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ABSTRACT

Chemotherapy is a difficult treatment for cancer patients because of the low effective accumulation of chemo-
drugs and their detrimental side effects. Nanoparticles have shown promise as a solution to these problems.
However, the known differences in the porosity and vascularization of tumor vessels, and other factors, including
the potential formation of a “protein crown,” the short half-life time in circulation, and the low drug distribution,
often limit their application. To address these problems, biomimetic nanoparticles coated with cell membranes
have been developed and shown to have advantages such as prolonged circulation, high biocompatibility, and
enhanced targeting abilities in drugs and nanoparticles, thus exhibiting good application prospects in cancer
therapy for liver, lung, and melanoma cancers. Accordingly, we designed a PH-sensitive biomimetic nanodrug
delivery system with a delicate “core—shell” structure based on red blood cell membranes. Briefly, core nano-
particles were synthesized by the self-assembly of natural amphoteric polymers, including hydrophilic
carboxymethylcellulose sodium and hydrophobic stearic acid. For the shell structure, red blood cell membranes
were modified using folic acid by a lipid tether (1,2-distearoyl-sn-glycero-3-phosphoethanolamine) to increase
tumor-targeting ability, whereas polyethylene glycol was inserted to decrease lipid tether modification-induced
potential sequestration by either the mononuclear phagocyte system or the reticuloendothelial system. Via a
series of formulation optimizations, paclitaxel was packaged into the red blood membrane-based core-shell
nanoparticles with an average size of 226.9 + 2.75 nm and a negative Zeta potential of —14.5 + 0.3 mV. More
importantly, the examinations focusing on CD47, a representative red blood cell membrane protein, revealed not
only the successful establishment of the membrane shell but also the right-side-out membrane orientation on our
core-shell nanoparticles. Our nanodrug delivery system showed good biocompatibility and sensitivity to acidic
tumor microenvironments while effectively prolonging the circulation time of paclitaxel and further enhancing
its antitumor effects on epithelial malignancies, including liver, lung, and melanoma cancers. In particular, our
nanodrug delivery system significantly alleviated paclitaxel-induced renal toxicity. Taken together, our findings
highlight that the red blood membrane-based core-shell nanoparticle is a promising biomimetic nanodrug de-
livery system for functionally delivering chemotherapeutic drugs, and it has promise in clinical applications.

1. Introduction

struggled to remedy this and have developed multiple countermeasures,
including surgery, chemotherapy, radiation therapy, phototherapy, and

Epithelial malignancies account for more than 85% of human ma- gene therapy [2-4]. Although these strategies have exhibited some
lignancies and threaten public health [1]. For decades, scientists have ability to inhibit tumor growth, the prognosis of epithelial malignancy is
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still poor and accompanied by a high mortality rate in tumor patients
[5].

Chemotherapy is a difficult treatment for cancer patients because of
unexpected and detrimental side effects [6,7]. Among them, paclitaxel
(PTX) is a first-line chemotherapeutic agent extracted from the Pacific
yew tree [8]. It targets tubulin to reduce the dynamics of intracellular
microtubule networks, thereby inhibiting tumor cell proliferation and
promoting cell apoptosis and necrosis. Further, it has been successfully
applied to the clinical treatment of liver cancer, lung cancer, and mel-
anoma [9-11]. However, the buckets effect of PTX also exists because of
its short half-life, strong hydrophobicity, and high systemic toxicity,
especially in the kidney [12-14]. Therefore, overcoming the shortcom-
ings of PTX application would improve its clinical efficacy in the treat-
ment of malignant epithelial tumors.

With the development of modern nanoscience and biotechnology,
artificial nanomaterials and nanoplatforms have been used in cancer
treatment [15,16]. These nanoparticles (NPs) are used for a functional
and safe nanodrug delivery system (NDDS) to improve multiple aspects
of chemotherapeutic drugs, including water solubility, absorption,
metabolism, distribution, excretion, and toxicity [17]. Moreover, the
tumor-targeting ability of NDDS plays a critical role in minimizing the
side effects and improving the therapeutic efficacy of chemotherapeutic
drugs [18]. To localize NPs to tumor tissues, many strategies have been
applied, including but not limited to, the following: 1. optimizing the
size of NPs, which allows passive accumulation of drugs in tumor tissues
via leaky vasculature based on the enhanced permeability and retention
effect (EPR) [19], 2. incorporating targeting moieties for binding NPs to
cancer cells (active transpiration) [20]. For instance, modification of FA
is considered a functional strategy for improving the targeting efficacy
of NDDS while decreasing the undesired biodistribution in peripheral
organs [21]. Because of the high expression of folate receptors on the
membrane of cancer cells, folic acid (FA) functions as an energy source
to maintain their uncontrollable proliferation [22]. Collectively, NDDS
not only serves as a protective carrier for therapeutic drugs but also
provides additional benefits, including prolonged circulating times/
sustained drug release, increased tumor-targeting abilities, and reduced
chemotherapeutic drug-induced organ toxicity [23].

