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Abstract: Photodynamic therapy ( PDT) is an emerging treatment method that relies on oxygen.
However, due to the insufficient oxygen supply to the blood vessels at the tumor site, the hypoxic
microenvironment greatly inhibits the therapeutic effect of PDT. Therefore, how to alleviate the tumor
hypoxia is the key issue of the development of PDT. Perfluorocarbon is a compound that can effectively
carry oxygen and is one of the commonly used blood substitutes. We carry oxygen and photothermal
drug Indocyanine Green (ICG) through PFC (bromide hepta-fluorooctane) nanoparticles, and coat the
particles with red blood cell membranes for bionic camouflage to reduce the uptake of particles by
macrophages, improve the circulation capacity of the particles and enhance the ability of the drug to
accumulate in the tumor. In addition, we combine PDT to effectively alleviate the hypoxia in the tumor
microenvironment, enhance the photodynamic effect, and provide new strategies for cancer therapies.
Keywords: drug delivery system;cancer therapy ; photothermal therapy; photodynamic therapy
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1 Introduction

Tumor is one of the urgent public health problems in the
world today, but there are still some problems in
conventional therapies ( such as surgery''?,
chemotherapy'®’ , immunotherapy'*', etc. ) that makes
the treatment effect unsatisfactory. The photodynamic
therapy (PDT) has been brought to the fore by data as
the rapid development of the tumor treatment>®'. The
mechanism of PDT is to use light to decompose the
photosensitizer to produce free radicals, and then the
free radicals react with triplet oxygen to produce singlet
oxygen, which finally leads tumor cell to death'”*’.
However, the proliferation rate of tumor cells is much
greater than that of vascular endothelial cells in the
process of the tumor growth, resulting in abnormal
blood vessels in the tumor and the formation of a
hypoxic microenvironment'*’. Generally, the area close
to the blood vessel has higher oxygen content, while the
deep part of the tumor far away from the blood vessel is
highly hypoxic. This hypoxic microenvironment makes
it difficult for the photodynamic therapy to produce
enough reactive oxygen species (ROS) to treat tumors.
Therefore, increasing the oxygen content of the tumor

microenvironment and alleviating hypoxia 1is an
important way to enhance the photodynamic therapy.

In order to solve the problem of lack of oxygen in
the tumor microenvironment, methods such as carrier
delivery'"®’ | improved vascular perfusion''"’ | and
decomposition of hydrogen peroxide''” are generally
used. Among them, the perfluorocarbon called “white
blood” is one of the common blood substitutes as a
carrier ~ with  high-efficiency = oxygen  carrying
capacity' "'

However, there are multiple physiological barriers
such as blood barriers, tissue barriers, and intracellular
transport barriers during the delivery process'™’. In
order to reduce the impact of multiple physiological
barriers on the delivery efficiency, PLGA ( polylactic
acid-glycolic acid  copolymer )'>'®  with  good
biocompatibility is generally used as nano-carriers, and
the special characteristics of nano-scale are used to
extend the circulation time in the body. Our groups
have constructed a variety of nano-drug carriers such as
the gold"'"”’ and graphdiyne oxide'"’.

Herein, we used oxygen-carrying PFC ( bromide
hepta-fluorooctane) nanoparticles to relieve hypoxia in
the tumor microenvironment, and combined with the

Citation: Sun Xun, Yu Yue. Highly perfluorocarbon loading efficiency of polymer biomimetic nanoparticle encapsulated by erythrocyte
membrane to improve tumor phototherapy. J. Univ. Sci. Tech. China, 2021, 51(8): 598-608.



