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Photodynamic therapy (PDT) has the advantages of low toxicity and specificity, but photosensitizers usually
fail to accumulate efficiently at the tumor site. In this study, a new multifunctional nano-drug delivery
system was exploited by a biomimetic strategy to improve the PDT effects. The self-assembled methoxy
poly(ethylene glycol)-poly(lactide-co-glycolide) (MPEG-PLGA) nanoparticles encapsulated with the
photosensitizer chlorin e6 (Ce6) by microfluidics were employed as the nano-core, followed by coating
red blood cell (RBC) membranes as the biomimetic agent to prolong the circulation time in vivo. In order
to boost the therapeutic effect, doxorubicin (Dox) was preloaded into RBC nanovesicles. The cell
membrane surface was modified with folic acid (FA) to further enhance the tumor targeting efficiency.
The prepared biomimetic nanoparticles with a homogeneous size (70 nm) can trigger sufficient reactive

oxygen species (ROS), leading to significant tumor ablation without side effects. In addition, the system
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1 Introduction

As a new non-invasive tumor treatment method, photodynamic
therapy (PDT) has the advantages of low toxicity and specificity
and thus, it has been universally applied in the treatment of
various solid tumors.’™ In PDT, a photosensitizer (PS) is
frequently employed as the agent to release reactive oxygen
species (ROS) under near-infrared light excitation, thereby
exerting cytotoxic effects when accumulated at the tumor site.>™®
In order to improve the therapy outcome, chemotherapy is
generally co-delivered with PS to achieve synergy effects.”™
However, the poor aqueous solubility of PS and chemotherapy
drugs can present challenges including physical aggregation
and quick clearance by the immune system after administra-
tion, resulting in a limited circulation time in vivo."” In addition,
PS and chemotherapeutics are deficient in tumor targetability,
which prominently restricts their application in PDT. Therefore,
the tumor-targeted delivery of PS and prolonged circulation
time in vivo are important for improving PDT.****
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cytotoxicity for improved PDT due to homophilic targeting in vivo.

The rapid development of nanotechnology has provided
a valuable approach in cancer treatment. Owing to the posses-
sion of an enhanced permeability and retention effect (EPR
effect),’® nanoparticles can accumulate at the tumor tissues
remarkably through passive targeting, which can boost drug
delivery efficiency and enhance the anti-tumor effects effi-
ciently.”* Nevertheless, the performance of nanoparticle
accumulation in the tumor was not satisfactory, which was
ascribed to the immune clearance by macrophages in vivo.*® As
a result, the nanoparticles still suffer from poor circulation and
insufficient targeting.>* The new strategy by exploiting a biomi-
metic cell membrane-coated nanoparticle delivery system has
good biocompatibility and prolonged circulation time, thus
improving the anti-tumor efficacy.”**® The cell membrane
inherited the property of the source cells, which can be encap-
sulated onto the surface of artificial drug-loaded nanoparticles
to possess unique biological characteristics. For example, the
red blood cell (RBC) membrane had a long circulation time,>*>*
stem cell-derived membrane has the tumor targeting function,>
and lymphocyte membrane-encapsulated nanoparticles can
pass through endothelial tissues.>

The RBC membrane has been reported to have an inherent
advantage of long circulation for several biological applications.
The biological proteins on the RBC membrane such as CD47
(ref. 27 and 28) mediate the recognition of endogenous cells and
avoid phagocytosis by immune cells. Other proteins such as C8-
binding protein (C8bp),*® homologous restriction protein
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(HRP),* decay-accelerating factor (DAF), membrane cofactor
protein (MCP), complement receptor 1 (CR1), and CD59 (ref. 31)
can prevent the killing activity of the complement system. The
biological protein on the RBC membrane improves the circu-
lation time of nanoparticle in vivo along with enhancing the
EPR-based targeting efficiency. In addition, the RBC membrane
is a selectively permeable membrane, which can reduce passive
leakage during circulation of hydrophobic drugs®** and boost the
bioavailability to serve as an excellent biomimetic material for
cancer therapy.

Inspired by the critical roles of nanomedicine and the RBC
membrane, we constructed a novel RBC membrane-mimicking
multifunctional drug system for tumour-targeted delivery of
PDT. The biocompatible methoxy poly(ethylene glycol)-poly(-
lactide-co-glycolide) (mPEG-PLGA) nanoparticles loaded with
photosensitizer Ce6, prepared by microfluidic flow control
instrument,* was employed as the matrix core. In order to
expand the tumour ablation, Dox was preloaded into the RBC
nanovesicle and further coated onto the PEG-PLGA nano-
particles. The biomimetic system had a typical “core-shell”
structure with a uniform hydrated size of about 70 nm, which
met the demands of exerting the EPR effect. The proteins such
as CD47 on the cell membrane surface remained integrated,
which could escape clearance by the immune system to boost in
vivo circulation. The biomimetic nanoparticles innately possess
the feature of inherent selective permeability, which might
reduce the leakage of Ce6 and off-target effect. The folic acid
(FA) molecule was employed to modify the cell membrane to
improve the targeting efficiency of the system by up to 15%. In
vivo fluorescence imaging experiments verified a better tumour
targeting efficiency for in vivo circulation. The biomimetic
nanoparticles with great biocompatibility could produce abun-
dant ROS to exert better anti-tumor effect in vivo. All the results
showed that this system has good prospects in cancer
treatment.

