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Background: Realizing that the potential of photodynamic therapy (PDT) is hindered by
hypoxic microenvironment of tumor section, it is desirable to provide a cascade oxygenation
strategy to enhance PDT.

Methods: The hydrophilic catalase protein was covalently linked to the hydrophobic
photosensitizer Ce6 to form the nanocomplex Catalase-Ce6 with self-assembly. And the
Catalase-Ce6 was loaded in the M1 macrophage vesicles (EVs) with GOX-modified to
construct the nanosystem Catalase-Ce6@MEVs. The synergistic effects of PDT induced by
Catalase-Ce6@MEVs were evaluated on the subcutaneous MFC tumor model.

Results: The construction of Catalase-Ce6 not only solved the insoluble problem of Ce6, but
also induced a cascade effects for hydrolyzing glucose and increasing the hydrogen peroxide
content, achieving the purpose of oxygenated PDT. Cascade tumor targeting was also
realized through the binding between vascular cell adhesion molecule 1 (VCAM-1) of
tumor tissue and o4 integrin of EVs and enhanced vascular permeability, triggering by
PDT. Besides, in vivo experiments found that the Catalase-Ce6@MEVs presented M2
macrophage polarization effect.

Conclusion: Catalase-Ce6@MEVs exhibit the cascade targeting ability after laser irradia-
tion and prominent tumor treatment effect in vivo, which may provide new ideas and
methods for targeted PDT in clinical practice.

Keywords: photodynamic therapy, cascade oxygenation, glucose oxidase, catalase, cascade
tumor targeting, macrophage polarization

Introduction

Photodynamic therapy (PDT) is a clinical therapy that utilizes a photosensitizer, an
appropriate excitation light, and oxygen (O,) molecules to generate cytotoxic singlet
oxygen ('0,) for eliciting localized and superficial cancers death.' Although PDT has
emerged as a viable treatment option for different stage cancers, some obstacles in the
clinical adoption of PDT persist. One of the major challenges is the concentration of O,
as the hypoxic microenvironment, which is caused by an inadequate O, supply, being
recognized as a characteristic feature of solid tumors.®> ® Over the past decade, different
strategies to alleviate the hypoxic environment have been tested. Among them, catalase
is one of the promising PDT enhancers.”® As a protein with catalytic activity, it exists in
all known tissues of mammals which exhibits excellent biocompatibility. At the same
time, the concentration of hydrogen peroxide (H,O,) is relatively high in solid tumor
tissues.”' When catalase is introduced, O, can be generated and released in
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a relatively short time. Therefore, utilizing catalase to
enhance the concentration of O, molecules is an effective
pathway to improve the therapeutic effect of PDT on solid
tumors in vivo. Glucose oxidase (GOX) plays an important
role in the strategy of cancer starvation therapy which is
proposed by depleting the intratumoral glucose to produce
H,0,.!"'* At the same time, H,O, is the enzyme hydrolysis
substrate of catalase, so GOX can be used in combination
with catalase to achieve the purpose of cascading amplifica-
tion of O, supply for PDT enhancement.

Extracellular vesicles (EVs) are cell-derived membrane
vesicles, which are capable of functionally transferring
biological information.'*'® EVs can transport biologically
active molecules including proteins and nucleic acids
which would regulate gene expression and cellular func-
tion in target cells.'”'® They can also play an immunomo-
dulatory role, either limiting or promoting immune
their 19:20

