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Nitroxyl (HNO) is a promising regulator for cancer therapy. Here, we
develop a tumor-targeted near-infrared fluorescent probe for HNO
and utilize it in the real-time imaging of HNO release in vivo.

Starting with the seminal discovery of the gasotransmitter
nitric oxide (NO), the field of reactive nitrogen species has
been attracting expanding interest." Generally, NO is produced
in endothelial cells and is responsible for vasodilation. Phar-
macological action of the well-known nitroglycerin can be
ascribed to its capability of producing NO upon adminis-
tration.” In past decades, the potential pharmacological effects
of NO on cancer have been explored greatly, which has led to
NO donors being seen as promising tumor cytotoxic agents.’
Recently, nitroxyl (HNO), the one-electron reduced form of NO,
has emerged as a new player with fascinating therapeutic
potential since it exhibits orthogonal biological effect on NO.*
For example, HNO treatment induces the death of non-small
cell lung cancer cells and colon cancer cells.’ In a subcutaneous
xenograft model of pheochromocytoma, HNO donor, Angeli’s
salt (AS), markedly inhibited tumor growth.® However, com-
pared to NO, HNO is much less understood. So far, the
biological pathway by which HNO exerts its anticancer activity
remains speculative and its relationship with NO is a matter of
debate. These are largely due to the lack of a proper method for
detecting HNO efficiently since the molecule is highly reactive
toward thiols.” On the other hand, although various HNO
donors for cancer therapy have been reported, evaluating their
efficiency for generating HNO in tumors is still difficult.?
Therefore, developing suitable fluorescent probes to image
HNO in vivo is of great importance.
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Toward this end, a variety of fluorescent probes for HNO
have been reported.’ One of the general HNO sensing strategies
relies on the reduction of Cu>* to Cu” in a fluorescent metallo-
chelate, which however suffers from severe interferences by
other reductants such as ascorbate.'® Alternatively, HNO-induced
hydrolysis of a triarylphosphine caging group was proposed as a
more selective method for HNO sensing.'! Based on this reaction,
several fluorescent probes for imaging HNO have been pro-
posed."? Nevertheless, these probes mainly focused on capturing
HNO in subcellular structures including endoplasmic reticulum
and mitochondria (Table S1, ESIt),"* and few of them aimed to
study the effect of HNO in tumors, though it would be extremely
helpful for evaluating HNO donors in vivo.

In this study, we report a new near-infrared (NIR) fluorescent
probe (BHXP) for HNO with tumor-targeted ability in vivo. The
probe was constructed with a hemicyanine NIR fluorophore
(BHX, Scheme S1, ESIt), in which the triarylphosphine group
was adopted to cage the fluorescence of BHX, and can be
selectively cleaved by HNO to retrieve BHX’s fluorescence
(Scheme 1). Besides, biotin, which has been widely used for
tumor-targeted delivery because of the overexpression of the
biotin receptor (BR) in some cancer cells, was introduced to
confer on the probe a targeting ability.’* As a result, the probe
was capable of imaging the intratumoral HNO release from AS
in vivo.

The reactivity of BHXP with HNO donor, AS, was assessed
firstly. As shown in Fig. 1, the probe exhibits a maximum
absorption at 607 nm, and is nearly nonfluorescent (¢ < 0.01)
in PBS. Nevertheless, after reacting with 2 equivalents of AS, the
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Scheme 1 The sensing mechanism of BHXP toward HNO.
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Fig.1 (A) Absorption and (B) fluorescence spectra of BHXP (10 uM)
without (a) and with (b) AS (20 puM) in PBS. Aex = 670 nm.

reaction system displays a redshifted absorption at 682 nm,
accompanied by about 20-fold fluorescence enhancement at
708 nm (¢ = 0.18, Fig. 1B). This phenomenon demonstrated that
BHXP could serve as an NIR fluorescence off-on probe for
detecting HNO in aqueous media. Additionally, HPLC and mass
spectral analysis were conducted to verify the reaction mecha-
nism. As shown in Fig. S10A (ESI{), BHX and BHXP display
chromatographic peaks at 14.6 min and 21.0 min, respectively.
After treating BHXP with AS for 30 min, there is a distinct product
peak with retention time of 14.6 min and m/z 654.3 (Fig. S10C,
ESIT). Additionally, an HNO scavenger (N-acetyl cysteine'??)
can significantly inhibit the fluorescence of the reaction system
(Fig. S10B, ESIt). These results indicated that HNO reacted with the
ester bond of the recognition group, releasing the fluorophore BHX.

