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A novel hydrosoluble near-infrared fluorescence off—-on probe has been developed for detecting
carboxylesterase activity. The probe was designed by introducing (4-acetoxybenzyl)oxy as a quenching
and recognizing moiety to the decomposed product of IR-783, which exhibits excellent near-infrared
fluorescence features and good water solubility. The responding mechanism of novel probe 1 to
carboxylesterase was investigated. It would lead to the cleavage of the carboxylic ester bond by
carboxylesterase catalyze the spontaneous hydrolysis of the probe, resulting in the release of a near-
infrared fluorophore. This behaviour leads to the development of a simple and sensitive fluorescent
method for assaying carboxylesterase activity, with a detection limit of 3.4 x 10~° U mL™. Moreover, the
probe displays excellent selectivity toward carboxylesterase over other substances. Notably, the imaging
experimental results showed that the probe 1 is cell membrane permeable, and its applicability has been
demonstrated for monitoring carboxylesterase activity in Hela cells.

Introduction

Carboxylesterases are a family of hydrolases, which can catalyze
the hydrolysis of carboxylic esters to generate acids and alco-
hols."™* They are widely found in flora and fauna. The enzymes
play a crucial role in drug targets and prodrug activators,**® and
have received much attention in recent decades because of their
human health importance."*** Therefore, detection of carbox-
ylesterases in living biosystems is of great significance for better
understanding their biological functions as well as the evalua-
tion of therapeutic drugs.

In recent years, an assortment of methods including
immunology, chromatography, chemiluminescence, mass
spectrometry and fluorescence, have been reported for carbox-
ylesterase detection.'”™ Among them, fluorescent probes for
detecting carboxylesterase have become more and more
attractive because of their advantages such as high sensitivity,
selectivity and high temporal-spatial resolution.”*?® For
example, Zhou et al. reported a new lysosome-targeted fluores-
cence probe with emission 575 nm for fluorescence sensing of
carboxylesterase in live cells, sera and tissues.”” As for in vivo
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imaging studies, near-infrared (NIR) fluorescent probes are
more desired because they have excellent tissue penetration,
low biological and autofluorescence damage.>*** As far as we
know, most of the current probes have a severe limitation on
application for imaging in living systems, since they have
a short excitation (usually <500 nm) and emission wavelength
(usually <630 nm) and there are limited reports on NIR fluo-
rescent probes for carboxylesterase detection in recent years.
For instance, Yang et al. designed a NIR fluorescent probe
which has been used to detect carboxylesterases in vitro and in
vivo.*® Li et al. prepared a NIR fluorescence off-on probe for
detection and imaging of carboxylesterase in living HepG-2 cells
and zebrafish pretreated with pesticides.** To the best of our
knowledge, only two NIR fluorescent probe for carboxylesterase
have been reported so far. Hence, NIR fluorescent probes are
still necessary for carboxylesterase assay. In particular, the
development of readily accessible and water-soluble fluorescent
probes with improved detection selectivity and sensitivity
remains challenging and desirable for imaging in vivo.

In this paper, we successfully designed and synthesized
a hydrosoluble, selective, and sensitive NIR fluorescence probe,
(E)-2-(2-(6-(4-acetoxybenzyloxy)-2,3-dihydro-1 H-xanthen-4-yl)
vinyl)-3,3-dimethyl-1-(4-sulfobutyl)-3H-indolium (probe 1), for
the detection of carboxylesterase activity. We selected the
decomposed product of the unstable precursor of IR-783 as
fluorophore, which shows excellent near-infrared spectroscopic
feature and good water solubility due to the existence of
sulfonic acid group.*® In addition, (4-acetoxybenzyl)oxy is
identified as a quenching and recognizing moiety due to the
specificity and high sensitivity to carboxylesterase.*® The
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presence of carboxylesterase will cut off the bonds that connect
fluorophore with recognize moiety, resulting in the release of
the fluorophore decomposed product of IR-783, which has
reached the purpose of detecting carboxylesterase (Scheme 1).
The decomposed product of the unstable precursor cyanine
dyes not only exhibits high stability but also preserves the
characteristics of near-infrared fluorescence excitation and
emission of cyanine dyes. Furthermore, the probe 1 indeed
exhibits excellent biological properties, and high fluorescence
quantum yield, which applies to the detection of endogenous
carboxylesterase in living cells. As the starting point of this
work, the probe 1 was synthesized through two steps as illus-
trated in Scheme 1. Detailed synthetic steps and characteriza-
tion of probe 1 were described in ESI.f The probe 1 was
characterized by NMR and ESI-MS (Fig. S1-S37).