% 8 4

Highly perfluorocarbon loading efficiency of polymer biomimetic nanoparticle encapsulated by erythrocyte membrane to improve tumor phototherapy 599

carried ICG to improve the photodynamic effect. In
addition, the erythrocyte membrane was used to coat the
nanoparticles to reduce the uptake of particles by
macrophages, reduce the toxic and side effects of drugs,
and increase the accumulation of drugs in tumors. The
use of red blood cell membranes for bionic camouflages
can reduce the uptake of particles by macrophages
through the combination of CD47 on the cell membrane
surface and SIRPa of macrophages'®’, which can
effectively extend the circulation time of the
nanomedicine in the body and the accumulation of
tumors.

2 Materials and methods

2.1 Materials

Lactide (LA) and Glycolide (GA) were purchased from
Ji’ nan Daigang Biomaterial Co., Ltd. Aminoethanol
(EA), sodium acid carbonate, tetrahydrofuran, diethyl
ether, dimethyl sulfoxide (DMSO) and dichloromethane
(DCM ) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Perfluorodecalin and histidine were
purchased from Sigma-Aldrich. Di-tert-butyl dicarbonate,
Trifluoroacetic acid ( TFA ), N-Hydroxysuccinimide
(NHS ), N, N-Diisopropylethylamine ( DIPEA ) and
Pentadecafluorooctanoic acid ( PFOA) were purchased
from Aladdin. Tin (II)-2-Ethylhexanoate was purchased
from Tokyo Chemical Industry ( TCI ). 1-( 3-
Dimethylaminopropyl ) -3-ethylcarbodiimide hydrochloride
(EDC) was purchased from J&K Chemicals.

2.2 Synthesis of EA-Boc

25 mL THF, 50 mL water, amino-ethanol (56.1 g,
0.92 mol) and sodium acid carbonate (134.6 g, 1.6
mol) were added in a three-necked flask in order. The
Di-tert-butyl dicarbonate diluted in THF was dropped in
the solution at 0 C. After adding, the mixture reacted
overnight at the room temperature. After reaction, the
product was filtered. Thereafter, THF was removed by
the rotary evaporator. The solution was extracted by
diethyl ether three times. After removal of solvent in a
vacuum, the thick liquid was the product. The synthesis
route is shown in Scheme S1. The 'H NMR spectrum is
shown in Figure S1.

2.3 Synthesis of PLGA

LA (7.846 g), GA (2.075 g) and EA-Boc were added
in a dry flask. The mixture was stirred at 130 C. After
the solid was molten, 10 mg Tin (II)-2-Ethylhexanoate
was added in solution. The system became sticky
gradually. After 2 h, the reaction finished and the
product was precipitated in the diethyl ether. The
synthesis route is shown in Scheme S2. The 'H NMR
spectrum is shown in Figure S2. The GPC is shown in
Figure S3.

