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Catalase-like nanosystem for interlocking trimodal
cancer therapy with hypoxia relief

Liyao Luo', Lei Li', Cong Cong, Yaqian He, Zining Hao and Dawei Gao’

ABSTRACT Hypoxia is a hallmark of solid tumors, and it
significantly impairs the overall anticancer efficacy, particu-
larly photodynamic therapy (PDT). Herein, a catalase-like
nanovesicle with near-infrared light-responsiveness, that is,
platinum/gold nanoshell encapsulated chlorin e6 (Ce6)/re-
sveratrol (Res) liposome (Pt@Au-Ce6/Res-Lip), was developed
to surmount this intractable issue. The Pt@Au-Ce6/Res-Lip
can decompose overexpressed H,0O, in tumor microenviron-
ment to produce vast amounts of O, for further enhancement
of the PDT. Under the 808 nm laser irradiation, the Au na-
noshells induced hyperthermia at the lesion site to ablate tu-
mor cells, simultaneously inducing the controlled release of
photosensitizer Ce6 and chemotherapeutic agent Res. More-
over, stimulated by 660 nm laser, numerous reactive oxygen
species were formed to induce apoptosis and necrosis of tumor
cells. With the cascade of trimodal therapeutic modality op-
tions (chemotherapy, photothermal therapy, and PDT), the
Pt@Au-Ce6/Res-Lip showed ultrahigh tumor inhabitation
rate in in vitro and in vivo studies, signifying that the Pt@Au-
Ce6/Res-Lip nanovesicle is a promising candidate for effective
cancer therapy.

Keywords: hypoxia, enhanced photodynamic therapy, catalase-
like, hyperthermia, trimodal therapeutic modality

INTRODUCTION

Photodynamic therapy (PDT) has been considered as a
promising therapeutic modality option with excellent
controllability, high selectivity, and minimal invasiveness
for tumor therapy [1,2]. During the PDT process, mole-
cular oxygen plays an essential role in the photoactivated
generation of reactive singlet oxygen, which can induce
the apoptosis and necrosis of tumor cells [3]. However,
the performance of PDT is severely attenuated by tumor
hypoxia, which is caused by the imbalance between the

consumption and supply of O, in tumor tissues due to the
aberrant neoplastic cell proliferation and distorted tumor
vasculatures [4,5]. The O, concentrations vary with the
locations of solid tumors, with several interior regions
having very low levels (partial pressure of O, < 5 mmHg,
corresponding to 7 umol L"), resulting in the low ther-
apeutic efficiency of PDT in deep tumor tissues [6,7]. The
vascular damage by PDT and oxygen consumption dur-
ing this procedure will further worsen the O, shortage
and inevitably exacerbate tumor hypoxic stress [8].
Consequently, advanced strategies are needed to address
the negative consequences of hypoxia and improve the
clinical application of PDT.

Various innovative methods have been explored to
overcome the hypoxia in tumor microenvironment
(TME). Considerable research efforts have been focused
on directly transporting O, to tumors with appropriate O,
carriers, such as hemoglobin and perfluorocarbons, or
improving the blood flow to increase O, concentrations
in tumors [7,9-11]. Nevertheless, significant problems,
including insufficient O, supply, poor O, loading, rapid
O, leakage, and difficult co-delivery with desired ther-
apeutics, limit the wide application of these methods
[2,12,13]. Given the elevated H,0, levels
(50-100 umol L") of the TME, the decomposition of
intratumoral H,O, to generate O, in situ with catalase (a
kind of bio-enzyme) has attracted extensive research in-
terest [14,15]. However, as an exogenous protein, diffi-
culties in storage, immunogenicity, and protease-induced
degradation in delivery process limit the application of
catalase in complicated physiological environments [16].
Based on the catalytic performance of natural enzymes, a
variety of synthetic structures have been engineered to
mimic the functions and complexities of natural enzymes
over the past several decades [17,18]. Pt catalysts have
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been extensively studied due to their superior perfor-
mance as heterogeneous catalysts in numerous processes.
For instance, Pt-based nanostructures exhibit high cata-
Iytic activity toward methanol oxidation [19,20]. Espe-
cially, Qin and co-workers [21] have recently identified
that Pt is considerably more active and stable during the
catalytic decomposition of H,0, than catalase. However,
most of these studies are included in the field of chem-
istry. Pt-based structures have shown great promise for
use as therapeutics for neurodegenerative diseases and
cancers [22]. If the Pt component can serve as an in-
organic nanoenzyme to convert tumor-abundant H,0,
molecules into O, under physiological conditions, the
application prospects for facilitating PDT-induced re-
active oxygen species (ROS) generation can be achieved
and used to subsequently enhance the PDT efficacy.
Photothermal therapy (PTT) is another effective pho-
totherapy that can convert light energy into heat through
photothermal agents to ablate cancer cells with minimally
invasive damage to normal tissues [23]. In the process,
incident light is one of the vital factors. As near-infrared

NIR laser

. SR

Pt

® H0,

0, @ o0,+cCe6

Catalytic

(NIR) light can penetrate the tissues with minimal energy
loss and reach the diseased region, it is adopted widely to
stimulate PTT [24]. In addition, Au nanomaterials are
state-of-the-art efficient photothermal agents that exhibit
the superior capability of photothermal conversion in
PTT with the unique optical property of surface plasmon
resonance in the NIR region and good biocompatibility
[25]. According to our previous report, with its excellent
photothermal effect, the combination of Au nano-
structures and drug delivery carriers can activate the
controllable drug release and realize PTT and che-
motherapy (CHT) in one nanoplatform [26]. Thus, Au
nanomaterials show a broad prospect in the field of
cancer treatment.

