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KEY WORDS Abstract  Photodynamic therapy (PDT) has been widely used in cancer treatment. However, hypoxia in
most solid tumors seriously restricts the efficacy of PDT. To improve the hypoxic microenvironment, we
designed a novel mesoporous platinum (mPt) nanoplatform to catalyze hydrogen peroxide (H,0O,) within
the tumor cells in situ without an extra enzyme. During the fabrication, the carboxy terminus of the
Photoacoustic imaging; photosensitizer chlorin e6 (Ce6) was connected to the amino terminus of the bifunctional mercaptoami-
Computed tomography nopolyglycol (SH-PEG-NH,) by a condensation reaction, and then PEG-Ce6 was modified onto the mPt
imaging moiety via the mercapto terminal of SH-PEG-NH,. Material, cellular and animal experiments demon-
strated that Pt@PEG-Ce6 catalyzed H,O, to produce oxygen (O,) and that Ce6 transformed O, to
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generate reactive oxygen species (ROS) upon laser irradiation. The Pt@PEG-Ce6 nanoplatform with uni-
form diameter presented good biocompatibility and efficient tumor accumulation. Due to the high atomic
number and good near-infrared absorption for Pt, this Pt@PEG-Ce6 nanoplatform showed computed to-
mography (CT) and photoacoustic (PA) dual-mode imaging ability, thus providing an important tool for
monitoring the tumor hypoxic microenvironment. Moreover, the Pt@PEG-Ce6 nanoplatform reduced the
expression of hypoxia-inducible factor-1a (HIF-1a) and programmed death-1 (PD-1) in tumors, discuss-
ing the relationship between hypoxia, PD-1, and PDT for the first time.

© 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Surgical treatment, radiotherapy, chemotherapy, and biological
treatment are common treatment methods for tumors. However,
traditional therapies are generally accompanied by invasiveness,
side effects and low selectivity. Currently, photodynamic therapy
(PDT) has been recognized as an accurate and noninvasive treat-
ment method for tumors'~. During PDT treatment, reactive oxy-
gen species (ROS) are generated via the reaction of the
photosensitizer with tissue oxygen, which can kill tumor cells and
destroy tumor blood vessels. However, hypoxia easily occurs
during the growth of tumor cells, thus inducing resistance of the
tumors to PDT® 7. Therefore, solving the problem of hypoxia has
become increasingly important to improve the PDT efficacy in
tumors.

A variety of strategies have been developed to treat tumor
hypoxia and improve the efficacy of PDT"*%, including hyperbaric
oxygen therapy’, antitumor angiogenesis therapy'®, biological
reduction therapy'', and oxygen transport or generation via
nanomaterials'>'?. Recently, an in situ catalytic strategy using
nanomaterials to overcome tumor hypoxia has become one of the
most promising research directions'* '®. One in siru catalytic
nanomaterial, manganese oxide (MnQO,), can decompose to pro-
duce oxygen in the acidic environment of the tumor to improve the
efficiency of PDT, but the synthesis procedures are complex'’ '’
Noble metal Pt is an important kind of oxygen-producing nano-
material with high catalytic activity”” *°. In addition, Pt has the
ability for computed tomography (CT) and photoacoustic (PA)
imaging due to its high atomic number and good near infrared
absorption®®. However, Pt nanoparticles generally do not have
pores; thus, it is difficult to load drugs into them for tumor
treatment”’®, To address these deficiencies and problems, we
assumed that mesoporous platinum (mPt) nanoparticles with
abundant pores may significantly increase the specific surface area
and improve oxygen production and drug loading ability”” .
Accordingly, we constructed an integrated and biocompatible
mesoporous Pt-based PDT nanoplatform via connecting the
polyethylene glycol-modified photosensitizer chlorin e6 (Ce6)
onto the mesoporous Pt nanoparticles (denoted as Pt@PEG-Ce6).
The mesoporous structure of Pt endows it with a high loading
capacity for photosensitizers. Moreover, Pt can effectively cata-
lyze H,O, to O,, which sequentially receives the energy trans-
ferred by Ce6 from lasers to generate singlet oxygen ('O,) for
PDT. Furthermore, Pt@PEG-Ce6 has the characteristics of CT and
PA imaging, which provides good tracking for the visualization of
tissue distribution and enhances the signal of the tumor. Mouse
tumor immunohistochemistry analysis indicated that the Pt@PEG-

Ce6 nanoplatform not only reduces the expression of hypoxia-
inducible factor-lae (HIF-1a) but also directly reduces the
expression of programmed death-1 (PD-1) on the surface of T-
cells. The decrease in PD-1 inhibits its combination with pro-
grammed death ligand-1 (PD-L1) on the surface of cancer cells.
Therefore, the apoptosis of T cells reduced and activated the
tumor-killing effect of immune effector cells*. To the best of our
knowledge, this is the first study to discuss the relationship be-
tween hypoxia, PD-1, and PDT, laying an experimental foundation
for further exploration of the role of this nanoplatform in tumor
treatment.

