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Abstract: Recently, biomimetic nanoparticles, especially cell membrane-cloaked nanoparticles, have
attracted increasing attention in biomedical applications, including antitumor therapy, detoxification,
and immune modulation, by imitating the structure and the function of biological systems such as long
circulation life in the blood. However, the circulation time of cell membrane-cloaked nanoparticles is far
less than that of the original cells, greatly limiting their biomedical applications, while the underlying
reasons are seldom demonstrated. In this study, the influence of particle size on the circulation and
the biodistribution of red blood cell membrane-coated nanoparticles (RBC-NPs) as model biomimetic
nanoparticles were investigated. Differently sized RBC-NPs (80, 120, 160, and 200 nm) were prepared
by fusing RBC membranes on poly(lactic-co-glycolic acid) nanoparticles. It was shown that the
particle size did not change the cellular uptake of these biomimetic nanoparticles by macrophage cells
in vitro and their immunogenic responses in vivo. However, their circulation life in vivo decreased
with the particle size, while their accumulation in the liver increased with the particle size, which
might be related to their size-dependent filtration through hepatic sinusoids. These findings will
provide experimental evidence for the design and the optimization of biomimetic nanoparticles.

Keywords: biomimetic nanoparticles; cell membrane-coated nanoparticles; particle size; circulation;
biodistribution

1. Introduction

In the past two decades, nanoparticles ranging from 1 to 1000 nm have been extensively exploited
in drug delivery, as they have some great advantages, such as the properties of tissue selectivity, long
circulation, protection of encapsulated drugs, enhancing drug absorption and bioavailability, reducing
renal clearance, biodegradability, biocompatibility, and even a prolonged pharmacological effect [1].
However, the in vivo pharmacokinetics of most conventional nanoparticles including PEGylated
nanoparticles is still unsatisfactory and even gets worse after repeated administrations [2–4], which
greatly limits their translation. An important reason is that the sophisticated immune system in the
body could recognize the exogenous nanoparticles as invaders and eliminate them quickly [5].
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Natural red blood cells (RBCs) are homologous with the autologous immune cells and will
not be cleared by the immune systems until they are damaged or dead [6]. Therefore, RBCs can
circulate in the blood for up to 120 days. This inspires coating RBC membranes or other cell
membranes to nanoparticles, camouflaging them in vivo and making them escape from the monitoring
of the immune system. Studies have shown that RBC membranes with abundant self-markers can
help the nanoparticles to escape from the recognition of the immune system, greatly extending
the circulation half-life of poly(lactic-co-glycolic acid) (PLGA) nanoparticles from a few hours to
approximately 40 h [7–10]. Our studies also demonstrated that RBC membrane-coated melanin,
polypyrrole nanoparticles, or gold nanorods exhibited a longer blood circulation time and a higher
tumor accumulation compared with bare melanin, polypyrrole nanoparticles, or gold nanorods [11–13].
As a promising drug delivery system, cell membrane-coated nanoparticles have attracted increasing
attention from researchers worldwide. These biomimetic nanoparticles combine the advantages of both
synthetic nanoparticles and natural cell membranes with surface antigenic diversity, making precise
drug delivery possible [6,14]. For instance, the macrophage cell membrane coating not only confers gold
nanoshells or PLGA nanoparticles with the property of long circulation but also enhances their tumor
or arthritis targeting ability through the identification function of macrophage membranes [15–17].
Cancer cell membrane-coated nanoparticles demonstrate a specific homologous targeting ability to
cancer cells in vitro and in vivo [18–20]. Platelet membrane-coated nanoparticles show enhanced
targeting capabilities to injury vessels [21], rheumatoid arthritis [22], atherosclerotic plaques [23,24],
bacteria [21], and tumor cells [25]. Although cell membrane-coated nanoparticles have made great
progress in drug delivery, detoxification [26–29], and vaccination [30–32], their half-life in vivo ranges
from several hours to 40 h, which is still far less than that of the original natural cells. However, little is
known about what results in a shorter circulation time of these biomimetic nanoparticles.

For conventional nanoparticles, their circulation time, cellular uptake, and in vivo tissue
distribution are mainly controlled by various factors, such as diameter, shape, surface charge,
and rigidness [1,33,34]. For instance, micro-sized, long, flexible filomicelles could not be internalized by
macrophages and have a very long circulation of days or even weeks [35]. Compared with nanospheres,
nanorods have a better affinity with cells and can penetrate tumors more rapidly, thus accumulating
more in tumors, because the elongated shape has a larger surface area and higher transmembrane
transport and diffusion rates than the spherical shape with the same diameter [36]. Studies have shown
that negatively charged gold nanoparticles can accumulate in the liver more easily than positively
charged gold nanoparticles [37]. As commonly known, the diameter is a key factor to nanoparticles,
which can influence their in vivo process. Nanoparticles larger than 200 nm are more likely to be
recognized by the immune systems and cleared by the liver and the spleen, while nanoparticles
smaller than 5 nm are more likely to be filtered by the kidney [38]. Although much work has been
done to elucidate the mechanisms underlying the short circulation and the specific biodistribution of
conventional nanoparticles, little has been done to uncover the factors determining the in vivo life of
biomimetic nanoparticles, even though their in vivo circulation and biodistribution are quite different
from conventional nanoparticles.

The tight junction between capillary endothelial cells is the main barrier that prevents foreign
substances or nanoparticles in the blood from entering tissues. However, the capillary endothelial cells
in some tissues such as the liver, the spleen, the bone marrow, and tumors are discontinuous and have
a lot of fenestraes [39], which could facilitate nanoparticles with a certain size to pass through this
discontinuous endothelial structure or trap them in these tissues [40]. Thus, we conjecture that the
particle size is one of the important factors determining the fate of biomimetic nanoparticles in vivo,
but few studies have reported the role of particle size in their circulation and biodistribution in the body.
In this study, RBC membrane-coated nanoparticles (RBC-NPs) are selected as the model biomimetic
nanoparticles, since they have good biocompatibility, biodegradability, and long circulation in the
bloodstream [41]. Differently sized RBC-NPs (80, 120, 160, and 200 nm) were prepared and characterized.
The influences of particle size on cellular uptake by the macrophages, filtration through syringe filters
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with nanosized pores, circulation, biodistribution, and immunological response of RBC-NPs were
investigated to find out some clues determining the in vivo life of biomimetic nanoparticles and
provide experimental evidence for the design and the optimization of biomimetic nanoparticles.

2. Materials and Methods

2.1. Materials

Carboxyl group-terminated 50:50 poly(lactic-co-glycolic acid) (PLGA-COOH) was
purchased from Lactel Absorbable Polymers (Pelham, AL, USA), and 1,1′-dioctadecyl-3,3,3′,
3′–tetramethylindodicarbocyanine 4-chlorobenzenesulfonate salt (DiD) was obtained from Fanbo
Biochemical Co., Ltd. (Beijing, China). Coumarin-6 was purchased from Sigma (Saint Louis, MO, USA).
IgM and IgG ELISA kit and 4′,6-diamidino-2-phenylindole (DAPI) were purchased from Beyotime
Biotechnology (Nantong, China), and 10% Sodium dodecyl sulfate-polyacrylamide gel was ordered
from Biorad (Hercules, CA, USA). NuPAGE® LDS sample buffer was purchased from Invitrogen
(Carlsbad, CA, USA). Nitrocellulose membranes were purchased from PALL (Port Washington, NY„
USA). CD47 rabbit polyclonal primary antibody was obtained from Abcam (Cambs, UK). CD31
goat polyclonal primary antibody was purchased from R&D (Minneapolis, MN, USA). Alexa Fluor®

488-conjugated donkey-goat secondary antibody and horseradish peroxidase (HRP)-conjugated
donkey-rabbit secondary antibody were purchased from Jackson (West Grove, PA, USA). Immobilon™
Western Chemiluminescent HRP Substrate was obtained from Millipore (Billerica, MA, USA).
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were purchased from Life
Technologies (Carlsbad, CA, USA). RAW 264.7 cells were obtained from ATCC (Gaithersburg, MD,
USA). Deionized water was produced from Milli-Q Integral (Merck, Germany). All other reagents
were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).