Herein, we engineered a versatile nanovesicle, that is,
platinum/gold nanoshell encapsulated chlorin e6 (Ce6)/
resveratrol (Res) liposome (Pt@Au-Ce6/Res-Lip), with Pt
and Au decorated on the surface of liposome-en-
capsulated photosensitizers, namely, Ce6 and Res, for
trimodal cancer therapy against hypoxic tumor
(Scheme 1). Res, a polyphenol compound extracted from

%
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Scheme 1 Schematic of Pt@Au-Ce6/Res-Lip preparation and the functional mechanism for the synergistic trimodal cancer therapy with hypoxia relief.
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many plants, possesses excellent antitumor property [27].
When the nanovesicles reach the hypoxic tumor, the Pt
component in Pt@Au-Ce6/Res-Lip can boost the forma-
tion of O, in the tumor site via endogenous H,0O, evol-
vement, which can be wused for further PDT.
Simultaneously, with the plasma resonance effect of the
Pt@Au nanoshell, the nanocarriers can rapidly convert
NIR light into heat to accelerate the controllable release of
Ce6 and Res under an 808 nm laser. Followed by the
660 nm laser irradiation, Ce6 was excited to transfer en-
ergy and produce massive amounts of ROS to cause ir-
reversible cell damage. Meanwhile, high concentration of
ROS in the TME oxidized Pt’ into Pt*" ions, which have
better penetration of nuclear membrane than PtNPs, to
realize the high cytotoxicity toward tumor cells. As evi-
denced by the antitumor study in vitro and in vivo, the
Pt@Au-Ce6/Res-Lips demonstrated an ultrahigh tumor
inhibition rate with the combination of trimodal ther-
apeutic modality options, including PDT, PTT, and CHT.
Our findings will open an avenue for Pt nanomaterials as
efficient agents toward biological applications.

EXPERIMENTAL SECTION

Synthesis of glutathione (GSH)-Ce6/Res-Lips

A facile ethanol injection method was used for the
synthesis of liposomes co-loaded with Ce6 and Res. First,
the lipid phase was obtained by dissolving cholesterol
(6 mg) and soya lecithin (50 mg) in 4 mL ethyl alcohol,
followed by ultrasonic dispersion of Ce6 (1 mg) and Res
(2 mg). Then, 10 mL aqueous solution containing 10 uL
Tween-80 and 0.5 mL phosphate buffer was heated to a
mild temperature (43°C). Subsequently, the lipid phase
was added dropwise to the above aqueous solution, and
the mixture was stirred at room temperature for 1 h to
volatilize the ethyl alcohol adequately. Afterward, GSH
solution (7 mg mL ') was added to the above mixture
with continuous stirring for 2 h to obtain GSH-Ce6/Res-
Lip, which was further purified by dialysis to remove free
Res and Ce6.

Synthesis of AuNF-Ce6/Res-Lips

Gold nanoflakes (AuNF)-Ce6/Res-Lips were prepared by
using our previously reported method [28]. First, Au
seeds were acquired by reducing auric chloride (AuCl,)
with fresh NaBH, in the aqueous phase. Then, the Au
seeds were added to the GSH-Ce6/Res-Lips at the volume
ratio of 1:1 and reacted for 20 h. Subsequently, a growth
solution including 2 mmol L' AuCl; (500 uL) diluted by
K,COj; solution (1.5 mg mL™") and 100 mmol L™ fresh
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hydroxylamine hydrochloride (50 uL) was added to the
above product for further incubation (8 h) at room
temperature. The mixture finally exhibited glaucous col-
or, suggesting the formation of AuNF-Ce6/Res-Lips.

Synthesis of Pt@Au-Ce6/Res-Lips

The obtained AuNF-Ce6/Res-Lips were further mixed
with 1 mmol L™ H,PtCl, (300 uL) and 60 mmol L' as-
corbic acid (40 uL) to grow Pt shells on the surface of
AuNF-Ce6/Res-Lips. The process lasted for 10 h at room
temperature. An evident color change of the solution
from glaucous to dark gray indicated the acquisition of
Pt@Au-Ce6/Res-Lips. Afterward, a purified Pt@Au-Ce6/
Res-Lip solution was collected by centrifugation at the
speed of 8000 rpm for 15 min. The encapsulation efficacy
(EE%) of Ce6 or Res was calculated using the formula
EE% = WJ/W, x 100%, where W, is the amount of en-
capsulated drug, and W, is the initial amount of the drug
added in the preparation.

Light-induced photothermal performance and drug
release

Briefly, the Pt@Au-Ce6/Res-Lip solutions with different
Au concentrations were placed in a quartz cuvette and
exposed to an 808 nm laser with a different power density
for 10 min. Then, the temperature changes were mon-
itored using an IR thermal imaging camera at the selected
time intervals (1 min). The AuNF-Ce6/Res-Lips and H,O
were used as controls. The NIR-responsive release beha-
vior of Res from the Pt@Au-Ce6/Res-Lips was in-
vestigated with or without 808 nm laser irradiation using
a dialysis method. First, 1 mL Pt@Au-Ce6/Res-Lips was
placed in dialysis bags (3500 D) and then maintained at
37°C in a phosphate-buffered saline (PBS) (pH 7.4) so-
lution bath with constant stirring. Then, at 1, 4, and 8 h,
the samples in the laser group were exposed to the
808 nm laser (1.5 W cm ) for 3 min. At the designated
time points (1, 2, 4, 8, and 12 h), the samples with or
without 808 nm laser irradiation were retrieved for
measurement of the absorbance at 306 nm using an ul-
traviolet-visible (UV-vis) spectrophotometer.