2. Materials and methods
2.1.  Materials

All chemicals were obtained from commercial suppliers. Pluronic
F127 (PF127), potassium bromide (KBr), ascorbic acid (AA) and
chloroplatinic acid were obtained from Sinopharm Chemical Re-
agent Co., Ltd. (Shanghai, China). Photosensitizer chlorin e6
(Ce6) was purchased from Dalian Meilun Biotechnology Co., Ltd.
(Dalian, China). 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS) and 1,3-
diphenylisobenzofuran (DPBF) were purchased from Aladdin
Co., Ltd. (Shanghai, China). Mercaptoaminopolyglycol (SH-PEG-
NH,), cell counting kit-8 (CCK-8) and 4',6-diamidino-2-
phenylindole (DAPI) were obtained from Keygen Biotech Co.,
Ltd. (Nanjing, China). 2/,7’-Dichlorofluorescein diacetate (DCFH-
DA) was purchased from Thermo Fisher Scientific Co., Ltd.
(Shanghai, China). Hypoxia inducible factor-1 (HIF-1er) and
programmed death ligand-1 (PD-1) antibodies were purchased
from Bioss Antibodies Co., Ltd. (Beijing, China).

2.2.  Characterization

The sizes and morphologies of the nanoparticles were determined
by a high-resolution transmission electron microscope (HRTEM,
JEOL, JEM-2100, Tokyo, Japan) and a scanning electron micro-
scope (SEM, Hitachi S-4800, Tokyo, Japan). UV—Vis absorption
spectra were measured on an ultraviolet—Visible spectrophotom-
eter (Shimadzu, UV2600, Kyoto, Japan). Zeta potential and DLS
were carried out on a Zetasizer Nano (Malvern Instruments,
Zetasizer Nano ZS, Malvern, UK). CCK-8 experiments were
carried out on an ELISA (Biotek, Synergy HTX, Winooski, VT,
USA). Flow cytometry analysis was taken with a flow cytometry
(Beckman coulter, CytoFLEX, Brea, CA, USA). FT-IR spectra
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were obtained using a spectrometer (Nicolet Instruments, Nicolet
Nexus 870, Madison, WI, USA). Pathological images were taken
with an Upright Metallurgical Microscope (Carl Zeiss, Axio
Imager A2, Jena, Germany). A 660 nm laser (OXLasers Elec-
tronics Co., Ltd., OX-MZ650L, Shanghai, China) were used to
perform photodynamic therapy.

2.3.  Synthesis of Pt@PEG-Ce6

2.3.1.  Synthesis of the Pt nanomaterials

PF127 (900 mg), KBr (2000 mg), AA (0.1 mol/L, 30 mL) were
dissolved in H,O (25 mL) using ultrasonication. Then, 1.5 mL of
chloroplatinic acid (0.2 mol/L) was added to the above seed so-
lution under static reaction conditions for 15 h at 70 °C. Then, the
particles were collected by centrifugation (Beckman coulter,
Avanti J-15, Brea, CA, USA, 8000 rpm, 10 min) and washed three
times with ethanol. The prepared Pt nanomaterials were dispersed
in 100 mL of ethanol and 200 pL of concentrated hydrochloric
acid for 10 min using ultrasonication and then stirred for 3 h with
a magnetic stirrer (KEWLAB, Hangzhou, China, 500 rpm) at
60 °C to remove the surfactant PF127 on the surface of the Pt
nanoparticles. Subsequently, the particles were collected by
centrifugation (Beckman coulter, 8000 rpm, 10 min) and washed
three times with ethanol. The mPt nanomaterials were prepared
and stored in 40 mL of ethanol solution.

2.3.2.  Synthesis of PEG-Ce6 nanomaterials

A mixed solution containing Ce6 (0.5 mg), EDC (0.6 mg), NHS
(0.7 mg) and water (1.8 mL) was shaken at room temperature for
4 h to activate Ce6. After the addition of the SH-PEG-NH, so-
lution (2 mg/mL, 1 mL) to the activated Ce6 and reacting together
with shaking at room temperature for 12 h, the PEG-Ce6 nano-
materials were made.