Furthermore, EVs may have multiple advantages over cur-

responses, depending on cellular origin.
rently available drug delivery carriers, such as overcoming
natural barriers, intrinsic cell targeting properties, and low
immunogenicity in the circulation.’’ Macrophages are
important cells of the immune system which can be
recruited to tumor sites.”> There are a large number of
macrophages in tumor microenvironment (TME),>***
which can be divided into M1 and M2 phenotypes.*> The
two phenotypes play different roles in vivo, such that M1
macrophages are mainly focus on tumor development inhi-
biting, while M2 macrophages are conducive to tumor
growth and metastasis.”®*’ However, studies have demon-
strated that M1 macrophages have the capacity to repolar-
ize M2 macrophages into M1 macrophages by releasing
a variety of cytokines, further for reshaping immunosup-
pressive TME.?®?° M1 macrophage vesicles (M1 EVs) are
nanoscale cell-derived carriers which enrich RNA, DNA,
proteins, and other molecules from parent cells, inheriting
some of the functions of the source cells, including M2-
repolarization ability.’® As a natural drug delivery carrier,
M1 EVs have advanced characteristics such as active
tumor targeting, drug delivery capacity, low immunogeni-
city and immune activation. Additionally, as macrophages
vesicles have the same membrane structure as the parent
cell, the active tumor targeting ability could be realized by
the combination between alpha 4 integrin (04) of macro-
phages and vascular cell adhesion molecule 1 (VCAM-1)
of tumor tissue.>’ So, macrophages vesicles can be a kind
of ideal tumor targeting drug carrier with bio-membrane
structure. Interestingly, at the same time, we found that the

inflammatory response induced by PDT could effectively
stimulate the further expression of VCAM-1 in tumor
tissues. Moreover, PDT has the capacity to damage the
microcirculation of tumor tissue, which means it can
destroy tumor endothelial cells and increase vascular per-
meability to promote drug penetration into tumor.>*~*
These two effects could enhance the internalization of
nanoparticles to realize the cascade tumor targeting and
improve the therapeutic effect.*?

Therefore, in this study, the hydrophilic catalase protein
was covalently linked to the hydrophobic photosensitizer,
Ce6,” and the nanocomplex Catalase-Ce6 was produced
with self-assembling in aqueous solution. With loading into
the GOX-modified macrophage vesicles, the photodynamic
drug delivery nanosystem Catalase-Ce6@MEVs was formed
(Scheme 1). The nanocomplex Catalase-Ce6 not only retained
the catalytic activity of catalase, but also improved the water
solubility of Ce6 which could be applied in vivo. The cascade
reaction between GOX and catalase also significantly
increased the O, content in tumor tissue, achieving the oxyge-
nation PDT. It is interesting that Catalase-Ce6@MEVs exhib-
ited a better cascade tumor targeting ability after the laser
irradiation, leading to more nanoparticles internalized into
the tumor cells. Finally, in the in vivo treatment experiment,
Catalase-Ce6@MEVs showed an excellent therapeutic effect
and immune activation capacity. Therefore, this study provides
a new idea and method for targeted PDT in clinical practice.

Materials and Methods

Material
Ce6 and enzymes (GOX, catalase) were purchased from
Shanghai yuanye Bio-Technology and Solarbio (Beijing,
China). 1-Ethyl-3-(3-(dimethylamino)propyl) carbodiimide
(EDC) and n-hydroxysuccinimide (NHS) were purchased
from Sigma (USA). Antibodies were purchased from Abcam.
Mouse forestomach carcinoma cell line (MFC), and mur-
ine macrophage cell line RAW 264.7 were purchased from the
cell bank of Chinese Academy of Sciences (Shanghai, China).

Animal

Female Balb/c and ICR mice weighing 18-22 g were
purchased from Qinglongshan Animal Breeding Farm
(Nanjing, China). All animal studies were approved by
the Laboratory Animal Management Committee of Jilin
University and performed in compliance with the ethical
principles of the Experimental Animal Welfare Ethics
Committee of Jilin University.
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Scheme | The schematic diagram of fabrication process (A) and treatment principle (B) of Catalase-Ce6@MEVs.

Synthesis of Catalase-Ce6

Catalase-Ce6 was synthesized as previously described.*®
In brief, 0.64 mg of EDC and 0.42 mg of NHS were added
into 0.5 mL Ce6 (20mg mL ") solution and the mixture
were stirred in the dark for 30 min at room temperature.
Then 5 mL of catalase (1 mg mL™") solution were added
into the aforesaid mixture and stirred together overnight to
obtain Catalase-Ce6. The preliminary product was sub-
jected to dialysis in phosphate buffered solution (PBS)

solution for 24 h to obtain pure Catalase-Ce6.