Male ICR mice aged six weeks were purchased from Slac Lab Animal Co., Ltd. (Shanghai, China).
All animal experiments were performed according to the protocols approved by the Animal Experiment
Ethics Committee of Fudan University (2014-03-YJ-PZQ-01).

2.2. RBC Ghost Deviation

The RBC membrane was derived from the whole blood as previously described [7]. Briefly,
the whole blood was collected from ICR mice aged six weeks (SLAC Lab. Animal, Shanghai, China) by
cheek pouch puncture. The whole blood was centrifuged at 700× g for 10 min at 4 ◦C to remove the
plasma, white blood cells, and platelets. The resulting RBCs were washed three times with ice-cold
1×PBS containing 1 mM EDTA·2Na. Then the purifyied RBCs were ruptured in 0.2 mM EDTA·2Na
solution and centrifuged at 20,000× g for 10 min at 4 ◦C. The supernatant was discarded, and the
collected pellet was further purified with 0.2 mM EDTA·2Na solution. The resulting RBC ghost was
collected and stored at −80 ◦C for further use.

2.3. Preparation of RBC-NPs with Different-Sized Polymeric Cores

Polymeric nanoparticles with different particle sizes were prepared by the nanoprecipitation
method [42]. Briefly, 1 mL of PLGA acetone solution (4, 10, and 20 mg/mL) was injected into 2 mL of
deionized water. The mixture was evaporated in a vacuum chamber for 2 h to remove the acetone, and
PLGA nanoparticle cores of around 60 nm, 100 nm, and 140 nm were finally obtained. To prepare PLGA
nanoparticle cores of around 180 nm, 2 mL of water was dripped into 1 mL of PLGA acetone solution
(20 mg/mL), and the acetone was removed as described above. For the preparation of RBC-NPs,
the appropriate amount of RBC ghost, which was calculated according to the nanoparticle surface
area (Table 1), was added into different-sized PLGA nanoparticle solutions, assuming that the surface
area of each RBC [43] was 75 µm2, and the density of the PLGA was 1.2 mg/mL [28]. The number
of RBCs in 1 mL of the blood in mammals [11] was reported as ~5 × 109. RBC membranes were
fused on the surface of PLGA nanoparticles by ultrasonic treatment for 2 min using a bath sonicator
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(SG5200HE, Gutel, China). DiD or coumarin-6 dye-labeled RBC-NPs were prepared by the same
method as described above, except that DiD or coumarin-6 (0.1% of PLGA mass) was dissolved in the
polymer solution.

Table 1. Red blood cell (RBC) membranes required to fully coat differently sized poly(lactic-co-glycolic
acid) (PLGA) cores.

Groups Core Size (nm) Surface Area
Per Core (µm2)

Mass Per Core
(×10−9 µg)

Surface Area Per Milligram
of Core (×1010 µm2)

RBC Ghost Required to Coat
1 Milligram of Core (µL)

0 nm 60 0.0113 0.136 8.33 138.9
120 nm 100 0.0314 0.628 5.00 83.4
160 nm 140 0.0615 1.72 3.57 59.6
200 nm 160 0.0804 2.57 3.13 52.1

2.4. Characterization of RBC-NPs

The size and zeta potential of RBC-NPs were measured using a dynamic light scattering (DLS)
detector (Zetasizer, Nano ZS, Malvern, UK). The morphology and the structure of RBC-NPs were
visualized under a transmission electron microscopy (TEM, JEOL JEM-2010, Tokyo, Japan). The stability
of RBC-NPs was investigated by detection of the particle size during storage. Briefly, RBC-NPs were
stored in 1× PBS under 4 ◦C. The diameters of different-sized RBC-NPs were measured every day for
a week.

2.5. Membrane Protein Analysis of RBC-NPs

Membrane proteins of RBC-NPs were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) assay and compared with the RBC ghost. In brief, samples of 80 nm
RBC-NPs were prepared in SDS sample buffer (Invitrogen), and the total protein content was quantified
by the Bradford method to normalize them to an equal protein concentration (1 mg/mL). Then, protein
samples were heated at 90 ◦C for 5 min, loaded onto the 10% SDS-polyacrylamide gel, and run at
120 V for 1 h followed by Coomassie blue staining and imaging. Western blotting was conducted
to examine specific proteins on the RBC membrane, such as CD47, a typical marker of self with
an immunomodulatory effect [44]. Briefly, samples were prepared with NuPAGE™ LDS sample
buffer (Invitrogen), separated by SDS-PAGE, transferred to nitrocellulose membranes, and incubated
with antibodies specific for CD47 overnight, followed by staining with horseradish peroxidase
(HRP)-conjugated secondary antibody. Then the proteins were detected using the Immobilon™
Western Chemiluminescent HRP Substrate, and the band intensity was read by the ImageJ software
(National Institutes of Health, USA, 1.48v).

The protein composition of 80 nm RBC-NPs was further investigated by label-free quantification
proteomics as previously described [45]. Briefly, RBC-NPs samples were prepared in the lysis buffer
containing 7.8 mM n-dodecyl-β-d-maltoside, 50 mM Tris-HCl, 750 mM aminocaproic acid, and 0.5 mM
EDTA (pH 7.0). Afterward, the six-fold volume of acetone was added to the sample followed by
incubation at −20 ◦C overnight. The protein pellet was then collected by centrifugation, dissolved in
the buffer containing 300 mM triethylamine borane and 6 M guanidine hydrochlorides, quantified
by the Bradford method, and digested by trypsin. The peptide sample was then subjected to a Nano
ACQUITY UPLC system (Waters Corporation, Milford, MA) connected to an Orbitrap Fusion mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). The mobile phase A was 0.1% formic acid
(v/v) in water, and the mobile phase B was acetone containing 0.1% (v/v) formic acid. 5 µL of peptide
sample was injected and separated on the analytical column (Acclaim PepMap C18, 75 µm × 25 cm)
with a linear gradient from 5% B to 30% B in 110 min. The flow rate was 300 nL/min, and the column
temperature was 45 ◦C. A positive electrospray voltage of 2 kV and a 300 ◦C capillary temperature
were applied for ionization. Data-dependent tandem mass spectrometry (MS) analysis was performed
using a top-speed approach with an isolation width of 2 Da. The normalized collision energy was
set at 35% for higher energy collision-induced dissociation. The typical MS/MS scan conditions were
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as follows: a targeted automatic gain control (AGC) value of 2 × 105; a maximum fill time of 100 ms;
an intensity threshold of 50,000 for fragmentation. A dynamic exclusion of 24 s was applied with a
mass tolerance of 10 ppm. The MS/MS fixed first mass was set at 110. The acquired MS/MS spectra
were searched using MaxQuant (version 1.6.1.0, Max Planck Institute of Biochemistry, Martinsried,
Germany) against the National Center for Biotechnology Information (NCBI) mouse RefSeq protein
databases (updated on 04-19-2018). The iBAQ quantification (intensity-based absolute quantification)
was used for label-free quantitation.

