Wen et al. Journal of Nanobiotechnology (2021) 19:440

https:/doi.org/10.1186/512951-021-01196-6 Journal of Nanobiotech nology

. . ()
Mitochondria-targeted nanoplatforms G

for enhanced photodynamic therapy
against hypoxia tumor

Jiexin Wen'", Yong Luo?!, Hui Gao'", Liang Zhang?, Xiang Wang®, Ju Huang® Tingting Shang?, Di Zhou?,
Dong Wang®, Zhigang Wang?, Pan Li* and Zhaoxia Wang'"

Abstract

Background: Photodynamic therapy (PDT) is a promising therapeutic modality that can convert oxygen into
cytotoxic reactive oxygen species (ROS) via photosensitizers to halt tumor growth. However, hypoxia and the unsat-
isfactory accumulation of photosensitizers in tumors severely diminish the therapeutic effect of PDT. In this study, a
multistage nanoplatform is demonstrated to overcome these limitations by encapsulating photosensitizer IR780 and
oxygen regulator 3-bromopyruvate (3BP) in poly (lactic-co-glycolic acid) (PLGA) nanocarriers.

Results: The as-synthesized nanoplatforms penetrated deeply into the interior region of tumors and preferentially
remained in mitochondria due to the intrinsic characteristics of IR780. Meanwhile, 3BP could efficiently suppress
oxygen consumption of tumor cells by inhibiting mitochondrial respiratory chain to further improve the generation
of ROS. Furthermore, 3BP could abolish the excessive glycolytic capacity of tumor cells and lead to the collapse of ATP
production, rendering tumor cells more susceptible to PDT. Successful tumor inhibition in animal models confirmed
the therapeutic precision and efficiency. In addition, these nanoplatforms could act as fluorescence (FL) and photoa-
coustic (PA) imaging contrast agents, effectuating imaging-guided cancer treatment.

Conclusions: This study provides an ideal strategy for cancer therapy by concurrent oxygen consumption reduction,
oxygen-augmented PDT, energy supply reduction, mitochondria-targeted/deep-penetrated nanoplatforms and PA/
FL dual-modal imaging guidance/monitoring. It is expected that such strategy will provide a promising alternative to
maximize the performance of PDT in preclinical/clinical cancer treatment.
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Graphical Abstract

Introduction

Photodynamic therapy (PDT) is an evolving and prom-
ising therapeutic modality for its non-invasiveness, high
selectivity, and low systemic toxicity compared to tradi-
tional chemotherapy and radiotherapy. Encouragingly,
PDT has proven clinically to be an efficient therapeutic
option for the treatments of esophageal cancer, lung can-
cer, and brain cancer, etc. [1]. PDT usually involves three
elements including a tumor-localizing photosensitizer
(PS), oxygen, and light irradiation at a certain wavelength
[2, 3]. Upon excitation, the PS transmits the energy from
light to oxygen molecules in tumor microenvironment,
consequently producing reactive oxygen species (ROS)
which kill tumor cells directly via inducing apoptosis
and/or necrosis [4, 5].

The therapeutic effect of PDT largely depends on the
amount of oxygen in the tumor. However, most solid
tumors are in a state of hypoxia, namely an inadequate
oxygen supply, which is mainly attributed to the dete-
riorating microenvironments, disturbed microcircula-
tion, and aberrant tumor propagation [6, 7]. Clinical
studies have proven that hypoxia is one of the main
features that lead to the resistance to radiotherapy and
chemotherapy [8, 9]. So as to PDT, it is well known that
PDT requires the presence of oxygen [5, 7, 10]. To make
matters worse, these hypoxic cells are reported to be
more resistant to ROS than aerobic cells as well [11,
12]. To solve this problem, some strategies have been
designed to alleviate hypoxia in tumor environment,
many of which are developed to directly deliver oxygen
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molecules (O,) or hydrogen peroxide catalysts to tumor
tissues with nanocarriers [10, 13, 14]. Although with
preliminary successes, there remains insufficiencies,
such as limited oxygen loading capacity, pre-mature
oxygen release and low oxygen production effciency
[15]. Bearing these in mind, aiming at the reduction of
oxygen consumption is an insightful bypass to discour-
age tumor hypoxia.

Mitochondria-associated oxidative phosphorylation
(OXPHOS) accounts for the predominant consumption
of oxygen [16]. Interruption on this loop can poten-
tially suppress O, metabolism [17, 18]. By introducing
3-Bromopyruvate (3BP), a small-molecule pyruvate
mimetic and anticancer alkylating agent that has also
been reported to be a biocompatible antitumor agent
[19], mitochondrial respiratory chain will be blocked
[20, 21]. Such perturbation in the electron flow induces
the decrease in oxygen consumption and restores the
oxygen level that counters hypoxia [22]. In the mean-
time, hexokinase, catalyzing the essential first step of
glycolysis is also an important target of 3BP [22, 23].
3BP has pronounced inhibitory effects on multiple
metabolic interactions, especially on the excessive gly-
colysis mediated by the over-expressed hexokinase type
II (HK-II) in tumor cells, which will lead to the collapse
of adenosine triphosphate (ATP) production [23, 24].
The starvation caused by 3BP will malnourish tumor
cells and turned them into less defended therapeutic
measures [25, 26]. Furthermore, HK-II is predomi-
nantly integrated with voltage dependent anion channel
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Scheme 1 Schematic illustration of multifunctional 3BP@PLGA-IR780 nanoplatform, including concurrent oxygen consumption reduction,
oxygen-augmented PDT, energy supply decrease, mitochondria-targeted/deep-penetrated capability and PA/FL dual-modal imaging guidance
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(VDAC) on the outer membrane of mitochondria [27,
28], which is of great significance to maintain mito-
chondrial membrane potential [29]. Thus 3BP-induced
inhibition of HK-II can cause dissipation of mitochon-
drial membrane potential and induce the mitochon-
drial apoptotic pathway [30, 31]. The O, consumption
suppresion, stravation and enhanced mitochondria-
associated apoptosis simutaneously render cancer cell
more susceptable towards PDT. However, to properly
design a carrier allowing on-target delivery remains a
critical challenge.

To meet this need, in this study, we rationally contru-
structed a core/shell structrued poly(lactic-co-glycolic
acid) (PLGA) nanoplatform, with 3BP encapsulated in the
core and IR780 loaded in the shell (designated as 3BP@
PLGA-IR780), for enhanced PDT (Scheme 1). IR780, a
lipophilic small molecular with characteristically consid-
erable absorption and fluorescence in the near-infrared
(NIR) wavelength region [32, 33], is used as a PS. These
nanoplatforms could selectively accumulate and pen-
etrate deeply in tumor tissues endowed by the nature of
IR780 [34, 35]. Specially, 3BP@PLGA-IR780 could retain
preferentially at intracellular mitochondria, presenting
excellent locations for organelle-targeted PDT [10, 32, 36,
37]. Mitochondrion, a vital complex intracellular orga-
nelle, plays key roles in energy metabolism, production

of ROS associated with oxidative stress and regulation of
apoptosis [38, 39]. Thus, mitochondria have gained rec-
ognition as a viable subcellular target to enhance efficacy
of anticancer treatments [10, 36]. To optimize therapeu-
tic precision, we took advantage of the fluorescence (FL)
and photoacoustic (PA) imaging capability of IR780 to
monitor the tumor accumulation of these nanoplatforms
[33, 40]. Thus, highly efficient antitumor therapy can be
achieved by concurrent oxygen consumption reduction,
oxygen-augmented PDT, energy supply decrease, mito-
chondria-targeted/deep-penetrated nanoplatforms and
PA/FL dual-modal imaging guidance. In practice, system-
atic in vitro and in vivo evaluations have been conducted
in this work to demonstrate the efficacy of 3BP@PLGA-
IR780 for amplified PDT.

