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Nontoxic prodrugs, especially activated by tumor microenvironment, are urgently required for reducing the
side effects of cancer therapy. And combination of chemo-photodynamic therapy prodrugs show
effectively synergetic therapeutic efficiency, however, this goal has not been achieved in a single
molecule. In this work, we developed a mitochondrial-targeted prodrug PNPS for near infrared (NIR)
fluorescence imaging guided and synergetic chemo-photodynamic precise cancer therapy for the first
time. PNPS contains a NIR photosensitizer (NPS) and an anticancer drug 5'-deoxy-5-fluorouridine
(5'-DFUR). These two parts are linked and caged through a bisboronate group, displaying no
fluorescence and very low cytotoxicity. In the presence of H,O,, the bisboronate group is broken,
resulting in activation of NPS for NIR photodynamic therapy and activation of 5-DFUR for
chemotherapy. The activated NPS can also provide a NIR fluorescence signal for monitoring the release
of activated drug. Taking advantage of the high H,O, concentration in cancer cells, PNPS exhibits higher
cytotoxicity to cancer cells than normal cells, resulting in lower side effects. In addition, based on its
mitochondrial-targeted ability, PNPS exhibits enhanced chemotherapy efficiency compare to free

5-DFUR. It also demonstrated a remarkably improved and synergistic chemo-photodynamic therapeutic
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effect for cancer cells. Moreover, PNPS exhibits excellent tumor

performance when intravenously injected into tumor-bearing nude mice, as demonstrated by in vivo
fluorescence imaging. Thus, PNPS is a promising prodrug for cancer therapy based on its tumor
microenvironment-activated drug release, synergistic therapeutic effect and “turn-on” NIR imaging guide.
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generally singlet oxygen for cancer cell killing, is considered to
be a safe, minimally invasive treatment.*” Highly selective

Introduction

Significant advances in cancer diagnosis and therapy have been
made in the past years, but there still remain several barriers for
improving effectiveness and avoiding severe side effects.’” This
highlights the need to develop anticancer agents for effectively
and selectively killing tumor cells without affecting normal
tissues. Photodynamic therapy (PDT), driven by activating
photosensitizers (PSs) to generate reactive oxygen species (ROS),
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photosensitizers are still desirable for accurately localizing and
activatable prodrug to minimize side effects and realize more
efficient therapeutic outcome. Recently, some activatable PSs
have been developed for further minimizing the side effects of
PDT.*® The design strategy is generally based on the concept
that the prequenched fluorescence and inhibited phototoxicity
of the PS which can be restored once a specific trigger is able to
separate the quencher or energy acceptor from the vicinity of
the PS.''* Moreover, the near infrared (NIR) PSs are desired for
PDT, because NIR photons can deeply penetrate the skin and
underlying tissue with low damage to the biological samples
and minimal background interference.”** Therefore, it's very
significant to develop activatable NIR PSs. On the other hand,
chemotherapy is one of the most important modalities of
cancer treatment. 5-Fluorouracil (5-FUra) has been used in the
treatment of a variety of neoplastic diseases. 5’-Deoxy-5-
fluorouridine (5-DFUR), a prodrug of 5-FUra, can be con-
verted to 5-FUra by the thymidine phosphorylase, which is more
abundant in tumors than in normal tissues except for the liver
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of humans.* The combination of PDT and chemotherapy with
different therapeutic mechanisms has also been proved effec-
tive in improving the therapeutic efficiency,'® which has been
achieved mainly via co-encapsulated an anticancer drug and
a PS in nanocarriers."”*® In addition, since the extremely short
half-life (<40 ns) and small radius of action (<20 nm) of singlet
oxygen ('0,) in biological systems,* direct delivering of PS to
hypersensitive subcellular organelles will greatly enhance the
PDT efficiency.>*** Mitochondria are vital intracellular organ-
elles that play valuable roles in energy production, ROS gener-
ation, cellular signalling and regulate apoptosis. Owing to the
essential and fatal role of mitochondria, several mitochondrial-
targeted anti-cancer drugs have been developed to expect
optimal therapeutic efficiency.>»** Many evidences also indicate
that the damage of mitochondria is the main pathway for PDT-
treated cell apoptosis.** Thus, mitochondrion is the ideal
subcellular target for cancer therapy.