2.3.3.  Synthesis of Pt@PEG-Ce6 nanomaterials

The resultant mPt nanomaterials were centrifuged (Beckman
coulter, 8000 rpm, 10 min) and washed three times with pure
water. Then, 1 mL of pure water was added to the mPt solution,
which was dispersed with ultrasound for several minutes. Subse-
quently, the mPt solution was added to the synthesized PEG-Ce6
solution, and the reaction was carried out in a shaker at room
temperature for 2 h. The above particles were collected by
centrifugation (Beckman coulter, 8000 rpm, 10 min) and washed
three times with pure water, repeating the above steps three times.
The final obtained Pt@PEG-Ce6 was dispersed in water.

2.4.  CT imaging and photoacoustic imaging of the
nanomaterials

The mPt nanomaterials were diluted into different concentration
gradients (0, 50, 100, 200, 400 and 600 ng/mL) and dispersed in a
1% agar mixture. All samples were placed in test tubes using a
clinical dual-source CT imaging system (Siemens, Somatom
Definition, Berlin, Germany) to scan. The CT imaging parameters
were as follows: slice thickness, 5 mm; voltage, 120 kV; elec-
tricity, 420 mA; matrix, 512 x 512. Cross-sectional images of all
captured samples were transmitted to specialized workstations
(multimodal workplaces, Berlin, Germany) to quantify the X-ray
attenuation of the regions of interest (ROIs). The center of each
cross-section was taken as the ROI, and the CT value of each
sample was measured three times to determine its average value as
the final CT value. In addition, Pt@PEG-Ce6 nanomaterials were

diluted to different concentrations (0.5, 0.25 and 0.125 mg/mL)
and filled in plastic tubes, and then placed in the photoacoustic
microscopy imager (Made by South China normal university,
Guangzhou, China) for scanning. The laser wavelength of the
photoacoustic imager was 532 nm.

2.5.  Catalase activity detection of the Pt@PEG-Ce6
nanocomposite

An oxygen probe (JPBJ-608 Portable Dissolved Oxygen Meter,
Leici, Shanghai, China) was used to measure O, to compare the
catalase activity of Pt@PEG-Ce6. mPt, Ce6 and Pt@PEG-Ce6
were dispersed in water containing 10 pL of H,O,, and the oxy-
gen concentrations of H,O, H,O,, Pt+H,0,, Pt@QPEG-Ce6+H,0,
and Ce6+H,0, were detected by a dissolved oxygen meter.

2.6.  Singlet oxygen generation by the Pt@PEG-Ce6
nanocomposite

1,3-Diphenylisobenzofuran (DPBF) was selected as a probe to
detect the generation of singlet oxygen from the Pt@PEG-Ce6
nanocomposite in the presence or absence of H,O, upon 660 nm
laser irradiation. 10 pLL DPBF (1 mg/mL, dissolved in acetonitrile)
was added to both free Ce6 and Pt@PEG-Ce6 with or without
10 pLL H,O,. The final concentration of Ce6 was 10 pg/mL. In the
presence or absence of H,O,, the absorbance and absorption curve
of each group solution at 410 nm were measured by ultraviolet—
Visible spectrophotometer under different times of laser irradia-
tion (660 nm, 1 W/ecm?).

2.7.  Cytotoxicity of the Pt@PEG-Ce6 nanocomposite

4T1 and MCF-7/ADR (dox-resistant) cells were inoculated into
96-well plates (1 x 10’ cells per well) and incubated at 37 °C and
5% CO, for 24 h. Then, Pt@PEG-Ce6 or mPt at different con-
centrations (0, 5, 10, 20, 40, or 80 ppm) were added and incubated
for an additional 24 h. Then, CCK8 (10 pL) was added and
incubated for an additional 0.5 h. Finally, the absorbance was
recorded at 490 nm using an ELISA to analyze the cytotoxicity of
the nanomaterials by comparing the relative viability of the cells
between the experimental group and the control group.

2.8.  Enhancement of PDT in cell levels by Pt@PEG-Ce6

4T1 and MCF-7/ADR (dox-resistant) cells were inoculated into
96-well plates (1 x 10° cells per well) and incubated at 37 °C and
5% CO, for 24 h. Then, Pt@PEG-Ce6 or free Ce6 at different
concentrations (20 or 50 ppm) were added and incubated for an
additional 24 h. After washing the cells with phosphate-buffered
saline (PBS) three times to remove the superfluous nanoparticles
or  photosensitizers, serum-free medium containing
10 x 107® mol/L singlet oxygen detection probe 2,7'-dichloro-
fluorescein diacetate (DCFH-DA) was added and incubated in an
air (37 °C, 5% CO, incubator) or nitrogen (100% nitrogen and 0%
oxygen incubator) atmosphere for 30 min. Then, the cells were
washed twice with PBS to remove the excess DCFH-DA and were
irradiated with a laser (660 nm, 1 W/cm?) for 10 min per well.
Finally, flow cytometry analysis was performed to analyze the
cells.
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2.9.  Biosafety assessment of the Pt@PEG-Ce6 nanocomposite