Materials and methods

Materials and reagents

IR780 iodide, 3BP, and (2/,7'-dichlorofluorescin diac-
etate (DCFH-DA) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). PLGA-PEG-3.4 k was purchased
from Xian Ruixi Biological Technology Co., Ltd. (Xi’an,
China). Cell-Counting Kit-8 (CCK-8), calcein AM, and
pyridine iodide (PI) were obtained from Daigang Biologi-
cal Engineering Co., Ltd. (Jinan, China). Dichlorometh-
ane (CHCl,) was purchased from Chuandong Chemical
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Co. Ltd. (Chongqing, China). Nuclear dye 4,6-Diamid-
ino-2-phenylindole (DAPI), enhanced ATP assay kit and
1,1’-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine
perchlorate (Dil) were purchased from Beyotime Bio-
technology (Shanghai, China). Singlet Oxygen Sensor
Green (SOSG) and MitoTracker® Deep Red FM were
purchased from Thermo Fisher Scientific (Invitrogen).
Dimethyl sulfoxide (DMSO) was purchased from Shang-
hai Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). All other reagents were of or above analytical
grade and used as received without further purification.

Synthesis of 3BP@PLGA-IR780

3BP@PLGA-IR780 were synthesized via a water—oil-
water double emulsion protocol. Briefly, 50 mg of PLGA
and 1 mg of IR780 were dissolved in 2 mL of CHCl,, and
3BP (50 mg) dissolved in phosphate buffer saline (PBS)
(200 pL) was added to the above solution. The polymeric
solution was emulsified with an ultrasonic processor
(Sonics & Materials Inc., Danbury, CT, USA) operat-
ing at a power intensity of 100 W for 3 min (on 5 s, off
5 s). Then, 9 mL of polyvinyl acetate (PVA) solution was
added into the formed emulsion. Then, the emulsion was
further subjected to a probe sonication (50 W, on 5 s, off
5 s). Finally, 10 mL of isopropyl alcohol was added to the
above solution, and the mixture was stirred mechanically
to evaporate the CHCI, completely. The fabricated 3BP@
PLGA-IR780 nanoplatforms were collected and stored
at 4 °C for further use. The same procedure was made to
other nanoplatforms, but differentiating the drug.

Characterizations of 3BP@PLGA-IR780

The morphologies of 3BBP@PLGA-IR780 and 3BP@PLGA
were observed by TEM (Hitachi H-7600, Japan) and SEM
(JEOL JSM-7800F, Japan). A laser particle size analyzer
system (Nano, ZS90, Malvern instrument Ltd.) was used
to determine the size distribution and surface zeta poten-
tial of 3BP@PLGA-IR780 and 3BP@PLGA. UV-vis—NIR
absorption spectra of IR780 (0.125, 0.25, 0.5, 1.0, 2.0,
3.0, 4.0, and 5.0 pg mL™), 3BP (0.1, 0.2, 0.4, 0.6, 0.8 and
1.0 mg mL™1), 3BP@PLGA-IR780 and 3BP@PLGA were
recorded using the SpectraMax Paradigm Multi-Mode
Microplate Reader (SpectraMax M3, Molecular Devices,
USA). The Drug Loaded Efficiency was then calculated by
the following equation.
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10 pg mL™') was added into a cuvette, and exposed to
an 808 nm laser irradiation (1.0 W cm™2) for different
time durations (0, 10, 30, 60, 120 and 180 s). The fluo-
rescence intensity curves were recorded by using the
SpectraMax Paradigm Multi-Mode Microplate Reader
(Aexcitation =488 nm).

The photo-stability of 3BP@PLGA-IR780 was evalu-
ated next. Free IR780 (pre-dissolved in a small amount of
DMSO) and 3BP@PLGA-IR780 in PBS were irradiated
by an 808 nm laser (1.0 W cm™2) for 10 s each time. The
absorbance of the samples at 789 nm were recorded with
a microplate reader at 0, 10, 20, 30, 40, 50 and 60 s after
the irradiation. The absorbance values were then normal-
ized as A/A (A is the absorbance of the sample and A,
is the absorbance of the sample before irradiation). Free
IR780 and 3BP@PLGA-IR780 in PBS were placed in a
completely dark environment, and the absorbance of the
samples at 789 nm were recorded on day 0, 1, 3, and 4.
The absorbance values were also normalized.

Cell culture and 4T1 tumor-bearing mice model

Murine breast cancer line 4T1 cells were obtained from
Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd.
All-female Balb/c nude mice (4—6 weeks) were purchased
from Chongqing Medical University. All the experi-
ments and procedures were performed under guide-
lines approved by the Institutional Animal Care and Use
Committee of Chongqing Medical University. To estab-
lish 4T1 tumor-bearing mice models, 1 x 10° 4T1 cells
were suspended in 100 puL serum-free medium and then
injected subcutaneously to the flanks of the nude mice.

Intracellular uptake and mitochondria location of 3BP@
PLGA-IR780

The intracellular uptake of 3BP@PLGA-IR780 was
detected by confocal laser scanning microscope
(CLSM) (Nikon Al, Japan) and flow cytometry (Cyto-
FLEX, USA). Briefly, 4T1 cells were seeded in a CLSM-
specific dish at a density of 1 x 10° cells per well. After
24 h incubation, the culture medium was replaced with
a serum-free medium containing red Dil (Aexcitation/
Aemission=549 nm/565 nm) labeled 3BP@PLGA or
3BP@PLGA-IR780 (PLGA equivalence: 200 pg mL™).
After different intervals of incubation (0.5 h, 1 h, 2 h,
and 4 h), the cells were washed with PBS for three

Drug Loaded Efficiency = (Initial Weight of Drug—unloaded Drug)/Initial weight of Drug

In vitro photodynamic performance of 3BP@PLGA-
IR780 was evaluated by a typical SOSG assay. 3BP@
PLGA-IR780 dispersed in PBS containing SOSG
(25 uM) at different IR780 concentrations (2, 4, 6, 8 and

times to remove those nanoplatforms which had not
yet entered tumor cells, fixed with 4% polyformal-
dehyde, and stained with blue DAPI (\excitation/
Aemission =340 nm/488 nm) for 10 min. Then, the cells
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were observed by CLSM. Additionally, the quantitative
intracellular uptake (red fluorescence intensity) was fur-
ther analyzed with flow cytometry. After 4 h incubation
with Dil-labeled 3BP@PLGA-IR780 or 3BP@PLGA, to
investigate the mitochondrial localization of these nano-
platforms, mitochondria of 4T1 cells were sequentially
stained with MitoTracker®Deep Red FM (\excitation/
Aemission =644 nm/665 nm, the color was set as red
during CLSM observation) for another 30 min. Then the
cells were rinsed with PBS and observed with CLSM.
In addition, intracellular uptake of 3BP@PLGA-IR780
by MCEF-7 and MBA-MD-231 cells after different inter-
vals of incubation (1 h and 4 h) was further evaluated by
CLSM observation.

Mitochondrial membrane potential and ATP measurement
Mitochondrial membrane potential was analyzed
with JC-1 staining. When the mitochondrial mem-
brane potential is high, representing healthy cells, JC-1
aggregates in the matrix of the mitochondria to form
J-aggregates, which produces red fluorescence; when the
mitochondrial membrane potential is low, representing
apoptotic cells, JC-1 cannot aggregate in the matrix and
the monomer remains at this time, which produces green
fluorescence. 4T1 cells were cultured in confocal cell-
culture dishes as mentioned in 2.5. 3BPA@PLGA-IR780
and 3BP@PLGA were added in serum-free culture media
(PLGA equivalence: 200 pg mL™!), and the cells were fur-
ther incubated for another 4 h. The mitochondria were
then stained with JC-1 for 20 min. Cells were washed
twice with PBS prior to CLSM imaging. Cellular ATP lev-
els were further detected with an Enhanced ATP Assay
Kit performed according to the standard protocol.

