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Phototheranostic probes have been proven to be a promising option for cancer diagnosis and treatment.
However, near-infrared phototheranostic probes with specific tumor microenvironment responsiveness
are still in demand. In this paper, a carboxylesterase (CES)-responsive near-infrared phototheranostic
probe was developed by incorporating 6-acetamidohexanoic acid into a hemicyanine dye through an
ester bond. The probe exhibits highly sensitive and selective fluorescence enhancement towards CES
because CES-catalyzed cleavage of the ester bond leads to the release of the fluorophore. By virtue of
its near-infrared analytical wavelengths and high sensitivity, the probe has been employed for
endogenous CES activatable fluorescence imaging of tumor cells. Moreover, under 660 nm laser
irradiation, the probe can generate toxic reactive oxygen species and efficiently kill tumor cells, with low
cytotoxicity in dark. As far as we know, the probe was the first CES-responsive phototheranostic probe
with both near-infrared analytical wavelengths and photosensitive capacity, which may be useful in the
real-time and in situ imaging of CES as well as imaging-guided photodynamic therapy of tumors.

rsc.li/rsc-advances

Introduction

Phototheranostics, characterized by integrating photoinduced
imaging and concurrent therapy into a system, has attracted
much attention in the field of cancer theranostics. Among
optical diagnostics, fluorescence imaging has the advantages of
excellent sensitivity, easy operation, fast response and so on. In
particular, fluorescence imaging with near-infrared (NIR)
wavelength (650-900 nm) is more favorable for biomedical
diagnosis due to the deeper tissue penetration, less photo-
damage, and lower background fluorescence disturbance.'”* For
photoinduced therapeutics, photodynamic therapy (PDT) is
capable of killing cancer cells selectively by generating ven-
enous singlet oxygen under laser irradiation, without noticeable
damage to normal tissues in dark.*® The merits, including
minimal invasiveness, precise controllability and negligible
drug resistance, have made PDT a promising therapeutic option
for cancer. Therefore, developing novel phototheranostic
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Therefore, the proposed probe may have wide application prospect in cancer theranostics.

probes with fluorescence imaging-guided PDT is rather benefi-
cial to tumor diagnosis and efficient treatment.

Moreover, the phototheranostic probe responding to specific
tumor microenvironment is the ideal agent for cancer diagnosis
and therapy because of the improved tumor specificity. Such
phototheranostic probe is generally activated by an endogenous
initiator in tumor cells, such as hypoxia,>™ acidic pH,”™
abundant thiol species,”>"’ reactive oxygen species,"®* and
some overexpressed enzymes.?*>* Carboxylesterase (CES) is one
of the overexpressed enzymes in various tumor cells, which can
catalyze the hydrolysis of carboxylic esters and be in action in
the growth, invasion, as well as metastasis of malignant
tumors.>**° CES has thus been regarded as a potential target for
tumor theranostics, and several CES-activated prodrugs for
chemotherapy have been reported.”’-** Besides, some CES-
responsive fluorescence probes for single imaging were
proposed.**** These probes were generally designed by incor-
porating varied substrates with carboxyl groups into fluo-
rophores with hydroxyl groups, which displayed rational
sensitivity and selectivity toward CES. They have been used for
bioimaging at cellular level or in vivo, verifying the feasibility of
such sensing strategy. However, most of these probes had
relatively low emission wavelength (<650 nm), and CES-
responsive photo-theranostic probe with NIR analytical wave-
lengths is still absent.

Herein, a CES-responsive phototheranostic probe HCH-

AcAH (Scheme 1) was developed for activatable NIR
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Scheme 1 The structure and response mechanism of HCH-AcAH to
CES.

fluorescence imaging and PDT of tumor cells. HCH-AcAH was
synthesized by incorporating 6-acetamidohexanoic acid (AcAH)
into the hemicyanine skeleton HCH via an ester bond. HCH was
selected owing to its NIR analytical wavelengths, tunable fluo-
rescence signal, superior photosensitive capacity, and high
stability.***® The probe has almost no fluorescence signal due to
the esterification of hydroxyl in HCH, which is desirable for
sensitive detection. However, reaction with CES triggers the
cleavage of ester bond, accompanied with the release of the
fluorophore HCH and concomitant fluorescence enhancement,
which results in the development of a sensitive and selective
means for CES detection. Moreover, the released HCH also
possesses photodynamic capacity, thereby damaging tumor
cells. HCH-AcAH has been used not only for activatable fluo-
rescence imaging of tumor cells with overexpressed CES, but
also to efficiently killing tumor cells via photodynamic effect.

