaging
experiments demonstrate that PM facilitates the visualization of
endogenous HClO with LPS induced acute liver injury in zebrafish
model.

2. Material and methods

2.1. Materials

4-(2-aminoethyl)morpholine, 4-bromo-1,8-naphthalic anhydride,
allyl isorhodanate, and ethanediamine are purchased from Sigma
Aldrich and used as received. Tetrahydrofuran (THF, A.R.) and N,N-
Dimethylformamide (DMF, A.R.) are distilled over CaH2. Styrene (St,
99%, Aldrich) is purified by vacuum distillation. Azobisisobutyronitrile

(AIBN, 99.99%, Aldrich) is recrystallized from ethanol and dried under
vacuum. The water is the double-distilled water which is further
purified with a Milli-Q system. Diethyl ether, dichloromethane (DCM,
A.R.), 2-methoxyethanol, methanol (MeOH, A.R.), ethanol (EtOH,
A.R.) are analytical reagents and used without further purification.
Nitrate salts of metal ions (Zn2, Mg2+, Fe3+, Ni2+, Co2+, Hg2+, Ca2+) are
obtained from Aldrich. Tert-butylhydroperoxide (t-BuOOH) and H2O2

are obtained from commercial sources and used without additional
purification. Hydroxyl radicals (HO•) and tert-butoxy radicals (t-BuO•)
are generated by reaction of Fe2+ with H2O2 or t-BuOOH, respectively
(Zhang et al., 2015). Singlet oxygen (1O2) is generated from ClO- and
H2O2. The PEO macro-RAFT agent is prepared according to our
previous work. (PEO113-TTC, end-functionality > 95%, Scheme S1) (J.
Chen et al., 2015).

2.2. Apparatus

1H NMR spectra is measured on a Bruker Avance 500 MHz NMR
spectrometer. The number-average molecular weight (Mn) and PDI are
determined by a Waters 2410 gel permeation chromatograph (GPC) at
30 °C and by using THF as the eluent (1.0 mL/min) and the calibration
curve is obtained by using polystyrene (PS) as the standard. The
diameter of nanoparticle is determined by a Malvern Nano-ZS90
instrument and their morphology is observed with an atomic force
microscope (AFM, Bruker Dimension Icon) in the tapping mode and a
JEM-2100F transmission electron microscope (TEM, JEOL USA, Inc.).
UV–vis spectra is recorded on a Shimadzu UV-2501PC spectrophot-
ometer at room temperature (298 K). Fluorescence spectra is recorded
on a Shimadzu RF-5301PC fluorescence spectrophotometer at room
temperature fluorescence spectrometer. Fluorescence lifetime (τ) was
recorded on a time correlated single photon counting (TCSPC)
nanosecond fluorescence spectrometer (Edinburgh FLS920) at room
temperature (298 K). The ground state structures of NPAI and NPAO
are optimized by using density functional theory (DFT) with B3LYP
functional and 6–31 G(d) basis set. The calculations on compound
NPAI and NPAO are carried out with the Gaussian 09 program
package by using DFT with B3LYP functional and 6–31 G(d) basis set.
Fluorescence images are obtained by using an Olympus IX71 inverted
fluorescence microscope equipped with a DP72 color CCD.

Scheme 1. (A) Rational design of PM for endogenous HClO detection in zebrafish model with LPS induced acute liver injury; (B) Proposed reaction mechanism for the PM towards
HClO.
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