2 Experimental section

2.1 Materials, cells, and animals

mPEG-PLGA (MW PEG/PLGA: 5000/30 000) and DSPE-PEG-FA
(MW 2000) were purchased from Ponsure Biotechnology Co.,
Ltd. Chlorin e6 (Ce6) was obtained from J&K Scientific. Doxo-
rubicin hydrochloride (98%), triethylamine, acetone, and
dichloromethane were purchased from Aladdin. Fetal Bovine
Serum (FBS), RPMI-1640 medium, penicillin, and streptomycin
were provided by Gibco. Paraformaldehyde (4%), WST-1 Cell
Proliferation and Cytotoxicity Assay Kit (WST-1), Annexin V-
FITC Apoptosis Detection Kit, Reactive Oxygen Species Assay
Kit (DCFH-DA), and 4,6-diamidino-2-phenylindole (DAPI) were
purchased from Beyotime Biotechnology. A mini-extruder was
purchased from Shanghai Nano Biotechnology Co., Ltd.
Human liver cancer cell line (HepG2) was obtained from
Chinese Academy of Sciences of Shanghai Institutes for Bio-
logical Sciences Cell Resource Center (Shanghai, China). HepG2
cells were cultured in RPMI-1640 medium (Gibco) supple-
mented with 10% heat-inactivated FBS (Gibco) and 100 U mL ™"
penicillin/streptomycin at 37 °C in a humidified atmosphere of
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5% CO,. Once 80% to 90% confluence was reached, the cells
were trypsinized, harvested, and seeded into a new cell culture
dish.

Female Balb/c nude mice (4-6 weeks old) were purchased
from SLRC Laboratory Animal Co., Ltd. (Shanghai, China). All
the mice were given distilled water and maintained at humane
and pathogen-free conditions. All the animal procedures were
performed in accordance with the Guidelines for Care and Use
of Laboratory Animals of Shanghai Jiao Tong University and
approved by the Animal Ethics Committee of Shanghai Jiao
Tong University, School of Medicine (Shanghai, China).

2.2 Extraction of the RBC membrane

The whole blood sample was collected from the orbital of the
Balb/c nude mice and placed in a heparin tube to avoid blood
coagulation. The blood sample was diluted 15 times with pre-
cooled 1x PBS (pH = 7.4) and centrifuged (800 g, 4 °C) for
5 min, and the supernatant was discarded to remove the
plasma. The procedures above were repeated and the sample
was washed three times. After that, 0.25x PBS was added to
incubate on ice for 20 min. Then, the centrifugation was carried
out at 1.2 x 10° rpm for 5 min and the supernatant was dis-
carded to remove hemoglobin, followed by washing twice with
1x PBS and sonication for 5 min. Upon being collected, the RBC
membrane was stored at 4 °C.

2.3 Synthesis of mMPEG-PLGA-Ce6@RBC-Dox-FA (PPCRDF)

Ce6-loaded mPEG-PLGA micelle (PPC). Ce6-loaded mPEG-
PLGA micelle (PPC) was prepared by microfluidics to obtain
uniform drug-loaded nanoparticles. 20 mg of mPEG-PLGA and
4 mg of Ce6 were dissolved in 5 mL acetone used as the organic
phase, with 15 mL water taken as the aqueous phase. An opti-
mized weight ratio of polymer to drug (5:1) was chosen to
simultaneously realize maximized drug encapsulation and
micelle stability. The two phases were separately placed into two
glass vials and then they were transferred into a microfluidic
flow control sample cell. The velocity of flow was set to 1: 8
(organic phase : aqueous phase) through microfluidic control.
The reaction time was set to 1 h until the acetonitrile phase was
exhausted to acquire the PPC micelle solution. The PPC solu-
tion was transferred into a dialysis bag (MWCO 8000) for 48 h
dialysis to remove the organic solvent and free Ce6 so as to
obtain purified PPC.