In past decades, organic materials, such as poly(lactic-co-glycolic
acid) (PLGA) [24] and poly(caprolactone) (PCL) [25], have functioned
as basal sources for establishing NDDS. However, owing to the low drug
loading capacity (typically <10%) [26], large quantities of these for-
mulations are required to encapsulate drug payloads [27]. Meanwhile,
high doses of these materials increase the risk of potential toxicities and
trigger an active immune response [28], which may aggravate cancer
progression. In contrast, natural materials exhibit good biocompatibility
and low toxicity. For example, polysaccharides are natural molecules
with flexible modified functional groups that are prone to coupling with
NPs and other small molecules; hence, they possess great potential for
drug delivery, cancer treatment, and diagnosis [29,30]. Among poly-
saccharides, carboxymethylcellulose sodium (CMC) is chemically
modified from natural polysaccharide cellulose and has been widely
used in the oral delivery of hydrophobic drugs [31,32]. Notably, CMC is
highly sensitive to acidic tumor environments, increasing its potential
for the delivery of chemotherapeutic drugs into tumor tissues [33].
Additionally, stearic acid (SA) is an endogenous metabolite involved in
lipid metabolism. Given its hydrophobic properties, it can serve as a
facilitator to increase drug solubility and enhance the loading efficacy of
NPs. Notably, due to biological barriers, only 0.7% (median) of
administered NPs are delivered to solid tumors [34]. However, unsolved
problems, including insufficient resident time, the unavoidable synthe-
sis of a “protein crown,” the nonspecific uptake by liver and kidney,
clearance by host immune system, and poor penetration into tumor
tissues, limit the clinical applications of organic material-based NDDS
[35]. Therefore, it is important to establish an advanced NDDS to cross
physical/biological barriers and increase the antitumor properties of
chemo-drugs.
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To address these problems, erythrocyte membrane-cloaked NPs were
developed in 2011 [36], which paved the way for cell membrane-
cloaked NPs [37-39]. Such a new type of biomimetic NDDS combines
the unique properties of natural cellular entities, such as a long circu-
lation time. Accordingly, it could dupe the host immune system and
avoid the synthesis of, protein crown, thus improving the biocompati-
bility and prolonging the retention time [40,41]. Among the various
types of cell membranes, red blood cell membranes (RBCMs) are the
most abundant and biocompatible and are known to penetrate biological
barriers. In addition, unique membrane proteins, such as CD47, could
help maintain RBC survival in circulation. Many studies have docu-
mented the utility of RBCMs in coating drug-loaded polymeric NPs [42].
Although self-derived components and antigen structures exist in/on the
RBCM, there is still a lack of related targeting ligands and active tran-
spiration ability in solid tumors. Chemically modifying target ligands,
such as FA, is a common method of solving this problem. However, this
may lead to the denaturation of functional proteins in RBCM. Accord-
ingly, a nondisruptive functionalization strategy needs to be developed
to maintain the integrity of the membrane, which is extremely important
for maintaining the cellular function of biomimetic NPs. With the aid of
lipid tethers (e.g., 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE)), targeting ligands can be naturally inserted into RBCMs [43].
Notably, such an insertion could lead to a reduction in NP concealment.
Therefore, DSPE-grafted membrane NPs needs to be improved to reduce
the possibility of clearance or sequestration by either the mononuclear
phagocyte system (MPS) [44] or the reticuloendothelial system (RES)
[34].

Herein, we construct a new NDDS with a delicate “core-shell”
structure by camouflaging polymer (SA and CMC as basal materials)-
assembled NPs with DSPE- polyethylene glycol (PEG)- FA-modified
RBCM (FRCS NPs). We found that FRCS NPs exhibited good biocom-
patibility and were sensitive to acidic tumor microenvironments.
Functionally, FRCS NPs effectively improved the therapeutic effects of
PTX on epithelial malignancies, including liver cancer, lung cancer, and
melanoma. Further, FRCS NPs significantly alleviated PTX-induced
toxicity in various organs, especially in the kidneys. Therefore, FRCS
NPs offer a safe and efficient carrier for toxic chemotherapeutic drugs for
the treatment of epithelial malignancies.

2. Materials and methods
2.1. Materials

Carboxymethylcellulose sodium, folic acid, and stearic acid were
purchased from Sangon Biotech Co. Ltd. (Shanghai, China). Filipin, N,
N-dicyclohexylcarbodiimide (DCC), 4-(dimethylamino) pyridine
(DMAP), (N1-(ethylimino-methylene)-N3, N3-dimethylpropane-1,3-
diamine (EDC), N-hydroxysuccinimide (NHS), and dimethyl sulfoxide
(DMSO) were obtained from Sigma-Aldrich (St. Louis, MO, USA). DSPE-
PEG-folate, carboxymethyl cellulose sodium, stearic acid, PTX, chlor-
promazine hydrochloride, and EIPA were obtained from Shanghai
Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). All the other
chemicals and reagents used in this study were of analytical grade.

