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A B S T R A C T

Immune checkpoint blockade (ICB) is emerging as a promising therapeutic approach for clinical treatment against
various cancers. However, ICB based monotherapies still suffer from low immune response rate due to the limited
and exhausted tumor-infiltrating lymphocytes as well as tumor immunosuppressive microenvironment. In this
work, the cell membrane with surface displaying PD-1 proteins (PD1-CM) was prepared for immune checkpoint
blockade, which was further combined with multifunctional and biodegradable MnO2 for systematic and robust
antitumor therapy. The MnO2-based gene-engineered nanocomposites can catalyze the decomposition of abun-
dant H2O2 in TME to generate O2, which can promote the intratumoral infiltration of T cells, and thus improve the
effect of immune checkpoint blockade by PD-1 proteins on PD1-CM. Furthermore, MnO2 in the nanocomposites
can be completely degraded into Mn2þ, which can catalyze the generation of highly toxic hydroxyl radicals for
chemodynamic therapy, thereby further enhancing the therapeutic effect. In addition, the prepared nano-
composites possess the advantages of low cost, easy preparation and good biocompatibility, which are expected to
become promising agents for combination immunotherapy.
1. Introduction

Cancer immunotherapy is considered to be one of the most promising
therapeutic approaches that stimulating inherent immune system to
eliminate cancer cells [1,2]. Among them, immune checkpoint blockade
(ICB) has been of great interest due to its remarkable effect to various
cancers. Programmed death-1 (PD-1)/programmed death-ligand 1
(PD-L1) pathway is one of the most important signaling pathways
involved in tumor immune escape [3,4]. PD-1 is a transmembrane pro-
tein expressed on activated effector T cells, while PD-L1 is the ligand of
PD-1 that is reported to be highly expressed on various cancer cells. The
specific binding of PD-L1 on tumor cells to PD-1 on T cells can dramat-
ically inhibit the function of T cells and thus lead to tumor immune
evasion. On the other hand, blocking the interaction between PD-1 and
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PD-L1 can restore the function of T cells and thus promote antitumor
immune response [5–8]. Up to now, many antibody-based immune
checkpoint inhibitors have been approved for the treatment of various
malignancies, and the immune checkpoints include PD-1 and PD-L1
[9–11]. However, the antibodies for ICB need complicated preparation
and isolation, which is laborious and expensive.

Cell membrane-based vesicles have attracted widespread attention in
recent years, which hold great promise for biomedical applications owing
to their easy preparation and good biocompatibility [12–18]. In addition,
they can be endowed with more functions by means of genetic engi-
neering [19–22]. For instance, this approach has been successfully
applied to construct vesicles with surface displaying PD-1 proteins to
block immune checkpoint for enhancing antitumor immune response
[23,24]. Nevertheless, only a subset of cancer patients can benefit from
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ICB monotherapies due to limited and exhausted tumor-infiltrating
lymphocytes as well as tumor immunosuppressive microenvironment.
Therefore, it is necessary to develop rational combination strategies for
improving the therapeutic effect of ICB.

Compared with normal physiological conditions, the tumor micro-
environment (TME) usually shows the typical features including mild
acidic condition, hypoxia, vascular abnormalities and high levels of
hydrogen peroxide (H2O2), which would promote tumor growth and
metastases [25–28]. Tumor hypoxia is mainly caused by abnormal
vascular structure and rapid proliferation of tumor cells in solid tumors,
which is an extremely important factor that affects the efficacy of
immunotherapy [27,29]. Recently, great efforts have been devoted to the
development of efficient immunotherapeutic strategies by TME modu-
lation [30–34]. Specially, abundant H2O2 in TME can be used as a good
oxygen source, which can be converted into oxygen (O2) under the action
of catalase or its mimic enzymes, thus relieving tumor hypoxia and
promoting T cell tumor infiltration.

Various types of nanostructured MnO2 [35–37] have been recognized
as a robust assistor to catalyze the decomposition of H2O2 into O2, which
can efficiently relieve tumor hypoxia to improve the effect of different
treatments including chemotherapy, photodynamic therapy and immu-
notherapy [38–42]. On the other hand, MnO2 can be completely
degraded into Mn2þ that can be rapidly excreted by kidneys, thus
avoiding long-term toxicity. It is reported that Mn2þ itself can promote
the activation of cyclic GMP-AMP synthase (cGAS)/stimulator of inter-
feron genes (STING) pathway and thus strengthen antitumor immune
responses through the production of type I-interferon (IFN) [43,44]. It is
worth mentioning that Mn2þ also exhibits the Fenton-like activity, which
can catalyze the generation of hydroxyl radicals (⋅OH) in the presence of
H2O2 and HCO3

� that can cause oxidative damage to lipids, proteins, DNA
and other biomolecules [45–47]. As well known, GSH is an important
intracellular antioxidant that can react with the generated ⋅OH, thereby
reducing the killing effect. In this case, the generation of Mn2þ from
MnO2 degradation can deplete endogenous GSH, and thus reduce its
influence on Mn2þ based chemodynamic therapy.