RBC vesicles loaded with Dox (RBC-Dox). Doxorubicin
hydrochloride (Dox-HCI) was desalted as follows: 20 mg
Dox-HCI was dissolved in 5 mL dichloromethane, followed by
the addition of 10 pL triethylamine. The mixture was stirred for
12 h in the dark at room temperature and the solvent was
evaporated by a rotary evaporator to obtain Dox. The prepared
RBC vesicle was mixed with Dox (3 mg mL™"), followed by
sonication for 2 min. Then, centrifugation was performed to
remove excessive Dox to obtain RBC-Dox. The Dox loading
amount and efficiency were calculated by subtracting the
measured amount of the drug in a washed solution through UV-
Vis indirectly from the initially added drug amount.
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mPEG-PLGA-Ce6@RBC-Dox nanoparticles (PPCRD). RBC-
Dox prepared from 200 pL of whole blood was extruded
through 400 nm and 100 nm polycarbonate porous membranes
for six cycles, followed by mixing with 1 mg PPC. Then, the
mixture was extruded through a 100 nm membrane to harvest
the PPCRD. After this process, the mixed solution was cen-
trifugated for 10 min to remove the supernatant.

mMPEG-PLGA-Ce6@RBC-Dox-FA nanoparticles (PPCRDF).
The procedure for the as-prepared PPCRDF was similar to that
of PPCRD. RBC-Dox prepared from 200 pL of whole blood and
excessive DSPE-PEG-FA (0.25 mg) was extruded through 400 nm
and 100 nm polycarbonate porous membranes for 6-10 cycles,
respectively, followed by mixing with 1 mg PPC. PPCRDF was
purified by centrifugation to remove the supernatant.

2.4 Characterization of biomimetic nanoparticles

Size distributions, zeta potential, and in vitro biostability
assessment. The size distributions and zeta potential of the
biomimetic nanoparticles were determined using a Zetasizer
(Nano ZS90, Malvern Instruments, Ltd., UK) apparatus. The
samples of PPC and PPCRD solution were ultrasonically
dispersed in double distilled water to obtain an aqueous solu-
tion of 0.5 mg mL ™" 10 pL of the solution was added dropwise to
the copper mesh for 1 min infiltration, followed by the removal
of excessive liquid using filter paper. After the sample was
naturally dried, 10 uL 1% uranyl acetate was added for negative
staining for 30 s to dry at room temperature. The morphology of
PPC and PPCR were characterized by H7100 transmission
electron microscopy (TEM). PPC and PPCRDF were suspended
in 1x PBS for 21 d, and the size measurements were performed
via DLS at designated time intervals (1d,3d, 7 d, 15d, and 21 d)
to assess the biostability.

SDS-PAGE experiments. SDS-PAGE gel electrophoresis assay
was carried out to verify the successful transfer of the protein of
the RBC membrane onto PPCRD. The protein content in the
aforementioned prepared RBC membrane, PPCRD, and RBC
lysates were measured by BCA, followed by loading into the lane
with the same protein content. Then, the protein was separated
by 10% SDS-PAGE gel, according to the standard protocol. The
gel was stained with Coomassie brilliant blue and imaged to
identify the CD47 molecules.

Evaluation of the singlet oxygen generation ability of
biomimetic nanoparticles. The samples of PPC, PPCRD,
PPCRDF, and free Ce6 molecule were dissolved in PBS with the
concentration of 10 ug mL™" for Ce6. Then, the ROS fluorescent
probe SOSG was added into the samples with the final
concentration of 2.5 uM. The mixed samples were stirred slowly
(100 rpm) and subjected to 650 nm laser irradiation at a power
of 20 mW cm™2. At 0 min, 2.5 min, 5 min, 10 min, and 15 min
post irradiation, 100 pL solution of every sample was pipetted
out for measurement by a fluorescence microplate reader
(Varioskan Flash, Thermo Fisher) so as to detect the fluores-
cence intensity of SOSG endoperoxide (525 nm).

In vitro Dox release from the nanoparticles. 0.5 mL PPCRD
and PPCRDF dissolved in PBS were added into dialysis bags
(MWCO 5.0 kDa), which were directly immersed into 50 mL
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PBS. At designated time intervals (0.1 h, 0.5h,1h,2h,4 h, 8 h,
12 h, 24 h, and 48 h), 1 mL aliquots were taken out from the
solution. The volume was unchanged by addition of another
1 mL of fresh PBS after each sampling. During this process, free
Dox-HCI solution was treated with the same procedure as
mentioned above for the control. The amount of Dox released
from PPCRD, PPCRDF, and free Dox solution was determined
by UV-Vis spectrophotometry. The cumulative Dox release was
calculated according to the formula: cumulative release (%) =
(M,/M,) x 100%, where M, is the amount of Dox released at time
t and M, is the amount of Dox in the initial stage.