2.4 Synthesis of PLGA-NH,

PLGA and TFA were dissolve in DCM. The solution

was stirred at room temperature for 1 h. Subsequently,
DIPEA was dropped in the solution until there was no
smoke. The mixture was dialyzed against the deionized
water. And then, the solution was lyophilized to obtain
PLGA-NH,. The 'H NMR spectrum is shown in Figure
S4.
2.5 Synthesis of FPLGA
PFOA (2. 07 g,0.005 mol), EDC (1.917 g, 0.01
mol) and NHS (1.15 g, 0.01 mol) were dissolved in
DCM. After stirred for 3 h, the solution was added with
PLGA-NH,(5 g, 0.001 mol). And then, the reaction
finished after another 48 h. Subsequently, the product
was precipitated in the diethyl ether. The synthesis route
is shown in Scheme S4. The “F NMR spectrum is
shown in Figure S5.
2.6 Preparation of PFC@FPLGA nanoparticle
PFC @ FPLGA nanoparticle was prepared by doubling
the emulsion ( water/oil/water) solvent evaporation''*’.
Briefly, 12. 5 mg FPLGA and 12.5 mg PEG-b-PLGA
were dissolved in DCM along with 50 wL PFC, in
which 5 mL 5% PVA solution (w/v) was then added.
After well stirred, the mixture was sonicated in the ice
water bath for 5 min totally, with 5 s on, 2 s off, 70%
power output. Then another 1.5 mL PVA solution was
added to homogenize the emulsion, that was stirred
open at the room temperature for 4 h to vaporize DCM.
The product was centrifuged at 15000 r/min for 30 min
at 4 C. And then it was washed several times with the
ultrapure water to remove PVA. PFC @ FPLGA
nanoparticle was re-suspended in the de-ionized water.
2.7 Preparation of RBCM vesicles
The RBCM vesicles were obtained by extrusion
approaches'”’. Briefly, freshly heparinized blood was
centrifuged at 4000 r/min for 10 min at 4 C. And then,
the precipitation was re-suspended in hypotonic buffer
for 30 min at 37 C. The mixture was centrifugated at
9000 r/min for 10 min at 4 C to separate the
hemoglobin.
2.8 Preparation of PFC@RBCM,.; nanoparticle
PFC @ FPLGA nanoparticle was dissolved in 1 mL
deionized water, in which there was 100 pL ICG
aqueous solution (1 mg/mL) and 100 wL. RBCM. The
mixture was stirred overnight at 4 C. PFC@ RBCM,
nanoparticle was obtained by being centrifuged at 15000
r/min for 30 min at 4 C and re-suspended in PBS.
2.9 Characterization of nanoparticle
The morphology of the nanoparticle was observed by the
transmission electron microscope (TEM) (JEM-2011).
The size and zeta potential for nanoparticles was
measured by dynamic light scattering ( Nano-zs90,
NANERN).

The PFOB encapsulation efficiency was measured
by “F NMR on a BUKER-300 (300 MHz) spectrometer.
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In brief, the nanoparticle was dissolved in 1 mL CDCl,
in which 5 pL. TFA was added as the external standard.
The total volume of PFOB in the nanoparticle was
determined by the peak at —190 ppm corresponding to
the CF,Br group and normalization by the area of the
TFA peak at —75 ppm. Besides, different volumes of
PFEC (5 pL, 10 pL, 20 pL, 25 pL) were quantitied in
the same way.

PFC Drug Loading Efficiency ( DLE ) =
Mass of PFC in PFC@ RBCM,
Mass of Free PFC
PFC Drug Loading Content ( DLC ) =

Mass of PFC in PFC@ RBCM,

Mass of FPLGA
The ICG encapsulation efficiency was measured by
the UV spectrophotometry on an Agilent Technologies
(Cary 60) spectrometer. Different concentration of ICG
was measured as the standard curve.

ICG Drug Loading Efficiency ( DLE ) =
Mass of ICG in PFC@ RBCM,
Mass of Free ICG
ICG Drug Loading Content ( DLC ) =

Mass of ICG in PFC@ RBCM,
PFC@ RBCM,,

Before the measurement of dissolved oxygen, 1 mL
PFC@ RBCM, solution was ventilated oxygen for 30
min and 5 mL deionized water was added into a closed
beaker, which was purged with nitrogen to remove the
dissolved oxygen. The oxygen concentration in the
beaker was measured with a Foxy Fospor-R oxygen
sensor ( Ocean Optics, Dunedin, FL) before and after
adding the PFC@ RBCM, solution. In addition, PFC@
RBCM,; solution without oxygenation, H,O with
oxygenation, H,O without oxygenation and different
concentration PFC@ RBCM, solution with oxygenation
were measured with the same method.

In vitro photothermal properties of PFC@ RBCM,
were evaluated by measuring the photothermal
conversion efficiency. PFC @ RBCM,; with different
concentration (0, 0.5, 1.0, 2.0, 3.0 pg/mL) was
irradiated by NIR laser with different power (0, 0.5,
1.0,1.5,2.0 W/cm’). The temperature was recorded
by an infrared thermal-imaging camera ( Fotric 226,
China).