Herein, the cell membrane with surface displaying PD-1 proteins
(PD1-CM) was prepared by genetic engineering technology to perform
the function of immune checkpoint blockade, which was further com-
bined with hollow MnO2 for systematic and robust antitumor effect
through modulating TME. Due to the compelling functions of MnO2, the
prepared nanocomposites (MnO2@PD1-CM) can catalyze the conversion
of H2O2 in TME into O2, which can promote the intratumoral infiltration
of T cells, and thus improve the effect of PD1-CM based immune
checkpoint blockade. In addition, Mn2þ produced by the degradation of
MnO2 also can catalyze the generation of highly toxic ⋅OH, which can
further enhance the therapeutic effect. Furthermore, these biodegradable
MnO2-based gene-engineered nanocomposites should have good
biocompatibility, which are expected to become promising therapeutic
agents for various cancers.

2. Materials and methods

2.1. Reagents and apparatus

20,70-Dichlorodihydrofluorescein diacetate (DCFH-DA), Manganese
nitrate tetrahydrate, 40,6-Diamidino-2-phenylindole Dihydrochloride
(DAPI) and glutathione (GSH) were obtained from Sigma-Aldrich
Chemical Co. (USA). Triethanolamine was purchased from Shanghai
Sangon Biotechnology Co. (China). Tetraethylorthosilicate was pur-
chased from Absin Bioscience Inc (China). Coomassie Brilliant Blue G250
and 4% paraformaldehyde were purchased from Beijing Solarbio Tech-
nology Co., Ltd (China). Fluorescent probe DiO, BCA protein quantitation
kit, membrane and cytosol protein extraction kit were purchased from
Beyotime Biotechnology Co., Ltd. (China). Cell Count kit-8 (CCK8) was
purchased from TransGen Biotech (China). Methylene blue (MB) was
purchased from J&K Scientific Ltd (China). Anti-PD-1 antibody, anti-PD-
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L1 antibody and anti-Ki67 antibody were purchased from Abcam (UK).
Most of other reagents such as cyclohexane, sodium carbonate and
phosphate were purchased from Sinopharm Chemical Reagent Co. Ltd.
(China). Ultrapure water was obtained from Millipore water purification
system.

The absorbance spectra were measured by a multifunctional micro-
plate reader (Spectra Max M5, Molecular Devices). The particle size and
zeta potential were estimated by Zetasizer Nano ZS (Malvern In-
struments, UK) through dynamic light scattering (DLS). The confocal
fluorescence images were recorded by a laser scanning fluorescence
microscope (Zeiss LSM780). Flow cytometry analysis was performed by a
FACSVerse BD flow cytometer. The analysis of serum biochemical in-
dicators was performed by an automatic biochemical analyzer (CX5,
Beckman, USA).

2.2. Cell culture

The mouse liver cancer cells (Hepa1-6), Chinese hamster ovary cells
(CHO–S) and the constructed CHO-PD1 cells were cultured in DMEM
medium containing 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin at 37 �C in an incubator containing 5% CO2.

2.3. Construction and identification of stable-expressing cells

The plasmid PCDH-CMV-PD1-mCherry-Puro encoding murine PD-1
as well as mCherry fused at its C-terminal was firstly constructed.
Then, CHO–S cells were transformed by genetic engineering technology
to obtain CHO-PD1 cells with high and stable PD-1 expression, in which
PD-1 and mCherry were expressed in fusion. Briefly, the plasmid and
lentiviral constructs were co-transfected into 293 F T cells using Lip-
ofectamine 3000 Transfection Kit. The viral supernatants were harvested
by ultracentrifugation at 25,000 rpm (4 �C) for 90 min. After purification
and concentration, the lentivirus was stored at �80 �C for further use. To
obtain stable-expressing CHO-PD1 cells, CHO–S cells were infected with
the lentivirus and selected by 5 μg/mL puromycin. The expression of PD-
1 on CHO–S cells can be verified by confocal imaging due to the red
fluorescence from the fused mCherry. For this purpose, 3� 105 CHO-PD1
cells were seeded in a 15 mm confocal dish. These cells were fixed with
4% paraformaldehyde for 10 min, and then stained with DAPI for 15 min
as well as membrane fluorescent dye (DiO) for 10 min. After washing
with PBS, the cells were imaged by a confocal microscope. The ratio of
stable-expressing cells was analyzed by flow cytometry.

2.4. Western blot

The expression of PD-1 on CHO-PD1 cells can be further verified by
western blot. Briefly, CHO–S and CHO-PD1 cells were lysed in RIPA lysis
buffer containing 1% PMSF and 2% protease/phosphatase inhibitor
(Cocktail). After complete lysis, the supernatant was collected after
centrifugation at 17,000 g (4 �C) for 30 min, and then quantified through
BCA protein quantitation kit. The equal protein samples were separated
by polyacrylamide (10%) gel electrophoresis and then transferred to the
NC membrane. After blocking, the NC membrane was incubated with
anti-PD-1 antibody overnight, and then incubated with corresponding
secondary antibody for 1 h. Finally, the expression of PD-1 was visualized
by a Gel imaging system (Bio-Rad). Meanwhile, β-actin was selected as
the reference protein.