Then, the reaction conditions were investigated. The probe
was relatively stable between pH 4 and pH 10, but displayed a
large fluorescence increase after reaction with AS when the pH
was above 6, suggesting its applicability at normal physiological
PH (~7.4) and slightly acidic pH in cancerous tumor (Fig. S11A,
ESIY). The reaction temperature varying from 25 °C to 40 °C has
no obvious effect on the fluorescence (Fig. S11B, ESIt). Besides,
the reaction kinetics of BHXP with different concentrations of
AS was examined. The fluorescence of the reaction systems can
nearly reach a plateau within 30 min, as shown in Fig. 2A. Thus,
BHXP is quite suitable for biological applications.

Under the optimized conditions (reaction at 37 °C and pH
7.4 for 30 min), the fluorescence intensity (F) at 708 nm of the
probe was found to be linear in the range of 0-10 uM AS
(Fig. 2B), with an equation of F = 368.8 x c (AS) + 270.4
(R = 0.997). The detection limit was determined to be 57 nM
AS (30/s), indicating high sensitivity.

The selectivity of BHXP was evaluated. The tested potential
interfering species in biological systems included inorganic
salts, reductive species, and reactive oxygen species. As shown
in Fig. 2C, these species show no significant response to the
probe, with the exception of HNO. Especially, the effect of
S-nitrosoglutathione (GSNO), which has been reported to inter-
fere with HNO sensing in previous methods," is negligible in
the present system. The excellent selectivity of BHXP ensures its
practical applications in cells and in vivo.

The toxicity of BHXP to various cells was evaluated by MTT
assay. As shown in Fig S12 (ESIt), all the tested cell lines display
>80% viability even when incubated with 20 pM BHXP for
24 h, suggesting good biocompatibility.
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Fig. 2 (A) Kinetic curves of BHXP (10 uM) with different concentrations of
AS (0,1, 2,5,8, 10, 12,15, 20, 25, and 30 uM). (B) A plot of the fluorescence
intensity toward AS in the range of 0-30 uM. (C) The fluorescence
responses of BHXP (10 uM) to various species: control; KCl (150 mM);
CaCl, (1 mM); ZnCl, (100 uM); FeCl, (100 pM); MgCl, (1 mM); CuCl,
(10 uM); cysteine (1 mM); glucose (10 mM); glutathione (1 mM); vitamin
C (1 mM); *OH (100 pM); H,0, (100 uM); 'O, (100 uM); CIO~ (100 pMy);
*O," (100 pM); ONOO™ (100 uM); NO,~ (100 pM); NOs~ (100 pM); NO
(100 pM); GSNO (100 pM); and HNO (i.e., AS) (20 pM). Aex/em = 670/708 nm.

The applicability of BHXP for specific detection of HNO in
living cells was then examined. Two cancer cell lines, HeLa and
HepG2 with BR positive expression, and two normal cell lines,
COS-7 and HK-2 with BR negative expression, were used.'®
These cells were incubated with BHXP in parallel for 30 min
and washed with PBS. After the introduction of AS to each cell
line, the fluorescence of HeLa and HepG2 cells increased
significantly within 30 min, whereas that of COS-7 and HK-2
cells hardly increased (Fig. 3). This implies that the biotin
subunit may promote probe accumulation in cancer cells (i.e.,
BR-mediated endocytosis may play an important role in the
entry of the probe into cells), thus generating considerable
fluorescence. To further confirm this mechanism, HeLa and
HepG2 cells were pre-saturated with 50 pM biotin for 30 min
and then treated with BHXP and AS as above. In this case, the
fluorescence enhancements were significantly inhibited, which
can be attributed to the fact that the blocking of BR by biotin
hindered BHXP from targeting the cells (Fig. S13, ESIT). These
results indicate that BHXP can be used as a tumor-targeted
probe for HNO imaging.