Female BALB/c mice (5 weeks old) were purchased from the
Southern Medical University Laboratory Animal Center
(Guangzhou, China). Animal work was performed under protocols
approved by the Institutional Animal Care and Use Committee.
Mice were randomly divided into the experimental group and the
control group, and the experimental group was injected with
Pt@PEG-Ce6 (1 mg/mL, 100 uL) via the tail vein, and the control
group was injected with saline (100 pL). Blood was collected
from the experimental group and the control group 24 h after the
injection, and the blood biochemical analysis was conducted.
Meanwhile, the hearts, livers, spleens, lungs, and kidneys of the
mice were collected for histological analysis.

2.10. Animal model establishment

A mouse breast cancer subcutaneous tumor model was used with
the 4T1 cell line. After the cells were cultured to a certain amount,
the cells were digested by trypsin and washed three times with
PBS to disperse in PBS. A 50 pL cell (1 x 107 cells) dispersion
was inoculated subcutaneously in the right posterior of each
BALB/c mouse body, and the following experiments were per-
formed when the tumor size reached 100 mm®.

2.11.  Invivo CT and photoacoustic imaging

After the establishment of a tumor-bearing mouse model, the 128-
layer spiral CT (Toshiba, Japan) was used to perform CT scanning
on the mice. The CT imaging parameters were as follows: slice
thickness, 1.0 mm; voltage, 120 kV; electricity, 300 mA; matrix,
512 x 512. Following intravenous injection of Pt@PEG-Ce6
(1 mg/mL, 100 pL), the mice were scanned again 15 min after the
injection. In addition, a photoacoustic microscopy imager (Made
by South China Normal University) and a photoacoustic tomog-
raphy imager (VisualSonics, Vevo LAZR, Toronto, Canada) were
used to perform photoacoustic scanning on the mice. After
intravenous injection of Pt@PEG-Ce6 (1 mg/mL, 100 pL) for 4 h,
the tumor region of each mouse received laser irradiation (660 nm,
1 W/cm) for 5 min. Then, the mice were scanned again 1 day later.
The laser wavelength of the photoacoustic microscopy imager was
532 nm. The laser wavelength of the photoacoustic tomography
imager was 750 and 850 nm. The vascular quantification was
analyzed using the Image] (National Institutes of Health,
Bethesda, USA) software.

2.12.  Immunohistochemistry of the tumor tissue

To inspect the expression of HIF-1a and PD-1, 6 mice with 4T1
tumors were selected and divided into 2 groups [the control group
and injection of Pt@PEG-Ce6 with 660 nm laser irradiation group
(1 W/em?)]. After intravenous injection of 100 pL of Pt@PEG-
Ceb6 for 4 h, the tumor region of each mouse received laser irra-
diation (660 nm, 1 W/cm?) for 5 min. Then, the tumor tissues were
collected 24 h after the different treatments. Hematoxylin and
eosin (H&E) staining of the major tumors was performed to
observe the structures of the tumor tissues. Then, the tumor tissues
were stained with HIF-la and PD-1 antibodies, which were
diluted 1:500 in 3% BSA blocking buffer. Finally, images were
obtained with an Upright Metallurgical Microscope.

2.13.  PDT effect of the Pt@PEG-Ce6 nanocomposite in vivo

Twenty-five mice with 4T1 tumors were selected and divided into
5 groups including saline, 660 nm laser irradiation, Pt@PEG-Ce6
without radiation, free Ce6 with 660 nm laser irradiation (1 W/
cm?), and Pt@PEG-Ce6 with 660 nm laser irradiation (1 W/cm?).
The final concentration of Ce6 was 0.5 mg/mL. After intravenous
injection of 100 pL of Pt@PEG-Ce6 or free Ce6 for 4 h, the tumor
region of each mouse received laser irradiation (660 nm, 1 W/em?)
for 5 min. The tumor size of the mice in each group were
measured every 2 days as length x (width)® x 1/2 with a caliper.
The body weights were also measured. The relative tumor volume
was calculated as V/V,, where V,, and V stand for the tumor vol-
ume on the first day and on the day of measurement, respectively.
After 12 days, the heart, liver, spleen, lung, and kidney of each
mouse were collected for histological analysis.