Isolation of M| Macrophage Extracellular
Vesicles (EVs) and Synthesis of
Catalase-Ce6@MEVs

RAW 264.7 cells were stimulated to differentiate into
M1 macrophages via LPS (500 ng mL™', Sigma, USA)

for 24 h. To isolate EVs, M1 macrophages were cultured
in serum-free DMEM medium for 48 h at 37°C in 5%
CO,. Afterwards, cell conditional medium was collected
and centrifuged at 2000 rpm for 4 min to remove cell
debris. Then the supernatant was concentrated using
ultrafiltration device (10 kDa, Beyotime, Shanghai,
China) under 2000 g for 20 min around 10 times.
Finally, the product was extruded through 400, 200 nm
polycarbonate films consecutively to obtained uniform
EVs.”’

GOX was inserted into EVs through extrusion (x 10) to
form MEVs. Finally, Catalase-Ce6 and MEVs were co-
extruded through a 200 nm polycarbonate film 20 times to
harvest Catalase-Ce6@MEVs.

Dynamic Light Scattering (DLS) (Litesizer 500, Anton
Paar, Austria) was used to measure the size distributions
and zeta potentials of Catalase-Ce6, MEVs and Catalase-
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Ce6@MEVs. Transmission electron microscope (TEM)
(JEM-2000 EX II, JEOL Company, USA) was used to
observe the morphology of different formulations.
Ultraviolet spectrophotometer (UV-2550, SHIMADZU,
Japan) was used to testify the uploading of different com-
ponents. SDS—polyacrylamide gel electrophoresis (SDS-
PAGE) was used to analyze the protein compositions. In
brief, different formulations were mixed with loading buf-
fer (New Cell & Molecular, Suzhou, China) and samples
were boiled for 10 min to make protein denature. Then,
samples were separated on Bis-Tris gel (Beyotime,
Shanghai, China) and stained using coomassie blue stain-
ing solution for further analysis.

Encapsulation Efficiency and Loading Rate

of Catalase-Ce6@MEVs

A series of Catalase-Ce6@MEVs with different concen-
trations of Ce6 were constructed and purified by dialysis
method. 2 mL of different formulations were lyophilized
for 2 days and demulsified using methanol under ultraso-
nic treatment, followed by measuring the concentration of
Ce6 using fluorospectro photometer (Spectrofluorometer
FS5, Edinburgh Instruments, UK). The encapsulation effi-
ciency and loading rate of catalase and GOX was mea-
sured using the same method.

Drug Release Rate of
Catalase-Ce6@MEVs Under Laser

Irradiation

Drug release rate of Catalase-Ce6@MEVs was measured
using dialysis method. 3 mL of Catalase-Ce6@MEVs dis-
persing in a dialysis bag (MWCO, 3.5 kDa) was immersed
in 150 mL PBS under magnetic stirring. Laser irradiation
(660 nm, 0.08 W/cm?) was conducted to nanoparticles for
10 min or not. At predetermined time points, 1 mL of
peripheral solution was taken out to measure the release of
Catalase-Ce6 using fluorospectro photometer and equal
volume PBS solution was added to ensure the accuracy
of the measurement.

Evaluation of the Catalytic Performance
of MEVs

The catalytic efficiency of MEVs was measured by calculat-
ing the generation of H,O, with molybdic acid as the indi-
cator. A series of MEVs (the concentration of GOX: 0~100
pg mL™") were prepared and incubated with 2 mM glucose
solution at 37°C for 2 h respectively. Then the concentration

of H,O, was measured by ultraviolet spectrophotometer at
the absorbance of 405 nm. Different concentrations of free
GOX solution was served as positive control.

Extracellular Measurement of O,

Concentration

The reaction mixture (glucose=2 mM, H,O,=1 mM) was
incubated with Ce6, Catalase-Ce6, Catalase-Ce6@EVs
and Catalase-Ce6@MEVs (2 mL) for 15 min. Equal
volume PBS solution served as a control group.
Afterwards, a probe of the dissolved O, meter was inserted
under the surface of the solution to record the concentra-

tion of dissolved O,.

Extracellular Measurement of 'O,

Concentration

The 1,3-diphenylisobenzonfuran (DPBF, Sigma-Aldrich)
probe was applied to measure the 'O, generation. DPBF
solution (10uL, 10 mM in DMSO) was added to the 2 mL
test solution (the ingredients were as described above) under
laser irradiation (660 nm, 0.08 W/cm?, 10 min). The absor-
bance of DPBF at 420 nm was recorded every minute.