The design of molecular fluorescent probe provides the
strategy for developing theranostic prodrugs for targeted and
image-guided combination cancer therapy.”® Fluorescent
imaging can provide realtime informations about where, when,
and how the prodrugs are delivered and activated in vivo.*
Generally, in such theranostic systems, masked anticancer
drugs and imaging reagents are conjugated by tumor-sensitive
linkers.”” Once in the tumor microenvironments, the tumor-
sensitive linkers can be broken by tumor over express species,
such as low pH,*® high reactive oxygen species level (including
H,0,),2°" high expressed enzymes,**?* and high glutathione
(GSH) concentration,****~® resulting in the release of the anti-
cancer drugs and the activation of the imaging reagents.
However, most of previous theranostic drugs do not realize
combination of PDT and chemotherapy in a single molecule,
which encouraged us to explore molecular theranostic probes
with multi-function, including NIR PDT, chemotherapy,
subcellular targeting and NIR fluorescence for real-time moni-
toring the therapeutic effect.

In this work, we developed a mitochondrial-targeted prodrug
PNPS for NIR fluorescence imaging guided and synergetic
chemo-photodynamic precise cancer therapy for the first time.
PNPS is composed of two moieties and a specific recognition
linker as shown in Scheme 1. The first moiety is a NIR fluo-
rescent monitor NPS, of which its essential properties of NIR
fluorescence and phototoxicity can be countered, yes reversed,
by caging its hydroxyl group, act as a prodrug for PDT. Mean-
while, this NPS is preferably localized in mitochondria, due to
its lipophilic quaternary ammonium salt structure.** The
second component is an anticancer drug 5-DFUR. The former
two parts are linked and caged through a H,O,-sensitive bis-
boronate group, displaying no flourescence signal and thera-
peutic effect. In the presence of H,O,, the bisboronate group is
broken, resulting in releasing the free NPS for NIR PDT and free
5'-DFUR for chemotherapy. The activated NPS can also provide
a NIR fluorescence signal for monitoring the release of the
activated drugs. Taking advantages of the high H,0, concen-
tration in cancer cells, PNPS exhibited higher cytotoxicity to
cancer cells than normal cells, resulting in lower side effects. In
addition, based on its mitochondrial-targeted ability, PNPS

7690 | Chem. Sci., 2017, 8, 7689-7695

View Article Online

Edge Article

Mitochondrial-
Target

No fluorescence
inhibited phototoxicity PNPS

o, |L LS

NPS, Active phototoxicity
NIR fluorescence

Active drug 5-DFUR

Scheme 1 Design of theranostic prodrug PNPS and proposed acti-
vation mechanism.

exhibited enhanced chemotherapy efficiency compare to free 5'-
DFUR. Moreover, effective chemo-photodynamic combined
therapy effects in cancer cells was observed. The in vitro and
in vivo prodrug release was visualized by in situ generated NIR
fluorescence.  These  favorable features of  tumor
microenvironment-activated ability, effective synergistic thertic
effect and NIR fluorescence monitoring of the drug release
make PNPS a promising prodrug.