Catalase activity detection of Pt@Au-Ce6/Res-Lips

To confirm the catalase activity of nanoparticles (NPs), we
used Pt@Au-Lips to replace Pt@Au-Ce6/Res-Lips to avoid
the influence of absorption of Ce6. A total of 100 pL
3,3',5,5'-tetramethyl-benzidine (TMB) (10 mmol L") was
applied to monitor the chromogenic reaction (A =
652 nm) of 1 mL of aqueous solution containing H,0,
(0.1 mmol L") and Pt@Au-Lips with different Pt con-
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centrations (0, 10, 25, and 50 uyg mL ). After 5 min, the
absorbance of the mixture at 652 nm was measured with a
UV-vis spectrophotometer. The color changes of the so-
lutions were recorded using an imaging camera.

Different Pt concentrations (0, 10, 25, and 50 pg mL ™)
of Pt@Au-Ce6/Res-Lips were dispersed in deoxygenated
PBS solution containing 0.1 mmol L' H,0, to detect the
O, production. A dissolved O, meter (Shanghai Ray
magnetic JPBJ-608) was inserted into the above solution
to measure the O, content at different time points.
Meanwhile, the bubble production of the solutions was
recorded using a camera.

Detection of reactive singlet oxygen
1,3-Diphenylisobenzofuran (DPBF), a commercially
available luminescent probe for ROS detection, was used
to detect the ROS generation. Briefly, 50 uL. DPBF solu-
tion (1 mg mL ") was introduced to the samples of
AuNF-Ce6/Res-Lips and Pt@Au-Ce6/Res-Lips with equal
Ce6 content. Subsequently, the mixtures were deox-
ygenated with pure nitrogen stream for 30 min. After-
ward, H,0, (0.l mmolL ") was added to the above
solutions, and the mixtures were pre-irradiated by
808 nm laser for 3 min. After keeping in the dark place
for 30 min, the above solutions were exposed to a 660 nm
laser (0.15 W cm ) for different periods, and the UV-vis
absorption spectrum of DPBF at 410 nm was measured to
evaluate the generation of ROS. Additionally, X-ray
photoelectron spectroscopy (XPS) was conducted to
characterize the oxidization statues of Pt before and after
the ROS generation in the simulated TME.

The intracellular ROS content was measured with 2,7-
dichlorodihydrofluorescein (DCFH) as a probe. Hela cells
were seeded into a six-well plate with an initial cell
density of 10" cells cm >. When the cell confluency
reached about 80%, the original culture medium was
discarded and replaced by a fresh one containing PBS
(control), 10 pg mL "’ equivalent concentration (Ce6) of
free Ce6, AuNF-Ce6-Lips, and Pt@Au-Ce6-Lips sepa-
rately. Simultaneously, exogenous H,0, (0.1 mmol L")
was added to all the groups. After incubation for 4 h, the
AuNF-Ce6-Lip and Pt@Au-Ce6-Lip groups were irra-
diated with an 808 nm laser (1.5 W cm °) for 3 min.
Afterward, the cells were washed thrice with serum-free
medium and dyed with DCFH-diacetate (DA) at 37°C for
20 min. Then, all the groups were exposed to 660 nm
laser (0.15 W cm °) for 3 min and further incubated for
20 min. The 2,7-dichlorofluorescein (DCF) fluorescence
intensity of the cells was eventually measured with a
fluorescence microscope (MSHOT MF53).
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Cellular uptake and in vitro combined antitumor therapy
assay

The internalization of the NPs was evaluated using
fluorescence microscopy (MSHOT MF53) and flow cy-
tometry (FCM, BD FACSCalibur, USA). Coumarin-6
(Cou6) with a fluorescent green signal was encapsulated
in the liposomes to trace the location of the NPs in cells.
Pt@Au-Cou6-Lips were obtained by replacing Ce6 and
Res with Cou6 (1 mg) during the preparation of Pt@Au-
Ce6/Res-Lips. First, HeLa cells were seeded in six-well
plates at a density of 3 x 10° cells per well and cultured to
80% confluency. Then, the culture medium was replaced
by Pt@Au-Cou6-Lips (2.5 ug mL ' Cou6) suspended in
fresh medium, and the culturing was continued for 1, 2,
4, and 8h. After the above treatment, the cells were
adequately rinsed with PBS to remove the residual free
NPs. Subsequently, the cell nuclei were stained with
Hoechst for 8 min and then observed by fluorescence
microscope. The quantitative analysis of intracellular
Pt@Au-Cou6-Lips was carried out with FCM at different
time points.