Experimental section
Materials and chemicals

Electrospray ionization mass spectrum (ESI-MS) was recorded
in positive mode with a Shimadzu LC-MS 2010A instrument
(Kyoto, Japan). "H NMR and "*C NMR spectra were measured on
Brucker DMX-600 spectrometer in CD;OD. Absorption spectra
were measured with a TU-1900 spectrophotometer (Beijing,
China) in 1 cm quartz cells. Fluorescence spectra were collected
on a Hitachi F-4600 spectrofluorimeter with both excitation and
emission slit widths of 10 nm. The absorbance for MTT analysis
was recorded on a microplate reader (BIO-TEK Synergy HT,
USA). Fluorescence imaging was made on a TCS SP5 confocal
laser scanning microscope (Leica, Germany) with excitation at
635 nm.

IR-783 iodide, resorcinol, 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride (AEBSF), 4-(chloromethyl)phenyl
acetate, and carboxylesterase were purchased from Sigma-
Aldrich. A phosphate buffered saline solution was obtained
from Invitrogen Company. Dulbecco's modified eagle media
(DMEM), fetal bovine serum, penicillin and streptomycin were
obtained from Invitrogen Corporation. 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazoliumb-romide (MTT) and was ob-
tained from Serva Electrophoresis GmbH (Germany). The water
used in the experiment is Milli-Q ultrapure water, and all other

Z N
§ CH1CN, K;COs

SOH HOsS 2

2

HO,S 1

Scheme 1 Synthesis of probe 1 and its reaction with carboxylesterase.
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reagents used are analytical pure. HeLa cells were obtained
from the Experimental Animal Center of the Academy of Mili-
tary Medical Sciences (Beijing, China). All animal procedures
were performed in accordance with the Guidelines for Care and
Use of Laboratory Animals of Beijing and approved by the
Animal Ethics Committee of Beijing.

Synthesis and characterization of probe 1

First of all, the fluorophore 2 is used in the previous proce-
dure.* Secondly, to a solution of fluorophore 2 (253 mg, 0.5
mmol) in anhydrous DMF (10 mL), K,CO; (103.5 mg, 0.75
mmol) was added, followed by stirring at 45 °C for 20 min under
an Ar atmosphere. Then, a solution of 4-(chloromethyl)phenyl
acetate (182 mg, 1.0 mmol) in DMF (5 mL) was added dropwise.
The resulting mixture was stirred at 45 °C for 3 h and then
diluted with dichloromethane (20 mL). The organic layer was
separated, washed with water and brine, and then dried over dry
Na,SO,4. The solvent was removed by evaporation, and the
residue was subjected to silica gel chromatography, affording
a blue-green solid (probe 1).

'H NMR (600 MHz, CD;0D) 6 8.75 (d, J = 14.8 Hz, 1H), 7.68-
7.63 (m, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.52 (t, ] = 8.5 Hz, 3H),
7.49-7.43 (m, 2H), 7.36 (s, 1H), 7.16 (d, ] = 8.5 Hz, 2H), 7.08 (d, J
= 2.1 Hz, 1H), 7.04 (dd, J = 8.6, 2.3 Hz, 1H), 6.56 (d, / = 14.9 Hz,
1H), 5.27 (s, 2H), 4.39 (t, ] = 7.5 Hz, 2H), 2.91 (t,] = 7.2 Hz, 2H),
2.81-2.71 (m, 4H), 2.28 (s, 3H), 2.07 (d,J = 7.0 Hz, 2H), 2.00-1.90
(m, 4H), 1.82 (s, 6H).

3C NMR (151 MHz, CD;0D) § 169.72, 162.30, 161.74, 154.52,
150.79, 145.90, 142.27, 141.73, 134.26, 133.50, 129.57, 128.88,
128.71, 128.43, 127.40, 126.97, 122.34, 121.64, 116.13, 114.63,
113.87,112.61, 103.66, 101.30, 69.85, 50.63, 50.18, 44.55, 28.91,
28.70, 27.01, 26.14, 23.67, 22.11, 20.26, 19.52.

ESI-MS mj/z: calculated for probe 1 (CssH4NO,S™, [M]),
654.2520; found, 654.2499.

General procedure for carboxylesterase detection

The fluorescence of probe 1 (10 pM) reacting with carbox-
ylesterase was determined in PBS buffer (pH 7.4). The stock
solutions (1 mM, 50 pL) of probe 1 were dissolved in 1 mL of
PBS, followed by addition of carboxylesterase and then add
appropriate PBS up to 2 mL. After incubation at 37 °C for 20 min
in a shaker incubator, a 2 mL portion of the reaction solution
was transferred to a 1 cm quartz cell to measure the absorbance
or fluorescence with Aeyemn = 670/706 nm and both excitation
and emission slit widths of 10 nm.