2.5. Preparation and characterization of hollow MnO2

The preparation process of hollow MnO2 was as follows: 1.5 g of
CTAB was added to 60 mL of water, and then 25% triethanolamine was
added after 0.5 h. After further stirring for 0.5 h, 20% tetraethylortho-
silicate dissolved in cyclohexane was added to the upper layer of the
solution and reacted for 48 h. After that, the mixture was processed by
centrifugation, and the obtained precipitate was further used as the
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template to prepare hollow MnO2. Briefly, 100 mg of the precipitate was
dispersed in 60 mL of water, and then 0.212 g of manganese nitrate
tetrahydrate was added to the solution. After stirring for 0.5 h, 0.15 g of
urotropine was added and incubated for 4 h. After processed by centri-
fugation, the collected precipitate was further etched with 0.2 M sodium
carbonate at 60 �C overnight to obtain hollow MnO2. The morphology
and size of hollow MnO2 were verified by transmission electron micro-
scopy (TEM). Meanwhile, the hydrodynamic size and zeta potential of
them were determined by DLS.

2.6. Preparation and characterization of MnO2@PD1-CM

CHO–S cells and CHO-PD1 cells were cultured in 10 cm dishes. The
cells were collected by a scraper and were centrifuged at 800 g (4 �C) for
10 min. After washed with PBS for three times, the cells were incubated
with membrane protein extraction reagent containing 10% PMSF for 30
min on ice. After that, the samples were quickly frozen in liquid nitrogen
and then placed at room temperature until thawed. After repeating this
process three times, the samples were centrifuged at 7000 rpm for 10min
to remove the precipitate. Then, the supernatant was further centrifuged
at 40,000 g (4 �C) for 1 h. The resulting precipitate of cell membrane was
re-suspended in PBS and stored at �80 �C for further use. Membrane
proteins can be quantified by the BCA protein quantification kit.

For the preparation of MnO2@PD1-CM, 1 mg/mL suspension of CHO-
PD1 cell membrane (PD1-CM) was sonicated in an ice bath for 10 min.
Subsequently, 400 μL of the above PD1-CM was mixed with 400 μL of 1
mg/mL MnO2 solution under sonication for 5 min, and then passed
through the polycarbonate membranes with pore diameters of 1000 nm
and 400 nm in turn for 11 times. Then, the PD1-CM coated MnO2
(MnO2@PD1-CM) was obtained and stored at 4 �C for further use. The
synthesized nanocomposites were characterized by absorption spectra,
TEM imaging, DLS analysis, and so on. The proteins in PD1-CM and
MnO2@PD1-CM can be characterized by Coomassie brilliant blue stain-
ing. The samples were separated by 10% SDS-PAGE gel electrophoresis,
and then stained with G250 Coomassie brilliant blue for 2 h. After
destaining, the gel was visualized by a Gel imaging system (Bio-Rad).

2.7. Immunoprecipitation assay

The orientation of PD-1 protein on PD1-CM or MnO2@PD1-CM was
verified by immunoprecipitation assay. Briefly, 100 μL of protein A/G
magnetic bead was washed with PBS and further mixed with 2 μL of 1
mg/mL anti-PD-1 antibody and 400 μL of 1 mg/mL PD1-CM or
MnO2@PD1-CM (concentration based on membrane protein). After in-
cubation overnight at 4 �C, the collected magnetic beads were washed
three times with PBS and then subjected to western blot analysis. As a
control, the anti-PD-1 antibody was replaced with IgG, and the same
procedure was performed.

2.8. The degradation of MnO2 into Mn2þ

The degradation of MnO2 can be mediated by GSH, and this reaction
can be verified by absorption spectrum and inductively coupled plasma
atomic emission spectrometer (ICP-OES). Briefly, 200 μL of 4 mg/mL
MnO2 solution was mixed with 100 μL of 100 mM GSH and 700 μL of 10
mM PBS (pH ¼ 6.7) for 20 min. Then, the absorption spectra of MnO2
with or without GSH treatment were measured by a multifunctional
microplate reader. For the analysis of Mn2þ, the solution with or without
GSH treatment were centrifuged at 12,000 g for 10 min to remove the
precipitate. After passing through 0.22 μm filter, the concentration of
Mn2þ in the solution was detected by ICP-OES.

When verified at cellular level, Hepa1-6 cells were seeded in a 6-well
plate with a density of 3 � 105 cells per well, then were respectively
incubated with 2 mL of PBS and MnO2@PD1-CM (80 μg/mL) for 12 h.
After that, the treated cells were collected and broken by ultrasound. The
obtained mixture was centrifuged at 12,000 g for 10 min to remove the
3

precipitate, and the concentration of Mn2þ in the supernatant was
measured by ICP-OES to verify the degradation of MnO2 into Mn2þ.

2.9. Catalytic generation of hydroxyl radicals

The generation of ⋅OH can be verified by the degradation of methy-
lene blue (MB). Briefly, 1 mg/mL MnO2 solution was mixed with 10 mM
GSH in 25 mM NaHCO3 solution for 15 min, and then centrifuged at
12,000 g for 10 min. Subsequently, 40 μL of the supernatant was incu-
bated with 30 μg/mL MB and 10 mM H2O2 at 37 �C for 1 h. Finally, the
absorption spectrum of the solution in the range from 500 nm to 800 nm
was measured.