Dissolved oxygen measurement

4T1 cells were seeded in 12-well plates (1.2 x 10°/well)
and cultured overnight. These cells were treated with
3BPA@PLGA-IR780 and 3BP@PLGA (PLGA equiva-
lence: 200 ug mL™Y, n=3), and 1 mL of liquid paraffin oil
was added to each well. After incubating for 4 h in a 37 °C
incubator, the oxygen content in the culture medium was
measured with a dissolved oxygen meter (Mettler Toledo,
Switzerland).

ROS generation and in vitro cytotoxicity of 3BP@
PLGA-IR780

For the detection of intracellular ROS, pre-cultured 4T1
cells were randomly divided into six groups (control,
Laser only, 3BP@PLGA, 3BP@PLGA-IR780, PLGA-
IR780 + Laser and 3BP@PLGA-IR780 + Laser). The cor-
responding cells were treated with 3BPA@PLGA-IR780
or 3BP@PLGA (PLGA equivalence: 200 pg mL™!) and
further incubated for 4 h. Subsequently, these cells were
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incubated with ROS probe DCFH-DA (30 uM for CLSM
detection, 10 uM for flow cytometry analysis) for 10 min,
followed by laser irradiation (1.0 W ¢cm™2 5 min) in ice
bath (excluding the photothermal effect). Then CLSM
observation were conducted and the fluorescence inten-
sities of each group were measured by flow cytometry.

To test the therapeutic effects of 3BP@PLGA-IR780,
4T1 cells were seeded in a 96-well plate (1 x 10* cells
per well) for 24 h. Then, these 4T1 cells were subjected
to following treatments: (1) control (saline), (2) Laser
only (1.0 W cm~2, 5 min), (3) 3BP@PLGA, (4) 3BP@
PLGA-IR780 only, (5) PLGA-IR780+ Laser, and (6)
3BP@PLGA-IR780+ Laser. All PDT treatments were
conducted in ice-bath to cool down and keep the tem-
perature under 42 °C to exclude the photothermal effect.
Finally, the cell viabilities were evaluated using a standard
CCK-8 kit. Besides, flow cytometry was also employed to
analyze cell apoptosis induced by different treatments.
To discriminate live and dead cells, the treated cells were
costained with calcein-AM (2 pmol mL™}, \excitation/
\emission =490 nm/515 nm) and PI (4.5 pumol mL™,
Aexcitation/Aemission=530 nm/580 nm) for CLSM
observation. The red fluorescence represents dead cells,
while green fluorescence means living cells.

In vivo biodistribution (FL imaging) and pharmacokinetics
study of 3BP@PLGA-IR780

For the detection of in vivo biodistribution of 3BP@
PLGA-IR780, mice bearing 4T1 tumors (n=3) were
intravenously injected with 3BPA@PLGA-IR780 saline
solution (200 pL, the corresponding PLGA concentration
was 10 mg mL™!). The in vivo FL imaging at varied time
points was performed with a Living Imaging System and
the average fluorescence intensities of tumors were meas-
ured by the system. Mice were sacrificed and the tumor
masses, livers and spleens were collected 48 h after injec-
tion. The above tissues were sliced and stained with DAPI
for fluorescence microscopy observation.

To study the pharmacokinetics of 3BP@PLGA-IR780,
healthy mice and tumor-bearing mice were intravenously
administrated with 3BP@PLGA-IR780 (PLGA equiva-
lence: 10 mg mL™!, 200 pL). At different time points (0,
0.1, 1, 4, 12, 24, 48 and 72 h, n=23) after the intravenous
administration, blood was collected from the retro-
orbital plexus, and the serum was obtained by centrifuga-
tion at 3000x g for 10 min. The amount of IR780 in serum
was detected by a microplate reader. The pharmacoki-
netic parameters were calculated according to the dual-
compartment pharmacokinetic model. In addition, the
ex vivo fluorescence imaging of isolated tumors was per-
formed at 1, 3, 5, 7 and 10 days (n=3 at each time point)
after intravenous injection of 3BP@PLGA-IR780.
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Deep penetration of 3BP@PLGA-IR780

The deep penetration capability of 3BP@PLGA-IR780
was evaluated in 3D tumor spheroid models. To estab-
lish the 3D tumor models, 4T1 cells (5 x 10%) were seeded
in spheroid microplates and cultured for 7 days. The
established 3D spheroids were treated with Dil-labeled
3BP@PLGA-IR780 or 3BP@PLGA (PLGA equivalence:
500 pg mL™1). After culturing for 12 h, the tumor sphe-
roids were rinsed twice with PBS and then observed by
CLSM.

For the evaluation of in vivo penetration, 4T1 tumor-
bearing mice were treated with Dil-labeled 3BP@PLGA-
IR780 or 3BP@PLGA (PLGA equivalence: 10 mg mL ™},
200 pL), and the tumors were harvested at 24 h post-
injection. The tumor masses were sliced and an anti-
CD31 antibody was used to stain blood vessels for
fluorescence microscopy observation.

PA imaging of 3BP@PLGA-IR780

To investigate the performance of 3BP@PLGA-IR780
as a PA contrast agent, both in vitro and in vivo experi-
ments were conducted. Firstly, 3BP@PLGA-IR780 sus-
pension was stimulated by a PA laser with excitation
wavelength ranging from 680 to 970 nm. Then, PA val-
ues of different concentrations of 3BP@PLGA-IR780
(the corresponding IR780 concentrations were 10, 20, 30,
40, 50 pg mL™!) were measured, and corresponding PA
images were attained. To evaluate the in vivo PA imag-
ing performance, 4T1 tumor-bearing mice were intrave-
nously injected with 200 pL of 3BP@PLGA-IR780 (PLGA
equivalence: 10 mg mL™'). The tumor PA images were
collected at different time points (0, 1, 2, 4, 6, 24, and
48 h, n=3) and the corresponding PA intensities were
analyzed by a Vevo LAZR System (Visual Sonics Inc.,
Canada).

Detection of tumor hypoxia status

To detect the hypoxia status of the 4T1 tumor, tumor-
bearing mice were randomly divided into three groups
(n=3) and injected with saline, 3BP@PLGA, and 3BP@
PLGA-IR780 (PLGA equivalence: 10 mg mL~L 200 uL),
respectively. At 24 h post-injection, the tumor masses
were collected, sliced and stained by the hypoxia-induc-
ible factor (HIF-1a) antibody for the detection of HIF-1a
expression. Meanwhile, the oxygenated hemoglobin level
of tumors of each group was monitored by a Vevo LAZR
PA Imaging System in oxy-hem mode. The average oxy-
hemoglobin saturation within tumors was analyzed by
testing the ratios of oxygenated hemoglobin and deoxy-
genated hemoglobin. Furthermore, western blot analy-
sis was performed to assess the expression of HIF-1a in
tumors.
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In vivo synergistic tumor therapy

To evaluate the in vivo PDT efficacy of 3BP@PLGA-
IR780, thirty 4T1 tumor-bearing mice were randomly
separated into six groups (n=5) as follows: (1) Con-
trol (intravenous injection of saline), (2) Laser only
(1.0 W cm™2, 5 min), (3) 3BP@PLGA (intravenous injec-
tion of 3BP@PLGA), (4) 3BP@PLGA-IR780 (intravenous
injection of 3BP@PLGA-IR780), (5) PLGA-IR780+ Laser
(intravenous injection of PLGA-IR780 + laser exposure),
and (6) 3BP@PLGA-IR780+ Laser (intravenous injection
of 3BP-PLGA-IR780+ laser exposure). The correspond-
ing PLGA concentrations were 10 mg mL™' and the
injection volume was 200 pL.