In vitro photodynamic properties of PFC @
RBCM,; were evaluated by DPBF assay. Briefly, 10
pL PFC@ RBCM,; solution or ICG solution with the
same ICG concentration was mixed with 50 pL DPBF
solution in a 1 mL centrifuge tube which was irradiated
with a NIR laser (808 nm) at the power density of 1.0
W/cm’ for different time intervals. After irradiation,
the mixture was measured by the absorbance with UV

spectrophotometry.
2.10 Cell culture and in vitro cytotoxicity assays

Murine breast cancer cell line 4T1 cells were
obtained from Shanghai Institute of Cells, Chinese
Academy of Science and cultured in the glucose medium
(DMEM, Gibico) at a mixed atmosphere of 5% CO, at
37 C.

To research the cytotoxicity of PFC @ RBCM,,
nanoparticle in vitro, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium ( MTT ) assay was used to assess
the cytotoxicity of PFC @ RBCM,; nanoparticle and
ICG to 4TI cells. Briefly, 4T1 cells were seeded in 96
well plates at the density of 5000 cells per well (n=6).
When the cultured cells reached 80% confluency, the
plates were added with PFC @ RBCM,., nanoparticles
and ICG at various concentrations (0, 0. 15, 0. 30,
0.60, 1.25,2.5,5.0, 10.0 pwg/mL). After incubation
for 24 h, the medium was replaced by the fresh medium
containing 0. 75 mg/mL MTT, and the medium
containing MTT was carefully removed and replaced by
100 pL DMSO after 4 h. And then, the plates were
gently shaken by the shaker in the night for 10 min. The
absorbance of each well was measured with a microplate
reader (Molecular Devices, SpectraMax M2e, USA).
2.11 In vitro photodynamic therapy and photothermal

ablation against cancer cells

To study the therapeutic effects of PFC @ RBCM,,
4TI cells were seeded in a 96-well plate at the density of
6000 cells per well (n=4). When the cultured cells
reached 75% confluency, the plates were flushed with
humidified 1% O,, 5% CO, and 94% N, ( hypoxia
chamber). After incubated in 37 C for 4 h, the cells
were incubated with the fresh medium containing PFC@
RBCM,; and PLGA @ RBCM,.; nanoparticles at the
concentrations of 2.5 and 5.0 pg/mL. And then, the
plates were incubated for another 4 h, 4T1 cells received
different treatments. As for the PDT treatment only, the
plates were put in ice water. 1 wmol/L histidine was
added in each well to block the ROS generation for the
PTT treatment only. And then, the cells were incubated
for 12 h. Finally, MTT assay was used to evaluate the
therapy efficiency of nanoparticles.

2.12 Intracellular ROS generation

In order to study the enhanced ROS generation of PFC
@ RBCM,;, six groups were divided (PBS, Laser,
PLGA@ RBCM,; , PFC@ RBCM,; , PLGA@ RBCM,
@ O,, PFC@ RBCM,; @ O, ). The 4TIl cells were
seeded on coverslips in 24-well plate at the density of 6x
10* cells per well. When the cultured cells reached 80%
confluency, the plates were aerated with hypoxia
atmosphere (1% O,, 5% CO,, and 94% N, ). After
being incubated in 37 C for 4 h, the cells were
incubated with the fresh medium containing
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nanoparticles. And then, the 4T1 cells were incubated
for another 4 h and irradiated by NIR laser (808 nm,
1.0 W/cm?) for 5 min per well. Next, the cells were
further incubated with the 10 pmol/L DCFH-DA
(Beyotime, Nanjing, China), for 1 h at 37 T.
Subsequently, the cells were washed with PBS and the
nucleus were stained with DAPI.  Finally, the
fluorescence images were observed by CLSM.