Experimental

Reagents and apparatus

CES was purchased from Sigma-Aldrich. IR-780 iodide and
AcAH were purchased from J&K Scientific Co., Ltd (Beijing,
China). Resorcinol and propidium iodide (PI) were obtained
from Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). Dulbecco's modified Eagle's medium (DMEM), fetal
bovine serum (FBS), trypsin, glutathione (GSH), 2,7-dichlor-
odihydrofluorescein diacetate (DCFH-DA), 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), and
calcein acetoxymethyl ester (calcein-AM) were obtained from
Solarbio Science & Technology Co., Ltd (Beijing, China). All the
inorganic salts used were purchased from Beijing Chemical
Industry Co., Ltd (Beijing, China). Human cervical cancer cell
line (HeLa cell) was derived from Cell Bank of Chinese Academy
of Sciences (Shanghai, China). Ultrapure water (over 19 MQ cm)
was produced by Heal Force (China).

'H and **C NMR spectra were scanned on an AVANCE III
spectrometer (Bruker, Germany). High-resolution electrospray
ionization mass spectrometry (HR-ESI-MS) was carried out
using APEX IV FTMS instrument (Bruker Daltonics). An F-7000
fluorescence spectrophotometer (Hitachi, Japan) was used to
record fluorescence spectra. A UH5300 UV-visible spectropho-
tometer (Hitachi, Japan) was employed to collect the absorption
spectra. A SpectraMax190 microplate reader (Molecular Devices,
USA) was used to determine the absorbance in MTT assay.
Fluorescence imaging was conducted with an Eclipse Ts2 fluo-
rescence microscope (Nikon, Japan). Confocal fluorescence
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imaging was performed on an FV 3100-IX83 confocal laser
scanning microscope (Olympus, Japan).

Synthesis and characterization of the probe HCH-AcAH

The synthesis route of the probe HCH-AcAH was shown in
Scheme S1t. HCH was prepared according to our previous
method.** Then, HCH (82 mg, 0.2 mmol) was added to a mixture
of AcAH (52 mg, 0.3 mmol), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydro-chloride (69 mg, 0.36 mmol) and 4-dime-
thylaminopyridine (4 mg, 0.32 mmol) in CH,Cl, (6 mL). The
reaction mixture was stirred for 1 h at ambient temperature.
After evaporating the solvent under reduced pressure, the
residue was further purified by column chromatography with
CH,Cl,/CH;0H as eluents, affording HCH-AcAH as a purple
solid (28 mg, yield 24%). HR-ESI-MS: m/z calcd for HCH-AcAH
(C36H4uN,0,7, M"), 567.3217; found, 567.3214 (Fig. S1t). 'H
and *C NMR spectra were shown in Fig. S2 and S3,T respec-
tively. "H NMR (400 MHz, 298 K, CDCl,): 6 8.68 (d, 1H, J = 15.2
Hz), 7.75 (s, 1H), 7.61 (d, 1H, J = 7.6 Hz), 7.48 (m, 4H), 7.23 (s,
1H), 7.14 (s, 1H), 7.04 (m, 1H), 6.62 (d, 1H, J = 15.2 Hz), 4.50 (t,
2H, ] = 6.8 Hz), 3.28 (q, 2H, J = 6.8 Hz), 2.76 (m, 4H), 2.64 (t, 2H,
J = 7.2 Hz), 2.44 (s, 2H), 2.07 (s, 3H), 1.99 (m, 4H), 1.83 (s, 6H),
1.66 (m, 2H), 1.50 (m, 2H), 1.11 (t, 3H, ] = 7.2 Hz)."”>C NMR (100
MHz, 298 K, CDCl;): 6 178.6, 171.8, 171.1, 160.5, 153.1, 150.6,
146.5, 142.2, 141.3, 132.0, 131.6, 129.9, 129.4, 128.4, 128.1,
122.9, 119.5, 115.1, 113.2, 109.7, 105.5, 51.2, 47.6, 39.3, 34.3,
29.5, 29.1, 28.3, 26.4, 24.5, 24.4, 23.4, 21.6, 20.3, 11.6.