To exclude the photothermal effect, the laser irradia-
tion was implemented for 40 s and subsequently followed
by intervals to cool down to keep the tumor tempera-
ture under 42 °C. The above irradiation was repeated
for 15 cycles. Mice treated with saline were regarded as
the blank control group. Mice treated with laser only
were used to show that laser irradiation without photo-
sensitizers will not produce a therapeutic effect. Mice
treated with 3BP@PLGA or 3BP@PLGA-IR780 only
were used to demonstrate the effects of 3BP@PLGA or
3BP@PLGA-IR780 on tumors in vivo. Mice treated with
PLGA-IR780+ Laser were regarded as the PDT group.
Mice treated with 3BP@PLGA-IR780+ Laser were
regarded as oxygen-augmented PDT group. The tumor
volumes and bodyweight of mice were monitored every
other day. At the end of treatments, the tumor tissues
were dissected, weighed, and photographed. The main
organs (heart, liver, spleen, lung, and kidney) and the
tumor tissues were harvested and fixed in a 4% paraform-
aldehyde solution for histopathological analysis including
Hematoxylin—eosin (H&E), TdT-mediated dUTP Nick-
End Labeling (TUNEL), and proliferating cell nuclear
antigen (PCNA) staining.

Biosafety assessment

The biosafety of the 3BBP@PLGA-IR780 was implemented
on healthy Kunming mice. The mice were intravenously
injected with 3BP@PLGA-IR780 (PLGA equivalence:
10 mg mL™}, 200 pL). The blood of the mice was col-
lected at various time points (7, 15, and 30 days) for
blood cell analysis and biochemical assays. The untreated
mice were used as controls. Meanwhile, the major organs
of the mice were collected and stained with H&E.

Statistical analysis

All statistical analyses were performed with SPSS 20.0
software. Data were presented as mean =+ standard devia-
tion. The significance of the data is analyzed according to
a Student’s t-test: *P < 0.05, **P <0.01, ***P <0.001.
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Results

Synthesis and characterization of 3BP@PLGA-IR780
3BP@PLGA-IR780 was prepared via a double-emulsion
in absence of light, with hydrophilic 3BP encapsulated
inside the core and lipophilic IR780 in the lipid bilayer.
Only 3BP was added in synthesis of 3BP@PLGA. Typi-
cal scanning electron microscopic (SEM) and transmis-
sion electron microscopic (TEM) images showed that
the as-prepared 3BP@PLGA-IR780 and 3BP@PLGA
nanoplatforms presented a spherical structure (Fig. 1a, b,
Additional file 1: Fig. S1a and S1b). Measured by dynamic
light scattering (DLS), the average hydrodynamic diame-
ter of 3BP@PLGA-IR780 and 3BP@PLGA nanoplatforms
were 252.84+£61.76 nm and 237.7+51.08 nm, respec-
tively (Fig. 1c and Additional file 1: Fig. S1c). And the zeta
potential of 3BP@PLGA-IR780 and 3BP@PLGA nano-
platforms were — 16.24+6.08 mV and — 19.6+4.57 mV,
respectively, which could be desirable for in vivo appli-
cation (Fig. 1d and Additional file 1: Fig. S1d) [41]. The
zeta potential of 3BP@PLGA-IR780 nanoplatforms was
slightly higher than that of 3BP@PLGA, which may be
related to the weak positive charge of IR780 loaded on
the nanoplatforms. The UV-vis—NIR spectra of IR780
and 3BP exhibited a concentration-dependent manner,
with obvious characteristic bands at 789 nm and 326 nm
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(Additional file 1: Fig. S2 and S3). As shown in Additional
file 1: Fig. S4, PLGA loaded with IR780 showed an obvi-
ous absorption peak in accordance with the spectrum of
pristine IR780 (Additional file 1: Fig. S2a), and 3BP-based
PLGA including 3BP@PLGA-IR780 and 3BP@PLGA fea-
tured the similar peak of 3BP (Additional file 1: Fig. S3a),
which demonstrated the successful loading of both IR780
and 3BP. The loading efficiencies of IR780 and 3BP in
3BP@PLGA-IR780 were calculated to be 86.86+5.22%
and 12.60+2.58%, respectively.

IR780 was dissolved in CHCI, during the synthesis of
3BP@PLGA-IR780 and embedded in PLGA shell, which
could protect IR780 from spontaneous quenching. Con-
sidering that 3BP does not possess fluorescent property
and its bioactivity would not be noticeably attenuated
due to light quenching. We mainly focus on evaluat-
ing the photo-stability of IR780. It was evaluated by the
changes in absorbance values of free IR780 and 3BP@
PLGA-IR780 after laser exposure (Additional file 1:
Fig. S5a). As shown in Additional file 1: Fig. S5b, IR780
in 3BP@PLGA-IR780 nanoplatforms was consumed
more slowly than free IR780. After 60 s of laser irradia-
tion, 3BP@PLGA-IR780 still maintained about 73.84%
of the initial absorbance. In contrast, the free IR780 was
severely photobleached (18.36%). It was also found that
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Fig. 1 Characterizations of 3BP@PLGA-IR780. a SEM image, b TEM image, ¢ hydrodynamic diameter, and d surface zeta potential of 3BP@
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the absorbance intensity of 3BP@PLGA-IR780 did not
change significantly after placing in the dark for 4 days,
while the free IR780 almost lost its absorbance (Addi-
tional file 1: Fig. S5c and S5d). These results showed that
after loading IR780 into 3BP@PLGA-IR780, its photo-
stability can be significantly improved, which is of great
significance for subsequent biological applications.

Since the prepared nanoplatforms were designed for
boosting PDT efficiency, which was closely correlated
with ROS generation. Therefore, in vitro ROS genera-
tion of 3BP@PLGA-IR780 was demonstrated by a sin-
glet oxygen sensor SOSG fluorescence probe. At a fixed
IR780 concentration of 10 pug mL~!, the fluorescence
intensities increased with prolonged laser irradiation
duration, indicating the excellent ROS generation of
3BP@PLGA-IR780 (Fig. 1e). Moreover, the fluorescence
intensity changes also demonstrated a similar trend at
various concentrations of 3BP@PLGA-IR780 within the
same irradiation duration (Fig. 1f). The changes in SOSG
fluorescence intensities indicated the potential of 3BP@
PLGA-IR780 as a dependable PS to mediate PDT against
cancer.