2.6. Cellular Uptake RBC-NPs by Macrophages

To examine the macrophage uptake of different-sized RBC-NPs, RAW 264.7 murine macrophage
cells were seeded at a density of 105 cells per well on 12-well plates and cultured in DMEM supplemented
with 10% FBS for 24 h. Afterward, cells were incubated with coumarin-6-labeled RBC-NPs with
different sizes (0.5 mg/mL) at 37 ◦C for 2 h and then washed with PBS for the fluorescence imaging or
the flow cytometry assay. For the fluorescence imaging, cells were fixed with 4% paraformaldehyde at
room temperature for 15 min, stained with DAPI for 5 min, and finally observed by a laser scanning
confocal microscope (ZEISS, 710, LSM, Jena, Germany). Fluorescent images were captured in the two
channels relevant to DAPI and coumarin-6. To quantify the cellular uptake of RBC-NPs by macrophage
cells, cells were harvested by trypsin digestion, suspended in PBS, and then subjected to the flow
cytometry (BD FACSAria II, MD, USA) for the measurement of fluorescence intensity of cells.

2.7. Filtration Test of RBC-NPs

To investigate the ability of RBC-NPs to pass through filter membranes, different-sized RBC-NPs
were extruded through 0.10 µm and 0.22 µm syringe filters with cellulose acetate membranes,
respectively. The turbidity of RBC-NPs before and after filtration was measured at 560 nm and the
relative retention of RBC-NPs in the filtrate was calculated by dividing the turbidity of RBC-NPs after
filtration by the turbidity of RBC-NPs before filtration. The hydrodynamic size of RBC-NPs in the
filtrate was tested by a DLS detector (Zetasizer, Nano ZS, Malvern, UK).

2.8. Pharmacokinetics and Biodistribution of RBC-NPs

For the pharmacokinetics study, ICR mice were randomly divided into four groups (n = 6) and
respectively injected with 150 µL of differently sized DiD-labelled RBC-NPs in PBS at a dose of
30 mg/kg of PLGA via the tail vein. 50 µL of blood was collected by cheek pouch puncture at 1 min,
5 min, 10 min, 30 min, 1 h, 3 h, 8 h, 24 h, and 48 h after injection, respectively. The fluorescence
intensity of blood samples was quantified by a Tecan Infinite M200 Pro Multiplate Reader (Mannedorf,
Switzerland) with an excitation wavelength of 640 nm and an emission wavelength of 670 nm.
The concentration of RBC-NPs in the blood was expressed as the percentage of injected dose per
milliliter (% ID/mL). Pharmacokinetics parameters, including area under the concentration-time curve
(AUC0–t), mean residence time (MRT0–t), elimination rate constant (k), clearance (Cl), and the half-life
(t1/2), were calculated by DAS 3.0 pharmacokinetics software (BioGuider Co., Shanghai, China).

For the biodistribution study, ICR mice were injected with 150 µL of differently sized DiD-labelled
RBC-NPs in PBS at a dose of 30 mg/kg of PLGA via the tail vein. Forty-eight hours after injection, mice
were sacrificed followed by heart perfusion with saline, and major organs including the heart, the liver,
the spleen, the lung, the kidney, the brain, and the blood were collected. After tissue homogenization
with saline, the fluorescence intensity of tissue samples was quantified by a Tecan Infinite M200 Pro
Multiplate Reader (Switzerland) with an excitation wavelength of 640 nm and an emission wavelength
of 670 nm. The concentration of RBC-NPs in tissues was expressed as the percentage of injected dose
per gram of tissue (% ID/g).

To observe the distribution of RBC-NPs in major organs, mice were injected 150 µL of differently
sized DiD-labelled RBC-NPs in PBS at a dose of 30 mg/kg of PLGA via the tail vein. After 48 h, mice
were sacrificed followed by heart perfusion with saline, and then major organs including the heart,
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the liver, the spleen, the lung, the kidney, and the brain were collected. These organs were fixed
in 4% paraformaldehyde for 24 h, dehydrated in a 30% sucrose solution, embedded in Tissue Tek®

opti-mum cutting temperature (O.T.C.) compound (Sakura, USA), and sliced into frozen sections of
10 µm thickness for subsequent immunostaining. The sections were successively labeled with CD31
goat polyclonal primary antibody, Alexa Fluor® 488-conjugated donkey-goat secondary antibody, and
DAPI. Then the sections were observed under a laser scanning confocal microscope (ZEISS, 710, LSM,
Germany). To semi-quantify the distribution of RBC-NPs in these tissues, the fluorescence intensity of
RBC-NPs in organ slices from six randomly assigned regions in each organ (n = 6) was quantified by
the ZEN 2012 software at 120×magnification.

2.9. Immunogenic Response

The immunogenic response of different-sized RBC-NPs was investigated by measuring the
immunoglobulin M (IgM) and immunoglobulin G (IgG) levels in serum from the mice injected with
RBC-NPs. In brief, ICR mice were randomly divided into five groups (n = 5 per group). Mice received
an injection of different-sized RBC-NPs at a dose of 30 mg/kg of PLGA, respectively, except that mice
in the control group received an injection of an equal volume of saline. Five days after injection, 1 mL
of blood was collected from each mouse through orbital sinus and serum was prepared for IgM and
IgG measurement according to the ELISA protocol.

2.10. Statistical Analysis

Data were expressed as mean ± standard deviation (SD). One-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was used to determine differences between groups. The unpaired
student’s t-test was used for the assessment of statistically significant differences between the two
groups. p values < 0.05 were considered statistically significant.

3. Results and Discussions

3.1. Characterization and Stability of RBC-NPs

The preparation of RBC-NPs included the following steps: extracting RBC membranes, preparing
PLGA nanoparticle cores, and fusing RBC membranes onto the surface of PLGA nanoparticle cores
by sonication. For the preparation of PLGA nanoparticle cores, the diameters of nanoparticle cores
increased with the PLGA concentration. After the RBC membrane coating on nanoparticles, the white
spherical PLGA nanoparticle cores and the outer RBC membrane rings were clearly observed under
TEM (Figure 1A and Figure S1), which suggested that PLGA nanoparticle cores were successfully
coated by RBC membranes. The thickness of RBC membranes on differently sized nanoparticles was
uniformly around 8 nm, which agreed well with previous results [7]. The DLS results indicated that
the diameters of four kinds of resulting RBC-NPs were approximately 80 nm, 120 nm, 160 nm, and
200 nm with a relatively low polydispersity index, respectively (Figure 1B and Figure S2). There was
no significant difference in the surface zeta potential of differently sized RBC-NPs (Figure 1C), and their
zeta potentials were similar to RBC membrane vesicles (about −27 mV), indicating again that PLGA
nanoparticle cores were successfully coated with RBC membranes. After keeping four different-sized
RBC-NPs at 4 ◦C for 7 days (Figure 1D), the DLS results showed that all RBC-NPs had a good stability,
and the particle size did not influence the stability of RBC-NPs.
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Figure 1. Characterization of red blood cell membrane-coated nanoparticles (RBC-NPs) with different
diameters. (A) Transmission electron microscopy (TEM) images of RBC-NPs with diameters of
80 nm, 120 nm, 160 nm, and 200 nm demonstrated the core/shell structure of RBC-NPs. Scale bar
= 100 nm. (B) Size and (C) surface zeta potential of RBC-NPs with four different diameters (n = 3).
(D) Diameter-dependent stability of different-sized RBC-NPs at 4 ◦C for 7 days (n = 3). All error bars
represent standard error of the mean.

