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Background: Although photothermal therapy (PTT) and photodynamics therapy (PDT)
have both made excellent progress in tumor therapy, the effectiveness of using PTT or
PDT alone is dissatisfactory due to the limitations of the penetration depth in PTT and the
hypoxic microenvironment of tumors for PDT. Combination phototherapy has currently
become a burgeoning cancer treatment.

Methods and Materials: In this work, a mitochondria-targeting liquid perfluorocarbon
(PFC)-based oxygen delivery system was developed for the synergistic PDT/photothermal
therapy (PTT) of cancer through image guiding.

Results: Importantly, these nanoparticles (NPs) can effectively and accurately accumulate in
the target tumor via the enhanced permeability and retention (EPR) effect.

Conclusion: This approach offers a novel technique to achieve outstanding antitumor
efficacy by an unprecedented design with tumor mitochondria targeting, oxygen delivery,
and synergistic PDT/PTT with dual-imaging guidance.

Keywords: IR780, mitochondria-targeting, perfluorocarbon, photodynamic therapy,
photothermal therapy

Introduction

Currently, imaging-guided theranostic strategies have attracted immense attention in
cancer treatment due to their efficient therapeutic effect and minimized side effects.
With the development of optical technology, phototherapy has undergone a series of
optimizations and has been successfully used in a variety of cancer treatments.' >
Phototherapy is not only remotely controllable but also harmless and noninvasive, so it
is considered a promising tumor treatment method.*® Unlike traditional surgical
treatments, this approach gives rise to less trauma and a faster recovery time.
Phototherapy is usually divided into two categories, photothermal therapy (PTT) and
photodynamic therapy (PDT), in which photothermal agents or photosensitizers are
extremely essential.”’ Photothermal agents are highly absorptive in the near-infrared
(NIR) region and can convert light into heat, causing thermal ablation of tumor cells
and blood vessel damage and thereby blocking the blood supply for tumors, and tumor-
associated antigens cannot reach nearby lymph nodes and irritate the body to produce
an antitumor immune response.® ! Photosensitizers (PSs) are stimulated by specific
wavelength light and transfer energy to oxygen molecules to produce high-energy
reactive oxygen species (ROS, such as singlet oxygen 'O5), which directly leads to the
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necrosis and/or apoptosis of tumor cells, the destruction of
tumor blood vessels, an acute inflammatory reaction, attrac-
tion of the aggregation of dendritic cells, granulocytes, plate-
lets, etc., and stimulation of the antitumor immune
response.'> 7 Although PTT and PDT have both made
excellent progress in tumor therapy, the effectiveness of
using PTT or PDT alone is dissatisfactory due to the limita-
tions of the penetration depth in PTT and hypoxic microen-
vironment of tumors for PDT.'®!” From the perspective of
synergistic therapy, the combination of PDT and PTT is
considered a breakthrough tactic to achieve superimposed
effects while overcoming their respective obstacles.’*?!
PDT/PTT based on nanomaterials is supposed to be an
emerging method for cancer due to its precise lethality and
high efficiency. However, due to the rapid oxygen consump-
tion of tumor cells themselves and their incomplete tumor
blood vessel wall, tumor tissues are in an oxygen-deficient
microenvironment for a long time. Furthermore, one of the
necessary conditions for PDT is the presence of a certain
concentration of oxygen in the tissue. The hypoxic tumor
microenvironment negatively affects the progression and
drastically reduces the efficiency of PDT. Therefore, design-
ing a reasonable treatment plan to appropriately modulate the
hypoxic tumor microenvironment is the key to enhancing the
efficiency and effectiveness of tumor phototherapy.

In recent years, nanoparticle-based oxygen delivery
systems have received increasing attention from scholars.
Compared to traditional oxygen delivery systems, such as
hyperbaric oxygen chamber treatment, nanoparticles (NPs)
can selectively aggregate in the tumor area to release
oxygen through an active or passive targeting strategy.”>
** Liquid perfluorocarbon (PFC), with excellent biocom-
patibility, can be combined with oxygen through weak van
der Waals forces and is clinically used as an artificial
blood substitute.”>° Studies have shown that PFC NPs
as an oxygen delivery system can significantly improve the
efficacy of both radiotherapy and PDT.** In addition, our
previous experiments confirmed that liquid PFC NPs can
convert absorbed light energy into heat energy under laser
excitation so that the internal temperature of the NPs rises
rapidly above their boiling point.?”-*® A gas core is gener-
ated through the liquid-gas phase transition, and the
volume of the NPs increases from the initial nanoscale to
the microscale, which improves the ultrasound (US) con-
trast enhancement, similar to traditional US microbubble
contrast agents.””*” Furthermore, the volume change of
the NPs can accelerate drug release from the NPs, thereby
increasing the concentration of drug at the target site,

improving the efficacy of tumor therapy, and realizing
the integration of tumor diagnosis and treatment guided
by US imaging.”® Therefore, the selection of liquid PFC
NPs as an oxygen delivery carrier can effectively alleviate
the hypoxia in the tumor microenvironment and achieve
tumor phototherapy under ultrasound imaging guidance.