Intracellular uptake of 3BP@PLGA-IR780

Considering that these nanoplatforms may confront tre-
mendous challenges including cell phagocytosis, which is
detrimental to the subsequent therapeutic efficacy, in this
work, we investigated the intracellular uptake behavior
of 3BP@PLGA-IR780. 4T1 cells were incubated with Dil-
stained 3BP@PLGA-IR780 or 3BP@PLGA suspensions
and subsequently observed by CLSM. Tumor cells would
uptake increasing nanoplatforms with prolonged incu-
bation time, exhibiting growing fluorescence intensities.
This tendency could be observed in both 3BP@PLGA
group and 3BP@PLGA-IR780 group, as shown in Fig. 2a.
However, more intensive red fluorescence of 3BP@
PLGA-IR780 was observed in 4T1 cells and increased
significantly over incubation time, while relatively weaker
red fluorescence was detected in the 3BBP@PLGA-treated
group without IR780. Similarly, the flow cytometry analy-
sis was consistent with CLSM images that the red fluores-
cence intensities in cells treated with 3BP@PLGA-IR780
were much stronger than that in the 3BP@PLGA group
(Fig. 2b). In addition, intracellular uptake of 3BP@PLGA-
IR780 by MCF-7 and MBA-MD-231 cells were further
evaluated. Likewise, as shown in Additional file 1: Fig.
S6, after 1 h and 4 h of incubation, red fluorescence of
the 3BP@PLGA-IR780-treated groups was much higher
than that of 3BP@PLGA without IR780. Those results
suggested that IR780 played a key role in enhancing the
intracellular uptake of the nano-systems and facilitating
the accumulation of drugs in tumor tissue.
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Mitochondria-targeting capability of 3BP@PLGA-IR780
and synergetic effects of 3BP
Aiming at mitochondria, 3BP is a highly effective anti-
tumor drug, but the clinical application of it is limited to
some degree due to insufficient delivery and subsequent
side-effects [19]. These multi-functional 3BP@PLGA-
IR780 nanoplatforms offer an intriguing approach to
tackle this dilemma. IR780 has the unique ability to target
tumor mitochondria, not only enriches IR780-based nan-
oplatforms in the targeted region, but also enhances the
focus of 3BP on mitochondria. The difference of subcel-
lular localization of 3BP@PLGA-IR780 and 3BP@PLGA
can be seen from Fig. 3a. As expected, 3BBP@PLGA-IR780
were mainly internalized and retained in mitochondria
after 4 h of incubation. In contrast, relatively poor accu-
mulation of 3BP@PLGA in mitochondrial regions was
observed (Fig. 3a), implicating the indispensable contri-
bution of IR780 in the mitochondrial-targeting behavior.
Mitochondrion is a vital cell organelle, and any damage
or interruption on it can be lethal to cells. The mitochon-
dria-targeting ability of 3BP@PLGA-IR780 may repre-
sent a promising approach in this regard [10, 29, 36, 42].
Effects of 3BP on mitochondria mainly include the
inhibition of HK-II and the interference with the mito-
chondrial respiratory chain to cause mitochondrial
dysfunction, which further leads to over-increased mem-
brane permeability and induces apoptosis following
mitochondrial pathways [22, 30, 31]. HK-II is an impor-
tant target of 3BP [22]. Predominantly integrated with
VDAC on the outer membrane of mitochondria [27, 28],
HK-II is of great significance to maintain mitochondrial
membrane potential and develop the Warburg phenotype
in most types of cancer [27, 29]. 3BP can inhibit HK-II
activity directly, which may due to the alkylating prop-
erty of 3BP [30, 43]. In addition, 3BP can also reduce
the expression of HK-II. The reduction in HK-II expres-
sion may result from a shortage of energy supply caused
by metabolic perturbation [44]. The Western blot test
results showed that the expression of HK-II decreased
significantly after co-incubation with 3BP@PLGA or
3BP@PLGA-IR780, and the addition of IR780 made the
expression of HK-II drop more significantly (Fig. 3b). The
blocking effect to HK-II can further cause the separation
of HK-II and VDAC, resulting in the shedding of HK-II
from the outer mitochondrial membrane, which in turn
causes a loss in the mitochondrial membrane potential
and an increase in the permeability of the mitochondrial
outer membrane [45]. JC-1 was applied as a fluorescence
probe in tumor cells to reflect the change of mitochon-
drial membrane potential. Cells after different treatments
were shown in Fig. 3c, compared to the control group,
tumor cells treated with 3BP@PLGA group and 3BP@
PLGA-IR780 showed significantly weak red fluorescence
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and strong green signals. It indicated a pronounced
decline in mitochondrial membrane potential. In the
meantime, 3BP can also perturb mitochondria-associated
OXPHOS, which is predominant for O, consumption, by

mainly inhibiting the activity of succinate dehydroge-
nase (SDH) on Complex II of mitochondria [20, 21, 44].
The disfunction of mitochondrial respiratory chain can
lead to a plummeting of oxygen consumption. Oxygen
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electrode was employed to detect the oxygen consump-
tion of 4T1 cells as a function of time (Fig. 3d). Results
showed that compared to the control group, 3BP@PLGA
reduced oxygen consumption of tumor cells, while 3BP@
PLGA-IR780 achieved better inhibition effects (Fig. 3e).
The binding of HK-II to mitochondria plays an impor-
tant role in regulating glucose metabolism and anti-
apoptotic [23, 28]. Both the blockade of HK-II and the
interference of mitochondrial respiration can lead to
severe mitochondrial dysfunction, and further induce
the apoptosis of the mitochondrial pathway [30, 45].

The Western blot results are shown in Fig. 3f. It can be
seen that apoptotic correlation factors including Cytc
and Caspase-3 showed high expression. The result also
displayed significantly elevated the ratio of Bax/Bcl-2 at
the mRNA level (Fig. 3f). The results further confirmed
that 3BP activated the mitochondrial apoptotic signaling
pathway. Based on the in vitro assessments, it is undoubt-
edly that 3BP showed reliable and efficient anti-tumor
effects by acting on mitochondria. It is still noteworthy
that the addition of IR780 tremendously reinforced the
inhibitory effects of 3BP on HK-II and mitochondrial
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respiratory via endowing 3BP@PLGA-IR780 with the
mitochondrial-targeting capability and offering 3BP a
valuable shortcut to act on its most important target, fur-
ther enabling a synergistic anti-tumor activity.

Intracellular ROS generation and in vitro synergistic
therapeutic effects of 3BP@PLGA-IR780

Given the encouraging ROS generation of 3BP@PLGA-
IR780 in the aqueous solution, the ROS generation at
the cellular level was further evaluated with a molec-
ular probe DCFH-DA. After NIR laser irradiation
(A=808 nm, 1.0 W cm™2) for 5 min, 4T1 cells in the
PLGA-IR780+ Laser group emitted bright green fluores-
cence, which represented the consequential production
of ROS (Fig. 4a). In addition, the fluorescence intensity
in 3BP@PLGA-IR780+ Laser group was higher than
that of PLGA-IR780+ Laser group, which resulted from
the indispensable contribution of 3BP in relieving tumor
hypoxia. Thus, this unique advantage of 3BP is expected
to augment PDT efficacy. The quantitative results meas-
ured by flow cytometry were similar to CLSM observa-
tion that the strongest fluorescence intensity (67.81%)
appeared in the group of 3BP@PLGA-IR780+ Laser
(Fig. 4b). In contrast, almost no obvious fluorescence
was observed in the groups of Laser Only, 3BP@PLGA
and 3BP@PLGA-IR780 (2.15%, 6.20% and 7.40%, respec-
tively). Such difference revealed that the assistance of 3BP
in 3BP@PLGA-IR780 considerably improved the produc-
tion of ROS in tumor cells.

