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Herein, a nano-integrated strategy was used to combine an anti-angiogenic agent sorafenib and
a photosensitizer chlorin e6 to form carrier-free multifunctional nanoparticles (SC NPs) for synergetic
anti-angiogenic therapy and phototherapy. SC NPs (diameter, ~152 nm) presented excellent water
dispersity and passive targeting ability towards tumor sites in vivo based on the enhanced permeability
and retention (EPR) effect, which could be monitored by fluorescence imaging. Besides, SC NPs
exhibited effective reactive oxygen species (ROS) generation and photothermal conversion abilities for
both photodynamic therapy (PDT) and photothermal therapy (PTT). At a rather low dosage (200 pg kg™)
and illumination with laser (660 nm, 500 mW cm™2), SC NPs could attack tumor tissues by killing the
internal tumor cells via mild phototherapy, simultaneously cutting off the external nutrient and oxygen

supplements of the tumor cells via anti-angiogenesis. Besides, oxygen consumption in the PDT process
Received 17th September 2018

Accepted 5th January 2019 may be combined with anti-angiogenic therapy to further cause cell apoptosis by tumor starvation. In

addition to the highly efficient therapeutic effect in vivo, SC NPs possessed excellent biosafety and
DOI: 10.1039/c85c041239 biocompatibility, making them promising for fluorescence imaging-quided synergetic anti-angiogenic

rsc.li/chemical-science therapy and phototherapy in clinic.
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Introduction

Tumor blood vessels are oxygen and nutrient channels of the
cancer cells and one of the main cancer transfer routines.' As
early as 1994, the Cancer Society of America recognized that the
best way of cancer therapy is to cut off the lifeblood of tumors
for the inhibition of tumor growth and stopping their transfer**®
because any other way (surgery, radiation, chemotherapy, etc.)
that directly kills the cancer cells only temporarily alleviates the
disease, and it is difficult to avoid recurrence.”® Anti-angiogenic
therapy as a relatively new cancer treatment method aims to
suppress the expression of new blood vascular endothelial
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growth factor (VEGF) with tumor angiogenesis inhibitors and to
induce the natural apoptosis of vascular endothelial cells for
destroying the tumor angiogenesis net.”> By cutting off the
blood supply, the rapid growth of tumors can be effectively
inhibited on account of the blocked nutrients and oxygen.
Therefore, the US Food and Drug Administration (FDA) has
recommended that tumor angiogenesis inhibitors should be
used as effective supplements along with surgery, radiation, and
chemotherapy to prevent the tumor spread and metastasis.'>**
This strategy has significantly increased the five-year survival
rate of cancer patients in America. However, most angiogenesis
inhibitors, such as sorafenib," bevacizumab,'® pazopanib,'” are
small organic molecules with inherent hydrophobicity and no
tumor targeting ability. Consequently, ideal anti-angiogenic
protocols and well-designed agents with water dispersity, tar-
geting ability, and clinical prospects are extremely desired.

In the past decades, phototherapies,"®>* such as photody-
namic therapy (PDT)**** and photothermal therapy (PTT),>*
have attracted extensive research interests for targeting tumors
due to the advantages of minimal harm to normal tissues, non-
invasiveness, and efficient therapeutic ability.”*** In PDT,
photosensitizers (PSs) under light illumination can generate
reactive oxygen species (ROS) including singlet oxygen ('O,)
with internal oxygen to cause the tumor cell death, which also
indicates that PSs may be effective deoxygenating agents in
causing starvation of the tumor cells for apoptosis.*"*

This journal is © The Royal Society of Chemistry 2019
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Differently, PTT transforms light to heat with the aid of pho-
tothermal agents in the tumor to induce cellular hyperthermia-
based necrosis or apoptosis.**** Nevertheless, PTT usually
requires very high laser power (>1 W cm™?) that might cause
damage to the surrounding normal tissues, while PDT efficacy
is limited by the lesser oxygen levels in the tumor sites.
Consequently, devising a synergistic tumor treatment to over-
come the respective shortcomings and enhance the therapeutic
efficiency is highly desirable.