2.13 Cellular hypoxia evaluation

To measure the hypoxia alleviation of PFC@ RBCM,,,
six groups were divided ( PBS, Laser, PLGA @
RBCM,;, PFC@ RBCM,;, PLGA @ RBCM,; @ O, ,
PFC@RBCM,;@ O, ). The 4T1 cells were seeded on

coverslips in 24-well plate at the density of 6x10* cells
per well. When the cultured cells reached 75%
confluency, the plates were aerated with the hypoxia
atmosphere (1% O,, 5% CO,, and 94% N, ). After
being incubated in 37 C for 4 h, the cells were
incubated with fresh medium containing nanoparticles.
And then, the 4T1 cells were incubated for another 4 h.
Next, the cells were incubated with the pimonidazole
hydrochloride for 1 h at 37 C. Subsequently, the cell
nuclei and hypoxia were stained by DAPI and FITC-
Mabl. Finally, the fluorescence images were observed
by CLSM.

2.14 Cellular uptake

In order to verify the ability of RBCM to suppress the
uptake of macrophage, PFC @ RBCM and PFC @
FPLGA nanoparticles were incubated with RAW264. 7
cells obtained from Affiliated Hospital of Anhui Medical
University. Briefly, RAW264. 7 cells were seeded on
coverslips in 24-well plate at the density of 6x10* cells
per well. When the cultured cells reached 75%
confluency, the plates were aerated with the hypoxia
atmosphere (1% O,, 5% CO,, and 94% N, ). After
being incubated in 37 C for 4 h, the cells were
incubated with fresh medium containing nanoparticles.
And then, collecting the RAW264. 7 cells and
resuspending with PBS. Finally, the uptake of
macrophage was measured with flow cytometry and
CLSM. The uptake of 4T1 cells was operated with the
same method.

2.15 Pharmacokinetic study of PFC@RBCM,,
Female Balb/c mice were purchased from Anhui
Medical University (n =3). In order to study the
pharmacokinetic of nanoparticles, the mice were
injected with PFC @ RBCM and PFC @ FPLGA
nanoparticles labeled by DID. The blood, which was
collected 30 pL from each mouse at different time
interval (0.5h, 1h,2h,4h,8h, 12h,24 h, 48 h
post-injection ) , was added in a black 96-well plate.
And then, the fluorescence intensity of each well was
measured with the IVIS Spectrum Imaging System.

2.16 In vivo antitumor efficacy of PFC@RBCM, .
As for the in vivo antitumor efficacy of PFC@ RBCM,
nanoparticles, 4T1 tumor-bearing mice were injected
with different formulations ( PBS, PFC @ RBCM,,
PLGA@ RBCM,; @ O,, PFA@ RBCM,,; @ O, ) at an
equivalent dose of 20. 0 mg PFA per kg mouse weight
when the tumor volume reached 100 mm’(n=4). The
NIR laser (808 nm, 1. 0 W/cm’) was applied to
irradiate the tumor in the next day, and the tumors were
measured every two days for 20 days. The tumor
volume was measured by calipers and calculated ; Tumor
Volume = (Length) x (Width) *x0.5.

2.17 In vivo distribution of PFC@RBCM,

As for the in vivo distribution of PFC @ RBCM,,
nanoparticles, 4T1 tumor-bearing mice (n =3) were
injected with PFC @ RBCM and PFC @ FPLGA
nanoparticles labeled by DID. Subsequently, the
fluorescence intensity of each mice was measured with
the IVIS Spectrum Imaging System at different time
intervals (1 h, 4 h, 12 h, 24 h, 48 h, 72 h post-
injection).

2.18 Statistical analysis

The data was assessed by Graphpad prism 7 software
(GraphPad, San Diego, CA) with Student’ s T-test
method. Significant difference among group were
assigned as “p<0.05, “*p<0.01 and """ p<0.001,
respectively. “p < 0. 05 was considered statistically
significant in all analyses (95% confidence level).

3 Results and discussions

3.1 Synthesis and characterization

The preparation of PFC @ RBCM,.; nanoparticles is
shown in Scheme 1. It consisted of red blood cell
membranes ( RBCM ), indocyanine green ( ICG),
bromide hepta-fluorooctane ( PFC ) and fluorinated
polyglycolide-lactide copolymer ( FPLGA )
compositions.