Following the investigation of intracellular uptake and
ROS generation, in vitro cytotoxicity of 3BP@PLGA-
IR780 enhanced PDT against 4T1 cells was determined
by a typical CCK-8 assay. As illustrated in Fig. 4c, a
noticeable cell viability drop was observed after the
treatments of 3BP@PLGA-IR780+ Laser and PLGA-
IR780+ Laser at equivalent PLGA concentrations of
100 pg mL~" and 200 ug mL™". Particularly, the cytotox-
icity of 3BP@PLGA-IR780+ Laser was higher than that
of PLGA-IR780+ Laser at equivalent concentrations of
IR780, probably indicating the synergistic therapeutic
effects of 3BP-induced mitochondrial respiratory depres-
sion and IR780-based PDT. It is worth mentioning that
3BP could also perturb tumor metabolism via inhibition
of HK-II and further induce reduction of ATP [23], which
might make tumor cells more vulnerable to PDT dam-
age [25, 26]. According to the in vitro assessments, com-
pared to the control group, after 4 h of incubation with
3BP@PLGA and 3BP@PLGA-IR780, 4T1 cells presented
loss of intracellular ATP, and 3BP@PLGA-IR780 led to a
more significant ATP decline (Additional file 1: Fig. S7).
These metabolic interruptions subsequently led to strong
cytocidal activities on tumor cells. Moreover, the mito-
chondrial-targeting ability of IR780 would be expected to
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enhance the intracellular uptake and mitochondrial accu-
mulation of 3BP. As shown in the absence of laser irradia-
tion, 3BP@PLGA-IR780 still displayed more significant
cell damage than 3BP@PLGA. Furthermore, flow cytom-
etry analysis presented a similar trend in cellular damage
(Fig. 4d). For instance, while assisted by laser irradiation,
with equivalent PLGA concentrations at 200 pg mL™?,
PLGA-IR780+ Laser induced approximately 60% cell via-
bility decrease, whereas, with 3BP@PLGA-IR780 + Laser,
the cell viability remarkably dropped about 80%. In addi-
tion, the cell viability was visualized by CLSM. After vari-
ous treatments, 4T1 cells were stained with calcein-AM
and PI to identify the living and dead cells. The CLSM
images displayed that almost all cells presented red fluo-
rescence in the 3BP@PLGA-IR780+ Laser group, indi-
cating that severe cell apoptosis/necrosis occurred, which
exhibited a effective cell killing ability (Fig. 4e).

The plausible mechanism for cytotoxicity might be
explained as follows. On the one hand, 3BP could inter-
fere mitochondria respiration chain by alkylating SDH
on the complex II, causing an obvious decline in O, con-
sumption [22, 46]. The ameliorating of hypoxia further
improved ROS generation directly. Meanwhile, the vul-
nerability of tumor cells due to the insufficient energy
supply caused by HK-II inhibition cooperatively ampli-
fied the cell killing effects of PDT. On the other hand, the
mitochondrial-targeting capability of IR780 enabled a
large number of 3BP@PLGA-IR780 accommodating and
functioning in tumor tissue, especially in mitochondria,
which makes ROS more lethal to cells. Consequently, the
synergy of 3BP and IR780 collaboratively enhanced the
overall therapeutic efficacy.

In vivo biodistribution (FL Imaging) and pharmacokinetics
study of 3BP@PLGA-IR780

The efficient accumulation of 3BP@PLGA-IR780 in
tumor tissue is a prerequisite for the following in vivo
performance [47]. Fortunately, IR780 can selectively
accumulate in tumor cells/tissues and emit fluorescence
signals [48]. FL imaging was performed using 3BP@
PLGA-IR780 as a contrast agent to detect the in vivo
biodistribution. 4T1 tumor models were intravenously
administrated with 3BP@PLGA-IR780 suspension. As
depicted in Fig. 5a, FL images were collected at pre-injec-
tion, 1, 2, 4, 6, 24, and 48 h post-injection. It can be seen
that the FL signal in the tumor site strengthened over
time with a peak at 24 h (Fig. 5b). In addition to in vivo
FL imaging, pathological examinations of major organs
were also performed to further determine the biodistri-
bution of 3BP@PLGA-IR780 in vivo. The tumor tissue
and major organs were harvested after 24 h post-injec-
tion of 3BP@PLGA-IR780. The data revealed a remarka-
ble accumulation of 3BP@PLGA-IR780 in the tumor site,
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where the fluorescence signals were higher than that of
the liver and spleen (Fig. 5¢). In comparison, in the 3BP@
PLGA-treated group, the fluorescence signals extensively
accumulated in the liver and spleen due to the phagocy-
tosis effect of the mononuclear phagocytic system. These
results showed that the unique tumor-targeting capabil-
ity of IR780 endowed 3BP@PLGA-IR780 with efficient
accumulation in the tumor sites. It indicates the enor-
mous potential in selectively eradicating tumor cells and
circumventing the systemic adverse effects.

The blood metabolism parameter and targeted organ
distribution of the intravenously injected drugs are the
primary research content of pharmacokinetics. In this
study, the amounts of IR780 in blood of the healthy Balb/c
nude mice and 4T1 tumor-bearing mice were assessed by
microplate reader after intravenously injected with 3BP@
PLGA-IR780. It was found that the level of 3BBP@PLGA-
IR780 in blood dropped dramatically at first, but tended
to stabilize after 24 h of injection. By plotting the blood
circulation time against drug concentration, the blood
half-life of the drug in the tumor-bearing mice was cal-
culated to be 8.72 h, which was slightly longer than 8.21 h
of the heathy mice (Additional file 1: Fig. S8a and S8c).
A potential possibility of half-life extension lies in the
efficient accumulation of 3BP@PLGA-IR780 in tumor

regions. With the extension of time, drugs in the blood
circulation were gradually cleared. However, the tumor
site, which might serve as a reservoir, accommodates a
large amount of drugs at first and those drugs might grad-
ually returned to the blood circulation later, contributing
to the prolonged circulation time of 3BP@PLGA-IR780.
Following the two-compartment pharmacokinetic model,
the clearance rates of 3BP@PLGA-IR780 in healthy mice
were calculated to be 0.1794240.03141 pg mL™' h™!
in the first stage and it quickly decreased to
0.02263+0.0013 pg mL~! h~! in the second stage. Simi-
larly, the clearance rates of 3BP@PLGA-IR780 in tumor-
bearing mice were 0.20205+0.0404 pug mL~! h™! in the
first stage and 0.0203 40.0035 pg mL ™ h™! in the second
stage (Additional file 1: Fig. S8b and S8d). In addition,
the ex vivo fluorescence imaging was employed to inves-
tigate the metabolism of 3BP@PLGA-IR780 in tumor
tissues with prolonged administration time. The results
showed that a large number of 3BP@PLGA-IR780 were
enriched in tumor tissues one day after injection, main-
tained a high concentration on the 3rd day, and then pre-
sented a downward trend (Additional file 1: Fig. S9). On
the 10th day, there was a negligible fluorescence signal in
tumor tissues, suggesting that 3BP@PLGA-IR780 have
been metabolized from tumor tissues. The above results
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confirmed that 3BP@PLGA-IR780 had excellent pharma-
cokinetic behavior, including long blood circulation time,
high tumor enrichment, and rapid metabolic behavior
in vivo.

Deep penetration of 3BP@PLGA-IR780

Nanomedicine is of great significance in tumor regres-
sion on account of its biocompatibility and reduced tox-
icity. However, manufacturing nanomedicine that allows
tumor accumulation and deep diffusion inside solid
tumor needs continuous optimization [49, 50]. Taken
into account the complicacy of the tumor microenviron-
ment, 3D tumor spheroid was employed to mimic the
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in vivo solid tumor as it could offer near-identical tumor
microenvironmental characteristics [51, 52]. As shown
in Fig. 6a, red fluorescence originating from Dil-labeled
3BP@PLGA-IR780 was found to diffuse throughout the
tumor spheroid, while 3BP@PLGA was found only dis-
tributed around the peripheral areas, suggesting that
IR780 endowed the nanoplatforms desirable capability
to penetrate deep inside 4T1 spheroids more efficiently.
In addition, we further explored the distribution of
nanoplatforms around the tumor vessels. The vascula-
ture was stained by CD31 antibody (green fluorescence),
and the nanoplatform was labeled by Dil (Fig. 6b). It was
found that substantial 3BP@PLGA-IR780 nanoplatforms

[}
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T

NPs
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Fig. 6 a Intertumoral diffusion of 3BP@PLGA or 3BP@PLGA-IR780 in 3D tumor models (scale bar is 20 um). b The distribution of 3BP@PLGA or 3BP@
PLGA-IR780 around tumor vessels (scale bar is 50 um). ¢ Distribution of nanoplatforms in different tumor sections (the interval is 100 um)
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distributed farther away from the blood vessels and
spread over tumor tissue, while 3BBP@PLGA mainly gath-
ered inside or only adjacent to tumor vessels. The solid
tumor tissues were then sliced for further observation.
As shown in Fig. 6¢, the red fluorescence of 3BP@PLGA
only accumulated around the surface of tumor tissue,
while 3BP@PLGA-IR780 could widely distribute deep
inside the tumor. It again confirmed the effective pene-
tration of it.