The membrane protein retention on RBC-NPs was determined by SDS-PAGE using 80 nm
RBC-NPs as model biomimetic nanoparticles. As shown in Figure 2A, RBC-NPs retained almost
all of the cell membrane proteins compared with the RBC ghost. Additionally, further western
blot analysis revealed that the RBC ghost and RBC-NPs had similar blotting patterns (Figure 2B).
Quantification of western blot band intensity showed that the RBC ghost and RBC-NPs contained
equivalent amounts of CD47 proteins (Figure 2C), indicating that the key protein CD47 was present
on RBC-NPs without loss after the coating process. The protein composition of 80 nm RBC-NPs as
model biomimetic nanoparticles was further investigated by the label-free quantification proteomics.
In RBC-NPs, 474 mouse membrane proteins were identified. These proteins were classified according
to the biological process: transport (83), proteolysis (36), oxidation-reduction process (36), protein
folding (34), protein transport (33), metabolic process (25), response to drug (24), ubiquitin-dependent
protein catabolic process (23), negative regulation of apoptotic process (23), ion transport (23) protein
stabilization (21), cell-cell adhesion (21), and others. Further quantitative analysis of these proteins
including calcium-transporting ATPase (gene: Atp2b4), ammonium transporter Rh type A (gene:
Rhag), Glyceraldehyde-3-phosphate dehydrogenase (gene: Gapdh), cytoskeletal proteins (e.g., spectrin
(gene: Spta1), ankyrin 1 (gene: Ank1), β-adducin (gene: Add2), α-adducin (gene: Add1), protein 4.1
(gene: Epb4.1), mouse-specific gamma-adducin (gene: Add3)), and leukocyte surface antigen CD47
revealed that RBC-NPs retained an abundant expression of RBC membrane proteins (Figure 2D).
Notably, RBC-NPs exhibited a high expression of CD47, which accounted for 0.423% of the total
membrane proteins.
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Figure 2. Protein characterization. (A) SDS-PAGE protein analysis of RBC ghost and RBC-NPs at
equivalent protein concentrations. (B) Western blotting analysis of membrane-specific protein marker
CD47 in RBC ghost and RBC-NPs. (C) Quantification of western blot band intensity of CD47 in RBC
ghost and RBC-NPs (n = 3). (D) The relative expression of typical RBC membrane proteins based on
the label-free quantification proteomics.

3.2. Cellular Uptake of RBC-NPs by Macrophages

Macrophages are important cells responsible for the in vivo immune clearance of nanoparticles.
The phagocytosis of macrophages is regulated by two factors: “eat me” signal produced by antigens,
and “do not eat me” signal produced by immunosuppressive substances. CD47 proteins, the “do
not eat me” signal on the surface of healthy RBCs, interact with signal regulatory protein α (SIRPα),
a regulatory membrane glycoprotein from the SIRP family expressed by macrophages, and inhibit the
host cell phagocytosis of macrophages [46]. When RBCs senesce and are near to death, CD47 proteins
reduce greatly and the “do not eat me” signal disappears. Valgus phosphatidylserine produces an “eat
me” signal to attract macrophages, and then immune cells start to clear them [47–49]. Considering that
RBC membranes from the fresh blood coat PLGA nanoparticles in the right-side-out direction [42],
RBC-NPs have surface CD47 proteins similar to those of healthy RBCs, thus escaping from the
phagocytosis of macrophages. It was verified that four different-sized RBC-NPs have a similarly low
uptake by macrophages (Figure 3A), and no significance in the cellular uptake was found in different
groups (Figure 3B,C). These results suggested that the cellular uptake of RBC-NPs was not determined
by the size but by was determined by their surface CD47 proteins.
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Figure 3. Cellular uptake experiment. (A) Fluorescence images of cellular uptake of four different-sized
RBC-NPs by RAW 264.7 cells. (B) Flow cytometry and (C) corresponding quantitative results of cellular
uptake of four different-sized RBC-NPs by RAW 264.7 cells (n = 4).

3.3. Filtration through Filter Membranes

RBCs are disk-shaped, and the RBC membrane is a lipid bilayer structure, under which there are
spectrins. RBC membranes have a flexible surface, and the cytoplasm is mobile, which can rearrange
the cytoskeleton and make RBCs be extruded to pass the capillary smaller than RBCs. However, the
PLGA cores in the RBC-NPs are small hard entities, so they might not pass through some in vivo
biological barriers easily. The liver and the spleen are major biological barriers for nanomedicine
delivery because they sequester most of the administered nanomedicines and prevent their delivery to
target sites [50]. The physiologic pore size of the hepatic sinusoidal capillaries for nanoparticle filtration
varies among different mammalian species. The capillary fenestrae of human hepatic sinusoids are on
average approximately 105 nm in diameter, while those of rodent hepatic sinusoids are on average
approximately 135 nm [39,51]. The spleen can also filter nanoparticles. It has been reported that the slit
size in the spleen rarely exceeds 200 to 500 nm in width [40]. Therefore, syringe filters with cellulose
acetate membranes having a pore size of 0.22 µm and 0.1 µm were used to mimic the liver and the
spleen filtration and test the ability of hard RBC-NPs to pass through slits narrower than their sizes.
The cellulose acetate membrane is hydrophilic and does not adsorb RBC-NPs on its surface. As shown
in Figure 4, RBC-NPs bigger than 120 nm (Figure 4A–C) could not pass through 0.1 µm syringe filters
but partly pass through 0.22 µm syringe filters. Eighty nm RBC-NPs seemed to pass through 0.22 µm
syringe filters unrestrictedly but partly pass through 0.1 µm syringe filters. The turbidimetric assay
showed that nearly 100% and 62% of 80 nm RBC-NPs remained in the filtrate after passage through
0.22 µm and 0.1 µm syringe filters, respectively. The hydrodynamic size of RBC-NPs after filtration
through 0.22 µm syringe filters was also tested. No change could be observed in the 80 nm RBC-NPs
group, indicating the RBC-NPs remained intact during filtration. However, the hydrodynamic size of
RBC-NPs bigger than 160 nm was sharply reduced. These results suggested that hard RBC-NPs could
not pass through narrow slits smaller than their size, and they might be trapped in the liver and the
spleen if their size was not small enough.
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Figure 4. Photo images different-sized RBC-NPs before (upper row) and after (lower row) passing
through (A) 0.22 µm or (B) 0.1 µm syringe filters. (C) The relative retention of RBC-NPs in the filtrate
after passing through 0.22 µm or 0.1 µm syringe filters. ** p < 0.01 compared with 80 nm RBC-NPs.

3.4. Pharmacokinetics and Biodistribution

The life span of RBCs is about four months (120 days), which is much longer than the in vivo
life of most nanoparticles and inspires to make RBC membrane-coated nanoparticles avoiding the
clearance of immune cells. Although RBC membrane-coated nanoparticles have a longer circulation
than PEGylated nanoparticles [7], they are also easily cleared in vivo and mainly accumulated in
the mononuclear phagocyte system (MPS)-related organs such as the liver and the spleen, similar
to PEGylated nanoparticles. It was shown that the circulation life and biodistribution of PEGylated
nanoparticles were size-dependent [1]. 100 nm PEGylated nanoparticles have an optimal circulation life,
and larger or smaller nanoparticles have a shorter circulation life than 100 nm PEGylated nanoparticles.
Our results also showed that particle size significantly influenced the in vivo pharmacokinetics of
RBC-NPs. As the particle size became smaller, the in vivo elimination time of RBC-NPs was prolonged
(Figure 5A), and the in vivo half-life (t1/2) was prolonged (Figure 5B). The biodistribution results
showed that four different-sized RBC-NPs were all mainly distributed in the liver, followed by the
spleen, the lung, the kidney, the heart, and the brain (Figure 5C,D). The larger the particle size of
RBC-NPs was, the more they tended to accumulate in the liver (Figure 5B–D). Further observation of
RBC-NPs in organ slices revealed that all RBC-NPs were mainly distributed in the liver and the spleen
(Figure 6A,B). Their distribution in the liver increased with their size, which agreed well with the
biodistribution results. These results indicated that the particle size of RBC-NPs had a great influence
on their pharmacokinetics and tissue distribution.
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Figure 5. In vivo pharmacokinetics and tissue distribution of RBC-NPs. (A) In vivo pharmacokinetic
curve of four different-sized RBC-NPs. (B) The correlation between t1/2 (h) and size (nm) of RBC-NPs
or the correlation between liver distribution (% ID/g liver) and size (nm) of RBC-NPs. (C) Tissue
distribution (% ID/g tissue) of four different-sized RBC-NPs 48 h post intravenous injection. (D) Tissue
distribution (% ID/organ) of four different-sized RBC-NPs 48 h post intravenous injection. ** p < 0.01
compared with 80 nm.