Results and discussion

We first developed a novel NIR photosensitizer NPS, which
shows the maximum excitation and emission wavelength at
680 nm and 710 nm, respectively. Since activatable photosen-
sitizers share similar activation mechanisms with activatable
fluorophores, the inherent fluorescence of NPS is prohibited
accompany with inhibited phototoxicity, when the hydroxyl
group of NPS is caged. Based on the molecular probe design
strategy, we hypothesized to develop a subcellular targeted
molecular theranostic prodrug with multi-function, such as
fluorescence imaging, PDT, chemotherapy, and real-time
monitoring of the therapeutic effect. H,O, was chosen as the
target for its high sensitivity and specificity toward the boronate
moiety and intrinsic enhancement of H,O, levels inside the
tumor cell.* It was easy to obtain prodrug NPS-H,O, by
attaching the H,0, recognition group (benzoboric acid) to the
hydroxyl group of NPS. And then, taking the advantage of the
reaction between benzoboric acid and pinacol (5-DFUR
contains pinacol group), we obtained the final theranostic
prodrug PNPS. The synthetic route for PNPS was depicted in
Fig. S1.t And characterizations of all the new compounds are
described in the ESI in detail.}

To verify that H,O, was able to cleave the boronate moiety of
prodrug PNPS and consequently activate the NIR fluorophore,
a chemical transformation experiment of PNPS was performed
in the presence of H,0, under physiological conditions and
monitored by UV-vis and fluorescence spectroscopy. In the
UV-vis spectrum as shown in Fig. 1A, PNPS showed a strong

This journal is © The Royal Society of Chemistry 2017
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Fig.1 (A) Absorption and (B) fluorescence emission spectra of PNPS (5

puM) with different concentration H,O, in aqueous solution (PBS/
DMSO =19 : 1, v/v, 10 mM, pH = 7.4). Inset (A) photos of PNPS solution
before (left) and after (right) addition of H,O,. (C) Calibration curve of
PNPS to H,O,, the curve was plotted with the fluorescence intensity at
710 nm vs. H,O, concentration. (D) A plot of fluorescence intensity at
710 nm of PNPS vs. the reaction time in the presence of varied
concentrations of H,O,. Aex = 680 nm.

absorption peak at Ay,.x = 600 nm. The absorption peak showed
a red shift after addition of 100 M H,O,, accompanied by
a distinct color change from blue to blue-green (Fig. 1A insert).
As shown in Fig. 1B, PNPS exhibited weak fluorescence centered
at 710 nm, and gradual addition of H,0, up to 0-150 uM to
a solution of PNPS induced the increase of fluorescence inten-
sity. The fluorescence intensity at 710 nm increased by 34.3-fold
upon reaction with 150 M H,O, for 30 min (Fig. 1C). Mean-
while, its intensity increased linearly with the concentration of
H,O0, ranging from 5 to 40 pM (Fig. S2t). The catalytic efficiency
of H,0, toward the PNPS was assessed. Fluorescence kinetic
curves of H,0, at varied concentrations (0, 20, 100 uM) reacting
with PNPS were depicted in Fig. 1D. As was shown, a higher
concentration of H,0, could induce faster cleavage reaction and
therefore result in increased fluorescence intensity. The fluo-
rescence signal of the reaction system could reach a plateau in
about 20 min. Meanwhile, in the absence of H,0,, testing the
generation of a false positive signal by spontaneous hydrolysis,
gave no detectable signal increase, even over 12 h (Fig. S37),
demonstrating that PNPS was stable in the reaction system.
These results demonstrated that after reaction with H,0,, PNPS
was efficiently activated and the released NPS could provide
a turn-on NIR fluorescence signal for drug release and thera-
peutic efficacy monitoring.

The selectivity of prodrug PNPS for H,O, over other biolog-
ically relevant ROS species, metal ions, amino acids and
proteins was evaluated. As shown in Fig. S4A,1 no significant
changes in fluorescence intensity were observed upon addition
of the other ROS species, metal ions, amino acids and proteins
to prodrug PNPS. The pH effect on the H,0,-induced fluores-
cence changes of PNPS was also investigated. As shown in
Fig. S4B, PNPS remained stable and emitted a weak fluores-
cence within 4.0-9.0 pH range. After treatment by 25 uM of
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H,0,, the fluorescence at 710 nm was activated and reached
saturation in the 7.4-8.0 pH range. The above results indicated
that prodrug PNPS can be applied as a H,0,-activated thera-
nostic prodrug under physiological pH condition with high
selectivity.