Among them, RBCM was separated and extracted
from the blood of mice, which can reduce the uptake of
nanoparticles by macrophages and increase the
circulation time in the body. As a photosensitizer
approved by the FDA for clinical use, ICG has excellent
photothermal and photodynamic properties'”’. FPLGA
was prepared by esterification reaction between PLGA
(LA and GA ring-opening polymerization ) and
perfluorooctanoic acid. The PFC, which has the
function of relieving the tumor hypoxia microenvironment
and enhancing the phototherapy function, was wrapped
in FPLGA to form PFC @ FPLGA nanoparticles by
phacoemulsification. Finally, RBCM, ICG and PFC@
FPLGA nanoparticles were stirred and mixed to prepare
PFC@ RBCMICG nanoparticles.
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Scheme 1. The Strategy of PFC@ RBCM, to improve the
tumor phototherapy. The extracted erythrocyte membranes
are assembled into PFC@ RBCM,.; nanoparticles with the
prepared PFC @ FPLGA nanoparticles and ICG. When the
oxygen-carrying particles are swallowed by tumor cells,
singlet oxygen is generated under the irradiation of NIR 808
nm laser. Therefore, PFC@ RBCM,; NPs can treat tumors
through the dual effects of PDT and PTT.
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First, refer to the phacoemulsification method that
our group has matured to prepare PFC @ FPLGA
nanoparticles. Subsequently, we prepared PFC @
RBCM,; nanoparticles with PFC@ FPLGA nanoparticles,
RBCM, and ICG. As shown in Figure 1(a), the particle
size of PFC @ RBCM,; nanoparticles measured by a
dynamic light scattering particle size analyzer was about
174 nm, which was 20 nm larger than PFC@ FPLGA
nanoparticles. This difference in particle size indicated
that the red blood cell membrane was well wrapped on
the surface of the particles.

Furthermore, we observed through transmission
electron micrographs that the surface of PFC@ RBCM, 4
nanoparticles had a layer of the red blood cell membrane
structure negatively stained with phosphotungstic acid
(Figure 1(b)). From Figure 1(c), we can find that
the potential of PFC@ FPLGA was -27 mV, while the
particle size of PFC@ RBCM,.; nanoparticles was —15
mV, which was the same as the potential of RBCM.
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Figure 1. Physicochemical properties of the nanoparticles. (a) The particle size comparison of PFC@ FPLGA and PFC@ RBCM,; with
DLS. (b) TEM image of PFEC@ RBCM,;. (c) The zeta potential of RBCM, PFC@ FPLGA and PFC@ RBCM,;. UV-Vis absorption
spectra (d) and fluorescence spectra (e) of ICG, PFC@ RBCM,; and PFC@ FPLGA. (f) Comparison of °F MNR between PFC@

RBCM,, NPs, PFC and PLGA.
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The result showed that the outer surface of PFC @
RBCM,; nanoparticles was covered by RBCM.
Through the ultraviolet absorption spectrum and
fluorescence excitation spectrum, we can find that PFC
@ FPLGA nanoparticles did not have obvious ultraviolet
absorption or fluorescence, while PFC @ RBCM,,
nanoparticles, which prepared by mixing PFC@ FPLGA
nanoparticles and ICG, have similar spectrums to ICG
(Figure 1(d, e). The results showed that ICG was
encapsulated in PFC@ RBCM,.,; nanoparticles. On the
other hand, we measured PFC@ RBCM,, by ""F NMR
to have the same characteristic peak as PFC at —187
ppm, indicating that PFC was well encapsulated in PFC
@ RBCM,; nanoparticles (Figure 1(f)).