The cytotoxicity of Pt@Au-Ce6/Res-Lips was analyzed
utilizing the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay. In brief, the
HeLa cells were planted in 96-well microplates at 10" cells
per well and allowed to adhere overnight. Then, the
culture medium was replaced by 200 pL opti-Dulbecco’s
Modified Eagle Medium (DMEM) containing different
formulations (free Res, AuNF-Ce6/Res-Lips, and Pt@Au-
Ce6/Res-Lips) with gradient concentrations of Res, with
PBS group as the control group. After additional in-
cubation for 4 h, the cells were irradiated by 808 nm laser
(1.5 W cm %) for 3 min and 660 nm laser (0.15 W cm )
for 4 min. Subsequently, the medium was replaced by
200 uL MTT solution (5 mg mL ' in DMEM) and further
incubated for 4 h. Afterward, MTT was replaced by
150 puL dimethyl sulfoxide. A microplate reader was used
to explore the cell viability by recording the absorbance at
a wavelength of 490 nm. Hypoxia conditions were es-
tablished in accordance with the method previously re-
ported by Yu et al. [2] to analyze the enhanced
photodynamic effect of Pt@Au-Ce6-Lips compared with
AuNF-Ce6-Lips; the cells were cultured in deoxidation
DMEM, and the oxygen supply was severed by sealing the
culture medium with liquid paraffin. The photodynamic
effects of free Ce6 and Pt@Au-Ce6/Res-Lips under
660 nm laser irradiation in normoxic and hypoxic con-
ditions were also studied. Other treatments were per-
formed similarly as above. The cytotoxicity of different
formulations was also evaluated with the standard pro-
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tocol of fluorescence staining of live/dead cells by two
probes, namely, 3,6-diacetoxyfluoran (FDA) and propi-
dium iodide (PI) [29].

In vivo cancer therapeutic efficacy and biosafety assay
All animal operations were performed in agreement with
the Statute of Experimental Animal Ethics Committee of
Department of Bioengineering by Yanshan University.
Female Kunming mice, 6-8 weeks of age, were purchased
from Vitalriver Laboratory Animal Center. Then, 2 x 10°
U14 tumor cells were subcutaneously implanted into the
posterior limb of the mice to establish the in vivo tumor
model. When the size of the tumor reached around
100 mm’, the mice were used for the following experi-
ments.

A total of 200 pL Pt@Au-Ce6/Res-Lips were in-
tratumorally injected into the mice to investigate the PTT
of Pt@Au-Ce6/Res-Lips in vivo. Meanwhile, an equal
amount of saline was injected as control. Subsequently,
the tumor regions were irradiated with the 808 nm laser
(1.5 W cm ) for 5 min. The tumor temperature changes
were monitored using an IR thermal imaging camera.

To evaluate the in vivo antitumor efficacy of Pt@Au-
Ce6/Res-Lips, we divided randomly the tumor-bearing
mice into eight therapy groups (n = 6 per group) and
performed the following treatments: Group 1, saline;
Group 2, Res-Lips; Group 3, Ce6-Lips; Group 4, Pt@Au-
Lips with 808 nm laser irradiation; Group 5, AuNF-Ce6-
Lips with 808/660 nm laser irradiation; Group 6, Pt@Au-
Ce6-Lips with 808/660 nm laser irradiation; Group 7,
Pt@Au-Ce6/Res-Lips; Group 8, Pt@Au-Ce6/Res-Lips
with 808/660 nm laser irradiation. Each group was in-
tratumorally injected with the samples containing Res
(1.0mgkg ') and Ce6 (0.21 mgkg ). At 4h postinjec-
tion, the tumor areas were irradiated with an 808 nm
laser (1.5 W cm °) for 3 min. At 30 min intervals, the
660 nm laser (0.15 W cm °) irradiation was performed for
3 min. The tumor sizes and weights of mice were mea-
sured every other day. Tumor volume = width x width x
length/2. After 15 days, all tumor-bearing mice were sa-
crificed, and the primary organs (heart, liver, spleen, lung,
and kidney) and tumor tissues were excised for hema-
toxylin-eosin (H&E) staining. For biochemical index
analysis, blood was collected from the eye socket to ex-
amine the serum biochemical parameters, including as-
partate aminotransferase (AST), alanine aminotransferase
(ALT), and blood urea nitrogen (BUN). Meanwhile, the
expression levels of hypoxia inducible factor-1a (HIF-1a),
vascular endothelial growth factor (VEGF), ery-
thropoietin (EPO), glucose transporters (GLUT3,) and
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multidrug resistance (MDR1) were checked with an en-
zyme-linked immunosorbent assay kit to evaluate the
tumor hypoxia relief. The tumor tissue homogenate was
used, and the specific procedures are provided in the
Supplementary information.

Statistical analysis

Quantitative data were shown as a mean value with its
standard deviation (mean + SD). Statistical significance
(*P < 0.05 or **P < 0.01) was determined by using one-
way analysis of variance with SPSS 19.0 for Windows
(SPSS Inc., Chicago, IL, USA).

RESULTS AND DISCUSSION

Characterization

Scheme 1 presents the synthetic process of Pt@Au-Ce6/
Res-Lip nanoplatform. First, Ce6 and Res were co-en-
capsulated in the liposomes with the ethanol injection
method, and the EEs of Ce6 and Res were 49.41% and
65.27%, respectively. Then, the branched Au nanoshells
were connected to the surface of liposomes through the
Au seed growth method to obtain AuNF-Ce6/Res-Lips.
Finally, by introducing H,PtCl,, the PtNPs were suc-
cessfully combined with AuNF-Ce6/Res-Lips to form
Pt@Au-Ce6/res-Lip nanovesicles. As shown by the
transmission electron microscopy (TEM) images in
Fig. 1a and b, the Pt@Au-Ce6/Res-Lips had an average
diameter of 120 nm, which was consistent with the hy-
drodynamic diameter measured by dynamic light scat-
tering. The appropriate size of the NPs offered well
passive target to the tumor site via the enhanced per-
meability and retention effect [28]. Subsequently, energy-
dispersive X-ray spectroscopy (EDS) manifested that the
Pt@Au-Ce6/Res-Lips were composed of Pt and Au, and
the ratio of Pt and Au was 1:6.1. (Fig. 1c). The distribu-
tion of Au and Pt can be observed in Fig. S1, which
visually shows the shell structure of the NPs. The optical
property of Pt@Au-Ce6/Res-Lips was investigated by
UV-vis absorption and emission spectra (Fig. 1d). Given
the plasma resonance effects of Pt and Au, the Pt@Au-
Ce6/Res-Lips exhibited broad absorption in the NIR re-
gion ranging from 600 nm to 900 nm, providing the
possibility to convert NIR light energy into heat energy
and conduct thermal therapy [30]. Meanwhile, the char-
acteristic absorption peaks of Ce6 at 410 and 660 nm
appeared in the spectrum of Pt@Au-Ce6/Res-Lips, which
indicates that Ce6 was successfully loaded onto the na-
nocarriers. Moreover, the storage stability of Pt@Au-Ce6/
Res-Lips at 4°C was investigated by measuring the par-
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Figure 1 Characterizations of Pt@Au-Ce6/Res-Lips. (a) TEM image; (b) size distribution; (c) EDS analysis of Pt@Au-Ce6/Res-Lips (illustration:
atomic percentage of the elements); (d) UV-vis absorbance spectra of Ce6, Ce6/Res-Lips, and Pt@Au-Ce6/Res-Lips.