To confirm the fluorescence response mechanism, the
reaction products of PNPS with H,0, were analyzed by HPLC
and HRMS. As illustrated in Fig. S5, pure PNPS showed
a unique peak with retention time at about 5.36 min, and
compound NPS exhibited a peak at about 6.25 min. After PNPS
incubation with H,0, for 30 min, a new peak at 6.25 min cor-
responding to compound NPS was clearly observed, and the
peak corresponding to PNPS was sharply decreased. Moreover,
in the ESI-HRMS (positive ion mode) spectrum of PNPS incu-
bated with H,O, for 30 min, the peaks of NPS and 5-DFUR were
found at m/z 464.1065 and 269.0462 respectively (Fig. S67).
These results demonstrated that the H,0, cleaved recognition
site, then PNPS was activated and free NPS and 5-DFUR were
released.

On the basis of the positive results showing H,0,-activated
release of active drug and concurrent fluorescence enhance-
ment, PNPS was next tested in cultured cells. Cellular fluores-
cence imaging of PNPS were investigated in four different cell
lines, HeLa, HepG2, HCT116 and HL7702 cells. HeLa, HepG2
and HCT116 cancer cells were pretreated with prodrug PNPS
(5 uM) for different time, then fluorescence imaging were
carried out. The increased fluorescence intensity of HelLa,
HepG2 and HCT116 cells indicated the efficient activation of
theranostic PNPS by endogenous H,0, in the tumor cells
without any external inducer (Fig. 2A and S7-S97). In addition,
HeLa cells pretreated with exogenous H,O, for 0.5 h and then
incubated with PNPS for another 0.5 h, the fluorescence
intensity dramatically increased. The cellular activation of PNPS

2
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Fig.2 Cellular fluorescence images of prodrug PNPS-treated Hela (A)
and HL7702 (B) cells. The cells were incubated with PNPS (5 uM) for
0.5h,1hand 2 h, respectively, or the cells were pretreated with H,O,
(100 uM) for 0.5 h and then incubated with PNPS for another 0.5 h. (C)
Relative pixel intensity (n = 3) from images (A and B). The pixel intensity
from image (A) 2 h is defined as 1.0. Flow cytometric analysis of PNPS
(5 uM) fluorescence after incubated with Hela (D) or HL7702 (E) cells
for different time; or cells incubated with PNPS for 0.5 h and H,O,
(100 uM) for another 0.5 h. Aex = 635 NM, Aem = 680-750 nm.
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were further confirmed by flow cytometry analysis (Fig. 2D).
Similar phenomena were also observed in HepG2 cells
(Fig. S87), and the activation performance of PNPS in HepG2
after incubated for 2 h is 10% higher than that for HeLa cells
calculated from the results of flow cytometry. These results
indicated that the oxidation of boronate moiety of theranostic
PNPS generated fluorescence enhancement, depending upon
amount of intracellular H,0,, as depicted in Scheme 1. Normal
HL-7702 cells were also incubated with prodrug PNPS for an
examination of the effect of H,O, on the bioactivity of PNPS.
Very weak fluorescence signals were observed in HL-7702 cells
by confocal microscopy after incubating with PNPS for 0.5 h, 1 h
or 2 h (Fig. 2B). However, after pretreated with 100 uM H,0, for
0.5 h, a strong fluorescent enhancement was observed in
HL-7702 cells. The flow cytometry analysis results also
confirmed that PNPS kept inactivated in HL-7702 cells (Fig. 2E).
These results demonstrated that prodrug PNPS showed cancer
cells-targeted activated ability.