Cellular Uptake of Catalase-Ce6@MEVs

MFC and RAW 264.7 cells (3 x 10°) were cultured in the
confocal dishes overnight. The next day, 25 uL of free
Ce6, Catalase-Ce6 or Catalase-Ce6@MEVs were added
into the dishes respectively. Two h later, cells were rinsed
twice with PBS and fixed using 4% paraformaldehyde.
Then cell nucleus was stained with DAPI (KeyGen
BioTECH, Nanjing, China) for observation under confocal
laser scanning microscopy (CLSM) (LSM800, Zeiss,
Germany). The quantification data was analyzed by the
software ImageJ.

In vivo Bio-Distribution Assay

The MFC-tumor bearing mice were injected intravenously
with 100 pL free Ce6, Catalase-Ce6 or Catalase-Ce6
@MEVs (with same concentration of Ce6) and imaged
under IVIS Lumina System (IVIS Lumina XR, USA) at
predetermined time points. After the last time point, tumor
and five major organs (heart, liver, spleen, lung, kidney) of
mice were dissected for ex vivo imaging.

In vivo blood circulations of different formulations
were carried out by measured the signal intensity of Ce6
in the serum of mice. Free Ce6, Catalase-Ce6 and
Catalase-Ce6@MEVs were administered intravenously to
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three groups of ICR mice (n=3) respectively. At predeter-
mined time points, 1 mL blood was collected, stood still
for 1 h at 4°C and centrifuged under 4000 rpm (10 min).
The fluorescence of Ce6 in the supernatant was analyzed
using fluorospectro photometer. The blood routine and
biochemistry analyses were carried out by enzyme-linked
immunosorbent assay (Elisa) following the product
instruction.

The cascade targeting performance of Catalase-Ce6
@MEVs under PDT was investigated as follows. MFC-
tumor bearing mice were injected intravenously of
Catalase-Ce6@MEVs and subjected to image at 4 h post-
injection. Then mice were exposed to laser irradiation (660
nm, 0.08 W/em?, 10 min), followed by imaging at differ-
ent predetermined time points.

Cell Cytotoxicity

MTT was used to investigate the cell viability after incu-
bation with Ce6, Catalase-Ce6, Catalase-Ce6@EVs and
Catalase-Ce6@MEVs with increasing Ce6 concentration
(n=6). 5x10° MFC cells were seeded into a 96-well plate
per well overnight at 37°C in 5% CO,. The next day, cells
were incubated with different formulations and subjected
to laser irradiation (660 nm, 0.08 W/cm? 10 min) or not
after 4 h. After incubation for another 4 h, 10 pL of MTT
(BioFroxx, Guangzhou, China) solution (5.0 mg mL™'
PBS) was added to each well. At 4 h post-incubation,
150 pL of DMSO replaced culture medium and the 96-
well plate was under shaking for 15 min, followed by
measuring the absorbance at 490 nm using microplate
reader.

For cell apoptosis assay, 3x10° MFC cells were seeded
into a 6-well plate overnight. The next day, cells were
incubated with different formulations (Ce6 concentration
was 6 ug mL ") and subjected to laser irradiation (660 nm,
0.08 W/ecm?, 10 min) after 4 h. After another 4 h, cells
were harvested and measured by AV-PI apoptosis detec-
tion kit (AM-PI detection kit) using flow cytometry (FCM,
BD, America) (CLSM) according to product instructions.

In vivo Anti-Tumor Assay

The MFC-tumor bearing mice were inoculated as follows.
Every female Balb/c mouse was subcutaneous injection of
5x10° MFC cells (100 uL) into the right axilla. When the
tumor volume reached 70 mm’, mice were randomly
divided into five groups (n=5) and intravenously injected
with different formulations: (1) PBS; (2) Ce6; (3)
Catalase-Ce6; (4) Catalase-Ce6@EVs; (5) Catalase-Ce6

@MEVs every two days (Ce6 -concentration: 6
ug mL™"). Then laser irradiation (660 nm, 0.08 W/cm?,
10 min) was carried out after 8 h of injection. Body weight
and tumor volume were recorded along with the treatment
cycle. After five treatments, mice were dissected and
tumors were collected for immunofluorescence and H&E
staining to investigate the curative effect and M2 macro-
phages repolarization function of different formulations.
Five main organs were dissected for H&E staining to
investigate the systemic toxicity.