Cytotoxicity assay

Standard MTT assay was performed to determine the cytotox-
icity of probe 1 towards HeLa cells.’”**

Fluorescence imaging of carboxylesterase in HeLa cells

HeLa cells were cultured in DMEM media, supported with 10%
FBS, 100 U mL ™" penicillin, and 1% r-glutamine in a humidified
5% CO,/95% air incubator at 37 °C. Prior to imaging, the
medium was removed, the control group is the cells in PBS

This journal is © The Royal Society of Chemistry 2019
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buffer. The second group is that the cells were incubated with
10 uM probe 1 for 20 min. The third group is that the cells were
pretreated with 0.5 mM AEBSF for 30 min and then incubated
with 10 pM probe 1 for 20 min. The fourth group is that the cells
were pretreated with 1 mM AEBSF for 30 min and then incu-
bated with 10 uM probe 1 for 20 min. After washing with PBS
solution, the imaging was performed with confocal laser scan-
ning microscope (Leica, Germany) with 635 nm and then
washed three times with the PBS buffer (pH 7.4). The pixel
intensity collected from fluorescence image at least 10 cells were
measured using Image ] software.

Results and discussion
Absorption and fluorescence studies

The spectroscopic evaluation of the probe 1 in the absence and
presence of carboxylesterase were carried out in phosphate
buffered saline (PBS, 10 mM, pH = 7.4) at 37 °C. In the pre-
sented UV-vis spectrum (Fig. 1A), the probe 1 exhibited
absorption peak at 600 nm in PBS, but after reaction with car-
boxylesterase, the maximum absorption peak was red-shifted to
670 nm. In addition, the probe 1 had a high sensitivity to car-
boxylesterase results in the sharp fluorescence off-on response
at 706 nm (Fig. 1B), which was attributed to the characteristic
emission of fluorophore 2, the decomposed product of IR-783.%°
It was worth to note that both the absorption and fluorescence
spectra from the reaction system resemble those of fluorophore
2, suggesting that the carboxylesterase-triggered cleavage reac-
tion caused the release of free fluorophore 2 (Scheme 1). The
results indicated that probe 1 displayed excellent sensitivity for
carboxylesterase detection in abiotic systems. The generation of
fluorophore 2 was further proved by electrospray ionization
mass spectral analysis (m/z 506.2 [M]'; Fig. S47).

Optimization conditions

The effects of pH, temperature and reaction time on the fluo-
rescence intensity of the reaction system were examined. As
anticipated, the changes of both pH from 5 to 9 scarcely activate
the fluorescence of probe 1 itself, but do turn on that of the
reaction solution of probe 1 with carboxylesterase (Fig. S51). In
addition, the kinetic curves of probe 1 reacting with varied
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Fig. 1 (A) Absorption spectra of probe 1 (10 uM) (a) before and (b) after
reaction with carboxylesterase (1 U mL™%). (B) Fluorescence spectra of
probe 1 (10 puM) reacting with carboxylesterase at different concen-
trations (0, 0.01, 0.025, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.6 and 1 U mL™Y).
The reaction was performed in 10 mM PBS at 37 °C for 20 min. Aex/em =
670/706 nm.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

concentrations of carboxylesterase are presented in Fig. S6.t
Obviously, with the passing of time, the fluorescence intensity
gradually increased and the reaction reached the platform in
about 20 min. By contrast, the probe 1 (control) showed no
significant fluorescence change during the same period of time,
which indicated that probe 1 is very stable in the detection
system. These all results clearly indicate that the reaction of
probe 1 has the potential to be used to detect carboxylesterase
under physiological conditions (pH 7.4 and 37 °C).

Selectivity detection

To investigate whether other substances can interfere with the
detection of carboxylesterase under the physiological condi-
tions (pH 7.4 and 37 °C), probe 1 was treated with various
species commonly found in biological systems, and only car-
boxylesterase could trigger a fluorescence response. The reac-
tion selectivity was assessed by parallel detection of various
possible interfering substances in the same situation, such as
metal ions (KCl, MgCl,, CaCl,), glucose, reactive oxygen species
(H,0,, HOCI, ONOO™), amino acids (serine, arginine), biothiols
(cysteine), human serum albumin (HSA), bovine serum albumin
(BSA), acetylcholinesterase (AchE), and butyrylcholinesterase
(BchE). The selectivity for over other relative analytes shows that
the presence of other substance did not show any significant
interference, displaying that probe 1 had outstanding selectivity
toward carboxylesterase and these potentially interfering
species show insignificant interference in the probing process
between carboxylesterase and probe 1. This result indicates the
high reliability in a complex biological environment (Fig. 2).