Furthermore, mitochondrial localization of activated pro-
drug PNPS was investigated by colocalization experiments using
a commercialized mitochondria fluorescent tracker, Mito-
tracker Green. As shown in Fig. 3 and S10,f the fluorescence
signal that was ascribed to PNPS colocalized well with the Mito-
tracker (Pearson's correlation factor is 0.965, 0.943 and 0.958 for
HelLa cells, HepG2 cells and HCT116 cells respectively), due to
its lipophilic quaternary ammonium salt structure. Further
experiments were carried out to demonstrate that most PNPS
molecules will locate in mitochondria before reaction with
cytoplasm H,0,, with the results showed in Fig S11.f This is
mainly because the PNPS molecular can fast diffuse into cells
and target mitochondria (within 10 min) before reaction with
relatively low concentration cytoplasm H,0,. These results
demonstrated the outstanding mitochondrial-targeting ability
of PNPS, which may help improve the therapeutic effect.

The "0, generation of PNPS in buffer solution in the present
of H,0, upon light irradiation was studied using 9, 10-diphe-
nylanthracene (DPHA)*' and fluorescent probe MNAH* as
indicators. DPHA is a 'O, indicator, whose absorbance
decreases upon interaction with 'O,. In the presence of H,0,,
when incubating DPHA with PNPS upon white light irradiation,
the absorbance of DPHA decreased gradually (Fig. S12A%).
Meanwhile, pretreated PNPS with H,O, and then incubated
with fluorescent probe MNAH upon white light irradiation, the
fluorescence of MNAH increased gradually (Fig. S13A%). But in

Fig. 3 Fluorescence images of co-localized experiment in Hela cells.
The cells were incubated with PNPS for 0.5 h and then incubated with
MitoTracker Green for another 0.5 h. (A) MitoTracker Green (0.5 uM,
Aex = 488 nm, Aemy = 500-550 nm). (B) Prodrug PNPS (5 puM, ey =
635 Nnm, Aem = 680-750 nm). (C) Overlay of (A) and (B). (D) Intensity
correlation plot of stain, the Pearson's correlation factor is 0.965.
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the absence of H,0,, the absorbance of DPHA or the fluores-
cence of MNAH showed limited changes (Fig. S12B and S13Bf¥).
And the compared results were shown in the Fig. 4A and Fig. 4B,
obvious difference could be observed between those whether
pretreated with H,O,. These results demonstrated that PNPS
could efficiently generate 'O, in buffer solution after activated
by H,0,, indicated its activable phototoxicity. The 'O, genera-
tion of PNPS in cells upon light irradiation was studied using
2/,7'-dichlorofluorescin diacetate (DCF-DA) as a cell-permeable
probe. DCF-DA is nonfluorescent but can be oxidized by 'O,
to yield highly fluorescent 2',7'-dichlorofluorescein (DCF). As
shown in Fig. 4C, strong green fluorescence could only be
observed when the cells were treated with PNPS for 2 h followed
by light irradiation. The results confirmed the 'O, generation by
activated PNPS in live HeLa cells upon light irradiation.

We then investigated the ability of prodrug PNPS to selec-
tively target cancer cells by measuring its cytotoxicity to HeLa,
HepG2 and HL-7702 cells. MTS assays were used to study
cytotoxicity of PNPS, NPS-H,0, and 5-DFUR under dark. After
3 h incubation, NPS-H,0, and 5'-DFUR exhibited low cytotox-
icity even at a high concentration of 15 uM as more than 80% of
the tested HeLa and HepG2 cells survived (Fig. 5). On the
contrary, PNPS demonstrated much higher dark cytotoxicity
with an ICs, value of 16.6 uM and 14.8 uM for HeLa cells and
HepG2 cells respectively (Fig. S14 and 15t). Taken together,
these results illustrated that PNPS exhibited enhanced cyto-
toxicity over commercial 5-DFUR. For PNPS, in addition to the
high cytotoxicity under dark conditions, under white light

W PNPS with H,0,

I PNPS with H,0,

Free PNPS Free PNPS

3

05 1 2 1 2 3
Irradiation Time ( min) Irradiation Time ( min)