To verify intracellular ⋅OH generation, Hepa1-6 cells were seeded in a
96-well plate with a density of 1 � 104 cells per well, followed by in-
cubation with PBS, PD1-CM, MnO2 and MnO2@PD1-CM (80 μg/mL),
respectively. After incubation for 2 h, 40 μM of DCFH-DA was added and
then incubated for another 30 min. Finally, the cells were washed twice
with PBS and then imaged by a confocal microscope to verify the gen-
eration of hydroxyl radicals.

2.10. CCK-8 assay

The antitumor effect of PD1-CM, MnO2 and MnO2@PD1-CM to
Hepa1-6 cells was evaluated by a cell counting kit (CCK-8). Briefly,
Hepa1-6 cells were seeded in a 96-well plate with a density of 1 � 104

cells per well, and then incubated with different concentrations of PD1-
CM, MnO2 or MnO2@PD1-CM (0, 4, 8, 10, 20, 40, 80 μg/mL) for 24 h.
After washed three times with PBS, 100 μL of fresh medium containing
10% CCK-8 solution was added to each well and then incubated in a 37
�C incubator containing 5% CO2 for 1 h. Finally, the absorbance of the
solution at 450 nm was measured by a multifunctional microplate reader
to evaluate the cell viability.

2.11. Confocal imaging

For imaging purposes, CHO-CM and PD1-CM were incubated
respectively with DiO at room temperature for 30 min, and then centri-
fuged at 40,000 g to remove the unbound DiO. Meanwhile, Hepa1-6 cells
were seeded in a 15 mm confocal dish at a density of 3 � 105 per well.
After that, 100 μg/mL of DiO-labelled CHO-CM, PD1-CM or MnO2@PD1-
CM were added and incubated at 37 �C for 2 h. After fixed with 4%
paraformaldehyde for 15 min, the cells were stained with DAPI for 15
min and then observed under a confocal fluorescence microscope.

To illustrate the interaction of prepared MnO2@PD1-CM to PD-L1 on
Hepa1-6 cells, the cells were seeded in a 15 mm confocal dish, and then
pre-treated with anti-PD-L1 antibody for 2 h. After that, 100 μg/mL of
DiO-labelled MnO2@PD1-CMwere added and incubated at 37 �C for 2 h.
After fixed with 4% paraformaldehyde for 15 min, the cells were stained
with DAPI for 15 min and then observed under a confocal fluorescence
microscope.

2.12. In vivo antitumor effect of MnO2@PD1-CM

Male C57BL/6 mice were purchased from China Wushi, Inc.
(Shanghai, China). All animal experiments were approved by the Animal
Ethics Committee of Mengchao Hepatobiliary Hospital of Fujian Medical
University. Firstly, tumor-bearing mice were constructed by subcutane-
ously injecting 3 � 106 Hepa1-6 cells into each mouse. When tumor
volume reached 80–100 mm3, they were randomly divided into four
groups with 8 mice in each group. Then, 50 μL of PBS, PD1-CM,
MnO2@CHO-CM or MnO2@PD1-CM (100 μg membrane proteins) were
intratumorally injected into tumor-bearing mice of each group on days 1,
4, 7, and 10, respectively. During this process, the tumor volume and
body weight of each mouse were monitored every two days. Tumor
volume was measured by a Vernier caliper, and was calculated to be
LW2/2, where L was the longest diameter of tumor and W was the
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shortest diameter of tumor. The mouse was euthanized when its tumor
volume reached 1200 mm3.

For the assessment of antitumor effect and biosafety, three mice in
each group were sacrificed on the fourth day after last injection. Then,
the tumors and major organs (heart, liver, spleen, kidney and lung) were
fixed in formalin solution, and were embedded in paraffin. The tumor
Fig. 1. Schematic illustration of the preparation of MnO2@PD1-CM

Fig. 2. (a) Confocal images of the co-localization of fusion protein PD-1-mCherry a
mCherry positive rate of CHO-PD1 cells; (c) western blot analysis of PD-1 expressio
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sections were deparaffinized and then subjected to hematoxylin-eosin
(H&E) staining, Ki67 staining and other immunofluorescence staining
analysis. For Ki67 staining, the tumor sections were blocked with BSA,
and then incubated with Ki67 antibody as well as the HRP-labelled sec-
ondary antibody. After incubated with DAB staining solution, the tumor
sections were immersed in hematoxylin for counterstaining, and then
nanocomposites and their application in antitumor therapy.

nd DiO-labelled cell membrane. Scale bar: 5 μm; (b) flow cytometry analysis of
n on CHO–S and CHO-PD1 cells, and β-actin was used as control.
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placed under an optical microscope for observation. For immunofluo-
rescence staining of HIF-1α, CD4 or CD8, the tumor sections were incu-
bated with the corresponding antibodies and fluorescent secondary
antibodies after blocking with BSA. Finally, each tumor section was
covered with a coverslip and placed under a confocal fluorescence mi-
croscope for observation.