However, on the one hand, most of the reported photother-
apeutic agents have inferior therapeutic effects due to various
restrictions, such as poor biocompatibility, weak NIR absorp-
tion ability and limited tumor targeting.’**' Furthermore,
multiple doses and repeated injections are always required
throughout the in vivo therapy procedure, which results in
superfluous side effects and additional toxicity to patients.***
On the other hand, the absorption peak of the photosensitizer
(PS) is supposed to be in the wavelength range of 600-800 nm
(near-infrared window), within which it can tremendously
excite the triplet state of the PS and produce adequate amounts
of '0,.>* The energy level mismatch between the excited state
of the photosensitizer and that of 'O, results in a drastically
reduced 'O, yield of the photosensitizer.>**> Indocyanine
green (ICG), an NIR dye approved by the FDA, shows very
low 'O, production efficiency under near-infrared laser irra-
diation, which is not conducive to tumor therapy.>® Hence,
burgeoning phototherapeutic agents with adequate 'O, output
under 808 nm laser irradiation are urgently needed to boost
phototherapy efficiency. Among various nanomaterials, IR780
not only has prominent NIR fluorescence imaging perfor-
mance but also remarkable PDT and PTT functions, making
it an ideal therapeutic material. More importantly, IR780 has
also been verified to preferentially accumulate in mitochondria
and can be modified as a mitochondria-targeting agent.*’ >’
Mitochondria, key cellular organelles, play a vital role in
energy production, ROS generation, oxidation—reduction sta-
tus modulation and apoptosis-mediated cell death regulation.*’
In particular, mitochondria-targeted nanotechnology has
gained great attention for cancer treatment due to its excellent
therapeutic efficacy, low toxicity, few side effects and reduced
multidrug resistance.*' ** Tumor mitochondria are sensitive to
hyperthermia and ROS generation, which ultimately induce
tumor cell apoptosis by disrupting the balance of mitochon-
drial ROS in cancer treatment. In addition, previous reports
have demonstrated that nanoparticle-based PSs modified to
target mitochondria more effectively initiated irreversible
tumor cell apoptosis once irradiated.***

Considering these issues, in this work, a mitochondria-
targeted liquid fluorocarbon (PFC)-based oxygen delivery
system was invented for imaging-guided synergistic PDT/
PTT of tumors (Figure 1). Significantly, the NPs could
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Figure | Schematic illustration of a mitochondria-targeted liquid fluorocarbon-based oxygen delivery system for imaging-guided synergistic PDT/PTT of tumors.

effectively accumulate in the target tumor tissue through
enhanced permeability and retention (EPR) effects. This
approach offers a novel technique to achieve outstanding
antitumor efficacy by an unprecedented design with tumor
mitochondria targeting, oxygen delivery, synergistic PDT/
PTT and dual-imaging guidance.

Methods

Materials

IR-780 iodide, PLGA, and polyvinyl alcohol (PVA) were
all purchased from Sigma-Aldrich (USA). Perfluorohexane
(PFH) was obtained from J&K Scientific (China). All
experiments were approved by the Ethics Committee of
the Second Xiangya Hospital, Central South University,
China.

Preparation of IRP NPs

First, 100 mg of PLGA, 1 mg of IR780, 200 uL of PFH
and 15 mL of 5% w/v cold PVA solution were added to 3
mL of chloroform and then emulsified with an ultrasonic
processor at a power of 130 W for 70 s. The resulting

emulsion was stirred at room temperature until the methy-
lene chloride evaporated. Lately, the created NPs were
washed with deionized water three times. All operations
were performed in the dark.

Preparation of IRP/O, NPs

Four milliliters of IRP NPs were placed in an oxygen
chamber with an O, flow rate of 5 L min ! for 10 min to

achieve oxygen saturation (IRP/O, NPs).

Characterization of IRP NPs

The structures of the IRP NPs were examined by transmis-
sion electron microscopy (TEM, Hitachi H-7600, Japan).
We used a dynamic light scattering (DLS) analyzer
(Malvern Nano ZS, UK) to detect the size distributions
and surface charges. IRP NPs were resuspended in 1x PBS
or in 10% fetal bovine serum (FBS) at a concentration of 5
mg mL™" at 37 °C over 7 days, and DLS was used to
measure the colloidal stability of the IRP NPs. The exis-
tence of IR780 in the NPs and the absorption spectra of the
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IRPs were identified through a UV-Vis-NIR spectrophot-
ometer (Cary 5000, Agilent, USA).

Measurement of the Oxygen Loading
Capability

For measurement of the oxygen loading capacity of the
IRP/O, NPs, a portable dissolved oxygen meter (AMTOS,
USA) was used. Ten milliliters of deoxygenated water,
IRP/O, NPs or IR/O, NPs (without PFH) were added to
a bottle with a rubber plug, and the oxygen concentration
of the solution was measured with an oxygen electrode
probe in real time.

In vitro Photothermal Effects

The temperature profile and thermal stability of IRP NPs
were tested via an infrared thermal imaging camera (FLIR
C2, USA). One milliliter of IRP NPs (8 mg mL™"), free
IR780, indocyanine green (ICG), or phosphate-buffered
saline (PBS) was irradiated by an NIR 808 nm laser (2.0
\\% cmfz, 5 min). Then, the photothermal conversion effi-
ciency (n) was calculated according to our published
study. To study the photostability of IRP NPs, 1 mL of
IRP NPs (8 mg mL™', with an IR780 concentration of 0.04
mg mL ") or ICG (0.04 mg mL ") was irradiated by an
808 nm NIR laser at 2.0 W cm * for four ON/OFF cycle
irradiation cycles.