2.2. Cell lines and animal models

RAW264.7 macrophages cells, HepG2 cells (human hepatocellular
carcinoma), A549 cells (human lung epithelial cells), and A375 cells
(human malignant melanoma cells) were obtained from ATCC (Mana-
ssas, VA, USA). These cells were cultured in DMEM containing 10% fetal
bovine serum (FBS) and penicillin/streptomycin (100 pg/mL) and
maintained at 37 °C in 5% CO; environment. All animal procedures in
this study conformed to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH publi-
cation No. 85-23, revised 1996) and the approved regulations set by the
Laboratory Animal Care Committee at the China Pharmaceutical
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University (Permit number SYXK-2021-0011). Male C57BL/6 J (8 weeks
old) and BALB/C-NU mice (5 weeks old) were purchased from the Model
Animal Research Center of Nanjing University (Nanjing, China).

2.3. Preparation of erythrocyte membrane-obtained vesicles

Whole blood from healthy C57BL/6 J mice was centrifuged at 3000
rpm for 5 min to remove plasma. The RBCs were washed three times
with ice-cold PBS (pH 7.4) and ruptured by suspension in 0.01 mM PBS
for 3 h. After centrifugation (13,000 rpm, 10 min, 4 °C), the precipitates
were repeatedly washed with ice-cold PBS and centrifuged until the
supernatant became colorless. The RBCMs were sonicated in a capped
glass vial for 5 min. The resulting vesicles were subsequently extruded
serially through 200 nm polycarbonate porous membranes using Mil-
lex®-HV (Merck Millipore Ltd., USA).

2.4. RBCM protein characterization

RBCM proteins were extracted from RBCs in accordance with a
previous study and identified by SDS-PAGE and Coomassie blue staining
analyses [45].

2.5. Preparation of FRCMs

To construct FRCMs, 1 mL RBCM and 10 pL DSPE-PEG-FA (25 mg/
mL) were mixed and stirred at 37 °C for 12 h. The unreacted reagents
were then removed by dialysis against ddH20. The water was replaced
every 6 h, and dialysis was continued for 48 h. Finally, the dialysis
samples were subjected to vacuum freeze-drying treatment to obtain the
FRCMs. To ensure successful DSPE-PEG-FA insertion, the sample was
further analyzed using 'H NMR spectroscopy.

2.6. Synthesis of CMCS NPs

CMCS was synthesized by grafting carboxymethylcellulose with
stearic acid via a carbodiimide crosslinking reaction. Carboxymethyl-
cellulose (50 mg) was dissolved in ddH»0, and 10 mg of EDC and 5 mg of
NHS were added and stirred at 25 °C for 2 h to activate the carboxyl
group. Furthermore, 25 mg of stearic acid was dissolved in 5 mL of
ethanol at 50 °C and stirred for 0.5 h. Finally, 5 mL of stearic acid was
added to the CMC solution, and the reaction was continuously stirred for
24 h at room temperature. The product solution was dialyzed (MW 3500
Da) against deionized water for 3 days. The supernatant was freeze-
dried to obtain white-flocculated CMCSs. For the preparation of CMCS
NPs, an appropriate amount of CMCS polymer was dissolved in PBS, and
the polymer solution was then subjected to contact ultrasound at 75 W
for 5 min. Finally, the ultrasound product was filtered with a 0.45 pm
microporous membrane and allowed to stand at 37 °C for 12 h to obtain
CMCS NPs.

2.7. Preparation and characterization of FRCS NPs

To synthesize PTX FRCS NPs, 10 mg of CMCS and 10 mg of FRCM
were mixed and preprocessed by ultrasonic disruption for 5 min to
facilitate FRCM coating on the CMCS NPs. Then, 20 mg of PTX was
added to the suspension and agitated overnight. The suspension was
centrifuged at 12000 rpm for 12 min and washed thrice with PBS to
obtain the final PTX FRCS NPs.

2.8. NPs characterization

The hydrodynamic size and zeta potential of the prepared NPs were
determined using a Malvern Zetasizer system (ZEN3690; Malvern In-
struments Limited, Malvern Worcestershire, UK). The morphology of all
the NPs was further confirmed using a transmission electron microscope
(HT7700, Hitachi, Tokyo, Japan).
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2.9. Invitro release study

Using the dialysis method with a membrane with a molecular weight
cutoff of 2000 Da, in vitro drug release kinetics were conducted. Briefly,
1 mL of PTX FRCS NP solution was placed into dialysis tubes and then
placed in the release medium (pH 5.5, pH 7.4) at 37 °C, followed by
shaking at 150 rpm. At predetermined time points, 100 pL of dissolution
medium was collected and supplied with an equal volume of fresh
dialysis fluid. The amount of PTX released was measured using UV-Vis
spectroscopy. PTX content was quantified by measuring absorbance at
264 nm.

2.10. Sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE)
electrophoresis analysis

SDS-PAGE was used to analyze the proteins. The samples were
heated at 100 °C for 7 min, and 45 pg of the sample (source erythrocyte
membrane derivation, RBCM NPs, CMCS NPs, and FRCS NPs) was
loaded into each well of a 10% SDS-PAGE. The samples were then
separated at 120 V for 2 h, and the separation efficacy was examined
after the gel was stained with Coomassie brilliant blue.