In vitro targeting assay. HepG2 cells were seeded in 24-well
plates at a cell density of 5 x 10" per well to cultivate for 24 h
until 60-70% confluence was reached. Then, the plates were
washed 3 times with PBS and the medium was replaced by the
biomimetic nanoparticles dissolved in serum-free RPMI-1640 of
PPCRD and PPCRDF, containing equal amounts of Ce6 (final
concentration was 2.5 pug mL~'). After 1 h, 2 h, 8 h, 12 h, and
24 h incubation, the cells were harvested after washing with PBS
three times. The phagocytic efficiency of HepG2 cells was
quantitatively determined by flow cytometry (BD FACS Verse,
APC channel). Confocal laser scanning microscopy (CLSM)
assay was carried out to observe the cellular uptake behaviour of
biomimetic nanoparticles. HepG2 cells were seeded onto
35 mm glass-bottom confocal dishes at a density of 1 x 10° cells
per dish and were cultured for 24 h. Then, the cells were
cultured with fresh RPMI-1640 medium containing PPCRD and
PPCRDF media with equal amounts of Ce6 (2.5 ug mL™ ") for
another 4 h. The cells were washed three times with PBS and
then fixed with 4% paraformaldehyde solution for 10 min. After
fixation, the cells were stained with DAPI for 10 min and sealed
by glycerin. The samples were observed at the excitation wave-
length of 633 nm by CLSM (Leica TCS-SP5II, Germany).

In vitro cytotoxicity assay. HepG2 cells were planted in 96-
well plates (8 x 10 cells per well) for 24 h incubation upto 60-
70% confluence. The cells were subsequently incubated with
Ce6, PPCRD, and PPCRDF at equivalent concentrations of Ce6
(0.25 UM, 0.5 uM, 1 uM, and 2 pM). The culture medium of the
control group was replaced by the same volume of serum-free
RPMI-1640. The cells were then washed three times after 24 h
co-incubation and fresh culture medium was added. All the
groups were exposed to a continuous wave laser beam of 650 nm
(20 mW cm?) for 5 min. The cells were cultivated for another
24 h and the standard WST-1 assay was conducted to measure
the cell viability. For dark toxicity, the process was the same as
the light cytotoxicity test except it was done without light
exposure.

Cellular apoptosis of PPCRDF. HepG2 cells were seeded into
6-well plates at a density of 2 x 10° cells per well for 24 h upto
70-80% confluence. Then, the cells were treated with free Ce6,
PPCRD, and PPCRDF at an equivalent concentration of Ce6 (1
uM) for another 24 h incubation. The cells were washed three
times after co-incubation and exposed to a laser of 650 nm
wavelength for 5 min. The cells were cultivated for another 8 h
after light exposure. Finally, the cells were harvested using
trypsinization to obtain a single cell suspension. Afterwards, the
cells were resuspended in 100 mL of binding buffer and then,
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5 mL Annexin V-FITC as well as 5 mL PI was added. Flow
cytometry was performed to detect cellular apoptosis.

Animal models. Healthy female BALB/c nude mice were
housed in a specific pathogen free (SPF) lab. To establish
a xenograft cancer model, the mice were subcutaneously inoc-
ulated with 1 x 10" HepG2 cells dispersed in 100 mL PBS at the
back for the in vivo test.

In vivo tumour targeting test. After the tumour volume was
in the range of 150-200 mm?, the mice were randomly divided
into two groups. PPCRD and PPCRDF were intravenously
injected into tumour-bearing mice containing an equal amount
of Ce6. After different time intervals (1 h, 2 h, 8 h, 12 h, and 24
h), fluorescence signals were examined using an in vivo imaging
system. After 20 h post injection, the mice were sacrificed and
the tumours were separated for ex vivo imaging. The fluores-
cence intensity of the region of interest was determined by the
imaging system software.

In vivo photodynamic therapy. Thirty BALB/c nude mice (4-5
weeks old) were subcutaneously inoculated with HepG2 cells
and twenty-five tumour bearing mice were screened for anti-
tumor experiments. When the average volume of tumour
xenografts was about 150-200 mm?, the mice were divided into
five groups at random. The mice were intravenously injected
with Ce6 + Dox, PPC, PPCRD, and PPCRDF separately every
other day for a total of 3 times, with saline as the negative
control. After 3 h and 24 h post-injection, the tumor was
exposed under a laser beam of 650 nm (200 mW cm™>) for
30 min. The weight of the mouse and volume of the tumor were
recorded every two days. Then, the tumor volumes were calcu-
lated using the following formula: V (mm?®) = (length of tumor)
x (width of tumor)?/2. On the 21st day, tumor tissues were
extracted and sections were treated by hematoxylin and eosin
(H&E) staining to study the efficacy of photodynamic therapy.

3 Results and discussion
3.1 Synthesis of the nanoparticle drug delivery system

The biomimetic nanoparticle drug delivery system was synthe-
sized through three main steps (Fig. 1): (1) preparation of
mPEG-PLGA-Ce6 micelle by microfluidic flow control method
(as the nanoparticle core); (2) preparation of RBCs vesicles and
Dox loaded RBCs (the well-established “extrusion
method”>****%); (3) encapsulated of mPEG-PLGA by RBC vesicles
to prepare biomimetic nanoparticles.

