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A NIR photosensitizer pyrrolopyrrole aza-BODIPY (PPAB) was
synthesized in a straightforward manner. Through the use of PPAB
NPs as a photothermal agent, photoacoustic imaging (PAI) and NIR
fluorescence imaging (NIR-FI) can be achieved in vivo. In addition,
the photothermal ablation of tumor cells can be realized both
in vitro and in vivo, even at a low concentration (0.5 mg kg™%).

Cancer remains one of the biggest threats to human health
among human diseases although massive efforts have been
implemented to conquer its various forms."™ So far, photo-
thermal therapy (PTT) has been developed as an efficient
cancer therapeutic method to overcome the drawbacks of
conventional treatments due to its low toxicity, low side effects,
minimal invasiveness, and particularly no drug resistance.>”’
PTT mainly uses photosensitive agents capable of absorbing
electromagnetic radiation (close to infrared wavelengths). After
interacting with electromagnetic radiation, the electrons of
photothermal agents jump from the ground state (S,) to the
excited state (S;). Energy relaxation then occurs through non-
radiative attenuation, resulting in a heat release that is used to
kill the tumor cells.® As a result, photothermal agents with high
photothermal conversion (PTC) efficiency could reduce the
suffering and remedy cycles during PTT.’ Nevertheless, it is
necessary to employ an appropriate imaging technique to
guide the distribution of phototherapy agents in vivo during
PTT.>"*"* Photoacoustic imaging (PAI), a newly developed imaging
modality, not only provides an optional imaging modality for
tumor diagnosis, but also can be used to assist with surgery
operation. Recently, PAI has attracted great attention owing to its
advantages of high optical contrast, deep tissue penetration, and
high spatial resolution.® Additionally, near-infrared fluorescence
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imaging (NIR-FI) is often applied in PTT for real-time monitoring
the accumulation and metabolism of photothermal agents in vivo
at tumor sites.® Hence, it is urgent to explore an excellent photo-
sensitizer with intense NIR absorption as well as simultaneous PAI
and NIR-FI performance for cancer therapy.

In the past few decades, various inorganic materials such as
gold-based nanostructures,"**° transition metal sulfide nano-
structures,'”” ™ and carbon-based nanomaterials (such as carbon
nanotubes and graphene)® have been developed as photothermal
agents for PTT. However, the clinical applications of these
inorganic materials are limited by their low photostability,
non-biodegradable nature, and potential long-term cytotoxicity.*"**
To date, abundant organic phototherapy agents have been explored
to overcome the problems of inorganic materials such as RC-BSA*
and NIR dyes (ICG, IR-820, and IR-825).>* However, the low photo-
thermal conversion efficiency and instability of these organic photo-
thermal agents are not beneficial for clinical PTT. Hence, the
rational design and synthesis of multi-functional photosensitizers
with high NIR absorption ability, excellent photostability and bio-
compatibility as well as high PTC efficiency, is crucial for achieving
effective PTT.

Diketopyrrolopyrrole (DPP), a red organic dye with a planar
chemical structure, has attracted widespread attention owing to
its excellent photostability, high fluorescence quantum yield,
and intense absorption in the visible region.>>*° In addition,
chemical modifications on the DPP carbonyl groups is a
potential method to enlarge the conjugated n-system and lower
the band gap of DPP ramification.>”*®

Herein, a NIR aza-BODIPY-fused DPP-derived photosensitizer
with enlarged m-conjugation, pyrrolopyrrole aza-BODIPY (PPAB),
was designed and synthesized. Biocompatible PPAB NPs were
obtained via reprecipitation, which presented great photostability,
high PTC efficiency and precise tumor targeting ability. The
intense absorption peak at 730 nm as well as high PTC efficiency
of 47% makes PPAB NPs an excellent candidate as a high-
efficiency photothermal agent. The photothermal effect and NIR
fluorescence emission of PPAB NPs can also be utilized for PAI and
NIR-FI, respectively. Compared to other reported DPP-based
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Scheme 1 Schematic illustration of PPAB NPs for NIR-FI/PAl imaging
guided PTT.

organic NPs,***°! PPAB NPs possessed a higher PTC efficiency,
thus making them a potential therapeutic agent for PAI and NIR-FI
guided PTT (Scheme 1).