In vitro Singlet Oxygen Generation

A mixture of 1 pL of singlet oxygen sensor green reagent
(SOSG, 5 uM) and 100 pL of IRP/O, NPs (20 mg mL™")
was irradiated by an NIR 808 nm laser (2 W cm 2, 5 s),
and the SOSG fluorescence was tested with a multifunc-
tional microplate reader (Tecan, Ménnedorf, Switzerland)
to test singlet oxygen ('O,) generation.

Intracellular '02 Detection

4T1 cells were purchased from the China Center for Type
Culture Collection (Wuhan, China). Oxygen-saturated IR/
O, NPs (lacking PFH) or oxygen-saturated IRP/O, NPs
(containing PFH) were added to 4T1 cells (1 x 10* cells
per well) for further incubation for 4 h at 37 °C. The
concentration of IR780 was 0.05 mg mL'. Next, the
cells were washed and incubated with 10 x107°¢ M 2',7'-
dichlorofluorescin diacetate (DCFH-DA) for 40 min to
detect 'O, generation and then irradiated by an 808 nm
laser (1 W cm ?) for 10 s on and 10 s off, repeated five

times per well. Subsequently, the cells were labeled with
DAPI and imaged by CLSM.

In vitro Mitochondria-Targeting Ability

To trace the intracellular localization of IRP NPs, Dil was
used as a model dye and was encapsulated by IRP NPs (Dil-
labeled IRP NPs). Meanwhile, Dil NPs without IR780 were
prepared as a control group (Dil-labeled pure NPs). Then,
0.1 mL of Dil-labeled IRP NPs or Dil-labeled pure NPs
were added to 4T1 cells (1 x 10* cells per well) at a
concentration of 0.2 mg mL™" for 2 h incubation, washed
with PBS and stained with MitoTracker for 30 min to label
the mitochondria. Finally, confocal laser scanning micro-
scopy (CLSM, LSM 510 META, Carl Zeiss, Germany) was
used to image the mitochondria-targeting effect. The
Pearson correlation (PC) coefficients of MitoTracker were
analyzed using ImageJ software.

Cytotoxicity Study

Different dosages (0 ug mL ™', 31.25 pg mL™', 62.50 pg
mL ™", 125 uyg mL™", and 250 ug mL™"; 0.1 mL per well) of
IRP NPs and IR NPs were added to 4T1 cells (1 x 10*
cells per well). Then, to compare the PDT effect of IRP/O,
NPs and IR/O, NPs, NIR laser irradiation (1 W c¢m 2 for
10 s on and 10 s off, repeated five times) was applied to
each group. Next, we tested the anticancer efficacy of IRP/
O, NPs in terms of PDT, PTT and the combination of PDT
and PTT. A consecutive 808 nm laser (1.0 W ¢cm 2, 5 min)
was applied to check the PTT effect, and the combination
of PDT and PTT involved an interrupted laser for 5 min
for the PDT effect. Then, a consecutive laser was applied
for 5 min for the PTT effect. All cell viabilities were
determined by using MTT assays.

Mitochondrial Membrane Potential
Change

4T1 cells were cultured and randomly separated into five
groups: (1) PBS; (2) NIR; (3) IRP/O,; (4) IRP/O, with
laser irradiation (PDT); and (5) IRP/O, with laser irradia-
tion (PTT). The concentration of NPs was 200 pg mL™",
and cells in group 4 were exposed to an interrupted 808
nm laser (1.0 W cm > 5 min in total) to keep the tempera-
ture below 42 °C to avoid the PTT effect as a pure PDT
treatment. Cells in group 5 were irradiated with a conse-
cutive 808 nm laser (1.0 W em 2,5 min). Afterwards, all
cells were stained with JC-1 staining solution for 30 min
and imaged under an inverted fluorescence microscope.
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Animal Model

Female BALB/c mice (6 weeks old, 20 g) were obtained
from the Medical Experimental Animal Center of Central
South University (Changsha, China). All animal experi-
ments were approved by the Ethics Committee of the
Second Xiangya Hospital of Central South University
and conducted in accordance with the guidelines of the
Department of Laboratory Animals of Central South
University. 4T1 cells (1 x 10° were injected into the
mice by subcutaneous injection to establish a breast
tumor model, and the tumor volume reached 80 mm’
after one week.

FL/US Imaging Performance

For in vitro fluorescence imaging, different doses of IRP
NPs (0.5 mg mL ™', 1.0 mg mL ™", 1.25 mg mL ™!, 2.5 mg
mL™', 5 mg mL™" and 10 mg mL™") were placed in 24-
well plates. A Lumina IVIS Spectrum imaging system
(PerkinElmer, USA) was set up to acquire the fluorescence
images. Then, 10 mice were randomly divided into 2
groups (n = 5 in): (1) DIR-labeled NPs without IR780;
and (2) IRP NPs. Two hundred microliters of 30 mg mL™!
NPs was injected into the mice via the tail vein, and the in
vivo images of the tumors before injection and at 24 h
post-injection were imaged. Then, the tumors and major
organs were imaged for ex vivo fluorescence.