Meanwhile, a portion of the tumor from each group was collected and
digested with 0.2 mg/mL hyaluronidase, 1 mg/mL collagenase IV and
0.02 mg/mL DNase I at 37 �C for 1 h. After filtration, the cells were
collected by centrifugation at 800g for 5 min, and purified by red blood
cell lysate as well as Ficoll-based density gradient centrifugation at 800g
for 20 min. The collected single cell suspension was firstly blocked with
BSA, and then stained with anti-CD3-APC, anti-CD4-FITC and anti-CD8-
PE antibodies for flow cytometry analysis. Moreover, a portion of the
tumor from each group was homogenized with 1 mL PBS by an automatic
sample rapid grinding machine for the analysis of IFN-γ and TNF-α. The
supernatant was collected by centrifugation at 12,000 rpm for 10 min,
Fig. 3. (a) TEM images, (b) hydrodynamic size analysis and (c) absorption spectra o
staining of PD1-CM, MnO2 and MnO2@PD1-CM; (f) immunoprecipitation and wester
CM; (g) oxygen generation from the reaction of MnO2 with H2O2 in 10 mM PBS buffe
10 mM GSH, the insert was the concentration of Mn2þ in corresponding solution; (
treated MnO2.

5

and then the corresponding cytokine levels were detected by ELISA kits.

2.13. Biosafety assessment

For biosafety assessment, the collected heart, liver, spleen, lung and
kidney from the mice in each group were fixed in formalin solution, and
were embedded in paraffin. After deparaffinization, the corresponding
tissue sections were subjected to H&E staining, and then observed by an
optical microscope. Moreover, the blood specimens of three mice in each
group were collected for biochemical examination on the fourth day after
last injection. After standing at 4 �C for 30 min, the serum was collected
by centrifugation at 7000 rpm, and the serum biochemical indicators
were detected through an automatic biochemical analyzer (CX5, Beck-
man, USA). The indicators included alanine aminotransferase (ALT),
aspartate aminotransferase (AST), creatinine (CRE) and blood urea ni-
trogen (BUN) (see Fig. 1).
f MnO2 and MnO2@PD1-CM; (d) zeta potential and (e) Coomassie brilliant blue
n blot analysis to examine the orientation of PD-1 on PD1-CM and MnO2@PD1-
r (pH ¼ 6.5); (h) absorption spectra of MnO2 and the solution after reacted with
i) absorption spectra of methylene blue (MB) after reacted with H2O2 or GSH-



Y. Wang et al. Materials Today Bio 18 (2023) 100531
3. Results and discussion

3.1. Construction and identification of CHO-PD1 cells

CHO–S cells with surface stably expressing PD-1 proteins (PD1-CM)
were prepared by genetic engineering technology. To verify the stable
expression of fused PD-1-mCherry on CHO–S cells, the cells were labelled
with DiO (a lipophilic fluorescent probe that can bind to cell mem-
branes). As shown in Fig. 2a, the red fluorescence signal of mCherry on
the constructed CHO-PD1 cells was quite obvious. This phenomenon can
prove the successful expression of PD-1-mCherry on CHO–S cells.
Meanwhile, a large overlap of mCherry and DiO fluorescence was
observed, further indicating the successful expression of PD-1-mCherry
on the cell membrane. In addition to cell surface, red fluorescence was
also observed in the cytoplasm. This is because that the proteins were
synthesized in the cytoplasm and then transferred to the cell membrane.

Moreover, flow cytometry was used to detect the mCherry positive
ratio of CHO-PD1 cells to verify the stable expression of fused PD-1-
mCherry. As shown in Fig. 2b, the positive ratio of CHO-PD1 cells kept
above 99.9% even being passaged for 6 generations, indicating that PD-1-
mCherry could be stably expressed on CHO-PD1 cells. The successful
expression of fused PD-1-mCherry was also verified by WB analysis. As
shown in Fig. 2c, compared with parent cell, a new protein that can bind
to PD-1 antibody was expressed on CHO-PD1 cells. However, its molec-
ular weight was significantly larger than that of PD-1 recombinant pro-
tein provided by Abcam, verifying the fusion of PD-1 and mCherry in
CHO-PD1 cells. All these results proved the successful expression of
PD-1-mCherry on CHO-PD1 cells.
Fig. 4. (a) Confocal images of Hepa1-6 cells after incubated with DiO-modified PD1-
PD-L1 antibody pre-treated Hepa1-6 cells after incubated with DiO-modified MnO2

cellular ROS in Hepa1-6 cells after treated with PD1-CM, MnO2 or MnO2@PD1-CM; c
(d) or MnO2@PD1-CM (e) for 24 h.
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3.2. Preparation and characterization of MnO2@PD1-CM

Hollow MnO2 were synthesized by using mesoporous silica as tem-
plate and then etched by sodium carbonate, which were further coated
with PD1-CM for antitumor therapy. As shown in Fig. 3a, the TEM image
can confirm that the synthesized MnO2 nanomaterials were hollow and
the size of which was in the range from 80 nm to 100 nm. Meanwhile, the
average hydrodynamic size of hollow MnO2 was about 184 nm (Fig. 3b).
The synthesized hollow MnO2 had a relatively broad absorbance around
400 nm, which is consistent with the absorption spectrum of MnO2 re-
ported in the previous literature [41,48], further proving the successful
synthesis of hollow MnO2 (Fig. 3c). After coating with cell membrane, a
thin film could be observed on the surface of MnO2@PD1-CM (Fig. 3a),
and its average hydrodynamic size increased to 200.4 nm. As shown in
Fig. 3d, the surface potential of MnO2 was�31.2� 1.1 mV. After coating,
the surface potential changed to �28.3 � 0.7 mV, which was closer to
that of PD1-CM. Moreover, coomassie brilliant blue staining confirmed
that the protein in MnO2@PD1-CM was almost the same as that in
PD1-CM (Fig. 3e). These results can indirectly prove the successful
encapsulation of MnO2 by PD1-CM.