3.2 Preparation and characterization of biomimetic
nanoparticles

Fig. 2a and c show the transmission electron microscopy (TEM)
images of the morphological structures on PPC and PPCRDF.
The RBC membrane was successfully camouflaged onto the
surface of mPEG-PLGA nanoparticles (Fig. 2c). PPCRDF was
circularly distributed with the circle of a lower peripheral
contrast representing the RBC membrane and with a typical
“core-shell” structure to ensure the stability of the nano-
structure. The structure was consistent with that published in
the literature.™ The results demonstrated that the nanoparticles
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Fig. 1 Technical route of PPCRDF preparation with DSPE-PEG-FA
acting as an amphiphilic molecule, in which the DSPE hydrophobic
block could be inserted directly into the phospholipid layer of the RBC
membrane while the mPEG-linked FA at the hydrophilic end was
located on the surface of the nanoparticle. PPCRDF was prepared by
extruding PPC nanoparticles, RBC-Dox, and DSPE-PEG-FA through
a 100 nm membrane. The above procedures were repeated several
times to ensure the formation of a “core—shell” structure and guar-
antee the size of nanoparticle uniformity.

o'. Ceb

PPCRD

PPCRDF

of PPC and PPCRDF possessed a homogeneous spherical shape
with diameter of approximately 50 nm and 60 nm, respectively.
An increase in the thickness by about 10 nm to a level similar to
the lipid bilayer thickness further demonstrated that RBC was
successfully coated onto the surface of mPEG-PLGA. Addition-
ally, it could be observed from the figures that the nanoparticles
did not rupture or fuse during the extrusion.

The size distribution and zeta potential of PPC and PPCRDF
nanoparticles were measured by dynamic light scattering (DLS).
Fig. 2b and d show that PPC had a hydrated size of about 60 nm
with a Gaussian distribution, whereas PPCRDF had a hydrated
size of about 70 nm after successful encapsulation within RBC,
which was considered favourable for endocytic intracellular
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Fig.2 The morphology and size distribution of PPCRDF nanoparticles.
Transmission electron morphology, hydrated particle size distribution
diagrams, and polydispersity (PDI) of PPC (a and b) and PPCRDF (c and
d). The stability of (e) PPC and (f) PPCRDF were analysed by DLS during
21 d storage.
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Fig. 3 Characterization of RBC coating in biomimetic nanoparticles.
(a) Zeta potential of PPC, PPCRD, and RBC membrane vesicle; (b) SDS-
PAGE gel electrophoresis to detect RBC membrane proteins of CD47.

uptake and met the demands of the nanoparticles to exert the
EPR effect. The size observed under TEM was smaller than that
detected by DLS, which was presumably attributable to the
shrinkage effect of samples upon drying owing to the hydro-
philic structure of PEG polymer. For TEM observation, the
samples on copper mesh were subjected to natural drying
before detection, whereas DLS measured the size in aqueous
solution with PEG chain unfolding. The uniformity of the
nanoparticle size detected by DLS indicated that no agglomer-
ation occurred during the preparation of the nanoparticles.

Next, the biostability was investigated for understanding the
impact of incorporating RBC membrane on the nanoparticles
upon immersion of the samples in PBS. The size changes in PPC
and PPCRDF in 1x PBS (Fig. 2e and f) were inconsequential for
more than 21 d, compared to that of PPC at 15 d. Higher bio-
stability indicated better biological application for in vivo Ce6
delivery.

The results of zeta potential measurement (Fig. 3a) showed
that the surface potential of PPC and PPCRDF was about —14.5
+ 1.6 mV and —11.2 £ 1.2 mV, respectively, which was equiv-
alent to the surface potential of the RBC membrane vesicle, thus
further confirming the success of RBC encapsulation.

3.3 SDS-PAGE protein characterization

The biological protein CD47 on RBC surface is a 50 kDa
membrane glycoprotein, which mediates the recognition
behavior between endogenous cells and avoids phagocytosis so
as to ensure long circulation of nanoparticles in vivo. Equivalent
amounts of the membrane protein of RBC, RBC membranes,
and PPCRDF quantified by the BCA assay kit were loaded in
each lane and added to 10% SDS-PAGE to separate proteins of
different molecular weights (Fig. 3b). It was clearly verified that
the CD47 band pattern corresponding to the cell membrane
protein was observed for PPCRDF, suggesting that PPC was
successfully coated by the RBC membrane (Fig. 3b). The pres-
ence of CD47 protein indicated that the nanoparticles could
prolong the in vivo circulation time.

3.4 The spectrum of nanoparticles determined by UV-Vis
spectroscopy

UV-Vis spectroscopy was employed to further investigate the
loading efficiency of Ce6. PPCRDF was subjected to ultraviolet
measurement. The samples of Dox, Ce6, PPC, PPCRD, and
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Fig. 4 Characterization of drug-loading and singlet oxygen genera-
tion of biomimetic nanoparticles. (a) UV-Vis absorption spectrum of
PPCRDF, PPCRD, PPC, Ce6, and Dox; (b) singlet oxygen detection of
PPCRDF, PPCRD, PPC, and Ce6; (c) Dox release behaviour of PPCRDF
and PPCRD in PBS buffer; (d) intracellular ROS generation determined
by measuring the fluorescence intensity of DCF in HepG2 cells.