Results
Construction and Characterization of

Catalase-Ce6(@MEVs

Here, hydrophilic catalase and lipophilic Ce6 formed self-
assembled nanocomplex (Catalase-Ce6) through covalent
bonds and hydrophobic interactions. GOX-modified M1
macrophage extracellular vesicles (MEVs) were harvested
through coextrusion and further co-extruded with
Catalase-Ce6 to obtain Catalase-Ce6@MEVs. Catalase-
Ce6 showed uniform size and good dispersion in the
PBS solution and Catalase-Ce6@MEVs displayed obvious
bilayer structure (Figure 1A). The average particle sizes of
Catalase-Ce6, MEVs and Catalase-Ce6@MEVs were
74.99, 142.15 and 166.59 nm respectively (Figure 1B).
The zeta potentials of them presented a downward ten-
indicating the wupload of each component
(Figure 1C). Successful synthesis of Catalase-Ce6
@MEVs was further authenticated through UV—vis spec-
trum. As shown in Figure 1D, Catalase-Ce6@MEVs
exhibited the characteristic peaks of Ce6, catalase and
GOX, which confirmed the successful loading of them
into nanoparticles. The result of SDS-PAGE was coinci-

dency,

dence with above-mentioned results (Figure 1E). Finally,
we found that the ability of Catalase-Ce6 to hydrolyze
H,0, was equal to pure catalase, which validated that
Catalase-Ce6 maintained enzymatic activity (Figure 1F).
These results implied the successful fabrication of
Catalase-Ce6@MEVs without impairing the functionality
of catalase.

The Properties of Catalase-Ce6@MEVs

Primarily, the stability of Catalase-Ce6@MEVs in different
solution environments was studied. Figure 2A showed that
Catalase-Ce6@MEVs maintained consistent particle size no
matter in PBS or fatal bovine serum (FBS) solution over 7
days, demonstrating their distinguished stability, which
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Figure | Synthesis and characterization of Catalase-Ce6@MEVs. (A) Transmission electron microscope (TEM) image of Catalase-Ce6, MEVs and Catalase-Ce6@MEVs.
Scan bar, 200 nm. Particle size distributions (B) and Zeta potentials (C) of different formulations. (D) UV-vis spectra of catalase, GOX, Ce6 and Catalase-Ce6@MEVs. (E)
SDS-PAGE pattern of proteins from (I) marker, (2) catalase, (3) EVs, (4) MEVs and (5) Catalase-Ce6@MEVs. The blue and red dotted lines indicated GOX and catalase
respectively. (F) O, concentration detection over time when catalase or Catalase-Ce6 was incubated with H,O, solution (H,O,=I mM, catalase=0.3 mg mL"").

made them suitable for use in vivo. Meanwhile, the percen-
tage of released Catalase-Ce6 was under 10% but shot up to
84.3% upon laser irradiation for 10 min, revealing that PDT
favored the crack of nanoparticles and release of Catalase-
Ce6 (Figure 2B). To investigate whether the catalytic per-
formance of GOX was affected after inserting into EVs, pure
GOX or MEVs were incubated with glucose solution (2
mM) for 2 h. The results suggested that the activity of
GOX in MEVs was comparable to pure GOX, degrading
glucose in an efficient manner (Figure 2C). The encapsula-
tion efficiency and loading rate were 32% and 20.35% for
GOX (Figure 2D), 53.5% and 33.9% for Ce6 (Figure 2E),
and 50.15%, 29.4% for catalase (Figure 2F) respectively.
Then, the cascade catalytic effect between GOX and catalase
of Catalase-Ce6@MEVs was explored extracellularly.
Although the O, generation of Catalase-Ce6 and Catalase-
Ce6@EVs groups showed a gradual increase in the first few
minutes, Catalase-Ce6@MEVs groups produced nearly
twice as much dissolved O, as the formers. It is worth noting