2.11. Membrane representative protein CD47 expression analysis

CD47 expression was examined by western blotting and FACS ana-
lyses. For western blot analysis, SDS-PAGE analysis was performed as
described above. Next, the proteins were transferred to a polyvinylidene
fluoride (PVDF) membrane, and CD47 protein expression was analyzed
using CD47 antibodies (Cat. no. 66304-1-Ig; 1:2000 dilution; Pro-
teintech Group, Inc.). After incubation with the corresponding horse-
radish peroxidase-conjugated secondary antibody (Cat. No. SA0O0001-1;
1:4000 dilution, Proteintech Group, Inc.), protein bands were detected
using a Tanon 5200 Multi Fully Automatic Chemiluminescence/Fluo-
rescence Image Analysis System (Tanon, Shanghai, China). For flow
cytometric analysis, cell samples were marked using fluorophore-
conjugated antimouse antibodies (FITC-tagged anti-N terminal-tar-
geted (extracellular) mouse CD47 antibody, Cat. no. 127503; 1:2000
dilution; BioLegend). The mixture was incubated at room temperature
for 2 h and then centrifuged to remove unbound antibody. Flow
cytometry was performed using CytoFLEX (Beckman Coulter Inc., CA,
USA), and the data were analyzed using FlowJo software version 10.5.3
(Tree Star, Ashland, OR, USA).

2.12. Fluorescence-activated cell sorting (FACS) analysis for the particle
internalization of macrophages

RAW264.7 macrophages cells were seeded in 6-well plates at a
density of 3 x 10° cells per well. After 24 h, rhodamine B (RhB)/CMCS
NPs, RhB/FRCS NPs, and RhB/CD47-blocked FRCS NPs were added to
the wells at the same RhB concentration (25 pg/mL). CD47 was blocked
using trypsin according to a previously reported method [46]. After 12 h
of incubation, the cells were digested, collected, and detected by flow
cytometry, and the data were analyzed using FlowJo software version
10.5.3 (FlowJo, Ashland, OR, USA).

2.13. Mechanism of FRCS NPs endocytosis

To investigate the mechanisms involved in FRCS NP uptake by tumor
cells (HepG2, A549, and A375 cells), different inhibitors were used to
interfere with key uptake pathways. Tumor cells were seeded at a den-
sity of 1 x 10° cells/well in a confocal dish containing 4 cm? slides and
incubated overnight. To compare the differences in the cellular uptake
mechanism, tumor cells were pretreated with culture media containing
filipin (1 pg/mL), chlorpromazine (10 pg /mL), EIPA (10 pg /mL), and
BafAl (200 nM) respectively, at 37 °C with 5% CO; for 2 h. The culture
medium was removed and incubated with full culture medium
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containing the same amount of Cy5 FRCS NPs for 24 h. Then, the tumor
cells were fixed with 4% paraformaldehyde and the nuclei were stained
with DAPI. Finally, the distribution of red fluorescence in tumor cells
was observed using CLSM (LSM700, Carl Zeiss, Oberkochen, Germany),
and the fluorescence intensity was processed using ZEN imaging soft-
ware (Carl Zeiss, Oberkochen, Germany).

2.14. In vivo biodistribution study

Ectopic tumor models of lung cancer, liver cancer, and melanoma
were established as described above. After two weeks, the tumor volume
reached 50 mm®. Formulations containing 250 pg/mL Cy5 FRCS NPs
were used in all biodistribution studies. For ex vivo imaging, mice were
administered Cy5 and Cy5 FRCS NPs (Cy5 concentration: 10 mg Cy5
equv. /kg). After 24 h, the mice were imaged using an IVIS Lumina III In
Vivo Imaging System (Perkin Elmer, Alameda, USA) with excitation and
emission wavelengths of 649 nm and 670 nm, Cy5. Subsequently, the
mice were sacrificed, and the main organs, including the heart, liver,
spleen, lung, and kidney, were excised and imaged by IVIS using the
same settings.

2.15. In vivo biocompatibility of FRCS NPs

Healthy C57BL/6 J mice were treated with saline (control) or FRCS
nanoparticles (NPs). The mice in the corresponding groups were intra-
venously administered 100 pL of saline and FRCS NPs. Body weight
changes in the mice were recorded during administration. At a pre-
determined time, blood was drawn for serum biochemistry and hema-
tologic assays. The major organs were harvested and weighed. After
fixation in 4% paraformaldehyde, the tissues were embedded in liquid
paraffin and sliced into 5 pm sections for hematoxylin-eosin (H&E)
staining.

2.16. In vitro cytotoxicity evaluation

The cytotoxicity of FRCS NPs, PTX, and PTX FRCS NPs was evaluated
using the CCK-8 assay. Briefly, the tumor cells were plated at a density of
5 x 10 cells in 100 pL per well in 96-well plates and incubated over-
night. The culture medium was then replaced with 100 pL of fresh me-
dium containing different concentrations of FRCS NPs, PTX, and PTX
FRCS NPs. After another 24-h of incubation, the cells were subjected to
the CCK-8 assay according to a previous study.