Nanoparticles (NPs) hold great promise in selectively deliv-
ering therapeutic agents to tumors via the enhanced perme-
ability and retention (EPR) effect, which is also well-known as
passive targeting.*>***¢ Compared to small molecules, nano-
agents have the ability to improve the therapeutic efficiency
with a much lower dosage, which can decrease the side effects
to the normal organs.*”*® Especially, organic dye-based nano-
particles show red-shift absorption and emission in the near
infrared (NIR) window, which is beneficial to improve the deep
penetration of bio-tissues for phototherapy.**® Moreover, the
aggregated organic NPs may increase photothermal conversion
under NIR irradiation for more efficient PTT.***** For instance,
Hu et al. combined multifunctional polypyrrole (PPy), campto-
thecin (CPT), and thermo-cleavable doxorubicin (DOX) prodrug
to form CPT@DOX/PPy NPs using a nano-integrated strategy,
which was effectively applied for cancer photoacoustic imaging-
guided photothermal-chemotherapy.*> Cook et al. designed
metallacycles covalently bound to boron dipyrromethene (BOD-
IPY) moieties to form self-assembled BODIPY-platinum supra-
molecular triangles for PDT and chemotherapy.*® However, these
synergistic therapeutic nano-agents only focused on the tumor
ignoring the fact that tumor cells still absorb nutrition from the
surroundings with the intact blood vessels.

Herein, we integrated anti-angiogenic therapy and photo-
therapy (PDT and PTT) into one therapeutic strategy by
assembling sorafenib (anti-angiogenic agent) and photosensi-
tizer chlorin e6 (Ce6)**® into multifunctional nanoparticles (SC
NPs) via the reprecipitation method. The resulting SC NPs
presented good water dispersity and passive targeting ability
towards tumors based on the EPR effect. These SC NPs could
attack from outside and without the tumors by cutting off their
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external nutrient and oxygen supplements and simultaneously
kill the internal tumor cells via PDT/PTT. Especially, due to the
oxygen consumption in the PDT process, tumor cells may
further starve, resulting in apoptosis, which collaborated with
the anti-angiogenic therapy from the outside. Because of the
synergistic effects from anti-angiogenic therapy and photo-
therapy, SC NPs could effectively cut off the tumor blood vessels
and kill cancer cells simultaneously at a rather low dosage (200
ug kg™ 1) in vivo (Scheme 1).

Results and discussion
Synthesis and characterization

By reprecipitation, hydrophobic sorafenib and Ce6 were con-
verted into water-soluble SC NPs, which presented a dimension
below 200 nm with spherical morphology, as observed by
transmission electron microscopy (TEM, Fig. 1a). The dynamic
light scattering (DLS) result showed that the mean size of the SC
NPs was ~152 nm (Fig. 1b), which resulted in suitable passive
targeting ability towards tumors with the EPR effect.* The
phosphate buffer solution (PBS) of SC NPs with a turquoise
color remained clear and transparent even after standing for 7
days under normal conditions, reflecting good stability.
Besides, SC NPs presented excellent stability in plasma, indi-
cating significant biological stability (Fig. S1t). The zeta
potential value of SC NPs in water was measured as ~31.99 mV,
which further demonstrated their excellent stability. Due to the
existence of Ce6, SC NPs demonstrated excellent NIR absorp-
tion in PBS with a peak at 654 nm (Fig. 1c), which was suitable
for phototherapy in vivo. Moreover, as shown in Fig. 1d, the
clear fluorescence peak of SC NPs in PBS emitted at 670 nm
suggests their potential application in fluorescence imaging.