It has been widely reported that perfluorocarbon
can carry oxygen like hemoglobin. In order to evaluate
the oxygen-carrying capacity of the prepared PFC @
RBCM,;, we used oxygen sensors to measure the
amount of oxygen released in different systems.
According to the measured results, the PFC @ PBCM
that did not carry oxygen released very low oxygen,
which was the same as H,O. The oxygen released of
PFC@ PBCM@ O, and H,O@ O, carrying oxygen was
significantly increased, but PFC@ PBCM @ O, can be
maintained for a long time, while the oxygen content of
H,0@ O, decreased rapidly (Figure 2(a) ). Therefore,
the PFC@ RBCM,; of the equal volume has a higher
oxygen carrying efficiency and is more stable than that
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of water. In addition, as the mass percentage of PFC
increased, the oxygen concentration rose from 11.9 ppm
to 15.8 ppm (Figure 2(b) ).

Next, we used DPBF as an ROS probe to observe
the changes in the absorbance of DPBF to verify the
PDT performance of PFC @ RBCM,.,. Figure 2 (c¢)
showed that as the duration of the NIR laser irradiation
on the nanoparticles increased, the absorbance gradually
decreased after the reaction between DPBF and ROS.
This result indicated that ROS was continuously
produced in the system, which proved that PFC @
RBCM,; can increase the production of ROS and
enhance the effect of PDT. On the other hand, we
verified the PTT performance of PFC@ RBCM,.;. As
shown in Figure 2 (d), PFC@ RBCM,; can trigger a
rapid heating effect under the irradiation of NIR laser
(808 nm). The temperature rises with the increase of
the laser power, and can reach 65. 4 C under the
condition of 2 W/cm”. It showed that PFC@ RBCM,,
has both good photothermal and photodynamic
performances.

3.2 The therapeutic effect of PFC @ RBCM,.; on
tumors

In order to prove that oxygen-carrying PFC@ RBCM,
can enhance tumor PTT treatment, we verified the
ability of nanoparticles to relieve hypoxia and generate
ROS.

First, we treated the cells with different
nanoparticles ( PLGA @ RBCM,;, PFC @ RBCM,,
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Figure 2. The ability of PFC@ RBCM, for carrying oxygen, photodynamic and photothermal effects. (a) The change of the oxygen
content in five solutions PFC@ RBCM,,@ O, , H,0@ O, , PFC@ RBCM,;, H, O and deoxygenated water over time. (b) The oxygen
content in the solution changed with time, while the mass percentage of PFC was different. (c) Irradiated PFC@ RBCM,; with the
NIR laser, and detected the UV absorption spectrum of the ROS probe (DPBF). (d) PFC@ RBCM, temperature changed with time

under different laser powers.
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Figure 3. Hypoxia alleviation by PFEC@ RBCM,. A representative picture of 4T1 cells treated with different nanoparticles to detect
oxygen content (a, b), and statistical mapping (c¢). Data are shown as mean +SD (n=3) "p<0.05, ““p<0.01, """ p<0.001.
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method. (b) In vitro, the therapeutic effect of PFC@ RBCM,; with and without oxygen on tumors. Data
are shown as mean =SD (n=3) “p<0.05, " p<0.01.

PLGA @ RBCM,; @ O,, PFC @ RBCM,; @ O, ). under the microscope ( Figure 3 (a)). As shown in
Pimonidazole was used to detect oxygen and observed Figure 3 (b), the fluorescence of pimonidazole was
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significantly reduced after treatment with oxygen-
carrying PFC nanomedicine, and the MFI was only half
of the others (Figure 3(c)). It showed that when the
cells were treated with the nanoparticles, the oxygen
content was significantly increased, which can
effectively alleviate the hypoxic state of tumor cells.

On the other hand, we used DCFH-DA to detect
the ROS concentration in cells treated with different
conditions and observed under a microscope ( Figure 4
(a)). The concentration of ROS in cells treated with
PFC@ RBCM,; @ O, increased significantly, while the
concentration of ROS in cells treated with other
nanoparticles was lower (Figure 4(b, c)). As a result,
the oxygen-carrying PFC nanomedicine can effectively
increase the amount of ROS produced and enhance the
effect of the photodynamic therapy.