2.17. Invivo antitumor efficacy

When the tumors grew to approximately 50 mm?, tumor-bearing
mice were randomly divided into three groups (n = 5). PTX and PTX
FRCS NPs (PTX 10 mg/kg and equivalent PBS) were injected through the
tail vein every 3 day. Tumor volumes (V = length x width x width/2)
and mouse body weights were measured every three days. At the 24th
day, the major organs (heart, liver, spleen, lung, and kidneys) and tumor
tissues were removed, weighed, rinsed with saline, then fixed with 4%
paraformaldehyde solution. Sections were stained with H&E or a one-
step TUNEL apoptosis assay kit (Beyotime Biotechnology, Shanghai,
China) according to the manufacturer’s instructions.

2.18. Serological analysis

Serum samples were collected in centrifuge tubes and centrifuged at
4000 rpm for 10 min at 4 °C. Serum levels of alanine aminotransferase
(ALT), aspartate transaminase (AST), blood urea nitrogen (BUN),
creatinine (CRE), and inflammatory cytokines, including IL-12, IFN-y,
TNF-a, and IL-6, were determined using commercial kits (Ruixin
Biotech, Quanzhou, Fujian, China).
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2.19. RT-qPCR analysis

mRNA expression was examined as described in our previous study.
Gene expression levels were normalized to 36B4. The qPCR primer se-
quences for the related genes are listed in Supplementary Table S1.

2.20. Statistical analysis

Data are displayed as mean £+ SD. One-way ANOVA with Tukey’s
post-hoc test was conducted when multiple groups were compared, and
Two-tailed paired t-test was used to compare two groups. Statistical
significance was set at p < 0.05. Detailed comparison information were
presented in Supplementary Table S2-S3.

3. Results and discussion
3.1. Preparation and characterization of FRCS NPs

Based on the inherent characteristics of the erythrocyte membrane, a
surface-modified erythrocyte membrane carrier system was constructed
to utilize the targeted delivery of PTX for tumor chemotherapy. The
synthetic procedure for biomimetic FRCS NPs consisted of three steps: 1)
Hydrophilic CMC and hydrophobic SA were self-assembled into CMCS
NPs (inner core). 2) Membrane-derived vesicles were prepared from
natural erythrocytes according to previously reported methods [47-49].
FA was then modified to membrane-derived vesicles to prepare FA-
RBCM (envelope). 3) FA-RBCM was used to encapsulate CMCS NPs,
thus forming a new type of biomimetic FRCS NPs. This biomimetic
NDDS could proactively translocate to tumor tissues and sense pH var-
iations in the microenvironment. After degradation, PTX was released
by the biomimetic FRCS NPs, which strengthened the antitumor effects
and alleviated the potential side effects of PTX (Fig. 1). The core of the
CMCS NPs is a two-block amphoteric polymer composed of hydrophilic
CMC and hydrophobic SA prepared by the self-assembly method
(Fig. la). The successful synthesis of CMCS was confirmed by the
characteristic signals in the proton nuclear magnetic resonance (*H
NMR) spectrum (Fig. S1a). More importantly, compared to the core that
are directly grafting PEG onto PTX [50], we used CMC and SA to form a
two-block amphoteric polymer, which could avoid PTX’s premature
release and decease its non-specific accumulation in the peripheral or-
gans. Given that the folic acid/folate receptor axis serves as a molecular
target for epithelial malignancy treatment [51,52], RBCMs were ob-
tained from the mouse blood by the hypotonic method, followed by a
functionalized modification with DSPE-PEG-FA on their surfaces to
enhance the targeting ability (Fig. 1b and c). Although DSPE functions as
a lipid tether, it may decrease the concealment of NPs, leading to its
sequestration by RES and MPS [34,44]. To avoid this, we utilized the
PEGylation modification, which is regarded as a superior method of
preparing “stealth” NPs, thus reducing the RES- and MPS-mediated NP
capture and prolonging the NP circulating time [53-55]. Therefore, we
embed PEG into DSPE-FA to form a triblock DSPE-PEG-FA polymer to
improve the “stealth” of RBCMs. Furthermore, surface modification of
RBCMs was verified by 'H NMR (Fig. S1b). Finally, FA-grafted RBCMs
were mixed with CMCS NPs in a unified system for further ultrasonic
crushing and coaxial extrusion to obtain biomimetic FRCS NPs.

Next, we verified the physical and chemical characteristics of bio-
mimetic FRCS NPs. As shown in Fig. 2a and Fig. S2a, TEM analysis
revealed that CMCS and RBCM NPs were spherical and uniform. Inter-
estingly, the FRCS NPs showed distinct core-shell spherical structures
when compared to naked CMCS NPs. Morphologically, FRCS NPs were
characterized by CMCS NPs, which were surrounded by a gray and white
ring composed of RBCM. The thickness of the homogeneous outer
membrane shell was approximately 10 nm, suggesting successful
coating of the erythrocyte membrane. Additionally, Malvern Zetasizer
analysis showed that CMCS NPs had an average size of 163.8 + 2.22 nm
and a negative Zeta potential of —17.6 &+ 0.4 mV, guaranteeing passive
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Fig. 1. (a) and (b) Schematic illustration of the preparation of CMCS NPs and PTX FRCS NPs. (c) Biomimetic FRCS NPs are further used for enhanced in vivo tumor

chemotherapy therapy.

targeting to tumor sites. After the fusion of CMCS NPs and RBC vesicles,
the final average size and the Zeta potential of FRCS NPs increased to
226.9 + 2.75 nm and — 14.5 4+ 0.3 mV, respectively (Fig. 2b, Supple-
mentary Table S4). Notably the negative charges of the FRCS NPs pre-
vented their unexpected aggregation because of charge repulsion.