Recently, it has been found that the liver flow dynamics and cellular phenotype contribute
greatly to the accumulation of conventional nanomaterials with different surface chemistries [50].
As nanomaterials enter the liver, their velocity is sharply reduced (1000-fold), leading to more
nanomaterial interaction with hepatic cells relative to peripheral cells. Kupffer cells (similar to
macrophages), hepatic B cells, and sinusoidal endothelial cells mainly contribute to the uptake of
nanomaterials in the liver [50]. Intriguingly, in this study, sinusoidal endothelial cells showed low
uptake of RBC-NPs as little overlay of RBC-NPs with sinusoidal endothelial cells was found in all
groups (Figure 6A), indicating the distribution pattern of RBC-NPs in the liver was different from that
of conventional nanoparticles. Considering that the particle size did not influence the cellular uptake
of RBC-NPs by macrophages, the size-dependent circulation and distribution in the liver might be
mainly due to the liver filtration of RBC-NPs.

It has been shown that the physicochemical properties of nanoparticles, such as shape [35],
size [52,53], surface chemistry [54], elasticity [55], topographical structure [56], and crystallization [57],
determine their absorption of serum proteins, cellular uptake by macrophages, pharmacokinetics,
and biodistribution in vivo. For instance, the serum protein adsorption and phagocytic uptake are
markedly decreased for the nanoparticles with higher PEG length or smaller size [52]. The conjugation
of a second PEG layer at a density close to but lower than the mushroom-to-brush transition regime
on conventional PEGylated nanoparticles dramatically prolongs their blood circulation via reduced
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nanoparticle uptake by non-Kupffer cells in the liver, especially liver sinusoidal endothelial cells [56].
Softer nanoparticles exhibit significantly reduced cellular uptake by immune cells, endothelial cells,
and cancer cells, and they offer enhanced circulation and subsequently enhanced targeting compared
with harder nanoparticles in vivo [55]. It is observed that softer Zwitterionic nanogels pass through
physiological barriers, especially the splenic filtration, more easily than their stiffer counterparts,
consequently leading to a longer circulation half-life and lower splenic accumulation [40]. However,
in the present study, reducing the size of hard biomimetic nanoparticles could improve the passage
of nanoparticles across the liver sinusoids, decrease the trapped nanoparticles, and thus extend the
circulation life of biomimetic nanoparticles.

Figure 6. RBC-NP distribution in organ slices 48 h post intravenous injection. (A) Confocal microscopy
images of four different-sized RBC-NPs in liver, spleen and kidney slices. Red represents RBC-NPs. Blue
represents cell nuclei. Green represents blood vessels. (B) Fluorescence intensity of four different-sized
RBC-NPs in liver, spleen, and kidney slices. ** p < 0.01 compared with 200 nm. ## p < 0.01 compared
with 160 nm. ∆ p < 0.01 compared with 120 nm.

3.5. Immunogenic Response

From the aspect of IgG and IgM detection, it was found there were no significant differences
in the serum IgG or IgM level in all groups (Figure 7A,B), indicating that different-sized RBC-NPs
did not cause significant immunogenic responses. The results were well consistent with previous
reports [58], which might owe to the surface coating of RBC membranes on PLGA nanoparticles.
The RBC membrane not only provides PLGA nanoparticles a dense bilayered lipid barrier against the
recognition of immune cells but also contains numerous surface antigens such as CD47 (Figure 2D)
that can interact with or even help escape from the monitoring of immune cells.
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Figure 7. IgG and IgM detection. (A) The serum content of IgG (µg/mL) of mice treated with
four different-sized RBC-NPs. (B) The serum content of IgM (µg/mL) of mice treated with four
different-sized RBC-NPs.

4. Conclusions

To find out some clues determining the in vivo life of biomimetic nanoparticles, RBC-NPs was
selected as the model biomimetic nanoparticles and the influence of particle size on the cellular uptake
by macrophages, filtration through syringe filters, circulation, biodistribution, and immunological
response of RBC-NPs were investigated. It was found that the cellular uptake of RBC-NPs by
macrophage cells in vitro and their immunogenic responses in vivo were not influenced by the particle
size. However, their circulation life in vivo decreased with the particle size while the nanoparticle
accumulation in the liver increased with the particle size, which might be related to their size-dependent
filtration through hepatic sinusoids. The findings will provide experimental evidence for the design
and the optimization of biomimetic nanoparticles.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/8/881/s1,
Figure S1: TEM images of RBC-NPs with diameters of 80 nm, 120 nm, 160 nm and 200 nm. S2: Polydispersity
index of RBC-NPs with four different diameters (n = 3).

Author Contributions: Conceptualization, Q.Z., S.W. and Z.P.; Data curation, H.L., K.J., X.W., X.L. and T.J.; Formal
analysis, H.L., K.J., M.L., X.W. and T.J.; Funding acquisition, Q.Z., S.W. and Z.P.; Investigation, X.L.; Methodology,
H.L., K.J., M.L., X.Z. and T.J.; Project administration, S.W. and Z.P.; Resources, H.L., K.J. and X.W.; Software, X.Z.;
Supervision, S.W. and Z.P.; Validation, X.L.; Visualization, T.J.; Writing—original draft, K.J., X.Z., S.W. and Z.P.;
Writing—review & editing, S.W. and Z.P.

Funding: This work was supported by the National Natural Science Foundation of China (81773283, 81772604,
81703021, 81472757).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, S.D.; Huang, L. Pharmacokinetics and Biodistribution of Nanoparticles. Mol. Pharm. 2008, 5, 496.
[CrossRef] [PubMed]

2. Abu Lila, A.S.; Kiwada, H.; Ishida, T. The accelerated blood clearance (ABC) phenomenon: Clinical challenge
and approaches to manage. J. Control. Release. Off. J. Control. Release Soc. 2013, 172, 38–47. [CrossRef]
[PubMed]

3. Wilhelm, S.; Tavares, A.J.; Dai, Q.; Ohta, S.; Audet, J.; Dvorak, H.F.; Chan, W.C.W. Analysis of nanoparticle
delivery to tumours. Nat. Rev. Mater. 2016, 1, 16014. [CrossRef]

4. Maroof, H.; Islam, F.; Dong, L.; Ajjikuttira, P.; Gopalan, V.; McMillan, N.A.J.; Lam, A.K. Liposomal Delivery
of miR-34b-5p Induced Cancer Cell Death in Thyroid Carcinoma. Cells 2018, 7, 265. [CrossRef] [PubMed]

http://www.mdpi.com/2073-4409/8/8/881/s1
http://dx.doi.org/10.1021/mp800049w
http://www.ncbi.nlm.nih.gov/pubmed/18611037
http://dx.doi.org/10.1016/j.jconrel.2013.07.026
http://www.ncbi.nlm.nih.gov/pubmed/23933235
http://dx.doi.org/10.1038/natrevmats.2016.14
http://dx.doi.org/10.3390/cells7120265
http://www.ncbi.nlm.nih.gov/pubmed/30544959