To exert the function of immune checkpoint blockade by PD-1 pro-
teins, an important prerequisite is the right outward orientation of PD-1
proteins on the prepared MnO2@PD1-CM to guarantee effectively bind-
ing to PD-L1 on the surface of cancer cells. We verified it by immuno-
precipitation assay. In which, the protein A/G on the magnetic beads
could bind to the Fc segment of anti-PD1 antibody, and then this antibody
was used to capture PD-1 protein on the membrane. The data shown in
Fig. 3f demonstrated that PD-1 protein on MnO2@PD1-CM had the
outward orientation and can bind to anti-PD1 antibody, which further
CM or CHO-CM. Scale bar: 20 μm; (b) confocal images of Hepa1-6 cells and anti-
@PD1-CM, Scale bars: 20 μm; (c) DCFH-DA indicating the production of intra-
ell viability of Hepa1-6 cells after treated with different concentrations of MnO2
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indicated that the PD-1 proteins on MnO2@PD1-CM might also bind to
PD-L1 on cancer cells, thereby exert its biological function.

Since MnO2 has been reported to possess the catalytic activity like
catalase (CAT) to catalyze H2O2 into O2 and thus relieve intratumor
hypoxia, we next investigated this property though a portable dissolved
oxygen meter. As shown in Fig. 3g, MnO2 or H2O2 alone could not induce
oxygen generation. When MnO2 and H2O2 were mixed together, signif-
icant oxygen generation was observed and the amount of generated O2
was related to their concentrations (Fig. S1). This result can confirm the
catalase-like catalytic activity of MnO2, which is expected to catalyze
H2O2 in TME to generate O2, thereby relieving tumor hypoxia and pro-
moting T cell infiltration.

MnO2 is biodegradable in vivo and thus also has the ability to deliver
Mn2þ for chemodynamic therapy. As shown in Fig. 3h, the absorption
spectrum of MnO2 changed significantly after reaction with GSH, and its
absorption around 400 nm was disappear, indicating that MnO2 was
degraded by reacting with GSH. Meanwhile, the concentrations of Mn2þ

in the MnO2 solution before and after reaction with GSH were measured
by ICP-OES. As shown in the insert of Fig. 3h, the concentration of Mn2þ

in the MnO2 solution significantly increased after reaction with GSH,
indicating the degradation of MnO2 into Mn2þ. We further investigated
the Fenton-like activity of Mn2þ degraded from MnO2, which can cata-
lyze the generation of ⋅OH for chemodynamic therapy. It is worth
mentioning that methylene blue (MB) can be degraded into colorless
product by ⋅OH, which can be used as an indicator of ⋅OH generation. As
shown in Fig. 3i, when H2O2 and GSH-treated MnO2 were added
simultaneously, the absorbance of MB solution was significantly
decreased. This suggested that MnO2 can be degraded into Mn2þ and
further catalyze the generation of ⋅OH for exerting antitumor effect.
Fig. 5. (a) Schematic illustration of the treatment; (b–f) tumor growth curves of
MnO2@PD1-CM; (g) photographs of the mice in each group when the tumor volum
each group.
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3.3. The binding of nanocomposites to cancer cells

It is well known that PD1 protein on the surface of T cells can bind to
PD-L1 on the surface of cancer cells, thereby causing tumor immune
escape. To investigate whether PD1-CM immobilized on MnO2 is able to
interact with PD-L1 on cancer cells, the cell membrane based nano-
composites were stained with DiO, while the nuclei of Hepa1-6 cells were
stained with DAPI. As shown in Fig. 4a, the green fluorescent signal in
Hepa1-6 cells incubated with PD1-CMwas much higher than that in cells
incubated with CHO-CM, which means that PD-1 on PD1-CM can pro-
mote its binding to Hepa1-6 cells. Meanwhile, PD1-CM can still bind to
Hepa1-6 cells after coating on the surface of MnO2. As shown in Fig. 4b,
when Hepa1-6 cells were incubated with MnO2@PD1-CM, obvious green
fluorescence can be observed and its fluorescence intensity was slightly
weaker than that of cells incubated with PD1-CM, which may be because
MnO2 could quench DiO fluorescence to some extent. To further verify
that the binding occurred through the interaction between PD-1 and PD-
L1, Hepa1-6 cells were pre-treated with anti-PD-L1antibody and then
incubated with DiO-modified MnO2@PD1-CM for confocal imaging. As
shown in Fig. 4b, the green fluorescence signal was significantly reduced
after blocking, which indicated that MnO2@PD1-CM can bind to cancer
cells through the interaction between PD-1 and PD-L1, with great po-
tential to block the immune checkpoints and thus enhance therapeutic
efficacy.