In vitro multifunctionality

To evaluate the multifunctionality of SC NPs, the photothermal
conversion efficiency, fluorescence imaging property, and
reactive oxygen species (ROS) generation of SC NPs were
measured in PBS. As shown in Fig. 2a, the SC NP solution pre-
sented an apparent fluorescence signal, which was enhanced
with the increase in concentration, and the fluorescence

Tumor vessel

Phototherapy

Tumor

Scheme 1 Schematic illustration of SC NP formation and their application for synergetic tumor anti-angiogenic therapy and phototherapy.
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Fig. 1 (a) TEM image of SC NPs. (b) DLS examination for size distri-

bution of SC NPs in PBS (inset: photographs of SC NPs standing for 1
day and 7 days, 40 ung mL™Y). (c) UV-Vis absorption spectrum of SC NPs
in PBS (pH = 7.4). (d) Fluorescence emission spectrum of SC NPs in
PBS (pH = 7.4).

imaging intensity presented the brightest signal at 40 pg mL .
Ce6 has been proven to be an excellent photosensitizer with
efficient ROS generation; thereby, the ROS generation ability of
SC NPs was further measured by using 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA, absorption peak at 378
nm)* as a probe. As shown in Fig. 2b, under the laser illumi-
nation (660 nm, 500 mW cm ™ ?), the absorption density of ABDA
at 378 nm rapidly decreased over time, indicating that SC NPs
possess high ability to generate ROS in PBS for PDT. Fig. 2c
shows the relationship between the temperature difference (AT)
and SC NP concentrations under laser irradiation, showing the
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Fig.2 (a) The relationship between the fluorescence imaging intensity

and the concentration of SC NPsin PBS (pH 7.4). (b) Absorption spectra
at 379 nm of the mixture of SC NPs (40 pg mL™) and ABDA
(10~* mol L™) under illumination in PBS (pH 7.4) over time. (c) Pho-
tothermal conversion of SC NPs at different concentrations in PBS (pH
7.4) under laser irradiation (660 nm, 500 mW cm™2). (d) Photothermal
conversion of SC NPs (40 pg mL™Y in PBS (pH 7.4) with different power
densities.

2780 | Chem. Sci., 2019, 10, 2778-2784

View Article Online

Edge Article

concentration dependence of the photothermal conversion.
When the concentration of SC NPs increased to 40 pg mL ™", the
temperature of the solution increased to 24 °C in 60 s. Then, AT
gradually rose to over 30 °C. In the meantime, with the laser
power increasing, AT of SC NP solution also increased (Fig. 2d).
The photothermal conversion efficiency of SC NPs was calcu-
lated to be ~48.0%, which was much higher than those of
numerous other reported organic photothermal agents.*»*>*
These results indicate the multifunctionality of SC NPs as a new
type of potential theranostic nano-agent for cancer fluorescence
imaging, PDT, and PTT.

Tumor cellular uptake and cytotoxicity

SC NPs exhibited a fluorescence emission peak at ~670 nm,
indicating that the cellular uptake may be visualized. By the
green color revelation of confocal fluorescence imaging, SC
NPs (10 pg mL™*, 200 pL) could be readily taken up into HSC3
cells with incubation for 24 h (Fig. 3a, up panel). Moreover, by
using confocal microscopy for 3D reconstruction of the spec-
imen surface, SC NPs were confirmed to be located in the
HSC3 cells via observations of the cell profile (Fig. 3a, down
panel), and a video of the 3D view of the cells was recorded
(ESIt). The cytotoxicity was assessed by using Cell Counting
Kit-8 (CCK-8) assays® in vitro in the HSC3 cells incubated with
SC NPs at different concentrations with or without illumina-
tion (660 nm, 500 mW cm 2). It was found that the cell
viability decreased with laser illumination, of which the half-
maximal inhibitory concentration (ICs,) value was calculated
to be 0.8808 ug mL ™", thus indicating highly efficient PDT/PTT
and chemotherapy synergetic effect of SC NPs (Fig. 3b). In
contrast to the laser illumination group, the other group (no
special irradiation) exhibited much lower cell toxicity (ICso:
~22.45 ug mL~ ") because of the slight chemotherapeutic effect
of sorafenib, demonstrating the desirable biocompatibility of
SC NPs. Most anticancer drugs activate cell apoptosis to kill
tumor cells; thus, the FITC-Annexin V/propidium iodide (PI)
method®® was employed for the apoptosis analysis. The HSC3
cells were cultured with SC NPs with or without the condition
of laser illumination (660 nm, 500 mW cm ™ ?) at the concen-
tration of 10 pg mL™", and a group of blank cells was taken as
control. As shown in the flow cytometry analysis, the ratios of
the apoptotic cells were 16.18% and 93.36% in no irradiation
and irradiation groups, respectively (Fig. 3c-e). In comparison
with the no irradiation group, laser irradiation promoted
a much higher apoptotic cell rate with the same dosage. These
results further demonstrate that SC NPs have great therapeutic
effect on tumor cells induced by both phototherapy and
chemotherapy.

