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Introduction
Red blood cells (RBCs) are nature’s long-circulating

delivery vehicles. They possess various remarkable

properties and continue to inspire the design and
engineering of man-made delivery systems.! Inherently
suited for intravascular delivery, RBCs are intrinsically bio-
compatible, biodegradable, and nonimmunogenic. They form
natural compartments capable of protecting encapsulated car-
gos, and this allows them to circulate in the bloodstream for
a long period of time (up to 120 days). In addition, their
semipermeable membrane affords sustained release to small-
molecule drugs, yet they are ideal for retaining large proteins
while providing them access to the substrates. Delivery
vehicles possessing one or several of these properties have
long been desired for efficacious therapeutics.”

A long-sought strategy for RBC-mimicking delivery vehicles
is to load natural RBCs with therapeutic agents without com-
promising the structural integrity and biological functions of
the RBCs.> Various loading techniques, including automated
loading devices, have been developed to enable the encapsula-
tion of payloads with molecular weights of over 180 kDa into
RBCs with maintenance of the carriers’ biological compe-
tence.*> In addition to the interior of RBCs, their exterior sur-
face has also been coupled with therapeutic molecules, either
covalently or physically, for various delivery applications.
These RBC-based delivery vehicles, namely carrier RBCs,
have been developed for the delivery of numerous therapeutic
agents, including proteins, nucleic acids, and small-molecule
drugs. Several of them have entered clinical tests to treat vari-
ous diseases, including cancers and enzyme deficiencies.®’

Meanwhile, advances in molecular biology have provided
unprecedented understanding of the connections between the
physicochemical characteristics of RBCs and their biological
functions.®’ This understanding, in turn, has inspired research-
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ers to model drug carriers after RBCs. Designs that mimic the
physicochemical characteristics and biological functions of
RBCs, particularly those that enable their passage through nar-
row constrictions while maintaining a long in vivo survival,
have been integrated into the engineering of drug carriers and
have resulted in novel delivery systems with improved drug
tolerability, circulation lifetime, and efﬁcacy.lo

Recently, the pursuit of RBC-mimicking nanoparticles led
us to develop an intriguing approach for functionalizing syn-
thetic nanoparticles with natural RBC membranes.'' In this
approach, we first collected intact cellular membranes and
then coated them onto polymeric nanoparticle cores, such as
those made from poly(lactic-co-glycolic acid) (PLGA); this
resulted in red-blood-cell-membrane—coated nanoparticles
(RBC-NPs; Figure 1). Our aim was to fabricate cell-
mimicking nanoparticles through a top-down approach that
bypassed the labor-intensive processes of protein identifica-
tion, purification, and conjugation. The natural membranes
also provide a bilayered medium for transmembrane protein
anchorage while preventing common chemical modifications
that could compromise the integrity and functionalities of
these proteins. The independent preparation of cellular mem-
branes and particle cores before coating offers a new level
of engineering flexibility toward highly functional biomi-
metic nanoparticles.

Since their initial development, RBC-NPs have provided an
unprecedented capability for harnessing the natural functional-
ities of native cells that would otherwise be difficult to replicate.
They have since inspired us to develop novel nanotherapeutics
for better disease intervention. In this Perspective, we review
our recent progress in developing RBC-NPs for three distinct
biomedical applications: long-circulating nanocarriers for drug
delivery, biomimetic nanosponges for detoxification, and nano-
toxoids for safe and effective toxin vaccination.

Long-Circulating Carriers for Drug Delivery

Long-circulating nanocarriers have significant clinical
impact as they promise sustained systemic delivery and
better targeting through both passive and active
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Figure 1. Schematic illustration of the preparation process of the RBC-NPs.

The process can be divided into two steps: the derivation of membrane vesicles from RBCs and the fusing of the vesicles onto the

surfaces of the nanoparticle cores.