3.4. Antitumor effect of MnO2@PD1-CM at cellular level

DCFH-DA is a cell-permeable fluorescent probe for the detection of
intracellular reactive oxygen species (ROS). After enters the cell, the
tumor-bearing mice after the treatment of PBS, PD1-CM, MnO2@CHO-CM or
e for one of the mice reached 1200 mm3; (h) survival curves of the mice in
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probe will be deacetylated by cellular esterase to form 20, 70-dichloro-
fluorescein (DCFH), and further oxidized into 20,70-dichlorofluorescein
(DCF) with green fluorescence by intracellular ROS. When Hepa1-6 cells
were incubated with MnO2@PD1-CM, the concentration of Mn2þ in cell
lysate increased significantly, indicating that MnO2 can be degraded into
Mn2þ in cells (Fig. S2). To verify the intracellular generation of ⋅OH,
Hepa1-6 cells were firstly incubated with different nanocomposites, and
then incubated with DCFH-DA for confocal fluorescence imaging. As
shown in Fig. 4c, the green fluorescence of Hepa1-6 cells in MnO2 group
was significantly higher than that in PBS and PD1-CM group, indicating
that the endogenous ROS level was relatively low and MnO2 can induce
the generation of ROS. This may be attributed to the intracellular
degradation of MnO2 into Mn2þ, and thus catalyze the conversion of
endogenous H2O2 into more reactive ⋅OH that can kill tumor cells.
Obvious green fluorescence was also observed in the MnO2@PD1-CM
group, indicating that MnO2 can still induce the conversion of endoge-
nous H2O2 into ⋅OH after coating the PD1-CM. There was a slight
decrease in green fluorescence, which may be because the PD1-CM
coating could reduce the reaction rate of MnO2 in the nanocomposites
[49].

To further illustrate the antitumor effect of MnO2@PD1-CM, Hepa1-6
cells were incubated with different concentrations of MnO2@PD1-CM for
24 h, and then the cell viability was evaluated by CCK-8. Meanwhile,
MnO2 and PD1-CM were used as control. As shown in Fig. 4d, MnO2 had
Fig. 6. (a) H&E and (b) Ki67 staining of tumor slices from different treatments. Scal
HIF-1α in tumor slices from different treatments. Nuclei stained with DAPI were blu
staining of CD4 and CD8 in tumor slices from different treatments. Scale bar: 20 μm
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a significant influence on cell survival. As the MnO2 concentration
increased to 80 μg/mL, the cell viability decreased to 18.3%. PD1-CM
had no significant influence on cell survival (Fig. S3). Nevertheless, the
cell viability in MnO2@PD1-CM group was similar to that in MnO2 group.
Compared with MnO2 group, the cells treated with MnO2@PD1-CM had
a slightly higher survival rate (Fig. 4e), which may be ascribed to the
decrease of reaction rate after coating with PD1-CM. But they still had a
strong antitumor effect on Hepa1-6 cells. It is worth mentioning that the
degradation of MnO2 can deplete endogenous GSH, and thus enhance the
killing effect caused by intracellular catalytic reaction. The nano-
composites may also have a certain impact on the survival of T cells.
Increasing the accumulation of the nanocomposites at the tumor site may
reduce this influence.
3.5. In vivo antitumor effect of MnO2@PD1-CM

To evaluate the antitumor effect of MnO2@PD1-CM in vivo, tumor-
bearing mice were firstly constructed by subcutaneously injecting
Hepa1-6 cells, and then randomly divided into four groups for different
treatments. During the treatments, the tumor volume and body weight of
each mouse were monitored every two days. The tumor growth curves of
tumor-bearing mice after different treatments were summarized in
Fig. 5b–f. It can be found that the tumor growth in PD1-CM, MnO2@-
CHO-CM and MnO2@PD1-CM groups was significantly slower than that
e bars were 20 μm and 50 μm, respectively; (c) immunofluorescence staining of
e and the stained HIF-1α was green. Scale bar: 50 μm; (d) immunofluorescence
.
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in PBS group. At the same time, MnO2@PD1-CM exerted the best anti-
tumor effect, which may due to the synergistic effect between MnO2 and
PD1-CM. In order to assess the antitumor effect more intuitively, all mice
were photographed when the tumor volume for one of the mice reached
1200 mm3. As shown in Fig. 5g, the tumors in PBS group were relatively
large, and the tumors in MnO2@CHO-CM and MnO2@PD1-CM groups
were significantly reduced. Especially in the MnO2@PD1-CM group, it
was difficult to find the protruding tumor from the photographs, which
suggested that MnO2@PD1-CM could better inhibit tumor growth. We
also monitored the survival of the mice for up to 60 days. As shown in
Fig. 5h, the survival time of the mice after the treatment of MnO2@PD1-
CM was significantly prolonged. Moreover, the body weight of the mice
did not change significantly during the treatment (Fig. S4), indicating
that these cell membrane-based nanocomposites had no obvious influ-
ence on the mice themselves.