In vitro and in vivo PA imaging of 3BP@PLGA-IR780

Probes with imaging guidance ability have great practi-
cal benefits for enhancing the accuracy of anticancer
therapy [53]. On account of the unique absorbance in
NIR region, IR780 was considered to be an eligible PA
contrast agent. PA imaging capability of 3BP@PLGA-
IR780 nanoplatforms was tested both in vitro and in vivo.
For PA laser excitation wavelength from 680 to 970 nm
(interval =5 nm), 3BP@PLGA-IR780 showed an optimal
wavelength at 785 nm (Additional file 1: Fig. S10). Mean-
while, the PA signals increased linearly with an elevated
concentration of IR780 from 10 to 50 ug mL™" (Fig. 7a).
For in vivo evaluation, 4T1-xenograft tumors were intra-
venously injected with 3BP@PLGA-IR780 suspension.
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As shown in Fig. 7b, an obvious PA signal highlighted
the tumor region, strengthened over time, and reached
a maximum value at 24 h post-injection (Fig. 7c). The
results confirmed the reliable imaging capability of 3BP@
PLGA-IR780 to differentiate targeted regions from nor-
mal tissues.

Alleviation of tumor hypoxia assisted by 3BP@PLGA-IR780

It has been reported that 3BP is capable of overcom-
ing tumor hypoxia as it was able to suppress oxygen
consumption of tumors via interfering with mitochon-
dria-associated OXPHOS [44]. To verify this hypoth-
esis, immunofluorescence of HIF-1a, the corresponding
western blot assay and the quantifying of oxygenated
hemoglobin with PA imaging system were conducted
after various treatments. As shown in Fig. 8a and b, the
expression of HIF-1a was relatively high in the control
group, implying that the tumor was in a hypoxia state.
Comparatively, tumor hypoxia was greatly relieved after
the treatment of 3BP@PLGA-IR780, as indicated by the
weak fluorescence in the tumor. Moreover, the results of
western blot were consistent with immunofluorescence
staining, demonstrating that 3BP@PLGA-IR780 induced
a significant decrease in the expression of HIF-1a (Fig. 8¢
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and d). In particular, with the addition of IR780, the properties of IR780 endowed 3BP@PLGA-IR780 with
expression of HIF-1a in tumor tissues treated with 3BP@  more effective accumulation in tumor sites. Similarly, as
PLGA-IR780 was drastically less than that in cells treated ~ shown in Fig. 8e and f, the oxyhemoglobin signal signifi-
with 3BP@PLGA, indicating that the tumor-targeted cantly increased and diffused around the tumor region
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after injection of 3BP@PLGA-IR780 compared to the
control group, while 3BP@PLGA exhibited a slightly
inferior performance. These results revealed that 3BP
loaded in 3BP@PLGA had a noticeable yet limited capa-
bility of alleviating hypoxia in the tumor area. But when
in combination with IR780, 3BP@PLGA-IR780 was able
to achieve more effective alleviation of tumor hypoxia,
which is also expected to ensure the efficiency of PDT.

In vivo synergistic tumor therapy

After confirmation of the mitochondria-targeting capa-
bility, deep penetration, and hypoxia relieve of 3BP@
PLGA-IR780, the in vivo synergistic tumor therapy
was further assessed. Bearing these properties in mind,
4T1 tumor-bearing mice were randomly divided into
six groups (n=5): (1) Control (Saline); (2) Laser only;
(3) 3BP@PLGA; (4) 3BP@PLGA-IR780; (5) PLGA-
IR780+ Laser; (6) 3BP@PLGA-IR780+ Laser. When
the tumor volume reached a size of 50-70 mm?, mice
were intravenously injected with saline, 3BP@PLGA,
PLGA-IR780 or 3BP@PLGA-IR780 suspensions. For
PLGA-IR780+Laser and 3BP@PLGA-IR780+ Laser
groups, NIR laser irradiation (1.0 W cm™?) would be
conducted 24 h after injection. To exclude the photo-
thermal effect, the laser irradiation was implemented for
40 s on and 40 s off to keep the tumor temperature under
42 °C. The above irradiation was repeated for 15 cycles
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(Additional file 1: Fig. S11). The tumor volumes of mice
were monitored every other day during the therapeutic
period (Fig. 9a), and the tumor tissues were excised and
weighted at the end of the treatments (Fig. 9b and c). The
weights of tumors resected from the mice in each group
presented a similar trend as the tumor volumes.

As a result, the tumors in the control group and laser
only group grew steadily. In contrast, the tumor growth
of mice treated with 3BP@PLGA and 3BP@PLGA-
IR780 were slightly suppressed, which might be due the
therapeutic effects induced by 3BP, such as metabolic
disorder and activation of apoptosis (Fig. 9d). Compara-
tively, obvious tumor growth inhibitions were observed
both in the PLGA-IR780+Laser group and 3BP@
PLGA-IR780+ Laser group, implicating the outstand-
ing therapeutic efficacy of PDT treatment. Importantly,
the PLGA-IR780+ Laser group induced about 53.67%
inhibition rate, while the mice receiving 3BP@PLGA-
IR780 + Laser therapy exhibited the highest tumor sup-
pression (80.83£10.29%), indicating that the synergy of
3BP and IR780 undeniably favored PDT effects.

Furthermore, H&E, TUNEL, and PCNA staining on
tumor sections were conducted to confirm the syner-
gistic and amplified PDT effects (Fig. 10). As shown
in H&E and TUNEL-stained tumor tissues, almost all
cells suffered from severe apoptosis/necrosis in the
3BP@PLGA-IR780 group. The PCNA staining of tumor
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tissues followed a similar tendency and presented a sig-
nificantly lower proliferation index in the 3BP@PLGA-
IR780 4 Laser group.

Biosafety assessment of 3BP@PLGA-IR780

The relative weights of mice were measured during the
treatment period, which showed negligible changes
(Additional file 1: Fig. S12). H&E staining of the main
organs was performed at the end of various treatments,
and no obvious histopathological lesion was observed
(Additional file 1: Fig. S13). The above results indi-
cated the satisfactory biosafety of 3BP@PLGA-IR780-
mediated therapy. To further determine the in vivo
biocompatibility 3BP@PLGA-IR780, blood cell analysis
and biochemical examination of blood were conducted
in healthy mice after intravenous administration with
3BP@PLGA-IR780. The results of blood cell analy-
sis and biochemical examination showed no obvious
abnormality in the indicators of hepatotoxicity, nephro-
toxicity, and blood cell count (Additional file 1: Fig.
S14a). In addition, the main organs (heart, liver, spleen,
lung, and kidney) of the mice were harvested at differ-
ent time points (7, 15, 30 days). There was no histo-
pathological lesion found in these organs (Additional
file 1: Fig. S14b), showing rare systemic toxicity to mice
at the treatment dose and confirming the high biocom-
patibility of 3BP@PLGA-IR780.