Before in vivo US imaging, 1 mL of IRP NPs (30 mg
mL ") was transplanted into a hole in a custom-made agar-
ose mold followed by 808 nm laser irradiation (1.0 W cm =,
5 min); the ultrasound images were acquired on a Siemens
S3000 US scanner (Siemens, Mountain View, CA). Then,
15 mice were randomly divided into 3 groups (n=5): (1) IRP
NPs with laser irradiation; (2) IRP NPs without laser irra-
diation; and (3) IR NPs (without PFH) with laser irradiation
and imaged in B mode and CEUS mode US. NPs (200 uL,
30 mg mL ") were injected into the mice via the tail vein,
and 24 h after injection, groups 1 and 3 were irradiated with
the same laser as above; then, all tumors were imaged again.
After imaging, the tumors were excised for TEM analysis.

Antitumor Therapy

Tumor-bearing mice were divided into six groups (n=5): (1)
saline; (2) NIR; (3) IRP/O,; (4) IRP/O, with laser irradia-
tion (PDT); (5) IRP/O, with laser irradiation (PTT); and (6)
IRP/O, with laser irradiation (PDT+PTT). The mice in
groups 3, 4, 5 and 6 were injected with 200 uL of IRP/O,
by the tail vein. Twenty-four hours after injection, the mice

in group 4 were exposed to an interrupted 808 nm laser (1.0
W cm 2, 5 min in total) to keep the temperature below 42 °C
to avoid the PTT effect as a pure PDT treatment. The mice
in groups 2 and 5 were irradiated with a consecutive 808 nm
laser (1.0 W cm ™2, 5 min). The mice in group 6 received an
interrupted laser for 5 min for the PDT effect and then a
consecutive laser for 5 min for the PTT effect. An infrared
thermal imaging camera was set up to check the tempera-
ture of the tumors. The body weights and tumor volumes
were noted every 2 days over 2 weeks. After antitumor
therapy, tumor tissues and major organs were stained with
hematoxylin and eosin (H&E). Hypoxia-inducible factor
(HIF) is a transcription factor expressed in the microenvir-
onment of hypoxic tumors and is used to evaluate the
hypoxic status of tumor tissues after different treatments.*®
Immunofluorescence staining was performed via Ki-67 and
TUNEL assays to evaluate the proliferation and apoptosis
of tumor cells.

Results and Discussion

Characterization

To effectively alleviate the shortcomings of multidose
injection and systemic side effects, novel excellent-per-
forming phototheranostics are extremely urgent. Water-
dispersed IRP NPs were prepared with a simple single
emulsification method and exhibited a dark green appear-
ance, which was darker than the IR NPs without PFH
(Fig. S1, Supporting Information). From the representative
TEM image (Figure 2A), the IRP NPs were smooth and
uniform, with an average size of 280 nm, which was in
line with the DLS data (Figure 2B). The surface zeta
potential was —8.31 mV via DLS (Figure 2C). In addition,
insubstantial changes were found in the size and zeta
potential of IRP NPs over 7 days in PBS and 10% FBS
monitored by DLS, suggesting remarkable colloidal stabi-
lity, which makes possible their prolonged circulation in
vivo after intravenous injection (Figure 2D and E). We
further studied the optical properties of the IRP NPs. It
could be seen from the absorption spectrum that both IRP
NPs and IR780 showed a strong absorption peak at
approximately 785 nm, suggesting that IR780 has been
successfully loaded into the NPs, with an encapsulation
efficiency of approximately 50.21+3.25% and a loading
efficiency above 0.50%, and retained its excellent photo-
absorption characteristics (Figure 2F). In addition, we
calculated the molar absorption coefficient of the IRP
NPs to be as high as 2.554x10° M' cm ' (Fig. S2,
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Supporting Information), suggesting that the IRP NPs
were intensive NIR-photoabsorbing agents.

Measurement of the Oxygen Loading
Capability

To measure the oxygen loading capacity of the IRP/O,
NPs, the oxygen concentration of the IRP/O, NPs solution
was measured by a portable oxygen meter, and IR/O, NPs
without PFH were used for comparison (Figure 3A).
Compared with IR/O, NPs, IRP/O, NPs containing PFH
displayed a higher oxygen concentration over a span of 20
min, indicating that PFH-containing NPs are able to store
more oxygen by van der Waals forces than NPs lacking
PFH. Therefore, the IRP/O, NPs could be used as oxygen
transport systems to provide more oxygen to the surround-
ing hypoxic environment, thereby significantly improving
the PDT effect.