C DCF-DA ) Merge

- Irradiation

+Irradiation |

Fig. 4 (A) The change of DPHA absorbance at 373 nm in the presence
of PNPS after different durations of white light irradiation. (B) The
change of MNAH fluorescence intensity at 535 nm in the presence of
PNPS after different durations of white light irradiation. The blank bar
represents the reaction solution pretreated with H,O, for 0.5 h before
light irradiation, the red bar represents without H,O, pretreatment. (C)
Fluorescence imaging showing the 1O, generation of PNPS (5 uM) in
Hela cells after different treatments using (DCF-DA, 2 pM) as indicator.
The green channel is from DCF-DA (ex: 488 nm, em: 500-550 nm);
the red channel is from PNPS (A¢x = 635 nm, Ay = 680-750 nm).

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7sc03454g

Open Access Article. Published on 14 September 2017. Downloaded on 11/8/2025 6:58:56 AM.

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

(cc)

Edge Article
A 120 ENPSH,O, B 120 EINPSHO,
B NPS-H,0,# Irradiation —_ [ NPS-H,0,+ Irradiation

100 I PPS R 100} I PPS

QO PNPS + Irradiation Q PNPS + Irradiation
] e

< 80t < 8ot

> =

= 3 ol

5 o0 g e

S >

Z 40t T 40t

[0

3 (8}

@ 20 & 20t

el

) &

T o T o

0 0 30 0 2 4 6 10 15 20 30

Concentration (uM)
W NPS 0,
B NPSH,0,# Irradiation

[ PNPS
PNPS + Iradition

@)
EF
1y
y T
]

@
3

60

@
3

40

a
3

204

Cell Viability (100%)
»

HL7702 Cell Viability (100%)

o

0 2 4 6 10 15 20 30 50 0
Concentration (uM)

2 4 6 8 10
Concentration (UM

Fig. 5 Viability of (A) Hela, (B) HepG2 and (D) HL7702 cells upon
treatment with different concentrations of NPS-H,O, or PNPS showed
under white light irradiation or in dark. (C) Viability of HelLa (black bar)
and HepG2 (red bar) cells upon treatment with different concentra-
tions of 5'-DFUR.

illumination, it could generate 'O, and exhibited high photo-
toxicity to cancer cells. Notably, under white light illumination,
the ICs, value of PNPS towards HeLa and HepG2 cells was
9.32 pM and 8.15 pM respectively (Fig. S14 and 157), which was
lower than that of PNPS without light irradiation (Fig. 5A and B).
And compare to NPS-H,0,, PNPS showed enhanced cytotoxicity
to cancer cells, due to its chemo-photodynamic combination
therapy. However, both PNPS and NPS-H,0, showed lower
cytotoxicity even at a high concentration of 10 uM towards HL-
7702 cells as more than 75% of the tested HL-7702 cells survived
(Fig. 5D). As contrast, compound NPS exhibited high photo-
toxicity to HL-7702 cells (Fig. S16t), with ICs, value of 8.50 uM
(Fig. S171). These results indicated that the prodrugs PNPS and
NPS-H,0, show low cytotoxicity to normal HL-7702 cells, which
may mainly because that PNPS and NPS-H,0, kept inactivated
in HL-7702 cells. Collectively, these results demonstrated that
the combination chemo-therapy and PDT provides higher
anticancer effect compared to the single therapeutic approach
alone.

The propidium iodide (PI) staining experiments were further
carried out to demonstrate MTS results. PI, a cell impermeable

Fig. 6 In vivo imaging of HCT116 tumor-bearing mice at various time
(0, 0.5, 1 h and 2 h) after orthotopic injection of the prodrug PNPS
(0.288 mg kg~?). 0 h means that the images was captured immediately
after injection.
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Fig. 7 In vivo imaging of HCT116 tumor-bearing mice at various times
after intravenous injection of (A) prodrug PNPS (4.31 mg kg~ %) and (B)
saline. Fluorescence images of the internal organs at 25 h post injec-
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dye, only stains dead cells or late apoptotic cells with damaged
membrane. As shown in Fig. S18, PNPS-treated HeLa cells
incubated under the dark was stained whereas nearly all the
cells were stained after they were exposed to white light irradi-
ation. Meanwhile, HL-7702 cells were incubated with PNPS
much fewer cells were stained even after white light irradiation.
However, when HL-7702 cells were first treated with H,0, and
follow with PNPS, most cells were stained after white light
irradiation. Collectively, these results indicate that PNPS ach-
ieves lower side effects to normal cells.