that the high dissolved O, production owns to the cascade
oxidation performance by consuming glucose to produce
H,0, with GOX and decomposing H,O, into O, with cat-
alase. Conversely, the PBS and Ce6 group showed negligi-
within  the period (Figure 2G).
1.3-diphenylisobenzofuran (DPBF) was further used to mea-
sure the generation of '0,. As showed in Figure 2H, the
DPBF content of Catalase-Ce6@MEVs displayed signifi-
cant decline compared with the PBS group under the irradia-

ble changes test

tion of 660 nm laser. These results suggested the superiority
of the combination of GOX and catalase over single compo-
nent, corroborating the remarkable synergistic effect of
Catalase-Ce6@MEVs collaborating with PDT.

Lastly, the cellular uptake ability was studied using
CLSM. As exhibited in Figure 2I, Catalase-Ce6@MEVs
displayed pronounced endocytosis by MFC cells compared
to Ce6 and Catalase-Ce6 groups. It was worth noting that
lower cellular capture of Catalase-Ce6@MEVs was
observed in RAW cells, indicating that EVs providing
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Figure 2 In vitro performances of Catalase-Ce6@MEVs. (A) The stability of Catalase-Ce6@MEVs in PBS or FBS during 7 days. (B) The rate of released Catalase-Ce6 of
Catalase-Ce6@MEVs under laser irradiation (660 nm, 0.08 Wiecm?, 10 min) or not. (C) The glucose catalytic activity of pure GOX and MEVs with increasing concentration
of GOX (glucose =2 mM). The encapsulation efficiency and loading rate of GOX (D), Ceé (E) and catalase (F). (G) O, concentration detection over time when different
formulations were incubated with reaction mixture (glucose=2 mM, H,O,=I mM). (H) Time-dependent degradation of DPBF when incubating with different formulations
under laser irradiation. (I) Cellular uptake of Ce6, Catalase-Ceb6 or Catalase-Ce6@MEVs. Scan bar, 25 pum. (J) The quantification analyses of the cellular uptake of Ce6,
Catalase-Ceb and Catalase-Ce6@MEVs. Data are presented as mean * SD, statistical significance of (C and J) were analyzed via T-test with two-tails and one-way ANOVA

respectively. ns =P =0.05, **P < 0.01.

a decent camouflage effect. The quantitative data was
consistent with aforementioned phenomena (Figure 2J).
These results demonstrated that Catalase-Ce6@MEVs
was a practical nanoplatform for anti-tumor therapy.

In vivo Bio-Distribution of
Catalase-Ce6@MEVs

In this section, bio-distribution of Catalase-Ce6@MEVs
was evaluated firstlyy. MFC-tumor bearing mice were
injected intravenously with free Ce6, Catalase-Ce6 or
Catalase-Ce6@MEVs respectively. In comparison with
free Ce6, Catalase-Ce6@MEVs started to target tumor
tissue 2 h after the injection and the accumulation reached
the peak at 8 h post-injection. Moreover, the signal of Ce6
was still visible at 24 h post-injection. Nevertheless,

Catalase-Ce6 showed the tendency of tumor-targeting
later and displayed weaker fluorescence signal in tumor
section (Figure 3A). After the last time point, tumor, heart,
liver, spleen, lung and kidney were subjected to in vitro
imaging and immunofluorescent staining (IF) to detect the
tumor infiltration of different formulations (Figure 3B and
C), the results of which were consistent with in vivo
imaging. Figure 3D revealed that Catalase-Ce6@MEVs
presented longer circulating time than Catalase-Ce6 and
free Ce6 in the blood. These results indicated that EVs
enhanced the biocompatibility and tumor targeting ability
of Catalase-Ce6@MEVs. Meanwhile blood routine and
biochemistry analyses of the mice injected of different
formulations validated the safety of nanoparticles without
laser irradiation (Figure 3E).
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Figure 3 In vivo bio-distribution and safety evaluation of Catalase-Ce6@MEVs. (A) In vivo tumor targeting ability of Ce6, Catalase-Ceé or Catalase-Ce6@MEVs over time.
(B) Ex vivo imaging of tumors and five organs at 24 h post-injection. (C) Tumors and organs infiltrations of different formulations at 24 h post-injection. Scan bar, 50 um. (D)
Fluorescence signal of Ce6 in the serum over time after mice injected with different formulations. (E) Blood routine and biochemistry analyses of the mice injected with
different formulations after 48 h. (F) The concentration of TNF-o in tumor over time of MFC-tumor bearing mice that were injected with Catalase-Ce6@MEVs under PDT
or not. (G) Changes in VCAM-I expression in tumor after MFC-tumor bearing mice that were subjected with PDT treatment. (H) The expression of a4 integrin in M|
macrophage and MEVs. (1) Cascade tumor targeting ability of Catalase-Ce6@MEVs to subcutaneous MFC-tumor bearing mice undergone PDT treatment. (J) The Tumor/
Normal ratio of fluorescence signal of the mice undergone PDT treatment or not. Data derived from the last group of (A and I). PDT: 660 nm, 0.08 Wi/cm?, 10 min. Data
are presented as mean * SD, statistical significance of (D) and (F and J) were analyzed via one-way ANOVA and T-test with two-tails respectively. *P < 0.05, ***P < 0.001.