Photothermal and Photodynamic

Properties
As shown in Figure 3B and C, after 5 min of NIR irradiation,
the temperature of PBS exhibited a minimal increase, while
the temperature of the IRP NPs and IR780 rose to 60°C,
higher than that of ICG. Subsequently, we explored the
relationship between the concentration and temperature of
IRP NPs. As shown in Figure 3D, the IRP NPs demonstrated
a concentration-dependent temperature increase. As the con-
centration increased from 2 mg mL™' to 8 mg mL ™', the
temperature of the IRP NPs increased from 35.2 to 54.0°C.
However, a slight temperature increase of 0 mg mL ™' was
observed under identical conditions. Simultaneously, an
increasing temperature of IRP NPs was positively correlated
with the laser power density (Figure 3E). Then, to assess the
photothermal stability of the IRP NPs, ICG, approved by the
American Food and Drug Administration, was used as a
control. After four laser on/off cycles, no distinct decrease
in temperature was found in the IRP NPs, suggesting that the
IRP NPs possessed steady and impactful PTT performance
(Figure 3F). Additionally, according to previous reports,*’**
the photothermal conversion efficiency (1) of the IRP NPs (8
mg mL ") was determined by a linear regression curve of the
temperature cooling time (t) vs -In(0) (Fig. S3, Supporting
Information), and the 1 value was determined to be 35.21%.
Then, to explore the potential of the IRP/O, NPs as a
photosensitizer, SOSG was applied to confirm 'O, genera-
tion in vitro based on fluorescence intensity.*’ SOSG was
used as a probe to monitor extracellular 'O, generation

because SOSG binds highly selectively with 'O, and has
no visible reaction with other reactive oxygen species
(ROS), including hydroxyl radicals and nitric oxide. As dis-
played in Figure 4A, the fluorescence intensity of the SOSG
solution (5 uM) containing IRP/O, NPs (20 mg mL ™)
increased drastically with prolonged irradiation (2 W ¢cm 2,
5's); the fluorescence intensity increased 4.0-fold within 80 s.
Furthermore, in the presence of IRP NPs, the absorbance of
SOSG steadily increased with increasing NP concentration
(Figure 4B and Fig. S4 Supporting Information), suggesting
adequate production of 'O, and a concentration dependence
of the IRP NPs under 808 nm laser irradiation. Satisfactorily,
the detected 'O, production efficiency (®A) of IRP NPs
reached 1.1%, and by comparison, that of ICG was only
0.2% (Fig. S5, Supporting Information).>®

Then, 2.7-dichlorofluorescein diacetate (DCFH-DA),
which has no fluorescence, was used as a sensor of intra-
cellular ROS, where ROS can oxidize it to produce 2.7-
dichlorofluorescein (DCF), which is fluorescent green. As
shown in Figure 4C, 4T1 cells treated with PBS, NIR
irradiation only or oxygen-saturated IRP/O, NPs without
laser irradiation exhibited negligible fluorescence. In con-
trast, cells treated with oxygen-saturated IRP/O, NPs dis-
played obvious green fluorescence after 808 nm laser
irradiation (1.0 W ¢m 2, 10 s on and 10 s off) for five
on/off cycles. Comparatively, cells treated with oxygen-
saturated PFH-unloaded IR/O, NPs showed less green
fluorescence, indicating the contribution from PFH to the
significant enhancement of the PDT effect of the encapsu-
lated IR780 owing to its high oxygen loading capacity,
which is consistent with the results of the dissolved oxy-
gen concentration experiment in this study.

In vitro Mitochondria-Targeting Ability
The mitochondrial targeting performance of IRP NPs was
tested by confocal fluorescence imaging to prove that the
IRP NPs could target mitochondria through membrane
potential. To track the intracellular localization of IRP
NPs, Dil was used as a model dye, while Dil-labeled
NPs that did not contain IR780 were prepared as a control
group. As we expected, for 2 h incubation, the red fluor-
escence of Dil-labeled IRP NPs was apparently estab-
lished in 4T1 cells (Figure 5A). In contrast, the red
fluorescence of Dil-labeled NPs without IR780 in 4Tl
cells was lower, which proved that IR780 further enhanced
the accumulation of NPs in cells.

Then, a subcellular mitochondrial colocalization experi-
ment was carried out to evaluate the mitochondria-targeting

International Journal of Nanomedicine 2020:15

submit your manuscript

8647

Dove


https://www.dovepress.com/get_supplementary_file.php?f=281649.docx
https://www.dovepress.com/get_supplementary_file.php?f=281649.docx
https://www.dovepress.com/get_supplementary_file.php?f=281649.docx
http://www.dovepress.com
http://www.dovepress.com

Chen et al Dove
A 1200 - B 1200 -
— —0s
5 1000 - — 20s ~> 1000
=
N. 40s z /{
o 1 60s O 800
g —ws 3
3 3
9 600 A 2 600
S o
> 2 400
%‘ 400 - g ]
g £ 200
] S _
E 200 £
0 T T T T T T - 0 A T T T T T 1
500 520 540 560 580 600 620 640 0 5 10 15 20 25
Wavelength (nm) Concentration(mg/mL)
C Control NIR IRP/O IR/O,+NIR IRP/O,+NIR
2 2
o
<
o
L.
O
(]
>
S
-
)
>
o

Figure 4 (A) 'O, generation from IRP/O, NPs (20 mg mL ') using SOSG as a fluorescence probe with 808 nm laser irradiation (2 W cm 2). (B) 'O, generation curves of
various concentration IRP NPs upon 808 nm laser. (C) DCFH-DA-stained ROS generation by various treatments, scale bar = 50 pm.

ability of the IRP NPs. As shown in Figure SA, the mito-
chondria were stained with MitoTracker (green fluores-
cence), and a small amount of red fluorescence (Dil-
labeled NPs without IR780) merged with the green fluores-
cence in the cells; the Pearson correlation (PC) coefficient
of the MitoTracker was 0.28. In contrast, the significant red
fluorescence of the IRP NPs (labeled with Dil) overlaid the
green fluorescence, and the PC coefficients of the
MitoTracker were 0.73; this result indicated that IR780-
loaded NPs had

remarkable mitochondria-targeting

properties, which can potentially improve the efficacy of
the synergistic PTT/PDT treatment due to the mitochondrial
susceptibility to ROS and hyperthermia, tremendously
improving the accumulation of NPs in tumors.