Cells 2019, 8, 881 14 of 16

5. Bertrand, N.; Grenier, P.; Mahmoudi, M.; Lima, E.M.; Appel, E.A.; Dormont, F.; Lim, J.M.; Karnik, R.;
Langer, R.; Farokhzad, O.C. Mechanistic understanding of in vivo protein corona formation on polymeric
nanoparticles and impact on pharmacokinetics. Nat. Commun. 2017, 8, 777. [CrossRef]

6. Elward, K.; Gasque, P. “Eat me” and “don’t eat me” signals govern the innate immune response and tissue
repair in the CNS: Emphasis on the critical role of the complement system. Mol. Immunol. 2003, 40, 85–94.
[CrossRef]

7. Hu, C.M.; Zhang, L.; Aryal, S.; Cheung, C.; Fang, R.H. Erythrocyte membrane-camouflaged polymeric
nanoparticles as a biomimetic delivery platform. Proc. Natl. Acad Sci. USA 2011, 108, 10980–10985. [CrossRef]
[PubMed]

8. Xie, J.; Shen, Q.; Huang, K.; Zheng, T.; Cheng, L.; Zhang, Z.; Yu, Y.; Liao, G.; Wang, X.; Li, C. Oriented
Assembly of Cell-Mimicking Nanoparticles via a Molecular Affinity Strategy for Targeted Drug Delivery.
Acs Nano 2019, 13, 5268–5277. [CrossRef]

9. Rao, L.; Cai, B.; Bu, L.L.; Liao, Q.Q.; Guo, S.S.; Zhao, X.Z.; Dong, W.F.; Liu, W. Microfluidic
Electroporation-Facilitated Synthesis of Erythrocyte Membrane-Coated Magnetic Nanoparticles for Enhanced
Imaging-Guided Cancer Therapy. Acs Nano 2017, 11, 3496–3505. [CrossRef]

10. Piao, J.G.; Wang, L.; Gao, F.; You, Y.Z.; Xiong, Y.; Yang, L. Erythrocyte membrane is an alternative coating
to polyethylene glycol for prolonging the circulation lifetime of gold nanocages for photothermal therapy.
Acs Nano 2014, 8, 10414–10425. [CrossRef]

11. Jiang, Q.; Luo, Z.; Men, Y.; Yang, P.; Peng, H.; Guo, R.; Tian, Y.; Pang, Z.; Yang, W. Red blood cell
membrane-camouflaged melanin nanoparticles for enhanced photothermal therapy. Biomaterials 2017, 143,
29–45. [CrossRef] [PubMed]

12. Jiang, T.; Zhang, B.; Shen, S.; Tuo, Y.; Luo, Z.; Hu, Y.; Pang, Z.; Jiang, X. Tumor Microenvironment Modulation
by Cyclopamine Improved Photothermal Therapy of Biomimetic Gold Nanorods for Pancreatic Ductal
Adenocarcinomas. Acs Appl. Mater. Interfaces 2017, 9, 31497–31508. [CrossRef] [PubMed]

13. Wang, X.; Li, H.; Liu, X.; Tian, Y.; Guo, H.; Jiang, T.; Luo, Z.; Jin, K.; Kuai, X.; Liu, Y.; et al. Enhanced
photothermal therapy of biomimetic polypyrrole nanoparticles through improving blood flow perfusion.
Biomater. 2017, 143, 130–141. [CrossRef] [PubMed]

14. Jin, K.; Luo, Z.; Zhang, B.; Pang, Z. Biomimetic nanoparticles for inflammation targeting. Acta Pharm. Sinica.
B 2018, 8, 23–33. [CrossRef] [PubMed]

15. Li, R.; He, Y.; Zhu, Y.; Jiang, L.; Zhang, S.; Qin, J.; Wu, Q.; Dai, W.; Shen, S.; Pang, Z.; et al. Route to
Rheumatoid Arthritis by Macrophagederived Microvesicle-Coated Nanoparticles. Nano Lett. 2019, 19,
124–134. [CrossRef] [PubMed]

16. Xuan, M.; Shao, J.; Dai, L.; Li, J.; He, Q. Macrophage Cell Membrane Camouflaged Au Nanoshells for In Vivo
Prolonged Circulation Life and Enhanced Cancer Photothermal Therapy. Acs Appl. Mater. Interfaces 2016, 8,
9610–9618. [CrossRef] [PubMed]

17. Zhang, Y.; Cai, K.; Li, C.; Guo, Q.; Chen, Q.; He, X.; Liu, L.; Zhang, Y.; Lu, Y.; Chen, X.; et al.
Macrophage-Membrane-Coated Nanoparticles for Tumor-Targeted Chemotherapy. Nano Lett. 2018, 18,
1908–1915. [CrossRef]

18. Chen, Z.; Zhao, P.; Luo, Z.; Zheng, M.; Tian, H.; Gong, P.; Gao, G.; Pan, H.; Liu, L.; Ma, A.; et al. Cancer Cell
Membrane-Biomimetic Nanoparticles for Homologous-Targeting Dual-Modal Imaging and Photothermal
Therapy. Acs Nano 2016, 10, 10049–10057. [CrossRef]

19. Rao, L.; Bu, L.L.; Cai, B.; Xu, J.H.; Li, A.; Zhang, W.F.; Sun, Z.J.; Guo, S.S.; Liu, W.; Wang, T.H.; et al. Cancer
Cell Membrane-Coated Upconversion Nanoprobes for Highly Specific Tumor Imaging. Adv. Mater. (Deerfield
Beachfla) 2016, 28, 3460–3466. [CrossRef]

20. Fang, R.H.; Hu, C.M.; Luk, B.T.; Gao, W.; Copp, J.A.; Tai, Y.; O’Connor, D.E.; Zhang, L. Cancer cell
membrane-coated nanoparticles for anticancer vaccination and drug delivery. Nano Lett. 2014, 14, 2181–2188.
[CrossRef]

21. Hu, C.M.; Fang, R.H.; Wang, K.C.; Luk, B.T.; Thamphiwatana, S.; Dehaini, D.; Nguyen, P.; Angsantikul, P.;
Wen, C.H.; Kroll, A.V.; et al. Nanoparticle biointerfacing by platelet membrane cloaking. Natural 2015, 526,
118–121. [CrossRef]

22. He, Y.; Li, R.; Liang, J.; Zhu, Y.; Zhang, S.; Zheng, Z.; Qin, J.; Pang, Z.; Wang, J. Drug targeting through platelet
membrane-coated nanoparticles for the treatment of rheumatoid arthritis. Nano Res. 2018, 11, 6086–6101.
[CrossRef]

http://dx.doi.org/10.1038/s41467-017-00600-w
http://dx.doi.org/10.1016/S0161-5890(03)00109-3
http://dx.doi.org/10.1073/pnas.1106634108
http://www.ncbi.nlm.nih.gov/pubmed/21690347
http://dx.doi.org/10.1021/acsnano.8b09681
http://dx.doi.org/10.1021/acsnano.7b00133
http://dx.doi.org/10.1021/nn503779d
http://dx.doi.org/10.1016/j.biomaterials.2017.07.027
http://www.ncbi.nlm.nih.gov/pubmed/28756194
http://dx.doi.org/10.1021/acsami.7b09458
http://www.ncbi.nlm.nih.gov/pubmed/28849917
http://dx.doi.org/10.1016/j.biomaterials.2017.08.004
http://www.ncbi.nlm.nih.gov/pubmed/28800434
http://dx.doi.org/10.1016/j.apsb.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29872620
http://dx.doi.org/10.1021/acs.nanolett.8b03439
http://www.ncbi.nlm.nih.gov/pubmed/30521345
http://dx.doi.org/10.1021/acsami.6b00853
http://www.ncbi.nlm.nih.gov/pubmed/27039688
http://dx.doi.org/10.1021/acs.nanolett.7b05263
http://dx.doi.org/10.1021/acsnano.6b04695
http://dx.doi.org/10.1002/adma.201506086
http://dx.doi.org/10.1021/nl500618u
http://dx.doi.org/10.1038/nature15373
http://dx.doi.org/10.1007/s12274-018-2126-5