General procedure for CES detection

A certain amount of HCH-AcAH was dissolved in DMSO to
prepare the storage solution (1 mM). For detecting the response
of HCH-AcAH to CES, HCH-AcAH (10 pM) was mixed with
different concentrations of CES in PBS (pH 7.4). After incuba-
tion at 37 °C for 6 min, the reaction system was subjected to
fluorescence measurement with Aeem = 680/710 nm. As
a control, HCH-AcAH in the absence of CES was determined
under the same conditions.

ROS evaluation

To evaluate the ROS generation ability of the reaction system in
vitro, DCFH-DA was utilized as the ROS indicator. The reaction
system was first made by reacting HCH-AcAH (1 pM) with CES
(200 U L") at 37 °C for 6 min. Then, the activated DCFH-DA (1
uM) was added, and the mixture was exposed to 660 nm laser
irradiation. The fluorescence spectra were monitored with Aex =
485 nm. For comparison, DCFH-DA alone was observed under
the same condition.

Confocal fluorescence imaging of endogenous CES in HeLa
cells

HeLa cells were inoculated and grew with adherence for 24 h.
The culture medium was discarded and the cells were cleaned
with PBS (pH 7.4) three times. Then, the cells were incubated
with HCH-AcAH (10 pM) for 10 min. For the inhibitor study, the
cells were pretreated with inhibitor triphenyl phosphate (TPP,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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10 puM) for 1 h before incubation with HCH-AcAH. The imaging
was carried out on a confocal laser scanning microscope with
635 nm excitation and 650-750 nm emission.

Cytotoxicity evaluation

The dark and photo toxicity of HCH-AcAH to cells was deter-
mined by standard MTT assay.'® After digestion and centrifu-
gation, HeLa cells were collected, counted, and inoculated in 96-
well plates with a density of 7000-10000 cells per well. Cells
were incubated at 37 °C for 24 hours. Different concentrations
of HCH-AcAH (1-30 uM) in DMEM were added to each well and
co-incubated with cells for 12 h. The media were replaced by
fresh DMEM. Then, the cells in the group with laser were
exposed to 660 nm laser irradiation (0.25 W cm™?) for 10 min,
while the control group was placed in dark. After removing the
old media, 100 pL MTT solution (0.5 mg mL ') was added and
incubated for another 4 h. The supernatant was discarded and
DMSO (100 pL) was added. Finally, the absorbance at 490 nm
was measured, and the cell viability was calculated.

Calcein-AM/PI staining of cells

Adherent HeLa cells were incubated with HCH-AcAH (10 uM) at
37 °C for 10 min. After washed with PBS, the group with laser
was irradiated by 660 nm laser (0.25 W cm ™ ?) for 10 min, while
the control group without laser was kept away from light. Then,
cells in each group were treated by calcein-AM (4 uM) and PI
(100 ug mL™"). After 20 min, the cells were washed and photo-
graphed with a fluorescence microscope.

Results and discussion
Spectral properties of HCH-AcAH reacting with CES

The spectral changes of HCH-AcAH before and after reacting
with CES were first studied. In the UV-vis absorption spectra
(Fig. 1A), it was observed that HCH-AcAH had a maximum
absorption peak at 585 nm, with two shoulder peaks at 553 and
628 nm, respectively (curve a). After interacting with CES, the
maximum absorption peak shifted to 680 nm (curve b), along
with the color of the solution changing from purple to blue
(inset in Fig. 1A). Meanwhile, HCH-AcAH itself was nearly
nonfluorescent due to the blocking of hydroxyl in HCH.*
However, addition of CES induced strong fluorescence signal at
710 nm (Fig. 1B). Such significant fluorescence enhancement
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Fig.1 The absorption (A) and fluorescence (B) spectra of HCH-AcAH
(10 uM) before (a) and after (b) reacting with CES (200 U L™). A, =
680 nm.
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was highly favorable for the sensitive detection of CES. More-
over, both the absorption and fluorescence spectra of HCH-
AcAH after reacting with CES resembled those of the fluo-
rophore HCH (Fig. S471), hinting that the reaction with CES
triggered the release of HCH, thereby leading to the fluores-
cence enhancement. The formation of HCH was also verified by
HR-ESI-MS analysis (Fig. S51). The mass spectrum of the reac-
tion solution showed a prominent peak at m/z = 412.2271,
indicating the generation of the fluorophore HCH.