The synthetic route for PPAB is shown in Scheme S1 (ESIT).
The heteroaromatic amine 2 was synthesized from 2-amino-6-
hydroxybenzothiazole through an O-alkylation reaction. Com-
pound 2 reacted with the DPP unit through a TiCl,-mediated
condensation and boron trifluoride diethyl ether complex
addition, resulting in a quite straightforward synthesis of the
aza-BODIPY fused DPP derivative. Subsequently, PPAB NPs
were prepared through a reprecipitation approach. As shown
in Fig. 1a, spherical PPAB NPs with an average particle size of
90 + 7 nm were confirmed by dynamic light scattering and
transmission electron microscopy. Therefore, PPAB NPs are a
perfect therapeutic agent for in vivo passive tumor targeting
based on the EPR effect.>”> The UV-vis absorption spectra
(Fig. 1b) shows that PPAB and PPAB NPs displayed an intense
NIR absorption with the max-absorption peak at 698 nano-
meter in DCM and 752 nanometer in an aqueous solution.

a) b)_, [) [ e ———
2 & . 10 [ s o
. . g | = PSS
a ®o : T -
P < 2
o ]
o
g . e 2o 20
o
KRN “® Wavelength (nm)
a
d) s Laser on 53— Laser off — €) Cyst  gnd 3 gth  gth Y s
g / \ g /', i B
e \ < ] 5
: \ bt s
e £ : | ! 3
i S S RURYRTRIRNE
2
2 ~JE VYN YA
L 1000 2000 ; 50 100 150 - 450 600 750
Time (s) Time (min) Wavelength (nm)

Fig. 1 (a) TEM image of PPAB NPs. Inset: Diameter distribution of PPAB
NPs. (b) UV-vis absorption spectra of PPAB in DCM and PPAB NPs in water.
(c) Temperature elevation curves of PPAB NPs at different concentrations
(730 nm, 0.75 W cm™2). (d) Photothermal response of PPAB NPs in an
aqueous solution (25 ppm) under irradiation with a NIR laser (730 nm,
0.75 W cm™2, 15 min) and after the laser was turned off. (e) Temperature
profiles of PPAB NPS in an aqueous solution for five alternative ON/OFF
cycles. (f) UV-vis absorption spectra of PPAB NPs after each ON/OFF cycle.
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In addition, PPAB NPs displayed a wide absorption range of
500-800 nm in aqueous solution, which is preferred for high-
efficiency PTT. PPAB NPs presented a fluorescence band from
670 to 780 nm with a maximum peak at 750 nm (Fig S1, ESIt)
located in the NIR region, which enables PPAB NPs to be used
for in vivo NIR fluorescence imaging.

Taking the excellent NIR absorption ability of PPAB NPs into
consideration, we investigated their photothermal property.
As shown in Fig. 1c, the temperature of the PPAB NPs aqueous
solution increased with extended irradiation time and a higher
concentration. The temperature of the PPAB NPs aqueous
solution (100 ppm) apace rose from 19.8 °C to 49.3 °C in
5 min exposure under a 730 nm laser irradiation (0.75 W cm™?).
The temperature of pure water remained almost unchanged,
confirming the excellent photothermal effect of PPAB NPs.
Additionally, the temperature rate of the PPAB NPs aqueous
solution could be accelerated by increasing the laser power
density (Fig. S2, ESIf). The PTC efficiency of PPAB NPs was
calculated to be 47% (Fig. 1d and Fig. S3, ESI{),*® which is
much higher than the PTC efficiencies of Au NRs (21%),** black
phosphorus (28.4%),? and melanin nanosphere (40%).%° These
results further support the great potential of PPAB NPs as a
high-efficiency photothermal agent.