Cells 2019, 8, 881 15 of 16

23. Song, Y.; Huang, Z.; Liu, X.; Pang, Z.; Chen, J.; Yang, H.; Zhang, N.; Cao, Z.; Liu, M.; Cao, J.; et al. Platelet
membrane-coated nanoparticle-mediated targeting delivery of Rapamycin blocks atherosclerotic plaque
development and stabilizes plaque in apolipoprotein E-deficient (ApoE(-/-)) mice. Nanomedicine 2019, 15,
13–24. [CrossRef]

24. Wei, X.; Ying, M.; Dehaini, D.; Su, Y.; Kroll, A.V.; Zhou, J.; Gao, W.; Fang, R.H.; Chien, S.; Zhang, L.
Nanoparticle Functionalization with Platelet Membrane Enables Multifactored Biological Targeting and
Detection of Atherosclerosis. Acs Nano 2018, 12, 109–116. [CrossRef] [PubMed]

25. Hu, Q.; Sun, W.; Qian, C.; Bomba, H.N.; Xin, H.; Gu, Z. Relay Drug Delivery for Amplifying Targeting Signal
and Enhancing Anticancer Efficacy. Adv. Mater. (Deerfield Beachfla) 2017, 29, 3. [CrossRef]

26. Copp, J.A.; Fang, R.H.; Luk, B.T.; Hu, C.M.; Gao, W.; Zhang, K.; Zhang, L. Clearance of pathological antibodies
using biomimetic nanoparticles. Proc. Natl. Acad Sci. USA 2014, 111, 13481–13486. [CrossRef]

27. Fang, R.H.; Hu, B.T.; Hu, C.M.; Zhang, L. Engineered nanoparticles mimicking cell membranes for toxin
neutralization. Adv. Drug Deliv. Rev. 2015, 90, 69–80. [CrossRef]

28. Hu, C.M.; Copp, J.; Fang, R.H.; Luk, B.T.; Zhang, L. A biomimetic nanosponge that absorbs pore-forming
toxins. Nat. Nanotechnol. 2013, 8, 336–340. [CrossRef]

29. Pang, Z.; Hu, C.M.J.; Fang, R.H.; Luk, B.T.; Gao, W.; Fei, W.; Chuluun, E.; Angsantikul, P.; Thamphiwatana, S.;
Lu, W. Detoxification of Organophosphate Poisoning Using Nanoparticle Bioscavengers. Acs Nano 2015,
9, 6450. [CrossRef]

30. Wei, X.; Gao, J.; Wang, F.; Ying, M.; Angsantikul, P.; Kroll, A.V.; Zhou, J.; Gao, W.; Lu, W.; Fang, R.H.; et al.
In Situ Capture of Bacterial Toxins for Antivirulence Vaccination. Adv. Mater. 2017, 29. [CrossRef]

31. Gao, W.; Fang, R.H.; Thamphiwatana, S.; Luk, B.T.; Li, J.; Angsantikul, P.; Zhang, Q.; Hu, C.M.; Zhang, L.
Modulating antibacterial immunity via bacterial membrane-coated nanoparticles. Nano Lett. 2015, 15,
1403–1409. [CrossRef]

32. Hu, C.M.; Fang, R.H.; Luk, B.T.; Zhang, L. Nanoparticle-detained toxins for safe and effective vaccination.
Nat. Nanotechnol. 2013, 8, 933–938. [CrossRef]

33. Wei, Y.; Quan, L.; Zhou, C.; Zhan, Q. Factors relating to the biodistribution & clearance of nanoparticles &
their effects on in vivo application. Nanomedicine (Lond) 2018, 13, 1495–1512.

34. Liu, R.; Yu, M.; Yang, X.; Umeshappa, C.S.; Hu, C.; Yu, W.; Qin, L.; Huang, Y.; Gao, H. Linear Chimeric Triblock
Molecules Self-Assembled Micelles with Controllably Transformable Property to Enhance Tumor Retention
for Chemo-Photodynamic Therapy of Breast Cancer. Adv. Fucntional Mater. 2019, 1808462. [CrossRef]

35. Geng, Y.; Dalhaimer, P.; Cai, S.; Tsai, R.; Tewari, M.; Minko, T.; Discher, D.E. Shape effects of filaments versus
spherical particles in flow and drug delivery. Nat. Nanotechnol. 2007, 2, 249–255. [CrossRef]

36. Lee, C.; Hwang, H.S.; Lee, S.; Kim, B.; Kim, J.O.; Oh, K.T.; Lee, E.S.; Choi, H.G.; Yu, S.Y. Rabies Virus-Inspired
Silica-Coated Gold Nanorods as a Photothermal Therapeutic Platform for Treating Brain Tumors. Adv. Mater.
2017, 29, 1605563. [CrossRef]

37. Schleh, C.; Semmler-Behnke, M.; Lipka, J.; Wenk, A.; Hirn, S.; Schaffler, M.; Schmid, G.; Simon, U.;
Kreyling, W.G. Size and surface charge of gold nanoparticles determine absorption across intestinal barriers
and accumulation in secondary target organs after oral administration. Nanotoxicology 2012, 6, 36–46.
[CrossRef]

38. Alexis, F.; Pridgen, E.; Molnar, L.K.; Farokhzad, O.C. Factors Affecting the Clearance and Biodistribution of
Polymeric Nanoparticles. Mol. Pharm. 2008, 5, 505. [CrossRef]

39. Sarin, H. Physiologic upper limits of pore size of different blood capillary types and another perspective on
the dual pore theory of microvascular permeability. J. Angiogenes Res. 2010, 2, 14. [CrossRef]

40. Zhang, L.; Cao, Z.; Li, Y.; Ella-Menye, J.R.; Bai, T.S. Softer zwitterionic nanogels for longer circulation and
lower splenic accumulation. Acs Nano 2012, 6, 6681–6686. [CrossRef]

41. Villa, C.H.; Anselmo, A.C.; Mitragotri, S.; Muzykantov, V. Red blood cells: Supercarriers for drugs, biologicals,
and nanoparticles and inspiration for advanced delivery systems. Adv. Drug Deliv. Rev. 2016, 106, 88–103.
[CrossRef]

42. Luk, B.T.; Hu, C.M.J.; Fang, R.H.; Dehaini, D.; Carpenter, C.; Gao, W.; Zhang, L. Interfacial Interactions
between Natural RBC Membranes and Synthetic Polymeric Nanoparticles. Nanoscale 2014, 6, 2730–2737.
[CrossRef]