PPCRDF were diluted to the concentration of 50 ug mL™" to
analyse the fluorescence absorption. As shown in Fig. 4a, the
Dox aqueous solution exhibited a typical absorption peak at
about 480 nm. The maximum absorption peak of Ce6 solution
was found at about 400 nm with a small absorption peak at
670 nm, while no distinct peaks were observed at the same
wavelength for mPEG-PLGA. PPC showed the corresponding
characteristic peaks of 400 nm and 670 nm, indicating that Ce6
was successfully physically encapsulated into PPC. PPCRD and
PPCRDF also showed the corresponding absorption peaks at
about 480 nm and 400 nm, respectively, indicating that Ce6 and
Dox were successfully loaded into the biomimetic nano-
particles. The results were consistent with the fluorescence
spectrum detection (Fig. S1}). The absorption peak value of Dox
and Ce6 at a certain concentration gradient was measured to
plot a standard curve for drug loading content. By measuring
the absorption intensity of different concentrations of Ce6 in
PPC, PPCRD, and PPCRDF, the Ce6 drug loading content (DLC)
was calculated to be 20.4% for PPC, 16.25% for PPCRD, and
15.31% for PPCRDF. The DLC of PPC was obviously higher,
presumably due to higher the quantity and accessibility by
microfluidic control. The content of Dox was calculated, which
had a loading rate of about 7% that could obtain better synergy
effects with PDT.

3.5 Singlet oxygen ('0,) determination

ROS, especially for singlet oxygen (*O,) generation by biomi-
metic nanoparticles, is significant in tumor ablation by PDT.
0, was measured using SOSG as an indicator and the increase
in the fluorescence intensity at 531 nm was determined, which
indicated the generation of singlet oxygen. Ce6 loaded into
biomimetic nanoparticles could produce singlet oxygen rapidly
within 2 min when subjected to irradiation (Fig. 4b), which

This journal is © The Royal Society of Chemistry 2020
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Fig.5 HepG2 cellular uptake induced by biomimetic nanoparticles. (a)
Profiles of HepG2 cells treated with nanoparticles for 8 h by flow
cytometry (yellow, Ce6 molecule; blue, PPC; green, PPCRD; red,
PPCRDF; grey as negative control). (b) Mean fluorescence intensity
(MFI) corresponding to the samples at different co-incubation time
points; (c) images of HepG2 cells treated with free Ce6, PPCRD, and
PPCRDEF for 8 h, as obtained by a confocal microscope. The cell nuclei
were stained with DAPI.

would be favorable for tumor killing. The ratio of 'O, generation
to PPC had a comparable tendency with the Ce6 molecule
group, indicating that irradiation may destroy the nano-
structure of PPC and cause the leakage of entrapped Ce6.
PPCRD and PPCRDF with a plateau phase of singlet oxygen
generation demonstrated that the RBC-encapsulated biomi-
metic nanoparticles had a sustained-release performance. In
this way, the sustained release of Ce6 would be conducive for
restricting the occurrence of side effects due to excessively high
local drug concentration.

3.6 Invitro release of drug from nanoparticles

The in vitro release behaviour of free Dox and biomimetic nano-
particles is shown in Fig. 4c. In the first 4 h, >80% Dox was burst-
released from the Dox-HCI solution. However, the Dox released
from PPCRDF and PPCRD was closed to 18% at 4 h and there was
about 60% of released Dox within 48 h from both PPCRDF and
PPCRD. The sustained release profile suggested that FA modifi-
cation had no influence on the release profile of the payload.

3.7 The investigation of intracellular ROS generation

Intracellular ROS generation was investigated quantitatively by
using a DCFH-DA assay. In brief, DCFH-DA was pre-incubated
with  the cells, which could be cleaved to
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dichlorodihydrofluorescein (DCFH). The DCFH trapped within
the cells would be converted to fluorescein DCF in the presence
of '0,. Fig. 4d shows the fluorescence intensity of HepG2 cells
incubated with DCFH-DA probe in the medium containing
PPCRDF and PPCRD with or without light. The fluorescence
intensity of the cells with PPCRDF under light irradiation was
about 2 times higher than that with PPCRD. However, without
laser irradiation, the florescence intensity exhibited by PPCRDF
and PPCRD had a similar level. The results indicated that
PPCRDF could generate ROS in HepG2 cells more efficiently
under 650 nm light irradiation.