ticle size changes in a month. No significant change in
particle size was observed in one month, indicating the
good stability of Pt@Au-Ce6/Res-Lips at 4°C (Fig. S2).

Light-induced photothermal performance and drug
release

The capability of Pt@Au-Ce6/Res-Lips as photothermal
generators was explored by detecting temperature chan-
ges under an 808 nm NIR laser. As displayed in Fig. 2a,
the temperatures of AuNF-Ce6/Res-Lip and Pt@Au-Ce6/
Res-Lip solutions increased rapidly to 57.5 and 68.5°C
when irradiated with the 808 nm laser (2Wcm72) for
10 min, respectively. Comparatively, the water showed
minimal temperature change under the same condition.
The Pt@Au-Ce6/Res-Lips showed a rising temperature
with the increase in laser power intensity, exhibiting a
laser intensity-dependent behavior (Fig. 2b). Particularly,
the temperature of Pt@Au-Ce6/Res-Lips can increase by
26°C in 3 min under 2 W cm . An IR thermal imaging
camera recorded the temperature change process of na-
novesicles (Fig. 2¢), and the findings were consistent with
the above results. To our knowledge, the local low heat
(<43°C) can enhance cell membrane fluidity, which fa-
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cilitates cellular uptake and destroys the endosomal
membrane to promote endosomal escape [31]. Thus, the
Pt@Au-Ce6/Res-Lips can be used as superior photo-
thermal agents for cancer therapy.

The controllable release behavior of Pt@Au-Ce6/Res-
Lips was further demonstrated (Fig. 2d). Under the
808 nm laser irradiation, the nanovesicles collapsed and
released considerable amount of Res (24.9%) within 1 h.
After three cycles of laser irradiation, the released amount
of Res reached up to 75.1% within 12 h. Without laser
irradiation, 28.2% of Res was released from the nano-
carrier within 12 h. The results demonstrate the spatio-
temporally controllable release of Pt@Au-Ce6/Res-Lips
under NIR laser stimulating condition. Subsequently, the
morphologies of Pt@Au-Ce6/Res-Lips, which displayed
the collapse of nanovesicles, were observed further after
laser irradiation (Fig. S3). As the number of irradiations
increased, the structure of the NPs loosened and gradu-
ally disintegrated. The results also illustrate the release of
encapsulated drugs, and this finding was due to the hy-
perthermia-activated phase transition of liposome mem-
brane from gel to liquid crystal structure and
disintegrated Pt@Au nanoshells.

April 2021 | Vol.64 No.4
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Figure 2 Photothermal effect measurement and controlled drug release. (a) Temperature profiles of Pt@Au-Ce6/Res-Lips, AuNF-Ce6/Res-Lips, and
H,O under 808 nm laser irradiation (2 W cmfz). (b) Temperature changes of Pt@Au-Ce6/Res-Lip solution under 808 nm laser irradiation with
different power densities (1.5, 1.75, and 2 W cm ). (c) Thermal images of Pt@Au-Ce6/Res-Lips and H,O irradiated with 808 nm laser (1.5 W cm %)
for 10 min. (d) Res release from Pt@Au-Ce6/Res-Lips with 808 nm laser irradiation for 3 min at the designated time (n = 3).

Catalytic activity of Pt@Au-Ce6/Res-Lips

To evaluate the catalase activity of the sample, we used
different concentrations of Pt@Au-Lips to catalyze com-
mensurate H,O, and monitored the process by using
TMB as a chromophoric substrate for the peroxidase
mimetic studies in the presence of H,0,. Oxygen acted as
an electron donor in charge-transfer complexes derived
from the one-electron oxidation of TMB under acidic
condition, resulting in the solution color change from
colorless to blue after being oxidized. The high absor-
bance at 652 nm corresponded to increased oxidation of
TMB. In the experiment, with the increased concentra-
tions of the catalyst, the blue color of the solution became
prominent. Meanwhile, the characteristic absorption in-
creased accordingly, which indicates that Pt@Au-Lips can
effectively catalyze TMB oxidation with concentration
independence (Fig. 3a). Subsequently, we measured the
dissolved O, generation of Pt@Au-Lips in the presence of
H,0, with the dissolved O, meter. As displayed in
Fig. 3b, the O, production rates were positively related to
the concentration of Pt. The corresponding photos shown
in the inset reveal the increase in bubbles observed with
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the increased concentration of Pt at 5 min. The above
results indicate that the high concentration of catalytic
NPs in TME favored the O, generation, which can be
promising to relieve hypoxia in the TME and improve the
PDT efficacy significantly.