Discussion

Hypoxia in tumor sites greatly limits the yield of ROS
and further weakens the therapeutic effect of PDT [5,
7]. Although some strategies were designed to directly
deliver oxygen molecules or hydrogen peroxide catalysts
towards tumor sites in many previous studies [10, 13, 14,
54], there are still deficiencies, such as limited oxygen
loading, premature oxygen release, and low efficiency of
oxygen production [15]. This study focuses on the res-
piration of tumor mitochondria, which accounts for the
predominant oxygen consumption, attempting to reduce
the oxygen consumption of tumor cells by inhibiting the
mitochondrial respiratory chain. It can remedy the short-
coming of limited loading capacity to some extent. In
addition, as mitochondria plays a pivotal role in cell sur-
vival, therapeutic modality with mitochondria as subcel-
lular targets can amplify the lethal effects on tumor cells
[29]. 3BP was introduced in this multifunctional nano-
platform to perturb mitochondria-associated OXPHOS
by mainly inhibiting the activity of SDH on Complex
II of mitochondria [20, 21, 44]. The detection results of
oxygen electrode showed that the dissolved O, in culture
medium of tumor cells treated by 3BP@PLGA was much
higher than that of the control. Likewise, significant
increases in oxyhemoglobin signal within tumor tissue
were monitored by a PA imaging after treatment. Moreo-
ver, the expression of HIF-1a of tumor tissues signifi-
cantly decreased. It is still noteworthy that the addition
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of IR780 tremendously reinforced the inhibitory effects
of 3BP on mitochondrial respiratory. Correspondingly,
encouraging increases of ROS generation after PDT were
observed in both CLSM and flow cytometry.

IR780 was introduced as the PS. Compared to typical
indocyanine green (ICG), IR780 shows not only higher
fluorescence intensity [55, 56], but also has a much
higher 'O, quantum yield [57, 58], which indicates a rela-
tively stronger therapeutic effect at the equivalent drug
concentration. Indeed, the hydrophobicity of IR780 could
lead to poor distribution, which limits its clinical applica-
tion. However, its lipophilic property allows it to be effi-
ciently loaded in the shell layer of PLGA nanoplatform
with good biocompatibility, which overcomes the diffi-
culty of clinical administration [59]. IR780 was dissolved
in CHCI, during the synthesis of 3BP@PLGA-IR780 and
embedded in PLGA shell, which could protect the IR780
from spontaneous quenching. This makes IR780 more
tenacious in biological environments and enhanced the
colloidal stability of IR780. In particular, IR780 shows
inherent characteristics of preferential accumulation in
some specific tumor cells. Organic anion transit peptide
(OATP) plays a predominant role in the cellular uptake
of IR780, which has been proved to contribute to the
tumor-targeting behavior of IR780 [34]. In addition, the
special status of glycolysis and plasma membrane poten-
tial in tumor cells also benefit the tumor preferential
accumulation of IR780 [37]. Therefore, the tumor target-
ing ability of IR780 provided 3BP@PLGA-IR780 a prefer-
ential access to enter tumor cells, presenting a stronger
fluorescence intensity than 3BP@PLGA in the intracellu-
lar uptake detection. As mitochondria are vulnerable to
ROS damage, PDT with mitochondria as subcellular tar-
gets can amplify the lethal effects of ROS on tumor cells
[60, 61]. At present, delivery of compounds to mitochon-
dria by attaching various mitochondria-targeting lipo-
philic cations, such as triphenyl phosphonium (TPP+),
rhodamine, cyanine derivatives, and cationic peptides,
have gained much traction [62]. In particular, due to its
heptamethine core with lipophilic cationic property and
the high membrane potential of tumor mitochondria,
IR780 can bind to the mitochondria proteins of tumor
cells and be retained in the mitochondria [34, 36]. Hence,
IR780 endowed 3BP@PLGA-IR780 with the inher-
ent mitochondrial-targeting capability, and offered 3BP
a valuable shortcut to act on its most important target,
mitochondrial HK-2 [23]. The reduction in HK-II expres-
sion and ATP production both demonstrated remarkable
increases in the inhibition effects of 3BP@PLGA-IR780
on HK-II. Enhanced blockade to HK-II subsequently
led to severe mitochondrial dysfunction and activation
of the mitochondrial apoptotic pathway [30, 31]. As a
result, pronounced decline in mitochondrial membrane
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potential and high expression of the factors associated to
the mitochondrial apoptosis pathway were observed after
3BP@PLGA-IR780 treatment. Consequently, the lethal
damages from multiple ways collaboratively enhanced
the overall therapeutic efficacy. Supported by the results
of CCKS, 3BP@PLGA-IR780 achieved greater improve-
ment in the tumor cell killing performance than 3BP@
PLGA.

Generally, most nanocarriers enter the tumor site via
the enhanced permeability and retention (EPR) effect
[63], but it’s difficult for them to penetrate deeper into
the tumor tissues due to the complex tumor microenvi-
ronment (e.g., solid extracellular matrix, tight cell pack-
ing density and high interstitial flow pressure) [64], which
further attenuates the therapeutic efficacy. Therefore, a
variety of strategies have been reported to promote the
permeation of nanocarriers including synthesis of small
size or size shrinkable nanocarriers [65] and assembling
nanocarriers with the tumor-penetrating cyclic peptide
(e.g., iIRGD) [64]. In this study, 3D tumor spheroid models
were employed to assess the penetration ability of 3BP@
PLGA-IR780 in vitro. 3BP@PLGA-IR780 was found to
diffuse throughout the tumor spheroid, presenting a
more even distribution. In addition, the in vivo experi-
ment also proved that 3BP@PLGA-IR780 could distrib-
ute farther away from the blood vessels and spread over
the tumor tissue. OATP-mediated transporting between
tumor cells may contribute to the deep penetration activ-
ity of IR780 [66]. This desirable deep penetration ability
could compensate for the inhomogeneous distribution of
general nanocarriers, facilitating drug delivery and thera-
peutic efficacy. 3BP@PLGA-IR780 nanoplatforms also
exhibited excellent pharmacokinetic behaviors including
long blood circulation time and rapid metabolic behav-
ior in vivo. 3BP@PLGA-IR780 nanoplatforms maintained
a high concentration in tumor regions from 24 h after
injection to the 3rd day, which provided a long enough
therapeutic time window. In addition, based on fluores-
cence imaging and PA imaging, the multimodal imaging
capability of 3BP@PLGA-IR780 nanoplatforms will facili-
tate monitoring the distribution of 3BP@PLGA-IR780 in
the tumor site and improve treatment precision.

Conclusion

In conclusion, multifunctional 3BP@PLGA-IR780 nano-
platform was synthesized for highly efficient PDT and a
series of synergy to strengthen the therapeutic effects.
The nanoplatform has been demonstrated to allevi-
ate tumor hypoxia by decreasing physiological O, con-
sumption. Besides, 3BP@PLGA-IR780 could interrupt
the energy metabolism of tumor cells. Moreover, this
nanoplatform showed tumor-targeting, mitochondria-
targeting and deep tumor penetration capabilities, which
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was favorable to therapy delivery. Moreover, PA/FL dual-
modal imaging capability allowed real-time guidance and
improved precision for PDT. In addition, the desirable
biosafety of 3BP@PLGA-IR780 nanoplatform ensured
the feasibility towards clinical transformation. This study
provides an ideal strategy for cancer therapy by concur-
rent oxygen consumption reduction, oxygen-augmented
PDT, energy supply decrease, mitochondria-targeted/
deep-penetrated nanoplatforms and PA/FL dual-modal
imaging guidance/monitoring.
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