2.14.  Statistical analysis

Experimental results were shown as the mean + standard devia-
tion. Statistical significance was performed by the analysis of
variance test. P < 0.05 was considered to indicate a statistical
difference.

3. Results

mPt were first synthesized using chloroplatinic acid as the pre-
cursor and ascorbic acid as the structure-directing agent. Trans-
mission electron microscopy (TEM) and scanning electron
microscopy (SEM) show that the mPt nanoparticles were porous
in structure with a pore size of approximately 11 nm. The mPt
nanoparticles have excellent dispersity and diagonal dimension of
approximately 70 nm (Fig. 1A and B). To connect the photosen-
sitizer Ce6 onto mesoporous Pt, the carboxy terminus of the Ce6
was connected to the amino terminus of the bifunctional SH-PEG-
NH, via a condensation reaction, and then PEG-Ce6 was modified
onto the mPt moiety via the mercapto terminal of SH-PEG-NH,.
The morphology of the prepared Pt@PEG-Ce6 particles was
similar to that of the mPt nanoparticles (Fig. 1C). According to the
energy-dispersive X-ray spectroscopy (EDX) results (Supporting
Information Fig. S1), the mass ratio of Pt in the prepared
Pt@PEG-Ce6 was approximately 85%. The zeta potentials of mPt
and Pt@PEG-Ce6 were measured to be —16 and —18.5 mV,
respectively (Fig. 1D), suggesting the successful modification with
Ce6. The hydrodynamic diameters of mPt and Pt@PEG-Ce6 were
measured to be 67 and 164 nm, respectively (Fig. 1E). Further-
more, the FTIR spectra of Pt@PEG-Ce6 displayed a C—O vi-
bration peak at 1700 cm™', which indicated the successful
conjugation of Ce6 (Fig. 1F). In addition, the UV—Vis absorption
spectrum of the Pt@PEG-Ce6 nanocomposite showed character-
istic absorption peaks of Ce6 at 400 and 660 nm (Fig. 1G). The
loading content of Ce6 in the mPt nanoparticles was measured to
be 13.4%, w/w (Supporting Information Fig. S2A and B).
Pt@PEG-Ce6 showed good dispersion stability in physiological
solutions, such as PBS and cell culture media including 10% fetal
bovine serum (Fig. S2C). In addition, the in vitro CT images of
mPt demonstrated a positive contrast enhancement in a dose-
dependent manner (Fig. 1H). The CT values of mPt were pro-
portional to the concentrations, showing the potential of mPt as a
contrast material for CT imaging (Fig. S2D). In addition, the PA
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Characterization of the Pt@PEG-Ce6 nanoplatforms. (A) SEM image of mPt nanoparticles. (B) TEM image of mPt nanoparticles. (C)

TEM image of Pt@PEG-Ce6. (D) Zeta potentials of mPt and Pt@PEG-Ce6. Data are presented as the mean £+ SD (n = 3). (E) Hydrodynamic
diameters of mPt and Pt@PEG-Ce6. (F) FT-IR spectra of mPt, Ce6, PEG-Ce6, and Pt@PEG-Ce6. (G) UV—Vis absorption spectra of mPt, Ceo6,
PEG-Ce6, and Pt@PEG-Ce6. (H) CT images and values of mPt nanomaterials at different concentrations. (I) Photoacoustic images of Pt@PEG-

Ce6 nanomaterials at different concentrations.

signal of Pt@PEG-Ce6 increased at increasing concentrations
(Fig. 1I), indicating its potential for PA imaging.

We tested the O, generation in the solutions of H,O, H,O»,
Pt + H,0,, Pt@PEG-Ce6+H,0,, and Ce6+H,0,. Oxygen bub-
bles were obviously observed in the Pt + H,O, and Pt@PEG-
Ce6+H,0, solutions (Fig. 2A and B), suggesting that mPt cata-
lyzes H,O, to produce O,. In the absence of the nanomaterials or
H,0,, there was almost no oxygen generation. We then investi-
gated the 'O, generation ability of Pt@PEG-Ce6 using DPBF as a
probe. The absorption peaks of DPBF at 410 nm remained stable
under laser irradiation at different times, and no 102 was generated
in this process (Fig. 2C). In contrast, the DPBF absorption at
410 nm gradually decreased with increasing irradiation time
(660 nm laser, 1 W/cm?) in the presence of Ce6 or Pt@PEG-Ce6,
indicating that Ce6 and Pt@PEG-Ce6 were highly efficient in the
generation of 'O, and that the 'O, production capacity of
Pt@PEG-Ce6 was slightly higher than Ce6 over time. In addition,
the ability of Pt@PEG-Ce6 to generate 'O, was higher in the
presence of H,O, than without H,O,, suggesting that Pt@PEG-
Ce6 reacted with H,O, to produce more O, to enhance the PDT
effect.