Furthermore, natural polysaccharide CMCS NPs with endogenous
molecules on their surfaces can prolong blood circulation, immune
escape, and homotypic targeting ability in the body. To confirm the
successful translocation of RBCMs onto the proposed CMCS NPs, we
systematically tested the protein profile of the NP surface via protein
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
As shown in Fig. 2¢, unmodified and FA-modified RBCs showed similar
physicochemical properties, suggesting that surface modification of
DSPE-PEG-FA modestly affected the properties of RBCMs. More impor-
tantly, when compared to CMCS NPs, FRCS NPs possessed a protein
profile similar to that of erythrocyte membrane derivation, indicating
that the proteins of RBCMs were successfully transferred onto CMCS
NPs. In addition, to examine the integrity of the coating process, we
examined the protein expression of CD47, a representative RBC trans-
membrane protein, on the FRCS NPs. As shown in Fig. 2d, western blot
analysis revealed that distinct CD47 bands (50 kDa) were present in both
the source erythrocyte membrane derivation (Line I) and RBCM/FRCS
NPs (Lines II and IV). To determine whether the extracted membrane
protein orientation was corrected, we used specific antibodies against
the N-terminal (extracellular) domain of CD47 and found that the CD47
N-terminal is abundantly expressed on the surface of FRCS NPs
(Fig. S2b).

Lastly, given that the extracellular domain of CD47 is responsible for
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the immune-evasive RBC properties [42], we incubated the RAW264.7
macrophages with FRCS NPs to check the particle internalization. FACS
analysis revealed that the RBCM coating rendered the particles less
prone to macrophage uptake (Fig. 2e and f). The reduced susceptibility
indicated that the immune evasive function was indeed translocated
from RBCMs to FRCS NPs. In contrast, functional blockage of the CD47
N-terminal restored the particle internalization ability of RAW264.7
macrophages, further confirming that the orientation of the extracted
membrane protein was corrected. Theoretically, owing to the abundant
sialylated moieties, the extracellular side of RBCMs exerts a strong
negative charge [56]. Considering the electrostatic effects, the nega-
tively charged core of the FRCS NPs favors interaction with the less
negatively charged intracellular side of the RBCMs, thus producing a
potential orientation bias [42]. This orientation bias may increase the
possibility of a right-side-out membrane orientation on the FRCS NPs.

3.2. Drug loading and release

The encapsulation efficiency (EE) of FRCS NPs for PTX was examined
by changing the PTX dose. As shown in Fig. S2¢, the EE of FRCS NPs
depended on the PTX dose and tended to be consistent with 15 mg PTX.
When the ratio of FRCS NP/PTX reached 5:6, the system was regarded
satisfactory. The loading efficiency and EE% of PTX were 11.5% and
96.8%, respectively. Additionally, to address the biocompatibility of the
CMCS NPs and FRCS NPs, a serum stability analysis was performed, and
we found that an expansion occurred in the particle size of CMCS NPs
over 24 h (Fig. 3a), indicating that the RBCM coating increased the
stability of core CMCS NPs. To further detect the pH sensitivity of FRCS



M. Song et al.

a CMCS NPs

. ! 200 nm

O

RBCM NPs

Journal of Controlled Release 345 (2022) 744-754

FRCS NPs

"™

CMCS NPs RBCM NPs FRCS NPs
15+ 15+ 15+
c Pdl =0.15 E Pdl =0.197 ‘é\ Pdl =0.177
8 8 8
5 10 5 104 5 107
2 K= .
2> 2 2
2 54 2 54 2 54
o 2 {T)
< c <
04 0+ 0+
T T T T T 1 T T T T T 1
107 10° 10" 102 103 10* 105 104 100 107 102 10° 104 10¢ 107 10° 10" 102 103 104 105
Size (d.nm) Size (d.nm) Size (d.nm)
C Line e f
DaMarker [ IY — mE Rho CMCS NPs [ Rho CMCS NPs
o5 | 2 - ' - N B-spectrin B Rho FRCS NPs 1 Rho FRCS NPs
Lo | Band 4.1
72 | - B B ~Band 4.2 Rho Tr-FRCS NPs 1 Rho Tr-FRCS NPs
55| « =
R 15000
43 | e - o 3 "
34 | = 2 *%
26 \Band 6 £ 10000+
17 e | GrC g
| | S 5000~
| ) =
a7 3
Z =
¥ T Ly | T L | 0
10 103 104 10 10 107
FL2-H :: PE-H