ROS generation in vitro

Cytotoxic ROS have been proven to cause cell damage in the
process of PDT. The ROS generation ability of SC NPs was
further examined by using 2',7’-dichlorofluorescein diacetate
(DCFH-DA) as a fluorogenic probe in the tumor cells. DCFH-DA
has no fluorescence itself, and it produces 2',7'-dichloro-
fluorescein (DCF) with fluorescence when reacting with ROS.*®

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Fluorescence imaging of SC NPs in HSC3 cells: left panel,
DAPI channel; middle panel, fluorescence images; right panel, merged
images; up panel, planform; down panel, side view. (b) CCK-8 assays of
HSC3 cells incubated with SC NPs in different conditions. (c) Apoptotic
rates of blank HSC3 cells. (d) Apoptotic rates of HSC3 cells treated with
SC NPs only. (e) Apoptotic rates of HSC3 cells treated with SC NPs and
laser irradiation.

As revealed in Fig. 4a, bright fluorescence imaging was viewed
in the culture dish of SC NPs with DCFH-DA in HSC3 cells after
laser irradiation (660 nm, 500 mW c¢m ™ %), which was caused by
the generation of fluorescent DCF in HSC3 cells. In contrast,
negligible fluorescence was emitted when these cells were kept
out of light. The results of flow cytometry showed that the
fluorescence amount in group of SC NPs with DCFH-DA in
HSC3 cells under laser irradiation was more than an order of
magnitude higher than those cells cultured with SC NPs without
laser irradiation (Fig. 4b). By using a microplate reader, the DCF
generation intensity of SC NPs with DCFH-DA in HSC3 cells
under laser irradiation was further confirmed (Fig. 4c).
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SC NPs
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Blank
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Fig. 4 (a) Fluorescence imaging of SC NPs and DCFH-DA mixture in
HSC3 cells with or without laser irradiation (660 nm, 500 mW cm™2).
Scale bar: 50 pm. (b) Flow cytometric analyses. (c) DCF intensity in
different groups. **** P < 0.0001.
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Anti-angiogenesis assay in vitro