It is reported that macrophages can be recruited to the induced by PDT increased the expression of VCAM-1 in
tissues of high VCAM-1 expression, by virtue of membrane ~ MFC tumor tissue (Figure 3G). What’s more, we found the
protein a4 integrin. Meanwhile, the expression of VCAM-1  expression of a4 integrin on EVs and catalase-Ce6@MEVs,
can be stimulated by some inflammatory factors, such as  which indicated that isolation and modification of EVs did
tumor necrosis factor-o. (TNF-o). We firstly explored not lose their intrinsic components (Figure 3H). Considering
whether PDT would promote the expression of TNF-o in  that PDT can also increase vascular permeability, it may
tumor tissues of the subcutancous MFC-tumor bearing promote tumor accumulation of Catalase-Ce6@MEVs to
mice. As displayed in Figure 3F, compared to negligible a large extent, realizing cascade targeting effect. To verify
change in the group without PDT, the concentration of the inference, MFC-tumor bearing mice were injected with
TNF-a in tumor section conspicuously increased under the  Catalase-Ce6@MEVs and imaged for the first time at 4
treatment of PDT and maintained high level for a long time.  h post-injection. Then mice were subjected to laser irradia-
Western blot analysis demonstrated that local inflammation  tion for 10 min, followed by imaged at predetermined time
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points. The in vivo imaging and quantification analysis of
fluorescence signal showed that PDT significantly elevated
the tumor targeting ability of Catalase-Ce6@MEVs. These
results illustrated the outstanding tumor targeting capacity of
Catalase-Ce6@MEVs under PDT. It is worth noting that the
ingenious cascade tumor targeting should be ascribed to the
synergistic effects: the up-regulation of targeted ligand
VCAM-1 and enhanced vascular permeability.

In vitro Cell Cytotoxicity of
Catalase-Ce6@MEVs Combining with
PDT

On the basis of aforementioned results, we studied the cell
cytotoxicity of Catalase-Ce6@MEVs next. More than 80%
of MFC cells were viable when cells were incubated with
different formulations at a concentration of Ce6 as high as
6 ng mL™' without laser irradiation (Figure 4A). On the
contrary, once laser irradiation was added, varying degrees