Fig. 2. Characterization of NPs. (a) Representative TEM images of CMCS NPs, RBCM NPs and FRCS NPs. (b) The size of NPs measured at pH = 7.4 by Malvern Lazer
Particle Analyzer. (¢) SDS-PAGE analysis of RBC (I), RBCM NPs (II), CMCS NPs (III), and FRCS NPs (IV). (d) Western blot analysis of CD47. (e) Flow cytometry
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presented as mean =+ SD (n = 5). One-way ANOVA with Tukey’s post-hoc test. **p < 0.01 vs. Rho CMCS NPs group, *#

NPs, the release kinetics of PTX were measured in a milieu simulating
the acidic tumor microenvironment. Intriguingly, when the pH value
decreased from 7.4 (physiological condition) to 5.5 (tumor acidic con-
dition), the FRCS NPs showed a significant increase in the accumulative
release plateau of PTX, indicating that the FRCS NP system was an acidic
pH-sensitive NDDS (Fig. 3b). Hence, when FRCS NPs enter the tumor
core, they can be ruptured by the acidic tumor microenvironment and
release functional PTX to kill tumor cells. In addition, PTX was more
sensitively released from non-coated CMCS NPs in either the tumor
acidic or physiological microenvironment when compared to that from
FRCS NPs (Fig. 3b). These results indicate that our RBC membrane
protected PTX and prevented its non-specific release in the circulating
system, especially under physiological conditions.
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p < 0.01 vs. Rho FRCS NPs group.

3.3. Cellular distribution and uptake of FRCS NPs

The cellular distribution and uptake of NPs determine their ability
for intracellular drug delivery [57]. As shown in Fig. 3c, the internali-
zation of Cy5-labeled FRCS NPs in cancer cells was clearly observed.
Pretreatment of cells with caveolae-dependent cell uptake inhibitors,
such as filipin, significantly disrupted the cellular uptake of Cy5-labeled
FRCS NPs, whereas chlorpromazine (CPA, a clathrin-mediated endocy-
tosis inhibitor) and EIPA (a macropinocytosis inhibitor) showed modest
effects. Collectively, these data suggest that caveolae-dependent cellular
internalization plays an essential role in the cellular internalization of
FRCS NPs.

3.4. Tumor targeting efficiency of the FRCS NPs in vivo

On the other hand, in vivo biodistribution assay was performed to
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imaging analysis of the biodistribution of the FCA NPs in vivo.

evaluate the potential application of the developed FRCS NPs. Next, we
conducted a biodistribution study of typical epithelial malignancies,
including liver cancer, lung cancer, and melanoma. As shown in Fig. 3d,
FRCS NPs remarkably accumulated within the tumor xenografts for at
least 24 h. In addition, the fluorescence signals of FRCS NPs were
observed in the lungs, further substantiating the “stealth” properties the
RBCM endows in the circulating system [58]. Note that these fluores-
cence signals nearly undetectable in other organs, such as the liver,
suggesting that PEGylation modified-RBCM contributed to the FRCS
NPs’ escape from the hepatic RES system-mediated capture, which
prolonging the NP circulating time.

Notably, the accumulation of FA-enabled FRCS NPs was 2-fold
higher than that of RCS NPs in all the diseased tumor tissues
(Fig. S2d). Taken together, biomimetic FRCS NPs are biocompatible and
potentially immuno-escaped; hence, they possess improved sustained-
release and tumor-targeting abilities.

3.5. Biosafety analysis of FRCS NPs

To evaluate the safety of FRCS NPs in vivo, we intravenously injected
FRCS NPs into C57BL6/J mice for 21 d. As shown in Fig. S3a and b, both
body weight and food intake of mice were affected by FRCS NPs when
compared to the PBS-treated control group. Because drug-induced liver
injury accounts for more than 50% of acute liver failure prevalence in
the clinic, the evaluation of liver function is of great importance for drug

safety [59]. Therefore, the serum levels of liver injury-related parame-
ters, including ALT and AST, were detected, and no significant differ-
ences were found between the two groups, indicating that FRCS NPs
were safe for liver function in mice (Fig. S3c). Simultaneously, H&E
staining showed that the liver tissue cells of the mice had a complete
structure and clear morphology (Fig. S3d). In addition, in vitro analysis
confirmed that FRCS NPs did not alter the viability of primary mouse
hepatocytes (Fig. S3e). Taken together, these results suggest that FRCS
NPs exhibit satisfactory biosafety and are suitable for PTX delivery.