It is well known that the photo-stability is a vital factor for
phototherapy agents.>” To investigate the photothermal stability of
PPAB NPs, 1 mL samples were irradiated with a 730 nm laser
(0.75 W em™?). After 15 min, the laser was turned off to cool the
system. The UV-vis absorption spectra of PPAB NPs were recorded
after each ON/OFF cycle. Surprisingly, as shown in Fig. 1e and f,
after five ON/OFF cycles, PPAB NPs still maintained a high
photothermal effect and the UV-vis absorbance showed no
significant change, indicating their good photostability and
photothermal stability. The particle size and absorbance of
PPAB NPs did not show any significant change during the
temperature increase (Fig. S4, ESIT). These results confirmed
the excellent photothermal properties of PPAB NPs and high-
lighted their potential as a photothermal agent in clinic PTT.

The performance of PPAB NPs as a photothermal agent for
in vitro ablation ability of cancer cells was assessed. HeLa cells
were selected as tumor cell model. Live HeLa cell up-take
experiments were conducted in the dark. Fig. 2a shows the
fluorescence images of HeLa cells treated with PPAB NPs
(60 ppm, 200 pL) after 12 hours incubation. The red fluorescence
emission demonstrated that PPAB NPs were fully dispersed in the
cell cytoplasm, suggesting an excellent bio-imaging property and
effective up-take in HeLa cells. The typical MTT assay was used to
verify and quantify the photothermal ablation ability of PPAB NPs.
As shown in Fig. 2b, after incubation with PPAB NPs at various
concentrations for one day in the dark, no proliferation inhibition
and obvious cytotoxicity were observed, even when the NPs
concentration was as high as 100 ppm. However, the cancer cells
were efficiently killed by PPAB NPs under the exposure of a 730 nm
laser illumination. More than 80% cells were killed when the
concentration was as low as 30 ppm (Fig. 2c). These outcomes
confirm that PPAB NPs have great potential as an efficient photo-
thermal agent with low-toxicity for in vivo cancer treatment.

Chem. Commun., 2019, 55, 790-793 | 791
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Fig. 2 (a) Confocal microscopy images of Hela cells incubated with PPAB
NPs (60 ppm) for 12 h. (b) Relative viabilities of Hela cells after incubation
with various concentrations of PPAB NPs (730 nm laser, 0.75 W cm™2,
5min, mean £+ SD, n = 5, **P < 0.01, ***P < 0.001). (c) Relative viabilities
of Hela cells after incubation with various concentrations of PPAB NPs
for 24 h.

Encouraged by the above results, the in vivo imaging prop-
erty of PPAB NPs was further investigated using the HeLa
tumor-xenograft model. Photoacoustic imaging was utilized to
monitor the dynamic accumulation of PPAB NPs in tumors. As
shown in Fig. 3a, before the injection of PPAB NPs, no significant
PA signal was observed from the tumor. However, the PA signal
greatly increased 2 h later, indicating that the PPAB NPs accumu-
lated in the tumor tissue. Over time, the PPAB NPs spread
throughout the whole tumor tissue. The PPAB NPs reached the
strongest PA intensity at the 10th hour (Fig. S5, ESIT) and main-
tained a high level of PA intensity after 24 hours. PA imaging
indicated that PPAB NPs were capable of targeting tumors prefer-
entially. As shown in Fig. 3b, the temperature of the tumor sites
increased to 49.4 °C after an 8 min irradiation, which was high
enough to kill the tumor cells in vivo. In the control group, the
temperature of the tumor site slightly increased under the same
laser condition when the mice were injected with PBS. As shown in

Fig. 3 (a) In vivo PA images in tumor sites after intravenous injection of
PPAB NPs (50 ppm, 100 pL). (b) Photothermal images of tumor-bearing
mice exposed to laser irradiation for 8 min after the injection of PBS or
PPAB NPs. (c) Fluorescence images of living mice bearing xenograft Hela
tumors at 0, 2, 4, 6, 8, 10, 12 and 24 h post-injection of PPAB NPs.
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Fig. 3c, after systemic administration of the PPAB NPs vig tail vein
injection, feeble fluorescence was detected within the first 2 h
when irradiated with a 700 nm laser. The NIR fluorescence
intensity increased over time and still maintained a high fluores-
cence signal after 24 hours, indicating that PPAB NPs not only
efficiently accumulated at the tumor sites, but also had a long
retention time in vivo. The maximum fluorescence signal occurred
after the 6th hour (Fig. S6, ESIt), suggesting that 6 h to 12 h post-
injection was the best time to treat the tumor-bearing mice. In vitro
data further revealed that the tumor had the strongest NIR
fluorescence after 24 h, followed by the liver. No significant NIR
fluorescence could be detected in other primary organs. These
in vitro and in vivo imaging data verified that PPAB NPs possessed
excellent tumor accumulation ability and could be metabolized by
liver. The PS NPs can accumulate efficiently in tumors. The mild
hyperthermia induced by the conversion between light energy and
heat energy during the PTT process improves the permeability of
the vascular cell membrane and enhances vascular perfusion.®”
Overall, PAI as well as NIR-FI could offer powerful guidance for the
phototherapy of PPAB NPs.