3.8 In vitro targeting ability of biomimetic nanoparticles

FA is frequently employed as a ligand that targets FA receptors,
which are enormously expressed on the surface of cancer cells.
The cell uptake was studied to explore the targeting efficiency of
PPCRDF in tumor targeting in vitro by flow cytometry to
examine the mean fluorescence intensity (MFI). The HepG2 cell
line was chosen as a model due to overexpressed FA receptor on
the cell surface. A significant intracellular accumulation of Ce6
was found between the PPC and Ce6 group after 8 h co-
incubation (Fig. 5a and b). The results of MFI in PPCRDF
were nearly 2-3 times higher than the MFI of PPCRD, which
showed that FA modification could boost the uptake efficiency
in the way of receptor-mediated endocytosis (Fig. 5a and b). The
results also demonstrated that an extended incubation time was
responsible for the increased fluorescence intensity of HepG2
cancer cells (Fig. 5b).

CLSM was employed to visualize phagocytosis to analyse
intracellular biomimetic nanoparticle distributions directly.
Negligible fluorescent signals were detected for the Ce6 mole-
cule group, while the MFI was significantly enhanced for
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Fig. 6 In vitro cytotoxicity of biomimetic nanoparticles. (a) Dark

toxicity and (b) phototoxicity of HepG2 cells treated with free Ce6,
PPCRD, and PPCRDF at a variety of concentrations (Ce6 eqiv.). (c) Flow
cytometric assays detecting the apoptosis of HepG2 cells treated with
Ce6, PPCRD, and PPCRDF. (d) The histogram of summary of the
apoptotic rates. The cells were irradiated with a CW laser source of
650 nm wavelength for 5 min.
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biomimetic nanoparticles group, especially for FA modified
PPCRDF group with 8 h co-incubation (Fig. 5¢). The discrepancy
in the PPCRDF and PPCRD group showed that the HepG2 cells
had favourable phagocytosis through a FA receptor-mediated
and time-dependent pattern, which was available for ROS
generation and tumor Kkilling. The results of flow analysis
proved that PPCRDF could be efficiently taken up by FA over-
expressed cancer cells, indicating that considerable biomimetic
nanoparticles would be delivered to accumulate in the tumor
tissues. In addition, this phenomenon also indirectly proved
that the surface of the biomimetic nanoparticle system had
been modified with FA successfully.

3.9 Invitro cytotoxicity of biomimetic nanoparticles

The WST-1 assay kit was employed to assess the cytotoxicity of
PPCRDF. The data in Fig. 6a showed that the cells treated with
Ce6, PPCRD, and PPCRDF for 24 h exhibited no obvious dark
toxicity, with the cell viability above 80% in the absence of light
radiation. However, under light treatment, cell viability suffered
a cliff-like drop, as compared with the control group (Fig. 6b).
An optimal in vitro cell-killing performance of PPCRDF was also
observed, as compared with the PPCRD and Ce6 group in
a dose-dependent way. The discrepancies between PPCRD and
PPCRDF may be attributed to the FA modification. In addition,
the cancer cell viability of free Ce6 was higher than that for
PPCRD and PPCRDF, which may be ascribed to the quicker
internalization of nanocarriers by the endocytosis effect.

The apoptotic rates of HepG2 cells were analysed via flow
cytometry. The apoptosis rate in the PPCRDF group was
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Fig. 7 The in vivo targeting assay of PPCRDF. (a) Mice were injected
intravenously with PPCRD and PPCRDF, in vivo imaging was per-
formed, and photographs were taken at 2 h and 24 h, and (b) their
major organs at 12 h. (c) Mean fluorescence intensity (MFI) of the
tumor tissues from mice at 1, 2, 8, 12, and 24 h post-injection,
respectively.
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approximately 1.5-fold higher than that of free Ce6 (58.1% vs.
38.4%) and 1.3-fold higher than that of PPCRD (58.1% vs.
46.2%), which indicated an excellent anti-cancer ability in vivo
(Fig. 6¢c and d). The result was consistent with the previous
analysis-cellular uptake and in vitro cytotoxicity results.

3.10 In vivo targeting and circulation time test

HepG2 cells were subcutaneously inoculated into the back of
mice to establish the tumor-bearing models. PPCRDF and
PPCRD with equivalent Ce6 were injected intravenously into the
mice to investigate the in vivo targeting ability through the
detected fluorescence signal of Ce6 excitation using the in vivo
imaging system. As shown in Fig. 7a, the results of in vivo
imaging showed that a small amount of fluorescence aggrega-
tion was also observed at the tumor sites of the PPCRD group.
The fluorescence intensity of the tumor tissues in the PPCRDF
group was brighter than that of the PPCRD groupat1 hand 24 h
post-injection, indicating that PPCRDF had a strong ability to
target the tumor tissues efficiently.