In vitro PTT/PDT Combination Therapy

The biocompatibility of the oxygen-saturated IRP/O, NPs
was assessed through MTT assays, and oxygen-saturated
IR/O, NPs without PFH were used as controls. As shown
in Fig. S6 in the Supporting Information, the cell viability
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was more than 95%, indicating that the NPs had little
toxicity to cells and had excellent biological properties.

Next, the PDT anticancer activity of the different NPs
against 4T1 cells was further assessed by MTT assays. As
shown in Figure 5B, when laser irradiation was used
alone, the 4T1 cell viability was not affected by more
than 95%. Moreover, in the absence of 808 nm laser
irradiation, the pernicious effects of IR/O, NPs or IRP/
O, NPs were found to be negligible. The efficacy of PDT
treatment stimulated by IRP/O, NPs and IR/O, NPs under
808 nm laser irradiation caused significant cytotoxicity.
Notably, even under the same conditions, the 4T1 cell
survival rate after treatment with IRP/O, NPs was lower
than that after treatment with IR/O, NPs (*p<0.05), sug-
gesting that PFH as an oxygen delivery system signifi-
cantly improved the efficacy of PDT.

Then, the PDT and PTT effects produced by IRP/O,
NPs were compared through MTT experiments
(Figure 5C). When IRP/O, NPs and laser irradiation
(representing PDT or PTT) were combined, a large amount
of cell death was caused, which revealed that IRP/O, NPs
effectively promoted cell death through PDT or PTT
effects. Moreover, the IRP/O, NPs and laser irradiation
(representing both PDT and PTT) combined could kill
more 4T1 cells than PDT or PTT alone (*p<0.05), reveal-
ing that the synergistic PDT and PTT of IRP/O, NPs was
the most impactful local treatment.

Furthermore, the cell apoptosis mechanism of mito-
chondrial dysfunction by laser irradiation was investi-
gated. JC-1 staining is a widely used fluorescent probe to
check the mitochondrial membrane potential of cells or
tissues. The membrane potential of normal mitochondria is
high, and JC-1 accumulates in the matrix of mitochondria
to form a polymer with red fluorescence emission. After
mitochondrial damage, the membrane potential decreases,
and JC-1 exists as a monomer with green fluorescence in
the matrix. As shown in Figure 5D, cells treated with PBS,
laser irradiation or IRP/O, NPs showed strong red fluor-
escence with weak green fluorescence, and the fluores-
cence ratio of green to red was 0.139, 0.259 and 0.277,
respectively, indicating almost no obvious mitochondrial
membrane potential change in cells. However, for cells
treated with IRP/O, NPs with laser irradiation (represent-
ing PDT or PTT), the green fluorescence decreased sub-
stantially, and the fluorescence ratio of green to red
increased to 1.46 in the PDT group and to 1.19 in the
PTT group, suggesting that the mitochondria were
damaged, with a decrease in the mitochondrial membrane

potential. The results demonstrated that both ROS genera-
tion from PDT and local hyperthermia from PTT after
treatment with IRP/O, NPs could induce mitochondrial
dysfunction and eventually lead to cell apoptosis, which
is consistent with previous research on tumor mitochon-
drial dysfunction.

FL/US Imaging Performance

As a dual-mode imaging-guided theranostic system, the
NIR fluorescence and US imaging performance of IRP
NPs were measured in vitro and in vivo. As shown in
Fig. S7 in the Supporting Information, the NIR signal
values produced by IRP NPs under 808 nm laser irradia-
tion were positively correlated with the NPs concentration,
and with increasing concentrations of IRP NPs in the
range of 0.5 to 5 mg mL™', the fluorescence intensity
was gradually enhanced. To evaluate the tumor mitochon-
dria-targeting properties of IR780, tumor-bearing mice
were intravenously injected with DIR NPs (without
IR780) and IRP NPs. DIR NPs were used as the control
for comparison. We could accurately differentiate the dis-
tribution and duration of the two NPs in each organ,
particularly tumor tissues, through the fluorescence of
DIR and IR780. The results showed that IR780-encapsu-
lated NPs accumulated more in tumors and stayed longer
than DIR NPs, which may be due to the tumor mitochon-
of IR780 (Figure 6A).
Moreover, NPs specifically gathered in tumor tissues via

dria-targeting performance

the passive targeting of the EPR effect. Then, as shown in
Figure 6B and C, we performed NIRF imaging and fluor-
escence SI quantification on the isolated organs and
tumors. In the DIR NPs group, due to the presence of
the macrophage system, the early accumulation of high
concentrations in the lung and liver reached expectations,
and only a portion of the DIR NPs localized in the tumor.
In the IRP NP group, numerous NPs gathered in the tumor
site, and the fluorescence intensity of the DIR NPs was 3-
fold lower than that of the IRP NPs (¥p<0.05), indicating
that IR780 affected tumor targeting to some degree, which
may be related to its tumor mitochondria-targeting prop-
erty. Hence, IRP NPs could be actively and passively
accumulated in target tumor tissues via tumor mitochon-
drial targeting, which lays a solid foundation for further
combined and targeted antitumor therapy.