The influences of reaction time, temperature, and pH on the
reaction system were then explored. The reaction kinetic curves
(Fig. S6AT) showed that higher concentrations of CES induced
quicker reaction rates and stronger fluorescence signals, and
the fluorescence reached an approximate plateau within 6 min.
By contrast, the fluorescence of HCH-AcAH itself had little
change during the same period, suggesting the good stability of
the probe in an aqueous environment. The fluorescence signal
of either the probe or the reaction system was barely affected by
the temperature increasing from 20 to 45 °C (Fig. S6BT). In
addition, the strongest fluorescence enhancement was achieved
at pH 7 (Fig. S6CY), which was attributed to the effects of pH on
the fluorescence signal of HCH-AcAH and HCH, as well as the
enzymatic activity of CES. The above results indicated that
HCH-AcAH was suitable for the quick detection of CES at
normal physiological conditions (37 °C, pH 7.4), which was thus
employed in this work.

Under the above conditions, the fluorescence spectra of
HCH-AcAH reacting with varying concentrations of CES were
monitored. As depicted in Fig. 2, higher concentrations of CES
induced larger fluorescence enhancement, and a good linearity
could be achieved in the range of 5-40 U L™, with a linear
equation of AF = 3.75 x C +19.92 (R = 0.988), where AF means
the fluorescence difference with and without CES. Using the
formula 3s/m (s is the standard deviation of blank determina-
tions, n = 11, and m is the slope of the linear equation), the
detection limit was 0.712 U L™, which was lower than the
existed NIR fluorescent probes for CES.***°

Next, the selectivity of HCH-AcAH for CES was evaluated by
testing some probable coexisting substances covering inorganic
salts (CaCl,, FeClz, CuSO,, and MgCl,), amino acids (cysteine,
tyrosine, proline, and methionine), ascorbic acid, GSH, and
several enzymes (nitroreductase and hyaluronidase). The
results (Fig. S71) manifested that species except for CES scarcely

A 250 B
200 UIL 755 i
3
8
2z W
3 <100 i
o
£
3
= 50
700 750 800 850 0 10 20 30 40
Wavelength (nm) C(UlL)

Fig. 2 (A) Fluorescence responses of HCH-AcAH (10 uM) to varying
concentrations of CES (0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 100, and 200
U LY. (B) Linear fitting curve of AF toward the content (C) of CES from
5t0 40 U L% Zewem = 680/710 nm.
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affected the fluorescence signal of the probe, implying the
excellent specificity of probe HCH-AcAH towards CES, which
was ascribed to the specific cleavage of the ester bond by CES.

To further verify that the enhanced fluorescence resulted
from the CES-mediated hydrolyzation, the effect of TPP, an
inhibitor of CES,* was studied on the enzyme's activity. As was
seen in Fig. S8, 100 nM and 500 nM TPP reduced 45 and 71% of
the fluorescence intensity compared with the fluorescence in
the absence of TPP (curve b), respectively, demonstrating that
the fluorescence off-on response was indeed triggered by CES-
catalyzed cleavage.

In order to evaluate the photodynamic effect of the reaction
system, DCFH-DA was utilized to indicate the formation of ROS.
As depicted in Fig. 3, upon the addition of DCFH-DA and irra-
diation with 660 nm laser, the reaction system showed gradually
increased fluorescence at 525 nm with a dependency on the
irradiation time. As a control, the fluorescence of DCFH-DA
itself scarcely varied under the same condition, verifying the
laser-induced generation of ROS in the reaction system of HCH-
AcAH and CES. In addition, HCH-AcAH itself also induced the
formation of ROS (Fig. S9f). Even so, due to the precise
controllability of the laser irradiation, HCH-AcAH may have
great potential in the selective PDT of tumor with overexpressed
CES.

Fluorescence imaging of endogenous CES in living cells

Encouraged by the high sensitivity and selectivity as well as the
NIR analytical wavelengths of HCH-AcAH, we further explored
its applicability in the real-time imaging of endogenous CES in
living cells. It has been reported that CES was overexpressed in
various tumors, including cervical cancer and liver cancer.”**
And cervical cancer cell line HeLa has been used as the model
cell in many studies on CES.*****' Hence HeLa cells were
chosen in the following cellular study. As shown in Fig. 4, HeLa
cells alone emitted no background fluorescence, which profited
from the long excitation wavelength (635 nm). However, upon
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Fig. 3 Fluorescence changes of DCFH-DA in PBS (a) or in the reaction
solution (b) of HCH-ACAH (1 uM) and CES (200 U L™1) upon 660 nm
laser (0.25 W cm™2) for different irradiation time (0—10 min). Aex/em =
485/525 nm.
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Fig. 4 (A) Fluorescence images of Hela cells. (a) Hela cells only
(control), (b) Hela cells incubated with HCH-AcAH (10 pM) for 10 min,
(c) Hela cells were pretreated with TPP (10 uM) for 1 h before incu-
bation with HCH-AcAH (10 puM) for 10 min. Scale bar, 20 pm. (B)
Relative pixel intensity of the corresponding images in panel A (the
pixel intensity from image (b) is defined as 100%). The results are the
mean =+ standard deviation of three separate measurements.