The mice were sacrificed for imaging of tumors to assess the
targeting effect of biomimetic nanoparticles directly at obvious
post-injection time intervals. The tumours from PPCRDF
treated mice exhibited stronger fluorescence intensity than that
from PPCRD treated mice (Fig. 7b and c), which is indicative of
enhanced targeting due to FA molecule on the surface of
PPCRDF. In addition, the accumulation of PPCRDF and PPCRD
into the tumor tissue showed an increased tendency and
reached the maximum peak at 12 h post-injection. The MFI of
PPCRDF remained constantly higher at 24 h post-injection,
which suggested the prolonged circulation time in vivo.

This phenomenon was ascribed to the FA receptor-mediated
cellular endocytosis, EPR effect of the nanoparticle and RBC
membrane coating to prevent the recognition and clearance
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Fig. 8 Anti-tumor efficacy of biomimetic nanoparticles for PDT in
vivo. (a) Growth curves of HepG2 liver tumors treated with Saline, Ce6
& Dox molecule, PPC, PPCRD and, PPCRDF. The data are presented as
mean + s.d. (n = 5). (b) Photographs of tumor-bearing mice after
various treatments on the 12th day. (c) Histogram of tumor weight
after various treatments on the 21st day. The data are presented as
mean + s.d. (n = 5).
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Fig.9 (a) H&E staining figure of the tumor tissues. (b) Time-dependent
mouse relative weight curves after different treatments.

from the immune system, which indirectly resulted in better
targeting efficiency.

3.11 In vivo photodynamic therapy

To investigate the anti-tumor effect of biomimetic nano-
particles, nude mice bearing HepGz2 liver tumors with volume in
the range of 150-200 mm® were randomly separated into five
groups and were injected intravenously with saline, Ce6 & Dox
molecule, PPC, PPCRD, and PPCRDF (Ce6 dose 2.5 mg kg™ ).
The treatments were performed every other day for a total of
three times. Then, the therapeutic results were assessed by
using tumor growth curves and weight. As shown in Fig. 8a and
b, the growth curves and mice photos in the saline and Ce6 &
Dox groups indicated a rapid increase in the tumor volume.
From 6th to 9th d, the tumors in the PPCRDF and PPCRD
groups began to shrink, while the tumors in the PPC group
continued to grow with a marginal benefit. The growth of tumor
in the PPCRDF group was rapidly suppressed and significantly
ablated with an average weight of 0.51 + 0.17 g (Fig. 8c) than
that of PPCRD, which was attributed to prolonged circulation
time and PPCRDF targeted accumulation in the tumor so as to
generate sufficient ROS to induce stronger anti-tumor effect.
The cell apoptosis status of the tumor was then investigated
by H&E staining of the tumor paraffin section (Fig. 9a). The
results showed that extensive apoptosis and karyolysis areas
were observed in the tumors of PPCRDF treated group than that
in the PPCRD and PPC groups by a microscope, which is
indicative of excellent anti-tumor effect and is consistent with
the trend observed from the curve of tumor volume. The body
weights of the treated mice were monitored and no fluctuations
were observed in each treatment group (Fig. 9b), indicating the
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Saline Ce6+Dox PPCRD

PPC
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Fig. 10 Histological analysis by H&E staining of major organs (heart,
liver, spleen, lungs, and kidneys) for the treatments.

preliminary biocompatibility of the developed biomimetic
nanodrug delivery system.

3.12 In vivo toxicity assessment

Histological analysis with H&E staining was performed to study
the in vivo toxicity of biomimetic nanoparticles. As shown in
Fig. 10, no obvious abnormal pathological changes in the
tissues (heart, liver, spleen, lung, and kidney) were observed in
mice treated with PPCRD and PPCRDF. These results indicated
that the biomimetic nanoparticles have little toxicity towards
organs due to the good biocompatibility of the RBC membrane
coating and the sustained release performance of the micelles
in PDT.

4 Conclusions

In summary, we have successfully constructed a biomimetic
multifunctional nano-drug drug delivery system with a high
tumor targeting efficiency and prolonged circulation time in
vivo. The biomimetic nanoparticles had a uniform and small
size with a typical “core-shell” structure. UV-Vis spectroscopy
demonstrated that Ce6 and Dox were successfully co-loaded
into the system with a high drug loading efficacy of 15.31%.
Besides, the biomimetic system exhibited highly active target-
ing towards HepG2 cells efficiently by FA receptor-mediated
endocytosis following an elegant tumor-killing activity
through singlet oxygen generation. The encapsulation of RBC
membrane endowed the nanoparticles with prolonged circula-
tion time due to the presence of CD47 molecule. The biomi-
metic nanoparticles could boost Ce6 accumulation into the
tumor tissue for improved photosensitizer delivery and
enhanced the tumor targeting efficiency in HepG2 tumor-
bearing mice model. The RBC membrane-coated nano-
particles showed exciting promise in tumor ablation through
prolonged circulation time and higher targeting efficiency,
which was considered as a reference for improved PDT effect
and synergetic therapy.
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