Detection of reactive singlet oxygen

Given the excellent catalytic property of the Pt@Au-Ce6/
Res-Lips, we explored their enhanced ROS generation
behaviors associated with Pt catalyzing H,O, decom-
position. DPBF was used as a ROS probe to quantitatively
analyze the generation manner of ROS. The decrease in
DPBF absorbance showed the presence of ROS from
Pt@Au-Ce6/Res-Lips, and it was trapped by DPBF [32].
As shown in Fig. 3c, the Pt@Au-Ce6/Res-Lips displayed a
gradually decreasing absorbance at 410 nm along with the
irradiation time of 660 nm laser (0.15 W cm 7). By con-
trast, no evident decrease was observed in AuNF-Ce6/
Res-Lips (Fig. 3d). The results directly prove that the
Pt@Au-Ce6/Res-Lips can boost the peroxidase-like cata-
lysis of H,O, for the generation of considerable amounts
of oxygen, leading to a significant improvement in the
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Ce6/Res-Lips (d) under 660 nm laser irradiation (0.15 W cmfz).

ROS level.

A high concentration of ROS in the TME can oxidize
Pt” into Pt**, which shows better penetration of nuclear
membrane compared with PtNPs, to realize high cyto-
toxicity to tumor cells [33]. Hence, we measured the
oxidization status changes of Pt before and after ROS
generation in the simulated TME with an XPS system. As
shown in Fig. S4, in the XPS spectra of Pt 4f (Fig. S4a), the
peaks at binding energies of 71.34 and 74.89 eV were
assigned to Pt’, indicating that Pt was reduced to metallic
PtNPs. After the Pt@Au-Ce6/Res-Lip solution was irra-
diated by 808/660 nm laser, the XPS spectra (Fig. S4b)
can be deconvoluted into double pair of peaks at around
(70.84, 74.19) and (72.54, 75.89) eV, which corresponded
to (P’ af, ), pt’ 4f;,) and (Pt** 4t ,, pt* 4f;),), respec-
tively, and thus confirmed the Pt** formation.

To verify the in vitro enhanced effect of PDT at the
cellular level, we used DCFH-DA as an ROS probe to
detect the intracellular ROS level by fluorescence micro-
scopic observation, which was grounded on DCFH-DA
which can be converted to DCF with green fluorescence
in the presence of ROS [14]. Under the 660 nm laser
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irradiation, the Pt@Au-Ce6-Lips exhibited stronger green
fluorescence than the AuNF-Ce6-Lips (Fig. 4a). Cancer
cells prefer glycolysis and produce more H,0, in tumor
areas [2,7]. These results indicate that intracellular H,O,
can be converted into molecular oxygen through the
catalysis of Pt and further react with Ce6 to produce a
high concentration of ROS.

Cellular uptake and in vitro combined antitumor therapy
assay

Cou6 with high fluorescence brightness was specifically
selected as the Ce6 and Res substitute in this study to
visualize the cellular uptake behaviors of Pt@Au-Cou6-
Lips in HeLa cells. As illustrated in Fig. 4b, Pt@ Au-Cou6-
Lip treatment exhibited a visible green fluorescence in
HeLa cells at 1 h, confirming that Pt@Au-Cou6-Lips can
be efficiently uptaken by tumor cells. Subsequently, the
green fluorescence intensity increased over time and
reached significant accumulation at 4 h. The increase
continued until the incubation time of 8 h. Afterward, the
fluorescence intensity showed no evident changes com-
pared with that at 4 h, indicating that the internalization
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of Pt@Au-Cou6-Lips reached the maximum. Moreover,
the quantitative FCM analysis showed similar outcomes,
implying that the internalization of Pt@Au-Cou6-Lips
reached a plateau at 4 h (Fig. S5).

Different formulations containing various concentra-
tions of Res were incubated with HeLa cells to evaluate
the antitumor effect of Pt@ Au-Ce6/Res-Lips. All the Res-
loaded formulations displayed a dose-dependent toxicity
to HeLa cells (Fig. 4c). Under the 808 nm laser irradia-
tion, the AuNF-Ce6/Res-Lips group revealed a 39% cell
viability at a Res concentration of 60 ug mL ', which was
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remarkably lower than that of the Res-treated group. Si-
milarly, in Pt@Au-Ce6/Res-Lips, more than 37% cells
remained alive under the 808 nm laser irradiation. Given
that hyperthermia can further enhance tumor cell uptake
for NPs and accelerate the catalytic decomposition of
H,0, by Pt@Au-Ce6/Res-Lips, more O, were generated,
and the cell cytotoxicity derived from Pt@Au-Ce6/Res-
Lips sharply increased after successive irradiation by the
808/660 nm laser. With the multi-action from che-
motherapeutic drug, hyperthermia, and ROS, the Pt@Au-
Ce6/Res-Lips had a considerably high potency to destroy
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HeLa cells at all the tested concentrations.