The H,O, concentration significantly increased in the tumor
microenvironment, so Pt@PEG-Ce6 can react with endogenous
H,0, to produce O, in situ to improve PDT efficacy. We treated
4T1 cells and MCF-7/ADR (dox-resistant) cells with Pt@PEG-

Ceb6 or free Ce6 in a nitrogen or air atmosphere and irradiated
the cells with a laser (660 nm, 1 W/cm?) for 10 min per well. The
results showed that the Pt@PEG-Ce6 group had a stronger cell-
killing effect than the free Ce6 group in both cell types, regard-
less of the air or nitrogen atmosphere (Fig. 2D and E, and
Supporting Information Fig. S3). As the concentration increased,
both Pt@PEG-Ce6 and Ce6 showed stronger cell-killing effects in
air. In a nitrogen atmosphere, free Ce6 has a significantly lower
cell-killing effect than in air, suggesting that Pt@PEG-Ce6 cata-
lyzes hydrogen peroxide to generate oxygen in hypoxic tumor
cells to promote the PDT effect.

Before applying Pt@PEG-Ce6 for in vivo experiments, we
evaluated its biocompatibility. First, we tested its cytotoxicity at
the cellular level. The viabilities of 4T1 and MCF-7/ADR (dox-
resistant) cells incubated with mPt and Pt@PEG-Ce6 in the con-
centration range of 0—80 ppm were higher than 80%, demon-
strating good biocompatibility (Supporting Information Fig. S4).
We further investigated the biosafety of Pt@PEG-Ce6 in vivo to
promote its therapeutic application in the tumor hypoxic micro-
environment. First, BALB/c mice were injected intravenously with
Pt@PEG-Ce6 (1 mg/mL), and the blood biochemistry parameters
were analyzed after 24 h. The results showed that the blood
biochemical indexes of the mice injected with Pt@PEG-Ce6 were
not statistically different from those of healthy mice (Fig. 3A),
demonstrating that Pt@PEG-Ce6 had no obvious toxicity. In



1724

Lingyan Zhang et al.

40-
-
S
304
g
=
-l
S 20
=
=
=
S 10
e J
o
<
Pt+H,0, @ _Ce6 C ©
10; PY@PEG-Ce§ Ce6+H0, a0 4O 4O 1o, T
+H10 2 066 o 066
Ol
)
C E «®
0.84 —=—DPBF 1751 B Frce Ce6+Lascr in Ai 200 o
e Pt@PEG-Ce6 . 150 Free C66+Laser . Nlr ; Il Frec Ce6+Laser in Air
T 041  —P@PEG-CesHHL0, ——Ce6tHO, o | I Fre Cet+Laser in L A I Free Ce6tLaser in N,
& 0.0 X 125 -Pt@PEG—Ce6+Laser inAir R 150 Il Pt@PEG-Ce6+Laser in Air
8 ' : _ Pt@PEG-Ce6+Laser in N, : 125 - Pt@PEG-Ce6+Laser in N,
= -0.4 E 100+ 4T1 cells é 100 MCF-7/ADR (dox-resistant) cells
£ 08 2 75 <
5 2 2 75
2 1.2 = 50 = 50
< 1.6 S 25 3
1 254
20— ] il
10 20 30 40 50 60 70 80 90 0 20 50 0 20 50

Time (s)

Figure 2

Concentration (ppm)

Concentration (ppm)

(A) Optical images of oxygen bubbles and (B) oxygen concentrations in the solutions of H,O, H,0,, Pt + H,0,, Pt@PEG-

Ce6+H,0,, and Ce6+H,0, (n = 3). (C) Relative decay curves of DPBF absorption at 410 nm in Ce6 and Pt@PEG-Ce6 solutions with or without
H,O, after different irradiation times (660 nm, 1 W/cmz). (D) Relative viabilities of 4T1 cells incubated with Ce6 or Pt@PEG-Ce6 at different
concentrations after laser irradiation (660 nm, 1 W/cm?, 10 min) in an air and nitrogen atmosphere (n = 3). (E) Relative viabilities of MCF-7/
ADR (dox-resistant) cells incubated with Ce6 or Pt@PEG-Ce6 at different concentrations after laser irradiation (660 nm, 1 W/em?, 10 min) in an
air and nitrogen atmosphere (n = 3). Data are presented as the mean =+ SD.

addition, each group of mice was sacrificed after 24 h, and the
main organs were harvested to stain with H&E to study the po-
tential toxicity of Pt@PEG-Ce6. Compared with healthy mice, no
obvious damage was found in the tissue sections of the mice
injected with Pt@PEG-Ce6 (Fig. 3B), indicating that Pt@PEG-
Ceb6 has good biocompatibility.