To study the tumor-targeting ability of the probe in vivo,
mice with xenografted HeLa tumors were used as a model.
First, the mice were intravenously administrated with BHX
(the precursor of the probe) and imaged with in vivo imaging
equipment (in vivo master). As shown in Fig. S14 (ESIt), after
injection, BHX may distribute in the body, and mainly concen-
trates in the liver and kidney, which is a common way for
metabolization. After 4 h, BHX displays a much stronger
fluorescence in the tumor, suggesting that BHX with a biotin
subunit can accumulate in this region efficiently. As a control,
HXPI'” with a similar hemicyanine skeleton but without the
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Fig. 3 (A) Fluorescence and differentiation interference contrast (DIC)
images of different cell lines. (B) The relative intensities of the corres-
ponding fluorescence images from panel (A); black bars: blank cells; red
bars: cells incubated with BHXP (10 pM); blue bars: cells incubated with
BHXP, washed, and then treated with AS (20 uM). Scale bar: 50 pm.

biotin subunit does not show any significant accumulation in
the tumor region, and its fluorescence signal disappears
quickly in the body. Moreover, as depicted in Fig. 4, after
intravenous injection of BHXP for 4 h and then AS into the
mice, real-time imaging results show that a significant NIR
fluorescence gradually emerges in the tumor within 90 min
(Fig. 4). In contrast, we cannot observe any obvious fluores-
cence in the tumor region in the control group injected with
saline, though considerable fluorescence appears in the liver
and kidney. All the above observations clearly indicate that the
biotin subunit has a definite tumor-targeting function, and our
probe can image HNO release in real time in tumors.

To further demonstrate that BHXP can react with HNO
in vivo, additional experiments were performed by intratumoral
injection. The probe was injected intratumorally into mice, and
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Fig. 4 (A) Representative in vivo fluorescence images of tumor-bearing
mice (n = 3). The mice were intravenously administrated with BHXP
(500 puM in 200 pL of saline). After 4 h, AS (1 mM in 200 pL of saline) or
saline (control, 200 pl) was injected through the tail vein, and the mice
were imaged at different time points. (B) Relative fluorescence changes in
the tumor regions in the AS (black) and control (red) groups. AF is the
fluorescence difference between a given time point and 0 min.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Communication

A blank Omin  10min  20min 40min 60min 80min B

BHXP +AS L 50

%
0
" 0 20 40 60 80
' ¥ \ 3 ' ’ | Time (min)
BrAf A fcAf A dcA

BHXP + saline

Fig. 5 (A) Representative in vivo fluorescence images of tumor-bearing
mice (n = 3). The mice were intratumorally administrated (red arrow) with
BHXP (200 uM in 100 pL of saline). After 30 min, AS (400 uM in 100 pL of
saline) or a saline (control, 100 pl) was injected subcutaneously near the
tumor (white arrow), and the mice were imaged at different time points.
(B) Relative fluorescence changes in the tumor regions in the AS (black)
and control (red) groups. AF is the fluorescence difference between a
given time point and 0 min.

after 30 min AS was injected subcutaneously near to but outside
of the tumor region (avoiding direct contact). In this case, there
emerged a progressive fluorescence enhancement (Fig. 5).
Meanwhile, in the control group, a saline injection did not
lead to any fluorescence in the tumor. These results suggested
that the BHXP probe can serve as a useful tool for evaluating
the effect of HNO donors in vivo.

In summary, we have reported BHXP as a tumor-targeted
NIR probe, which is composed of biotin as the tumor-targeted
group and triarylphosphine as the HNO sensing group. The
probe shows an NIR fluorescence off-on response toward HNO
with high selectivity and sensitivity. Moreover, the probe dis-
plays excellent tumor-targeting abilities. These features mean
the probe is capable of imaging HNO in cells and HNO release
from its donors in tumors of mice in vivo. This probe may also
be useful for assessing the potential therapeutic effects of HNO
donors for cancer treatment.
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