All the above results proved that PPAB NPs are excellent
photothermal material with good tumor accumulation ability,
high PTC efficiency, excellent photothermal stability, and low
dark cytotoxicity. Herein, we demonstrated the in vivo photo-
thermal therapy ability of the PPAB NPs. Once the tumor size
reached 100 mm®, HeLa tumor-bearing mice (n = 5) were
randomly divided into four groups (control, laser only, PPAB
NPs only, and PPAB NPs with the laser). There were totally
8 treatment cycles. Each treatment cycle lasted for 2 days. In the
treatment group, PPAB NPs (50 ppm, 100 pL) were injected into
HeLa tumor-bearing mice via the tail vein every other day. The
tumor sites were irradiated with laser (730 nm, 0.75 W cm 2,
5 min) for 6 hours after NPs administration. Mice in the control
groups were subjected to administration with PBS only and the
comparison group with laser irradiation only or NPs only.
The tumor size and body weights of the mice were recorded
before starting the next cycle. As shown in Fig. 4a and b, after
PPAB NPs injection and irradiation, tumors were effectively
ablated. No skin damage was observed at the tumor site (Fig. 4c).
However, for the other three groups, the tumor volumes rapidly
expanded over time and showed a steady tumor growth ratio. This
finding indicated that PPAB NPs with or without irradiation could
not hinder the tumor growth. Moreover, no recurrence was
observed in the PPAB NPs-induced PTT group, even for 14 more
days of feeding. The body weight of the treatment and control
groups steadily increased (Fig. 4d), demonstrating that the use of
PPAB NPs as a photothermal agent had no evident toxicity and that
PPAB NPs possessed excellent biocompatibility. To further inves-
tigate the potential toxicity of PPAB NPs, all mice were sacrificed at
the end of the treatment. The heart, liver, spleen, lung, kidney, and
tumors were harvested for histological examination via H&E
staining. No discernible necrosis was found in the tumor sections
for the other three groups (Fig. S7, ESIt), thus demonstrating
the negligible dark toxicity and prominent biocompatibility of
PPAB NPs. There was no evidently visible tissue damage
throughout the organs (Fig. S8, ESIt). This finding further
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Fig. 4 (a) Tumor growth of various groups. Tumor volumes have been
normalized to the initial sizes (mean + SD, n = 5, *P < 0.05, ***P < 0.001).
(b) Photographs of excised tumors after various treatments. (c) Photo-
graphs of mice after 16 days treatment. (d) Body weight of various
treatment groups.

confirmed the negligible-toxicity and remarkable biocompat-
ibility of PPAB NPs in vivo as well as highlighted the great
potential of PPAB NPs for PTT.

In summary, we have successfully synthesized an efficient
photosensitizer, Pyrrolopyrrole aza-BODIPY (PPAB, for PAI- and
NIR-FI-guided PTT). As-prepared PPAB NPs showed remarkable
photostability in an aqueous solution and a high PTC efficiency
of 47%. With the use of PPAB NPs as a photothermal agent,
in vitro experiments demonstrated excellent tumor ablation
ability, even at a low concentration. For in vivo PTT, PPAB
NPs did not cause any significant toxicity in mice. Results
demonstrated that 100% tumor elimination was realized under
a 730 nm laser (0.75 W cm ™ 2). It is believed that PPAB NPs will
play a prominent role in clinical dual-modality imaging-guided
PTT in the near future.
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