treatment with HCH-AcAH, bright red fluorescence was
observed in the cytoplasm of HeLa cells, with negligible fluo-
rescence in the nucleus. The reason for this phenomenon may
be the location behaviors of CES* and the generated fluo-
rophore HCH, which mainly resided in the cytoplasm instead of
nucleus (Fig. S107). Moreover, the fluorescence signal in cells
with TPP (inhibitor of CES) pre-incubation was largely
depressed (group c in Fig. 4), revealing the enhanced fluores-
cence in HeLa cells must be ascribed to the endogenous CES.
Thus, the probe has great potential in imaging tumor cells with
overexpressed CES.

PDT capacity of HCH-AcAH at the cellular level

Given the ROS generation and cell membrane permeability of
HCH-AcAH, its PDT capacity at the cellular level was investi-
gated. With DCFH-DA as the ROS imaging agent, we monitored
the ROS formation in HCH-AcAH treated cells (Fig. S117). The
cells with either HCH-AcAH incubation or laser irradiation
showed no remarkable fluorescence, indicating the probe or
laser alone could not generate ROS. However, upon exposure to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Viability of HCH-AcAH treated Hela cells without or with

660 nm laser irradiation (0.25 W cm™2, 10 min). The viability of cells in
the absence of HCH-AcAH and laser irradiation was defined as 100%.
(B) Fluorescence images of calcein-AM/PI staining Hela cells after
different treatments. Scale bar, 100 pm.

660 nm laser for 10 min, the HCH-AcAH incubated cells
exhibited intense green fluorescence, which is the direct
evidence of ROS formation in cells. Whereafter, the cell viability
was assessed with MTT and calcein-AM/PI staining assays. As
can be seen in Fig. 5A, HeLa cells incubated with HCH-AcAH
without laser kept relatively high viability (about 80%) even at
the concentration of 30 uM, suggesting the low cytotoxicity of
the probe in dark. However, once the HCH-AcAH treated cells
were irradiated by 660 nm laser, the survival rates significantly
reduced with concentration-dependency, which was attributed
to the PDT effect of the probe. Consistent results were obtained
from calcein-AM/PI staining (Fig. 5B). HCH-AcAH or laser alone
could barely affect the cell viability owing to the intense green
and negligible red fluorescence in cells, implying the low dark
cytotoxicity of HCH-AcAH and high safety of laser used in this
work. On the contrary, laser irradiation on HCH-AcAH treated
cells induced bright red intracellular fluorescence, indicative of
dead cells.” These observations suggested that the probe HCH-
AcAH possessed excellent PDT capacity at the cellular level.

Conclusions

In summary, the first NIR phototheranostic probe HCH-AcAH
was developed for CES-activatable tumor fluorescence imaging
and concomitant PDT. The probe showed highly sensitive and
selective NIR fluorescence enhancement (Aex/em = 680/710 nm)
to CES, with the detection limit of 0.712 U L™, The response
mechanism relied on the CES-catalyzed cleavage of ester bond,
along with the liberation of HCH. Moreover, significant laser-
induced ROS generation was achieved in the reaction system

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of HCH-AcAH and CES. Compared with the reported fluores-
cence probes for CES, the proposed probe exhibited NIR
analytical wavelengths, low detection limit, and prominent
photosensitive capacity (Table S1). These merits made HCH-
AcAH useful in the real-time and in situ imaging of CES as
well as imaging-guided PDT of tumors. The experiments at
cellular level verified that HCH-AcAH could indeed be applied in
endogenous CES-activatable fluorescence imaging of tumor
cells. In addition, HCH-AcAH displayed low cytotoxicity in dark
while conspicuous PDT-mediated cell death was observed upon
660 nm laser irradiation. The simplicity and great performance
of HCH-AcAH may make it potential in cancer diagnosis and
treatment.
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