To determine the anti-angiogenic effect of SC NPs in tumor
endothelial cells, uptake, cytotoxicity, cell cycle, cell apoptosis,
tube formation and anti-angiogenesis assays were assessed. By
using the flow cytometric analyses, as shown in Fig. 5a, SC NPs
(10 pg mL™", 200 pL) could be gradually taken up into the
human umbilical vein endothelial cells (HUVECS) after incu-
bation for 12 h (ref. 57) and slightly discharged at 24 h, which
indicated that SC NPs can be efficiently endocytosed into
HUVECSs. Sorafenib has been proven to have dual anti-tumor
effects, which can not only be mediated by blocking the RAF/
MEK/ERK signaling pathways and directly inhibiting the
tumor cell proliferation, but also by inhibiting the expression of
VEGF, platelet-derived growth factor (PDGF) receptor, and the
formation of tumor angiogenesis to indirectly inhibit the
growth of tumor cells.*® As shown in Fig. 5b, the cytotoxicity was
assessed in vitro by using CCK-8 assays in HUVECs and HSC3
cells incubated with SC NPs of different concentrations. It can
be found that the cell viability of HUVECs significantly
decreased and IC5, was ~0.2634 ng mL™, indicating the high
inhibitory effect of SC NPs on HUVECs. In comparison, the
HSC3 cells exhibited much lower cell toxicity (ICs: ~22.45 pg
mL ™). Fig. 5¢ shows that the HUVECs treated with SC NPs were
mostly arrested at the cycle Go/G;, indicating that the cells lost
their ability to dissociate and turned to the process of differ-
entiation, aging, and cell death. The FITC-Annexin V/PI method
was futher employed for the death analysis of HUVECs incu-
bated with SC NPs. As shown in Fig. 5d and e, in comparison
with the blank control, HUVECs treated with SC NPs were
promoted to reach a much higher apoptotic rate (79.0%), and
the flow cytometry analysis showed that most HUVECs were
apoptotic, which was induced by SC NPs. To further assess the
anti-angiogenic effect of SC NPs, HUVEC cell tube formation
and anti-angiogenesis assay was performed. As shown in Fig. 5f,
after the cell tube formation was complete, SC NPs were added
to these cell tubes, which gradually decomposed the fine
structure of the blood vessels. At 10 h, almost no vessel structure
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Fig. 5 (a) Flow cytometric analyses of SC NP uptake in HUVECs. (b)
CCK-8 assays of HSC3 cells and HUVECs incubated with SC NPs. (c)
HUVEC cell cycle incubated with SC NPs. (d) Apoptosis of blank
control HUVECs. (e) Apoptosis of HUVECs incubated with SC NPs. (f) In
vitro endothelial cell tube formation and anti-angiogenesis assay.
Scale bar: 100 pm.
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Fig. 6 (a) In vivo fluorescence images of mice intravenously admin-
istrated with SC NPs (200 ug kg~?) at different time intervals. (b) In vivo
infrared thermal images of mice intravenously administrated with PBS
or SC NPs (200 pg kg™ after 2 h under laser irradiation (660 nm, 500
mW cm™2) at different time intervals. Circles indicate the tumor site.

was observed, indicating that SC NPs can effectively destroy the
cell tubes via anti-angiogenesis. By contrast, the blood vessels in
the blank control group presented the tendency to grow
naturally.

In vivo imaging

Fig. 6a shows the fluorescence images of mice with intravenous
injection of SC NPs. After 1 h post injection, the fluorescence
signal could be observed in the tumor sites and lasted for about
6 hours, indicating the excellent fluorescence imaging in vivo
and EPR effect-based tumor targeting ability. The retention time
of SC NPs in the tumor sites also provided abundant time for
the subsequent treatment. After 8 h, the fluorescence decreased
in the tumors, indicating that NPs were gradually eliminated
from the tumors. After 10 h, these mice were sacrificed for ex
vivo fluorescence imaging study. Weak fluorescence signal
could be observed in the tumors as the SC NPs were wiped out
from the tumor sites. Strong fluorescence was observed in the
detoxification organ liver, which indicated that most of the SC
NPs were metabolized by the liver. Based on the results of
fluorescence imaging, in vivo thermal imaging of SC NPs was
further investigated with laser irradiation (660 nm, 500 mW
cm ™ ?) after 1 h post injection. As revealed in Fig. 6b, the tumor
temperature rapidly increases and reaches ~55 °C with illumi-
nation for 6 min. In contrast, the tumor temperature of the
control group showed nearly no change, which confirmed the
good photothermal conversion of SC NPs and their passive
targeting ability towards tumors.