The cytotoxicity of the nanoparticles was detected
by the MTT method. When the ICG concentration was
as high as 10 pg/mL, the cell survival rate after PFC@
RBCM,; nanoparticles treatment was about 99. 5% ,

which was higher than that after free ICG treatment
(about 93. 5% ). The results showed that the
nanoparticles can reduce the cytotoxicity of the drug
(Figure 5(a)).

To evaluate the therapeutic effect of PFC @
RBCM,; on tumors after irradiation with NIR Ilaser
(808 nm) when the ICG was 2.5 and 5 pg/mL. The
results showed that the photodynamic effect of PFC @
RBCM,; was significantly enhanced after carrying
oxygen, while PLGA @ RBCM,; did not have this
phenomenon. In the process of the nanoparticle therapy,
there are both photothermal and photodynamic effects.
The oxygen-carrying PFC nanoparticles enhanced the
overall therapeutic effect ( Figure 5 (b)). Therefore,
the nanoparticles can relieve tumor hypoxia, increase
ROS production, and enhance tumor photodynamic
therapy effects.

3.3 Verification of the effect of erythrocyte
membrane coating
Studies have shown that the mutual recognition of CD47
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on the cell membrane surface and SIRPa of
macrophages can reduce the uptake of macrophages.
Therefore, we coated the nanoparticles with red blood
cell membranes, and realized the long circulation of
nanoparticles in the body through this camouflage.

For 4T1 cells, there was no significant difference
in the uptake of PFC @ PLGA particles and PFC @
RBCM particles (Figure 6(a, ¢)). For macrophages,
the uptake of PFC@ RBCM particles was much lower
than that of PFC@ PLGA particles (Figure 6(b, d)).

This result indicated that the coating of red blood
cell membranes can effectively reduce the phagocytosis
of particles by macrophages without affecting the uptake
of drugs by tumor cells.

PFC@ PLGA particles and PFC@ RBCM particles
were injected through the tail vein and tested for
pharmacokinetics respectively ( Figure 6 (e )). The
results showed that the concentration of erythrocyte
membrane-coated nanoparticles was twice that of
uncoated nanoparticles after 48 h (Figure 6(f) ). Tumor
accumulation experiments also showed that the tumor
accumulation of nanomedicine wrapped in red blood cell
membranes was significantly increased (Figure 6(g, h)).
3.4 In vivo antitumor efficiency of PFC@RBCM,,
As the method shown in Figure 7 (a), the anti-tumor
efficacy was further evaluated. After 20 days’ regular
monitor of the tumor volume, the mice were sacrificed
(Figure 7(e)), and the tumor were excised (Figure 7(b)).

The PFA@ RBCM,; @ O, with laser administrated
resulted in durable 4T1
compared to PBS treated mice, while other
nanoparticles ( PFA@ RBCM,,.,, PLGA @ RBCM,, @
O, ) plus laser exerted a scant suppression on the tumor

inhibition on the tumor

development ( Figure 7 (¢,d)). This is because pure
PFA@ RBCM, didn’ t have the ability to enhance the
and PLGA @ RBCM,, can’t
effectively carry oxygen. The result showed that PFA@

therapeutic effect,

RBCM,; carrying oxygen effectively enhanced the
treatment effect.

4 Conclusions

In this work, we constructed a nanoparticle with
phototherapy function to relieve the tumor hypoxia. The
results proved that the nanoparticles can be effectively
enriched at the tumor site, significantly increasing the
production of ROS and enhancing the PDT treatment
effect. At the same time, the red blood cell membrane
coating can effectively reduce the uptake of the particles
by macrophages and prolong the half-life in the body,
so the same therapeutic effect can be achieved with
lower doses. Our strategy can enhance the tumor
phototherapy, reduce the toxicity to normal cells, and

provide new strategies for cancer therapies.
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