Sensitivity detection

Under the optimized reaction conditions (20 min reaction time
at 37 °C in pH 7.4 PBS), the fluorescence response of probe 1 to

1200
.‘é. 00
® -
c
‘.“:3
= 800
o
o
c
@
o
@ 4004
o
F
|

N
& OEEFT DTS x\““’%%\;“e"“&"q
N &S
&
(OO
&

Fig. 2 Fluorescence responses of probe 1 (10 uM) in the presence of
various species: control (probe 1), 150 mM KCl, 2.5 mM CaCl,, 2.5 mM
MgCl,, 10 mM glucose, 50 uM H,O,, HOCL ONOO™, 1 mM serine,
1 mM arginine, 1 mM cysteine, 0.5 mg mL™  HSA, 0.5 mg mL™* BSA, 0.1
ng L~ AchE, 20 U L™1 BchE, 1 U mL™! carboxylesterase. The results are
the mean =+ standard deviation of three separate measurements. Aey/em
= 670/706 nm.
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carboxylesterase at varied concentrations was investigated. The
fluorescence response of probe 1 presented an excellent line-
arity in the concentration range of 0.01-0.3 U mL™ ' with
a regression equation of AF = 1985.9 C (U mL™ ") + 160.7 (R* =
0.991), where AF is the fluorescence enhancement of probe 1 at
706 nm with and without carboxylesterase. The detection limit
(38 m™', in which S is the standard deviation of blank
measurements, n = 11, and m is the slope of the linear equa-
tion) is determined to be 3.4 x 10™° U mL " carboxylesterase.

Fluorescence imaging in cells

Encouraged by these results as demonstrated above, the prac-
ticability of probe 1 to detect carboxylesterase in living cells was
investigated. Before fluorescence imaging, since the cytotoxicity
is a critical aspect in bio-imaging, a standard MTT assay was
performed to evaluate the bio-compatibility of the probe
(Fig. S77). No significant difference changed upon treatment
even with 10 uM probe 1 at 37 °C for 24 h, indicating the probe
had no marked cytotoxicity and good biocompatibility. There
was potential application of probe 1 in live cell systems.

In view of the biopermeable and low cytotoxicity of probe 1,
these results inspire us to detect the carboxylesterase activity in
living cells through the reaction of endogenous carboxylesterase
with the probe 1 by fluorescence imaging. HeLa cells were
selected to demonstrate this attempt. As shown in Fig. 3, HeLa
cells themselves show neglectable intracellular background
fluorescence (Fig. 3A), whereas the probe-loaded cells display
a strong fluorescence (Fig. 3B). In contrast, when HeLa cells
were pre-treated with 0.5 mM of AEBSF (the carboxylesterase
inhibitor),>* a decreased fluorescence was observed (Fig. 3C).
Moreover, a higher concentration of AEBSF (1.0 mM) leads to
a weaker fluorescence (Fig. 3D). This clearly indicates that the
fluorescence change in HeLa cells arises from the cleavage
reaction of probe 1 by endogenous carboxylesterase releasing
the free fluorophore 2, the decomposed product of IR-783. In
other words, the probe 1 is cell membrane permeable, and can
be used to detect the change of intracellular carboxylesterase

ot 3
B ‘&K AN

Fig. 3 Confocal fluorescence images of Hela cells. (A) Hela cells
only; (B) Hela cells were incubated with 10 pM probe 1 for 20 min; (C)
Hela cells were pretreated with 0.5 mM AEBSF for 30 min and then
incubated with 10 uM probe 1 for 20 min; (D) Hela cells were pre-
treated with 1 mM AEBSF for 30 min and then incubated with 10 uM
probe 1 for 20 min. The differential interference contrast (DIC) images
of the corresponding samples are shown below (panels E-H). Scale
bar: 20 pm.
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activity. The relative pixel intensity measurements obtained
from the images of HeLa cells were examined. As can be seen
from Fig. S87, the fluorescence intensity from the cells treated
with 0.5 and 1.0 mM of AEBSF is deceased to 68% and 39% with
respect to that without AEBSF (defined as 1.0), which corre-
sponds to the inhibition of the carboxylesterase activity of 32%
and 61%, respectively. The results fully demonstrate that the
probe 1 can be applied to image endogenous carboxylesterase in
living cells.

Conclusions

In summary, we have successfully designed and synthesized
a new hydrosoluble NIR spectroscopic off-on probe for visual-
ization of carboxylesterase. The presence of carboxylesterase
will cut off the bonds that connect fluorophore with recognize
moiety, resulting in the release of the fluorophore, decomposed
product of IR-783. The proposed probe demonstrates excellent
characteristics in terms of low toxicity, high selectivity, sensi-
tivity, stable photo-stability, enabling the tracking of endoge-
nously carboxylesterase in living HeLa cells. Based on the
results of inhibitor AEBSF, this indicates that the fluorescence-
on reaction indeed arises from endogenous carboxylesterase in
living HeLa cells. All these features of probe 1 suggest that this
NIR fluorescent probe holds great potential for further investi-
gation on the biological functions of carboxylesterase in other
biosystems.
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