43. Waugh, R.E.; Sarelius, I.H. Effects of lost surface area on red blood cells and red blood cell survival in mice.
Am J. Physiol. 1996, 271, C1847–C1852. [CrossRef]

http://dx.doi.org/10.1016/j.nano.2018.08.002
http://dx.doi.org/10.1021/acsnano.7b07720
http://www.ncbi.nlm.nih.gov/pubmed/29216423
http://dx.doi.org/10.1002/adma.201605803
http://dx.doi.org/10.1073/pnas.1412420111
http://dx.doi.org/10.1016/j.addr.2015.04.001
http://dx.doi.org/10.1038/nnano.2013.54
http://dx.doi.org/10.1021/acsnano.5b02132
http://dx.doi.org/10.1002/adma.201701644
http://dx.doi.org/10.1021/nl504798g
http://dx.doi.org/10.1038/nnano.2013.254
http://dx.doi.org/10.1002/adfm.201808462
http://dx.doi.org/10.1038/nnano.2007.70
http://dx.doi.org/10.1002/adma.201605563
http://dx.doi.org/10.3109/17435390.2011.552811
http://dx.doi.org/10.1021/mp800051m
http://dx.doi.org/10.1186/2040-2384-2-14
http://dx.doi.org/10.1021/nn301159a
http://dx.doi.org/10.1016/j.addr.2016.02.007
http://dx.doi.org/10.1039/C3NR06371B
http://dx.doi.org/10.1152/ajpcell.1996.271.6.C1847


Cells 2019, 8, 881 16 of 16

44. Oldenborg, P.A.; Zheleznyak, A.; Fang, Y.F.; Lagenaur, C.F.; Gresham, H.D.; Lindberg, F.P. Role of CD47 as a
Marker of Self on Red Blood Cells. Science 2000, 288, 2051–2054. [CrossRef]

45. He, Y.; Li, R.; Li, H.; Zhang, S.; Dai, W.; Wu, Q.; Jiang, L.; Zheng, Z.; Shen, S.; Chen, X.; et al. Erythroliposomes:
Integrated Hybrid Nanovesicles Composed of Erythrocyte Membranes and Artificial Lipid Membranes for
Pore-Forming Toxin Clearance. Acs Nano 2019, 13, 4148–4159. [CrossRef]

46. Veillette, A.; Chen, J. SIRPalpha-CD47 Immune Checkpoint Blockade in Anticancer Therapy. Trends Immunol.
2018, 39, 173–184. [CrossRef]

47. Liu, X.P.; Cron, K.; Deng, L.; Kline, J.; Frazier, W.A.; Xu, H.; Hua, P.; Fu, Y.X.; Meng, M.X. CD47 blockade
triggers T cell–mediated destruction of immunogenic tumors. Nat. Med. 2015, 21, 1209. [CrossRef]

48. Ayi, K.; Lu, Z.; Serghides, L.; Ho, J.M.; Finney, C.; Wang, J.C.; Liles, W.C.; Kain, K.C. CD47-SIRPα Interactions
Regulate Macrophage Uptake of Plasmodium falciparum-Infected Erythrocytes and Clearance of Malaria In
Vivo. Infect. Immun. 2016, 84, 2002. [CrossRef]

49. Kojima, Y.; Volkmer, J.P.; Mckenna, K.; Civelek, M.; Lusis, A.J.; Miller, C.L.; Direnzo, D.; Nanda, V.; Ye, J.;
Connolly, A.J. CD47-blocking antibodies restore phagocytosis and prevent atherosclerosis. Natural 2016,
536, 86. [CrossRef]

50. Tsoi, K.M.; MacParland, S.A.; Ma, X.Z.; Spetzler, V.N.; Echeverri, J.; Ouyang, B.; Fadel, S.M.; Sykes, E.A.;
Goldaracena, N.; Kaths, J.M.; et al. Mechanism of hard-nanomaterial clearance by the liver. Nat. Mater 2016,
15, 1212–1221. [CrossRef]

51. Braet, F.; Muller, M.; Vekemans, K.; Wisse, E.; Le Couteur, D.G. Antimycin A-induced defenestration in rat
hepatic sinusoidal endothelial cells. Hepatology (Baltim. Md.) 2003, 38, 394–402. [CrossRef]

52. Fang, C.; Shi, B.; Pei, Y.Y.; Hong, M.H.; Wu, J.; Chen, H.Z. In vivo tumor targeting of tumor necrosis
factor-alpha-loaded stealth nanoparticles: Effect of MePEG molecular weight and particle size. Eur. J. Pharm.
Sci. 2006, 27, 27–36. [CrossRef]

53. Merkel, T.J.; Chen, K.; Jones, S.W.; Pandya, A.A.; Tian, S.; Napier, M.E.; Zamboni, W.E.; DeSimone, J.M.
The effect of particle size on the biodistribution of low-modulus hydrogel PRINT particles. J. Control. Release
Off. J. Control. Release Soc. 2012, 162, 37–44. [CrossRef]

54. Walkey, C.D.; Olsen, J.B.; Guo, H.; Emili, A.; Chan, W.C. Nanoparticle size and surface chemistry determine
serum protein adsorption and macrophage uptake. J. Am. Chem. Soc. 2012, 134, 2139–2147. [CrossRef]

55. Anselmo, A.C.; Zhang, M.; Kumar, S.; Vogus, D.R.; Menegatti, S.; Helgeson, M.E.; Mitragotri, S. Elasticity of
nanoparticles influences their blood circulation, phagocytosis, endocytosis, and targeting. Acs Nano 2015, 9,
3169–3177. [CrossRef]

56. Zhou, H.; Fan, Z.; Li, P.Y.; Deng, J.; Arhontoulis, D.C.; Li, C.Y.; Bowne, W.B.; Cheng, H. Dense and Dynamic
Polyethylene Glycol Shells Cloak Nanoparticles from Uptake by Liver Endothelial Cells for Long Blood
Circulation. Acs Nano 2018, 12, 10130–10141. [CrossRef]

57. Qi, H.; Zhou, H.; Tang, Q.; Lee, J.Y.; Fan, Z.; Kim, S.; Staub, M.C.; Zhou, T.; Mei, S.; Han, L.; et al. Block
copolymer crystalsomes with an ultrathin shell to extend blood circulation time. Nat. Commun. 2018, 9, 3005.
[CrossRef]

58. Rao, L.; Bu, L.L.; Xu, J.H.; Cai, B.; Yu, G.T.; Yu, X.; He, Z.; Huang, Q.; Li, A.; Guo, S.S.; et al. Red Blood Cell
Membrane as a Biomimetic Nanocoating for Prolonged Circulation Time and Reduced Accelerated Blood
Clearance. Small (Weinh. Der Bergstr. Ger.) 2015, 11, 6225–6236. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/science.288.5473.2051
http://dx.doi.org/10.1021/acsnano.8b08964
http://dx.doi.org/10.1016/j.it.2017.12.005
http://dx.doi.org/10.1038/nm.3931
http://dx.doi.org/10.1128/IAI.01426-15
http://dx.doi.org/10.1038/nature18935
http://dx.doi.org/10.1038/nmat4718
http://dx.doi.org/10.1053/jhep.2003.50347
http://dx.doi.org/10.1016/j.ejps.2005.08.002
http://dx.doi.org/10.1016/j.jconrel.2012.06.009
http://dx.doi.org/10.1021/ja2084338
http://dx.doi.org/10.1021/acsnano.5b00147
http://dx.doi.org/10.1021/acsnano.8b04947
http://dx.doi.org/10.1038/s41467-018-05396-x
http://dx.doi.org/10.1002/smll.201502388
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	RBC Ghost Deviation 
	Preparation of RBC-NPs with Different-Sized Polymeric Cores 
	Characterization of RBC-NPs 
	Membrane Protein Analysis of RBC-NPs 
	Cellular Uptake RBC-NPs by Macrophages 
	Filtration Test of RBC-NPs 
	Pharmacokinetics and Biodistribution of RBC-NPs 
	Immunogenic Response 
	Statistical Analysis 

	Results and Discussions 
	Characterization and Stability of RBC-NPs 
	Cellular Uptake of RBC-NPs by Macrophages 
	Filtration through Filter Membranes 
	Pharmacokinetics and Biodistribution 
	Immunogenic Response 

	Conclusions 
	References