of cell death were appeared in all experiment groups and
Catalase-Ce6@MEVs caused the highest mortality
(Figure 4B). It should be noted that the higher cytotoxicity
for Catalase-Ce6@MEVs as compared with other groups
was resulted from the promoted cellular uptake of
Catalase-Ce6@MEVs with the assistance of EVs and the
enhanced generation of ROS ascribing to the combination
of GOX, catalase and PDT (Figure 4C). The calcein-AM
and propidium iodide (AM-PI) double-staining was used
to further assess the cell killing efficiency of Catalase-Ce6
@MEVs combining with laser irradiation. As shown in
Figure 4D, a great deal of red fluorescence was observed
in Catalase-Ce6@MEVs, revealing adequate PDT effi-
ciency as opposed to weaker red fluorescence signals of
other groups. Furthermore, the result of Annexin V-FITC
and PI (AV-P]) staining was concordant with the above
experiments (Figure 4E). These results suggested that
Catalase-Ce6@MEVs combining with PDT could result
in high mortality to MFC cells.
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Figure 4 Cell cytotoxicity of Catalase-Ce6@MEVs. (A) Cell viability of MFC cells after incubation with different formulations without laser irradiation. (B) Cell viability of
MFC cells after incubation with different formulations followed by laser irradiation for 10 min. (C) The AM-PI double staining of MFC cells after incubation with different
formulations followed by PDT treatment. The live cells were stained with calcein-AM (green) and dead cells were stained with propidium iodide (red). Scan bar, 100 pm. (D)
The cell apoptosis of MFC cells after incubation with different formulations followed by PDT treatment assessed with AV-PI. (E) IF analysis of ROS level (DCFH-DA, red
fluorescence) in MFC cells after incubation with different formulations followed by PDT treatment. Scan bar; 25 pm. Data are presented as mean * SD, statistical significance
was analyzed via one-way ANOVA. ns =P 20.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5 In vivo anti-tumor performance of Catalase-Ce6@MEVs uniting with PDT. (A) Therapeutic timer shaft for subcutaneous MFC tumor model. (B) Photographic
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Anti-Tumor Effects of PDT Induced by
Catalase-Ce6@MEVs in the

Subcutaneous MFC Tumor Model

After confirming the palpable tumor targeting ability in vivo
and cell lethality in vitro of Catalase-Ce6@MEVs, we subse-
quently evaluated the in vivo therapeutic effect of them using
subcutaneous MFC-tumor model. The tumor model was
established according to Figure SA. When tumor volume
reached 70 mm?®, mice were randomly distributed into 5
groups and injected intravenously of different formulations,
followed by laser irradiation. Body weight and tumor volume
were recorded along with the therapy cycle. As shown in
Figure 5C, the body weights of five groups did not appear
significant changes comparing with their initial body weights
during the whole period. Catalase-Ce6@MEVs group showed
an obvious tumor suppression effect throughout the treatment
cycle as opposed to uncontrolled increase in tumor volume of
other groups (Figure 5D). The survival curves also revealed
Catalase-Ce6@MEVs could prolong the survival time of mice
(Figure SE). At day 18, mice were sacrificed and tumor tissues
were collected for further analysis. TUNEL staining assay for
tumor slices displayed that Catalase-Ce6@MEVs contained
more green fluorescence, which implied their excellent initiat-
ing cell apoptosis (Figure 5F). Furthermore, hematoxylin and
eosin (H&E) staining was correspond to the above results.
Tumor tissues of the mice receiving administration of
Catalase-Ce6@MEVs had fewer lesions (Figure 5G). To
explore whether Catalase-Ce6@MEVs could repolarize M2
macrophage to M1 type, IF staining against inducible nitric
oxide synthase (iNOS) of tumor tissues was used to detect the
proportion of MI1 macrophages. As demonstrated in
Figure 5H, Catalase-Ce6@EVs and Catalase-Ce6@MEVs
presented more red fluorescence signal, implying a -
higher percent of M1 macrophages, which meant the carrier
of EVs or MEVs possessed the ability of M2 reeducation.
Meanwhile, H&E staining of five organs revealed that there
was little difference in the pathological changes between PBS
and Catalase-Ce6@MEVs groups, displaying the safety of
Catalase-Ce6@MEVs in vivo (Figure 5I). All above results
testified the prominent tumor repression effect, obvious M2
reprogram capacity along with high safety of Catalase-Ce6
@MEVs.

Conclusion

In summary, the amphiphilic nanocomplex Catalase-Ce6
could effectively solve the insoluble problem of Ce6, and
the modification of Ce6 does not affect the catalytic

activity of catalase. At the same time, the combination of
catalase and GOX also achieved the purpose of cascade O,
supplementation, which effectively enhanced the ratio of
ROS from PDT. Furthermore, macrophage vesicles were
utilized to load the nanocomplex for the enhancement of
tumor targeting ability. And due to the effect of PDT,
a cascade tumor targeting effect was produced which
allowed more drug accumulating into the tumor sites. In
vitro and in vivo experiments also have shown that this
therapeutic strategy could effectively increase the O, con-
tent of tumor site, thus improving the efficacy of PDT.
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