Because Pt has CT imaging capability, the CT value of the
tumor significantly increased after injecting 100 pL of Pt@PEG-
Ce6 (1 mg/mL) into the mice (Fig. 4A and B and Supporting
Information Fig. S5A and B), indicating that Pt@PEG-Ce6 can
be used for CT imaging. Furthermore, we performed PA scanning
on the tumor areas of the mice and compared the PA signals
before and after injection of Pt@PEG-Ce6 (100 pL) and irradia-
tion (660 nm, 1 W/cmz, Fig. 4C-E, and Fig. S5C and D). As
indicated by the yellow circles, the blood vessels in the tumor area
of the mice decreased following treatment. To gain quantitative
insight into change of blood vessels, the changes of vascular
density were calculated with the real-time (RT) mode before and
after treatment. After PDT, the tumor vessels were destroyed and
the vascular density were reduced (P < 0.05), manifesting the
vascular occlusion effect of Pt@PEG-Ce6. Moreover, as indicated
by the white arrows, the signal of the tumor blood vessel was
enhanced after injection of Pt@PEG-Ce6, indicating that
Pt@PEG-Ce6 has the potential for PA imaging. In addition, the
oxihemogram showed that the color level of the tumor area tends
to be red after injection of Pt@PEG-Ce6, indicating an increase in
oxygen saturation (SaO,, Fig. 4F and G). This represented an
increase in oxygen in the tumor area after treatment.

Pt@PEG-Ce6-based PDT can generate oxygen in the hypoxic
microenvironment of the tumor. The expression level of HIF-1« is
closely related to tumor hypoxia. Therefore, the detection of HIF-
lae in tumors could reflect the degree of hypoxia of the tumor and
further reflect the PDT effect. In addition, the PD-1 molecule is
highly expressed in tumor-infiltrating lymphocytes, so it will be
interesting to investigate whether our treatment would down-
regulate the expression of PD-1 to suppress immune evasion. The
immunohistochemical images and protein quantitative data
showed that the expression levels of HIF-1a and PD-1 in the tu-
mors of the mice treated with Pt@PEG-Ce6 for 24 h were lower
than that of the mice injected with just saline (P < 0.05, Fig. 5A—
C), which indicates that Pt@PEG-Ce6 can improve hypoxia and
inhibit immune evasion in hypoxic solid tumors.

Because Pt@PEG-Ce6 can improve the in vitro PDT effect, we
further applied Pt@PEG-Ce6 for in vivo tumor therapeutic effi-
cacy. Accordingly, BALB/c model mice bearing a 4T1 tumor were
divided into five groups (n = 5 per group), including saline,
660 nm laser irradiation, Pt@PEG-Ce6 without irradiation, free
Ce6 with 660 nm laser irradiation (I W/cm?), and Pt@PEG-Ce6
with 660 nm laser irradiation (1 W/cm?). The results are shown
in Fig. 5E. The relative tumor volumes of the mice in the
Pt@PEG-Ce6 with 660 nm laser irradiation group (I W/cm?,
5 min) were significantly inhibited compared to only the laser
(1 W/ecm? 5 min) or Pt@PEG-Ce6 groups over 12 days
(P < 0.05). The group with intravenous injection of free Ce6 with
660 nm laser irradiation (1 W/cm? 5 min) only had a good
inhibitory effect for the initial 10 days. This was attributed to the
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oxygen generation capability of the nanocomposite in sifu in the
tumor areas, which enhanced the therapeutic effect of PDT. These
results were further confirmed by representative tumor images on
Day 12 (Fig. 5D). During the treatment period, there was no
significant reduction in the bodyweights of the mice from all
groups (Fig. 5F), and the organs of the mice that were cured had
no abnormalities (Supporting Information Fig. S6).