3.6. Evaluation of the antitumor activity in vitro and in vivo

Given the active tumor-targeting ability of FRCS NPs, we next
explored their potential application in delivering chemotherapeutic PTX
into epithelial tumors. We selected typical epithelial tumor cell lines,
including HepG2 hepatoma, A549 lung cancer, and A375 melanoma
cells, to study the in vitro antitumor efficacy of PTX FRCS NPs. As shown
in Fig. 4a, CCK-8 analyses revealed that either PTX or PTX FRCS NPs
administration dose-dependently decreased the cell viabilities of all
tested cells when compared the CTL treatment. Importantly, as evi-
denced by the ICsg calculation, PTX FRCS NP administration exhibited
more drastic inhibitory effects than PTX alone. Additionally, FRCS NPs
did not affect the viability of all tested cancer cells, indicating that the
synergistic inhibitory effect of PTX FRCS NPs was not caused by the
potential toxicity of FRCS NPs on these cells (Fig. S4). Next, we
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Fig. 4. The evaluation of the antitumor activity in vitro and in vivo. (a) Cell viability of cancer cells (HepG2 cells, A549 cells and A375 cells) treated with various
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evaluated the antitumor efficiency of PTX FRCS NPs in vivo using a
subcutaneous xenograft tumor-bearing mouse model. As shown in
Fig. 4b and c, the administration of either free PTX or PTX FRCS NPs
significantly decreased the growth of xenograft tumors. Similar to the in
vitro results, PTX FRCS NPs exhibited statistical repressive properties in
all xenograft tumors. We found that the tumor weights of both A549 and
A375 tumor tissues free of PTX and PTX in NPs were indeed different.
The inhibitory ratios of tumor weights were 48.7%, 47%, and 30.7% for
PTX FRCS NP-treated xenograft tumors of HepG2, A549, and A375 cells,
respectively, when compared to those in the groups treated with free
PTX (Fig. 4c). In addition, H&E staining analyses revealed that admin-
istration of PTX FRCS NPs decreased tumor cell density and blurred
tumor cell borders when compared to the free PTX-treated groups
(Fig. 4d). TUNEL analyses further confirmed that FRCS NPs could
strengthen the antitumor properties of PTX (Fig. 4e). Note that although
our morphological data did not significantly differ between the two
groups, the characteristics of the tumor tissues were altered in PTX FRCS
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NP-treated mice. Thus, we believe that FRCS NPs increased the anti-
tumor effects of PTX on these xenograft tumors.

Considering that biosafety is an important factor in determining the
potential for translational medicine, we evaluated this in xenograft
tumor-bearing mice treated with either PTX alone or PTX FRCS NPs. We
found that the body weights of the FRCS NP-treated groups were
modestly affected compared to the CTL-treated group (Fig. S5a-c).
Meanwhile, the serum levels of transaminases were not altered by drug
treatments (Fig. S5d-i). Additionally, no remarkable histological or
pathological abnormalities were observed in the various organs,
including the heart, liver, spleen, and lungs (Fig. S6). However, PTX has
been documented to possess multiple side effects when accumulated in
the kidney [60]. To address this issue, we first examined the serum in-
dicators of renal function, including creatinine (CRE) and blood urea
nitrogen (BUN). We found that the serum CRE and BUN levels were
significantly increased in the mice treated with PTX alone compared
with those in the control group, whereas they were decreased in the
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biomimetic FRCS NP-treated group (Fig. 5a). H&E staining and TUNEL
analyses revealed that FRCS NPs alleviated PTX-induced renal toxicity,
as evidenced by the alleviation of pathological characteristics, including
tubular dilatation, cast formation, brush border loss (Fig. S7), and fewer
TUNEL-positive renal cells in the kidneys of mice treated with PTX FRCS
NPs than in the kidneys of mice treated with PTX alone (Fig. 5b). At the
molecular level, PTX increased the mRNA expression levels of renal
injury biomarkers such as Ngal and Kim-1 (Fig. 5¢). By contrast, PTX
FRCS NPs significantly abrogated this induction. The above results
indicated that PTX FRCS NPs significantly inhibited tumor growth while
reducing PTX toxicity, especially in the kidney.

Finally, PTX is known to induce the secretion of inflammatory cy-
tokines, which cause systemic inflammation and an immune response

b

Kidney
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[61,62]. Therefore, we quantified the levels of secreted inflammatory
cytokines, including interleukin-6 (IL-6), IL-12, interferon-y (IFN-y), and
tumor necrosis factor-o (TNF-a), in the serum of all experimental mouse
models. As shown in Fig. 5d, administration of PTX alone significantly
increased inflammatory cytokine secretion, whereas the biomimetic
FRCS NPs retarded it. This beneficial amelioration may be explained by
the fact that the biomimetic FRCS NPs functionally deliver PTX into
tumors, thereby reducing the unexpected circulating PTX, which de-
creases nonspecific biodistribution in vivo.

4. Conclusions

In summary, an erythrocyte membrane-camouflaged polysaccharide
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NP was used in epithelial cancer therapy. Using the membrane cloaking
approach, the merits of an erythrocyte membrane were incorporated
into polysaccharide NPs, which improved biocompatibility and pro-
longed circulation time. Our FRCS NP system functionally delivered PTX
to the tumor sites to achieve precise treatment of epithelial malignant
tumors while alleviating the side effects of PTX, particularly in the
kidney. Undoubtedly, considering the abundant availability of RBCs in
the host blood, the basal materials for the shell of this NDDS are easily
obtained and avoid the synthesis of a “protein crown” induced by the
core PTX CMCS NPs. Collectively, the proposed FRCS NP system is a
promising drug delivery vector for decreasing the immune responses
and undesirable side effects of chemotherapeutic drugs for further
clinical applications, including, but not limited to, epithelial cancer
treatment.
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