For the in vitro US imaging of IRP NPs, B-mode US
and CEUS images and their corresponding brightfield
microscopy images before and after laser NIR irradiation
were obtained (Fig. S8, Supporting Information). Before
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NIR irradiation, the NPs exhibited neither echo intensity in
B-mode US nor CEUS enhancement, and no phase transi-
tion or gas bubbles were observed under the microscope.
After 808 nm laser irradiation (1 W cm 2, 5 min), the NPs
show a high echo intensity in B-mode US and high
enhancement in CEUS. Additionally, numerous microbub-
bles emerged under the microscope, indicating that the
phase shift occurred for the NPs and enhanced the US
intensities in the two modes.

Next, the in vivo US imaging performance of the IRP
NPs was investigated, and IR NPs without PFH were used
as controls. After injection of IRP NPs for 24 h, the echo

intensities in B-mode US and CEUS obviously increased
upon NIR laser irradiation (1 W cm ™2, 5 min) compared to
those before injection (*p< 0.05) (Figure 7AD). In con-
trast, the IRP NPs without NIR irradiation and IR NPs
with NIR irradiation (1 W ¢m % 5 min) showed no sig-
nificant change in the echo intensities in the two modes
before and 24 h after injection (Figure 7AD), suggesting
that the enhancement in the echo intensities was associated
with laser irradiation and PFH, both of which are indis-
pensable. The PFH-containing NPs absorb the NIR light
energy and convert it to heat, subsequently inducing the
liquid-to-gas phase transition and microbubble generation
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(Figure 7E), which further enhances US imaging in the
two modes, consistent with our previously published
study.” Furthermore, we conducted TEM examination of
the tumor tissue injected with IRP NPs and treated with
808 nm laser irradiation, and a great deal of microbubbles

were generated at the tumor site.

In vivo Antitumor Therapy

Inspired by the outstanding mitochondrial targeting ability,
high hyperthermia and ROS generation capacity and in
vitro antitumor capability of IRP/O, NPs, in vivo antitu-
mor studies were performed. First, the PTT effects are
shown in Figure 8 A and B; the temperature of the tumors
in the mice treated with NIR irradiation only increased by
10°C, as did that in the group injected with saline.
However, the temperature of the tumors in the mice treated
with IRP/O, NPs after NIR irradiation increased by more
than 30°C, which indicated that the IRP/O, NPs could
efficiently generate heat. According to the thermal effect,
thermotherapy is divided into two categories: warm ther-
motherapy (40—43°C) and hyperthermia (43—70°C). Warm
thermotherapy is applied to the whole body, while
hyperthermia is better used in local tumors. Hence, the
PTT effects of the IRP/O, NPs were identified as
hyperthermia suitable for local tumors, making them pro-
minent photothermal materials in vivo.

Then, tumor-bearing mice were randomly divided into
six groups: (1) saline; (2) NIR; (3) IRP/O, NPs; (4) IRP/O,
NPs with laser irradiation (PDT); (5) IRP/O, with laser
irradiation (PTT); and (6) IRP/O, with laser irradiation

A 180

NIR

IRP/O,+NIR
(PTT)

(PDT+PTT). After 14 days, the tumor volumes quickly
increased by 8.0-fold, 7.5-fold and 7.6-fold in groups 1, 2
and 3, respectively (Figure 9B), suggesting that NIR irradia-
tion or IRP/O, NPs alone hardly have any antitumor effects.
Encouragingly, the PDT effect using IRP/O, NPs with inter-
rupted laser irradiation and the PTT effect using IRP/O, NPs
with consecutive laser irradiation demonstrated higher ther-
apeutic efficiency, with tumor volume increases of 4.2-fold
and 3.6-fold, respectively (*p<0.05). As an attractive result,
the synergistic PDT/PTT (group 6) exhibited a remarkably
enhanced therapeutic effect, and the tumor volume increased
1.8-fold (*p<0.05). Subsequently, the average tumor weights
of each group were calculated (Figure 9C). PDT or PTT alone
could partially inhibit tumor growth, while their combination
exhibited an extraordinary synergistic antitumor effect, and
the growth of almost all tumors was efficiently restrained
(*p<0.05). Subsequently, the average tumor weight of each
group showed that PDT or PTT alone could restrain tumor
growth to a certain extent. However, the combination of PDT
and PTT could effectively inhibit tumor growth and obtain
superimposed synergistic antitumor effects (*p <0.05).
Tissue H&E staining analysis further proved that most
tumor tissue cells were severely damaged and exhibited
coagulative necrosis in group 6, while the cells in the other
groups were not notably damaged or only partially
damaged (Figure 9D). The IRP/O, NPs could alleviate
hypoxia at the tumor site by storing and transporting oxy-
gen. We used the HIF-1a probe to evaluate the hypoxic
status of tumor tissue after different treatments to confirm
the anti-hypoxic effect of NPs in vivo. As exhibited in
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Figure 8 (A) Infrared thermal images and (B) heating curves of tumor-bearing mice treated with Saline, IRP/O, NPs with NIR irradiation (PTT, PDT+PTT).
International Journal of Nanomedicine 2020:15 submit your manuscript 8653

Dove


http://www.dovepress.com
http://www.dovepress.com

Chen et al Dovepress

A
Dayo ......