Benefit from its NIR fluorescence, the activation of the pro-
drug PNPS in tumor-bearing mice could be investigated via in
vivo fluorescence imaging. The nude mice bearing HCT116
xenografts were injected in the tumor site with the prodrug
PNPS, and in vivo images were obtained at various times. As
shown in Fig. 6, NIR fluorescence intensity representing the
release of the activated drug, was clearly observed at 0.5 h after
the injection of the PNPS, the NIR fluorescence then increased
in time-dependent manner. These results indicated that thera-
nostic prodrug PNPS could be effectively activated in the tumor
and could be used for real-time fluorescence monitoring of the
therapeutic effect in vivo.

We further investigated the activation and bio-distribution
of prodrugs PNPS with HCT116 tumor-bearing mice, intrave-
nously injected with PNPS and saline. As shown in Fig. 7A, the
obvious fluorescence was seen in the tumor region after treated
by prodrug PNPS for 1 h, indicative of the rapid distribution of
PNPS via the blood circulation and the effective activation of
PNPS in tumor. And a significant fluorescence enhancement
was observed in tumor as time continued before 12 h post

Chem. Sci,, 2017, 8, 7689-7695 | 7693
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injection due to the gradual prodrug activation, and it faded
out as time further increased, owing to the excretion of the
activated drug. In contrast, negligible signals were obtained
in the saline-treated mice (Fig. 7B). And during the distribu-
tion process of 12 h, PNPS had the strongest fluorescence,
representing the largest amount of released drug, in the
tumor. These results indicated prominent tumor-targeting
activation ability of PNPS. The tumor-targeting drug release
along with fluorescence enhancement could be ascribed to
the particularly high H,O, concentration in cancer cells.
Furthermore, in fluorescence images of the internal organs at
25 h post injection after anatomy, an obvious fluorescence
was observed in the tumor, liver and stomach of mice treated
by prodrug PNPS, and much weaker fluorescence were seen in
lung, heart, kidney and spleen (Fig. 7C). Meanwhile, in the
control experiments, no obvious fluorescence were observed
in the tumor or other internal organs (Fig. 7D). The tumor-
targeting ability and the specific drug release in tumor make
PNPS a promising prodrug to achieve high efficacy and
reduced side effects.

Conclusions

In summary, by conjugating the anticancer drug 5'-DFUR and
NIR photosensitizer (NPS) via a bisboronate bond, we devel-
oped a novel H,0,-responsive NIR theranostics prodrug PNPS.
The phototoxicity and inherent NIR fluorescence of NPS and
the cytotoxicity of the drug (5'-DFUR) are quenched by the
covalent H,0,-responsive linker. PNPS can be effectively acti-
vated by the high concentration of H,0, in cancer cells or in
tumor as monitored by the turn-on NIR fluorescence. PNPS
shows enhanced chemotherapy efficiency compare to free 5’
DFUR due to its mitochondrial-targeting ability. Furthermore,
it shows remarkably improved and synergistic chemo-
photodynamic therapeutic effect for cancer cells. More
importantly, PNPS exhibits higher cytotoxicity to cancer cells
than that to normal HL-7702 cells, resulting in lower side
effects. Therefore, the prodrug PNPS provides a promising
platform for specific tumor-activatable drug delivery system,
which can be easily monitored by cellular and in vivo NIR
fluorescence imaging. This study also suggests that the
molecular probe design strategy, which combines the key
functions of targeting, release, imaging, and treatment within
a single agent, may play an important role in cancer diagnosis
and therapy.
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