The heterogeneous tumor cell growth and dysfunc-
tional vasculature result in a high concentration of H,O,
and hypoxia in TME [34]. Hence, the PDT efficiencies of
Pt@Au-Ce6-Lips and AuNF-Ce6-Lips incubated with
HeLa cells in either O,-deficient or O,-sufficient condi-
tions were examined. The phototoxicity of the NPs in-
creased along with the concentration of photosensitizer
Ce6 (Fig. 4d and e). Under normoxic condition, the
Pt@Au-Ce6-Lips displayed a similar PDT effect with the
AuNF-Ce6-Lips, with a cell viability of 43% at a Ce6
concentration of 12 ugmL "', With the inadequate O,
supply, the phototoxicity of AuNF-Ce6-Lips was sig-
nificantly reduced, confirming that the treatment effect of
Ce6 greatly declined in the case of hypoxia. As the
Pt@Au-Ce6-Lips can decompose the abundant H,0, in
TME to generate O,, the additional triplet ground-state
molecular oxygen (°O,) was transformed into its highly
reactive singlet oxygen (102) analog [7]. With the re-
sulting ROS inducing cell apoptosis or necrosis [35], the
cell viability of Pt@Au-Ce6-Lips distinctly demonstrated
a higher cytotoxicity under hypoxic condition compared
with AuNF-Ce6-Lips. Similar results have been observed
in the comparison of the PDT capabilities of Pt@Au-Ce6-
Lips and free Ce6 (Fig. S6). Under normoxic environ-
ment, the free Ce6 and nanodrug showed similar PDT
effects. With the increase in Ce6 concentration, the cell
viability of the two groups decreased without significant
difference. In the hypoxic environment, the photo-
dynamic effect of Ce6 was limited, whereas the nanodrug
still showed a good photodynamic effect. With the in-
crease in Ce6 concentration, the difference in cell viability
between Ce6 and Pt@Au-Ce6-Lips increased. The pre-
pared hypoxia-relieving nanodrug achieved excellent
photodynamic therapeutic effect and cytotoxicity in the
hypoxic environment.

Fluorescence staining of live/dead cells was performed
to further intuitively observe the above results, and the
findings are presented in Fig. 4f. Free Res, Ce6, and
Pt@Au-Lips, regardless of laser irradiation, presented vast
green fluorescence, implying that monotherapy had low
cytotoxicity to tumor cells. Most of the cells exhibited red
fluorescence in the group treated with AuNF-Ce6/Res-
Lips followed by 808/660 nm laser irradiation, indicating
that the combination of tripartite treatments can kill most
tumor cells. The strongest red fluorescence was observed
in the cells treated with Pt@Au-Ce6/Res-Lips and irra-
diated successively by 808 and 660 nm laser. Given that
H,0, can be effectively decomposed by Pt@Au-Res/Ce6-
Lips to generate O,, the antitumor effect was greatly en-
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hanced.

In vivo cancer therapeutic efficacy and biosafety assay
To demonstrate the photothermal capacity of Pt@Au-
Ce6/Res-lips in tumors, we monitored the temperature
changes of tumor-bearing mice intravenously injected
with Pt@Au-Ce6/Res-Lips using an IR thermal imaging
camera. Significant thermal signals were observed for the
group treated with Pt@Au-Ce6/Res-Lips and 808 nm la-
ser irradiation (Fig. 5a). As shown in Fig. 5b, the tumor
surface temperature rapidly increased to 54°C for 4 min,
which adequately ablated the tumor cells and had insig-
nificant side effects on wound tissue in vivo. By contrast,
nearly no remarkable tumor signals were observed in the
saline group. The results were consistent with the solution
data in vitro, indicating that Pt@Au-Ce6/Res-Lips are
ideal candidates for effective PTT.

We further evaluated the in vivo antitumor effect of
Pt@Au-Ce6/Res-Lips. In this study, different formula-
tions were injected into tumor-bearing mice through in-
tratumoral administration. Under the various treatments,
the tumor volumes were monitored during the sub-
sequent 15 days. The tumors in the saline group grew
remarkably during the therapy, exhibiting a 12-fold in-
crement (Fig. 5c—e). The groups treated with free Res and
free Ce6 plus 660 nm laser irradiation or Pt@Au-Lips plus
808 nm laser irradiation showed partial tumor suppres-
sion behavior in 15 days. Comparatively, the Pt@Au-Ce6-
Lips and AuNF-Ce6-Lips with 808 nm/660 nm laser ir-
radiation groups induced noticeable tumor growth in-
hibition. As PtNPs can ameliorate tumor hypoxia by
decomposing H,0, to produce O, in TMEs, the inhibi-
tion rate of Pt@Au-Ce6-Lips group was higher than that
of AuNF-Ce6-Lips, indicating the enhanced PDT effect.
Another possible reason might be the high concentration
of ROS, which can oxidize Pt into Pt*, which showed
better penetration of nuclear membrane compared with
PtNPs, in the TME to realize high cytotoxicity to tumor
cells [30,33]. Based on the above results, significant sup-
pression effects can be observed in the Pt@Au-Ce6/Res-
Lips + 808/660 nm laser group, and the tumor inhibition
rate was as high as 92% with the combination of inter-
locking trimodal therapeutic options. Meanwhile, no
evident abnormal body weight changes were observed
between different groups, further manifesting the high
therapeutic biosecurity of the nanocarriers. Fig. 5h pre-
sents the H&E staining of primary organs and tumor
tissue of the saline and Pt@Au-Ce6/Res-Lips +
808/660 nm laser groups. Compared with the saline
group, the primary organs in the nanodrug group showed
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Lips + 808/660 nm laser demonstrated excellent anti-
tumor effects with biological safety.
Given that tumor hypoxia relief will efficiently enhance

no evident pathological changes. However, significant cell
necrosis and tissue damage can be observed in the tumor
tissue of the nanodrug group. Overall, Pt@Au-Ce6/Res-
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the PDT effect, the HIF-1a expression level was examined
by HIF-1a assay kit to analyze hypoxia in the tumor sites
treated with Pt@Au-Ce6-Lips and AuNF-Ce6-Lips. HIF-
la is a vital regulator of the transcriptional response to
acute and chronic hypoxia [14]. As shown in Fig. 5f, the
HIF-la concentration of the Pt@Au-Ce6-Lip group
(8.335 pg mL ) was reduced by almost five times com-
pared with that of the AuNF-Ce6-Lip group without Pt
(33.378 pg mL ') and lower than that of the saline group
(27.548 pg mL "), indicating that PtNPs can ameliorate
tumor hypoxia by decomposing H,0, to produce O, in
TME containing abundant H,O,, leading to the reduction
of HIF-1a. With the decrease in HIF-1a, the therapeutic
efficacy of the PDT with Ce6 was improved.