4. Discussion

Hypoxia is an important feature of the solid tumor microenvi-
ronment, which plays an important role in tumor invasion, im-
mune escape, metastasis, PDT and chemoradiotherapy
resistance’”. PDT is a promising noninvasive therapy with a low
incidence of side effects. However, the loss of oxygen in the
treatment itself and the hypoxic microenvironment inside the
tumor significantly reduce the therapeutic effects of PDT>*.
Therefore, solving hypoxia is very important in enhancing the
effects of PDT. Current methods to improve hypoxia include in
situ oxygen-producing nanomaterials such as MnO,”~*°. The
main problem with MnO, is the complex synthetic procedures,
which limits its practical application®”**. In this work, we utilized
mPt nanosphere as a carrier to synthesize a nanoparticle Pt@PEG-

Ce6 by covalently linking the Ce6. This novel mPt nanoplatform
was designed that could catalyze the formation of O, and H,O in
situ without the introduction of a catalytic enzyme. As expected,
this nanosystem can significantly increase ROS under laser irra-
diation for efficient PDT. We systematically investigated the
properties of Pt@PEG-Ce6 in vivo and in vitro, including its
ability to decompose hydrogen peroxide to produce oxygen, the
singlet oxygen production capacity, biosafety evaluation, cellular
uptake, blood circulation, tissue distribution, and imaging.
Pt@PEG-Ce6 has the following advantages: (1) Pt@PEG-Ce6 has
good catalase activity, which can react with H,O, in the tumor site
to generate O, in situ without additional catalytic enzyme and
enhance the PDT effect; (2) Pt@PEG-Ce6 is able to generate more
ROS upon irradiation to enhance the PDT effect; (3) Pt@PEG-Ce6
has good biocompatibility; (4) Pt@PEG-Ce6 has in vivo CT im-
aging ability, which provides good tracking for the visualization of
tissue distribution; and (5) Pt@PEG-Ce6 is helpful for in vivo
photoacoustic microscopy imaging, which can enhance the signal
of the tumor blood vessels. The results showed that PDT based on
Pt@PEG-Ce6 had a good occlusive effect on tumor microvessels
to limit tumor progression. At the same time, photoacoustic to-
mography imaging realized the monitoring of the SaO, of tumor,
and detected the increase of the SaO, of tumor after PDT.
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HIF-1 is a transcription factor that is stable under hypoxic
conditions and is mainly composed of oxygen-regulated subunits
(HIF-1) and oxygen-independent subunits (HIF-13). HIF-1« is
regulated by hypoxic signaling, which plays an important role in
angiogenesis, immune escape, metastasis, chemoradiotherapy
resistance and restriction of PDT**~*?, Under hypoxic conditions,
the increase in HIF-1« induces VEGF expression, and the den-
dritic cell (DC) response to tumor-derived VEGF increases the
expression of PD-L1***_ At the same time, HIF-la can also
selectively upregulate PD-L1 on tumor cells by directly binding to
the hypoxia response element in the proximal promoter of PD-L1.
When PD-1, a glycosylated protein on the T-cell surface, binds to
its ligand PD-L1, it will inhibit the transcription and translation of
genes and cytokines required for T-cell activation and exerts
negative regulation on T-cell activity, thereby inhibiting the body’s
anti-tumor immunity and leading to the occurrence of tumor im-
mune escape’*. In our study, PDT based on Pt@PEG-Ce6 can
effectively inhibit the expression of HIF-la. The inhibition of
HIF-1a can reduce the expression of PD-L1, thus inhibiting
combination of PD-L1 and PD-1, and activating the tumor-killing
effect of the immune effector cells to avoid immune escape. In
addition, some studies have found that PDT can increase the T-cell

infiltration into the tumor and induce immunogenic cell death
(ICD) in tumor cells to activate immunity, thus promoting T-cell
proliferation*®. The host immune boost might be limited with PDT
alone because of the immunosuppressive environment in tumor”’,
the improvement of tumor hypoxia and PDT together activated the
expression of immune cells, thus reducing the expression of PD-1.
We found for the first time that PDT based on Pt@PEG-Ce6 can
reduce the expression of PD-1 on tumor infiltrating lymphocytes.
This is very interesting and we will do further research to discuss
the mechanism.

5. Conclusions

We constructed an ingenious Pt@PEG-Ce6 nanoplatform that can
generate ROS in sifu without the additional introduction or
loading of catalytic enzymes to enhance PDT. Cellular experi-
ments and in vivo tests in the 4T1 mouse model confirmed that
Pt@PEG-Ce6 can generate oxygen to fight against the hypoxic
microenvironment of breast cancer and enhance the effect of PDT.
Additionally, the preliminary imaging results support its potential
for CT and PA imaging. Moreover, Pt@PEG-Ce6 can influence
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the expression of HIF-la and PD-1 in animals, verifying that
Pt@PEG-Ce6 can indirectly play a role in tumor treatment by
regulating the body’s immunity.
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