We next assessed the antitumor effect of MnO2@PD1-CM by immu-
nofluorescence and immunohistochemically staining. For H&E staining,
the PBS group had the most complete cell morphology, while the struc-
tures of tumor cells in PD1-CM, MnO2@CHO-CM and MnO2@PD1-CM
group all suffered a certain degree of damage (Fig. 6a). Ki67 is expressed
in the interphase of cell mitosis, which can be used as a marker for cell
proliferation. As shown in Fig. 6b, the positive rate of Ki67 was decreased
in different treatment groups, especially in MnO2@PD1-CM group. This
indicated that MnO2@PD1-CM could effectively reduce tumor cell pro-
liferation, thereby inhibiting tumor growth. PD1-CM and MnO2@CHO-
CM also exhibited a certain degree of antitumor effect, which may be due
to the immune checkpoint blockade of PD-1 proteins as well as the
chemodynamic therapy of Mn2þ generated by MnO2 degradation.
Possibly due to the synergistic effect of PD1-CM and MnO2, MnO2@PD1-
CM exhibited a most efficient antitumor effect. Moreover, MnO2 has been
verified to catalyze the production of O2, which was expected to relieve
tumor hypoxia and promote the intratumoral infiltration of T cells [39,
50], thereby further enhancing the therapeutic effect.

Hypoxia-inducible factor 1α (HIF-1α) is ubiquitous in mammals and is
easily degraded by ubiquitination. However, the ubiquitination of HIF-1α
is affected under hypoxia, resulting in increased intracellular expression.
Therefore, the expression of HIF-1α can indicate the level of tumor
hypoxia. To investigate the effect of MnO2@PD1-CM on relieving tumor
Fig. 7. The analysis of (a) ALT, (b) AST, (c) CRE and (d) BUN in serum from the
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hypoxia, immunofluorescence analysis of HIF-1α was performed on
tumor sections after different treatments, and the green fluorescence
could indicate the expression of HIF-1α. As shown in Fig. 6c, the green
fluorescence was obvious in PBS and PD1-CM group, while almost no
green fluorescence could be observed in MnO2@CHO-CM and
MnO2@PD1-CM group. The decreased expression of HIF-1α indicated
that MnO2 in MnO2@CHO-CM and MnO2@PD1-CM could catalyze the
generation of O2 in TME, and thus relieve tumor hypoxia.

We next investigated the intratumoral infiltration of T cells after
different treatments. On the fourth day after last injection, three mice
from each group were sacrificed to prepare single cell suspension for flow
cytometry analysis. Compared to PBS group, the percentages of CD8þ

and CD4þ T cells in the tumors after different treatment were obviously
increased (Fig. S5). Furthermore, the percentage of CD8þ T cells in
MnO2@PD1-CM group was about 54.3%, which was obviously higher
than that in PBS group (34.2%), indicating that MnO2@PD1-CM could
cause more CD8þ T cells to infiltrate in the tumor. We further verified the
infiltration of T cells by immunofluorescence staining, and the result was
shown in Fig. 6d. It can be found that the numbers of intratumoral CD8þ

and CD4þ T cells in the MnO2-based experimental groups were signifi-
cantly higher than those in PBS group, especially in MnO2@PD1-CM
group. Cytokine levels in the tumors of the treated mice were also
analyzed by ELISA. Compared with PBS group, the levels of IFN-γ and
TNF-α in the treated groups were obviously higher (Fig. S6). In general,
the prepared MnO2@PD1-CM could relieve tumor hypoxia and promote
the intratumoral infiltration of T cells, thereby exerting a better anti-
tumor effect.
3.6. Biosafety assessment

We finally evaluated the biosafety of the preparedMnO2@PD1-CM by
serum biochemical analysis and H&E staining. On the fourth day after
last injection, the serums from three mice of each group were collected
for the analysis of liver and kidney function indicators, such as ALT, AST,
CRE and BUN. As shown in Fig. 7, there were no significant differences
between PBS group and MnO2@PD1-CM group. Meanwhile, the heart,
liver, spleen, lung and kidney of the mice in PBS and MnO2@PD1-CM
group were also collected for H&E staining analysis. As shown in Fig. S7,
mice with indicated treatments on the fourth day after last injection. N ¼ 3.
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MnO2@PD1-CM did not cause obvious organ damage that was compared
with PBS group, further proving the good biosafety of the prepared
MnO2@PD1-CM.

4. Conclusions

In general, in order to solve the problem of low response rate of im-
mune checkpoint blockade, hollow MnO2 and the cell membrane with
surface displaying PD-1 proteins were used to construct the multifunc-
tional MnO2@PD1-CM for systematic and robust antitumor therapy. The
prepared nanocomposites can catalyze the decomposition of H2O2 in
TME into O2, thus alleviating the tumor hypoxia microenvironment. In
this way, the intratumoral infiltration of T cells can be promoted, thus
enhancing the effect of immune checkpoint blockade by PD-1 proteins on
PD1-CM. In addition, the nanocomposites can catalyze the generation of
highly toxic ⋅OH for chemodynamic therapy, thereby further enhancing
the therapeutic effect. We have successfully verified that the prepared
MnO2@PD1-CM can specifically bind to PD-L1 on the surface of cancer
cells, and its antitumor effect has been verified at cellular and animal
levels. Moreover, these nanocomposites possess the advantages of easy
preparation, low cost and good biocompatibility, which are expected to
provide new ideas for systematic immunotherapy.
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