The expressions of other four hypoxia target genes,
such as VEGF, EPO, GLUT3 and MDRI, were detected to
further certify the hypoxia relief. VEGF is a pivotal reg-
ulator of physiological and pathological angiogenesis. In
hypoxic tumor tissues, VEGF can promote neovascular-
ization by activating the differentiation and proliferation
of vascular endothelial cells, thereby increasing hypoxic
blood flow and oxygen supply to accommodate hypoxia.
EPO is essential for erythropoiesis to transport oxygen in
blood. Under hypoxic conditions, tumor cells can in-
crease the expression of EPO by increasing the tran-
scription of EPO gene, consequently forming more red
blood cells and promoting the delivery of oxygen. GLUT3
is one of the glucose transporters on the cytomembrane.
Influenced by the tumor hypoxic environment, oxidative
phosphorylation in cells is inhibited, and tumor cells
promote glycolysis to meet the energy metabolism of the
body, which induces the increased expression level of
GLUT3. MDRI1 is closely related to drug resistance. The
transcriptional activity of MDR1 improves under hypoxic
conditions, which results in the non-sensitivity of CHT.
As shown in Fig. S7, the levels of VEGF, EPO, GLUTS3,
and MDRI in Pt@Au-Ce6/Res-Lips + 808/660 nm laser
groups significantly decreased compared with those in the
saline group. The biological effects induced by hypoxia,
such as neovascularization, erythropoiesis, repressed
oxidative phosphorylation, and multidrug resistance,
improved after the treatment by Pt@Au-Ce6/Res-Lips,
and they were used to identify the tumor hypoxia relief.

Finally, the biosafety of Pt@Au-Ce6/Res-Lips in vivo
was investigated by biochemical indexes, including ALT,
AST, and BUN. ALT and AST are hepatic markers; the
injury of liver leads to significantly increased levels of
ALT and AST. BUN is a main parameter for detecting
kidney function. When the kidneys are damaged, urea
nitrogen from the blood is difficult to remove by the
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glomerular, which causes a high level of BUN [36]. As
shown in Fig. 5g, the ALT, AST, and BUN of Pt@Au-Ce6/
Res-Lips group in general had no significant changes
compared with those of the healthy mice, indicating the
Pt@Au-Ce6/Res-Lips had no evident toxicity to the mice
at the given dose.

CONCLUSION

In summary, we successfully designed a novel nanother-
apeutic nanocarrier (Pt@Au-Ce6/Res-Lips) that can reg-
ulate tumor hypoxia to enhance the PDT effect. In the
nanovesicle, Pt with good catalase-like activity can de-
compose endogenous H,0, to produce vast O, to ame-
liorate tumor hypoxia. Meanwhile, the Pt@Au nanoshells
with excellent photothermal effect can induce hy-
perthermia under 808 nm laser irradiation to release Ce6
and Res controllably, ablate the tumor cells, and accel-
erate the uptake of nanocarriers. Furthermore, the pho-
tosensitizer Ce6 under 660 nm laser irradiation can
convert energy to produce ROS, which can efficiently
induce the apoptosis and necrosis of tumor cells and
oxidize Pt’ into Pt*', thus realizing the high cytotoxicity
to tumor cells. With the action of drugs, hyperthermia,
and ROS, the Pt@Au-Ce6/Res-Lips exhibited a sub-
stantially high potency for destroying tumor cells through
interlocking trimodal therapeutic options, indicating their
great potential to be used as effective multifunctional
agents for cancer therapy.
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K EA A K R AR MAHE A TR =ES
WEREVRYY
mwA, 2E A, WA HEE AR

T BV SARRIAR A, B R IR T R R R YT R
B, RHRIB TR AR, BATFR T HA UL N6 R
PR 2T A AW AR 3 B/ Sk S AR I AN i e6
(Ce6)/ FAZE T (Res) I i {4 (Pt@Au-Ce6/Res-Lips), LU Heix— i
FH ). Pt@Au-Ce6/Res-Lips T LAJ i Agg 4 PR35 th i ik A9
LA, MM 2E K4, ARG ST iR RAUR. #2808 nm
BOEMY T, S0k A8 AL A, AT Rt om0 e, (5 R
T 575 S T Ce6 AL T 25 M Res IR, 1L AN, 7£660 nm
FIRCR, TR T K S A6 4 (ROS) LA 5 g 4 i i @ - R4
B BEE = EASWRITE (ST . RGBT R Eh IR 9T) I gLk,
Pt@Au-Ce6/Res-Lips£E 4 AMNIAA P AF 55 Hp 44 S 7 H 4 75 11 i e 00
H12, X Rk B Pt@Au-Ce6/Res-Lips 4l K 5 Y4575 2 ik 25 3 11 i
RRIT 2.
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