In vivo imaging-guided therapy

To examine the in vivo toxicity and the therapeutic effect of SC
NPs, HSC3 tumor-bearing mice were divided into 3 groups
randomly for receiving different treatments. Fig. 7a shows that
all groups exhibit similar increase in the body weight, indi-
cating the low toxicity and good biocompatibility of NPs. As
shown in Fig. 7b and c, the volume of tumors in the control
group increased quickly, and the group injected with SC NPs
without any special illumination presented slight tumor
suppression, which may be caused by the anti-angiogenic effect
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Fig. 7 (a) Body weight change of the mice in different groups. (b)
Changes of the tumor volume in different groups. *, P < 0.05; ***, P <
0.001; **** P < 0.0001 (significant differences compared to the laser
only group). (c) Tumors excised from the mice in different groups after
the treatment for 12 days. (d) H&E and (e) Ki-67 staining of tumor
tissues treated with laser only, SC NPs only, and SC NPs + laser groups.

of sorafenib in NPs. Remarkably, SC NP injection followed by
laser illumination (660 nm, 500 mW cm™2) could greatly inhibit
tumor growth. In contrast, free sorafenib (200 ug kg™') and Ce6
(200 pg kg™') were also injected in tumor-bearing mice with or
without laser irradiation; both of the groups showed negligible
therapeutic efficacy (Fig. S2t), indicating that the nano-
medicines are much more effective than the traditional dosage
form. All the mice were sacrificed at the end of 12 day treat-
ments, and the haematoxylin and eosin (H&E) stained tumor
tissue analyses® were then conducted. Tumors in the control
group presented very low differentiation of the tumor cells; the

Fig. 8 HG&E staining images of major organs including heart, kidney,
liver, lung, and spleen collected from HSC3 tumor bearing mice after
treatment with laser only, SC NPs only, and SC NPs + laser groups,
respectively. Scale bar: 100 um.

This journal is © The Royal Society of Chemistry 2019
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proportion of nucleolus was large and the morphology of cells
was the same. Differently, necrotic cells could be found in the
groups treated with either SC NPs or SC NPs + 660 nm laser
irradiation (Fig. 7d). To further visually identify the prolifera-
tion of tumors, they were stained with the marker Ki-67.% As
shown in Fig. 7e, the tumor cells in the control group are dark
brown and stained strongly positive; the number of positive
cells was calculated to be over 80%, indicating that the cell
proliferation was much stronger. On the contrary, tumors
treated with SC NPs and laser irradiation showed negative Ki-67
staining, indicating that the proliferation of tumor cells was
significantly weak. Besides, the positive cell number and Ki-67
intensity were only observed in the SC NP-treated groups.
These examinations of tumor immunohistochemical study
confirmed that the SC NPs + 660 nm laser irradiation group
exhibited the highest inhibition efficacy and SC NPs have the
ability to inhibit tumor growth.

The biosafety of SC NPs after treatment was also evaluated.
As presented in Fig. 8, similar to the results for the blank control
group, H&E staining results of the major organs showed no
significant histological variations both in SC NPs only and SC
NPs + laser irradiation groups, which indicated the consider-
able biosafety and biocompatibility of SC NPs.

Conclusions

In summary, multifunctional carrier-free SC NPs were success-
fully prepared by the assembly of sorafenib and Ce6 via the
reprecipitation method; they could attack from within and
outside the tumor both by cutting off the external nutrient and
oxygen supplements of tumor cells and killing the internal
tumor cells via PDT/PTT. The SC NPs presented excellent water
dispersity and passive targeting ability towards tumor tissues
based on the EPR effect and could be monitored by fluorescence
imaging in vivo. Due to the synergistic effect of anti-angiogenic
therapy and phototherapy, SC NPs could effectively cut off the
tumor blood vessels and kill cancer cells simultaneously with
a rather low dose (200 pg kg™ ") in vivo. Besides, the examina-
tions of tumor immunohistochemical study confirmed that SC
NPs exhibited high inhibition efficacy towards tumors and great
biosafety and biocompatibility. We showed that SC NPs require
much lower effective dose and moderate laser irradiation for
synergistic anti-angiogenic therapy and phototherapy and have
potential applications in clinic.
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