104 —o— Laser 1000 +
—A— IRP/O,

8] —* IRP/O,+laser(PDT)
—*— IRP/O,+laser(PTT)
—o— IRP/O,+laser(PDT+PTT)

600 - [ 1

400

Relative tumor volume(V/V,)
o
Average tumor weight (mg)

Figure 9 (A) The photographs of tumor-bearing mice before and after different treatments at 7 day and 14 day. (B) Tumor growth curve and (C) average tumor weight of
mice after different treatments (*p<0.05). (D) H&E staining of tumor tissue slices after different treatments, scale bar = 50 mm. Different treatments groups: (l) saline; (2)
NIR; (3) IRP/O, NPs; (4) IRP/O, NPs with laser irradiation (PDT); (5) IRP/O, with laser irradiation (PTT); and (6) IRP/O, with laser irradiation (PDT+PTT).

8654 submit your manuscript | www.dovepress.com International Journal of Nanomedicine 2020:15
DovePress


http://www.dovepress.com
http://www.dovepress.com

Dove

Chen et al

120

100

80

60

40

% HIF-1a -positive cells

20

I

% Ki 67-positive cells

% TUNEL-positive cells
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Figure 10A, the blue fluorescence represents the nucleus,
and the green fluorescence suggests the presence of
hypoxic cells labeled with the HIF-1a probe. Tumor tis-
sues treated with (group 1) saline and (group 2) NIR
showed strong green fluorescence, representing high
expression of HIF-la, which indicated that the tumor
was in an extremely hypoxic state. The green fluorescence
in the (group 3) IRP/O, NP group was slightly weaker and
less widespread, demonstrating that IRP/O, NPs could
provide oxygen to alleviate tumor hypoxia. In contrast,
the green fluorescence of the (group 4) IRP/O, NPs with

laser irradiation (PDT) and (group 5) IRP/O, NPs with
laser irradiation (PTT) groups was tremendously reduced,
especially in the combined PDT and PTT group, and the
green fluorescence almost disappeared. These phenomena
confirmed that IRP/O, NPs could generate abundant heat
and ROS under laser excitation, which substantially mod-
ified the degree of hypoxia in the tumor microenviron-
ment. Importantly, the fewest proliferative cells with
green fluorescence from the Ki-67 assays and the most
necrotic cells with green fluorescence from the TUNEL
assays were observed in group 6 (Figure 10B and C),
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indicating that the combination of PDT/PTT could effi-
ciently limit tumor growth and effectively speed up tumor
cell apoptosis.

The excellent in vivo antitumor efficiency of the IRP/
O, NPs probably benefits from the following three rea-
sons. First, with tumor mitochondria targeting and the
PLGA package, these NPs can selectively accumulate in
the target tumor tissue (Figure 6). Second, PFH exhibited
an exceptionally high O,-absorbing capacity and could
provide more oxygen to the surrounding hypoxic environ-
ment to enhance the PDT effect (Figures 4D, 5D and 10A).
Last, the combination of PDT/PTT could efficiently kill
cancer cells through damage from ROS and hyperthermic
damage to the mitochondria (Figures 5, 9 and 10).

In addition, the body weights of the mice showed few
notable fluctuations during different treatments, indicating
the negligible side effects and unambiguous biocompat-
ibility of these NPs. H&E staining analysis of the vital
organs of the mice demonstrated no apparent harm, indi-
cating few side effects on normal tissues with this
nanotheranostic system (Fig. S9, Supporting Information).

Conclusion
In summary, we have developed a tumor mitochondria-tar-
geted PFC-based theranostic system with the PLGA package
for fluorescence and ultrasound imaging-guided synergistic
anticancer combined PDT and PTT. In this nanosystem,
PFH, as an oxygen delivery system, significantly increased
the O, concentration in the NPs, generated more ROS to
enhance the PDT efficacy and increased the US imaging
intensity after phase transition. IR780 served simultaneously
as a tumor mitochondria-targeting agent, an NIR fluorescence
imaging agent, a photosensitizer and a photothermal agent and
was further integrated into the PLGA shell to effectively
accumulate more NPs in the mitochondria, enhancing the
fluorescence imaging-guided synergistic PDT and PTT effects.
The synergistic PDT/PTT treatment with IRP/O, NPs
achieves significant antitumor efficacy through a variety of
ways, such as ROS and mitochondrial hyperthermic
damage, as well as its great biocompatibility and minimum
systemic side effects. This imaging-guided PFC-based ther-
apeutic nanosystem targeting tumor mitochondria has great
potential and can be used in future clinical applications.
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