mechanisms.'?'* Numerous approaches, mostly through the
modification of the nanoparticle size, surface chemistry,
geometry, and flexibility, have been exploited to extend the
particle residence time in vivo.">'7 In particular, surface
coatings that can help minimize the clearance of nanopar-
ticles by the reticuloendothelial system, including liver,
spleen, bone marrow, and lymph nodes, are essential for
increasing the nanoparticle’s blood circulation time. The cur-
rent gold standard for nanoparticle stealth coating is poly
(ethylene glycol) (PEG), which improves the circulation time
by stabilizing and protecting nanoparticles from opsoniza-
tion, a plasma protein deposition process that signals Kupffer
cells in the liver to remove the carriers from circulation.'?
The success of PEG has led to several clinical products.'*
However, the desire to further improve nanoparticle circula-
tion, together with the recent observation of anti-PEG immu-
nological response, has triggered a continuous search for
new synthetic materials and natural immunosuppressive pro-
teins to modify nanoparticles for prolonged circulation.'®
Our strategy in this thrust is to replicate the protein
makeup on the RBC surfaces responsible for long circulation
onto synthetic nanoparticles. Apparently, conventional chem-
ical conjugation approaches would be impractical for achiev-
ing this goal given the abundance and complexity of proteins
associated with the RBC membranes. Instead, we collected
entire cellular membranes and developed an effective coating
technique to wrap polymeric nanoparticles of various sizes
with unilamellar, bilayered RBC membranes [Figure
2(A)]."""” We demonstrated that the antigen density on the
RBC-NPs was comparable to that of the native RBCs; this
indicated that the entire RBC membranes were translocated
to the nanoparticle surfaces. Using immunostaining, we fur-
ther verified that the membranes presented in a right-side-out
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orientation on the nanoparticle surfaces; this ensured proper
expression of critical surface antigens for molecular interac-
tions. When added to macrophage cells, RBC membrane
coatings resulted in a 64% reduction in particle internaliza-
tion under the experimental conditions; this confirmed the
translocation of immune-evasive functionality from the
RBCs to the nanoparticles.20 When injected into mice, these
nanoparticles showed a longer elimination half-life compared
to PEG-coated counterpart nanoparticles [Figure 2(B)]."'
Together, this cell-membrane-coating strategy provides syn-
thetic nanoparticles superior retardation for in vivo clearance.
Therapeutic potentials underlying such nanoparticle design
strategies are emerging. Meanwhile, advances in polymer
engineering offer flexibility to mimic other properties of
RBCs critical for long circulation, such as their shape and
elasticity. Such flexibility will also allow the nanoparticle
circulation time to be tailored for specific diseases.
RBC-NPs confer the combined advantages of both a long
circulation lifetime and controlled drug release. To gain a
better understanding of the drug loading, drug-release
kinetics, and cell-based efficacy of these nanoparticles, we
used two common loading strategies to encapsulate doxoru-
bicin into the RBC-NPs: physical encapsulation by the
coprecipitation of doxorubicin with PLGA and chemical con-
jugation by covalent linking of doxorubicin molecules to the
terminal of PLGA chains.”' We found that the chemical con-
jugation approach resulted in a more sustained drug-release
profile, and the coated membrane provided a barrier, which
retarded the outward diffusion of encapsulated drug mole-
cules. Regardless of the drug-loading methods, in compari-
son to free doxorubicin, RBC-NPs exhibit approximately a
10-fold increase in LC50 (50% of lethal concentration)
against Kasumi-1, an acute myeloid leukemia cell line.
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Figure 2. (A) Representative transmission electron microscopy (TEM) images of RBC-NPs with differently sized polymeric cores.
The nanoparticles were negatively stained with uranyl acetate and subsequently visualized with TEM. (B) /n vivo cir-
culation time of RBC-NPs made from PLGA cores with a diameter of 75 nm. Fluorescence-labeled RBC-NPs were
injected intravenously through the tail vein of mice. At various time points, blood was drawn intraorbitally and meas-
ured for fluorescence intensity to evaluate the systemic circulation lifetime of the nanoparticles (n = 6 per group).
Reproduced with permission from the National Academy of Sciences* and the Royal Society of Chemistry.*?

The compelling structural characteristics and functional-
ities of the RBC-NP platform further raised our curiosity
over the interfacial interactions between natural cellular
membranes and polymeric nanoparticle substrates. We then
investigated several key interfacial properties of the RBC-
NPs, with a particular interest in gaining an understanding of
how the physicochemical properties of the nanoparticles,
such as the particle size, { potential, and surface chemistry,
would affect the membrane-coating process.'”?® We found
that the RBC membranes completely covered negatively
charged polymeric nanoparticles in a right-side-out manner
and enhanced the particles’ colloidal stability. The
membrane-coating process was applicable to particle sub-
strates with a diameter ranging from 65 to 340 nm. Our stud-
ies showed that the interplay between the cell membrane
moieties, such as RBC glycans, and the substrate surface
characteristics strongly influenced the affinity between the
RBC membranes and the synthetic polymer cores. Hence,
this drove and directed the membrane-particle coating pro-
cess. These findings shed light on the dynamics between the
cellular membrane and nanoscale substrates and provided
valuable information toward future development and charac-
terization of cellular-membrane—coated nanodevices.”?

We recently extended the membrane-coating technique
from polymeric nanoparticles to inorganic gold nanoparticles
(AuNPs).”* AuNPs have found widespread applications as
imaging agents and drug carriers in biology and medicine.**
Their modification with the entirety of a cell membrane pro-
vided improved functions and advanced biomimetic features.
Facilitated by external mechanical forces, RBC membranes
spontaneously fused onto solid AuNPs to form red-blood-
cell-membrane—coated gold nanoparticles (RBC-AuNPs).
The resulting RBC-AuNPs possessed right-side-out RBC
membranes and the associated membrane proteins, which
provided the AuNPs with immunosuppressive functionalities
for evading macrophage uptake. In addition, the membrane
coating effectively shielded the particles from interacting
with thiolated compounds. When synthetic AuNPs were inte-
grated with natural cellular membranes, the particles were
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bestowed with a wide range of functionalities responsible for
the cells’ diverse antigenic, transport, and mechanical char-
acteristics. The RBC-AuNPs embody a new materials design
strategy and present an intriguing class of advanced materi-
als for a broad range of biomedical applications.

Biomimetic Nanosponges for Detoxification

In addition to immune evasion, RBC-NPs also inspired us
to harness other functionalities of natural RBCs for novel
therapeutics. We were particularly interested in detoxification
treatments to cleanse the body of virulence factors, such as
those caused by bacterial infections, venomous injuries, and
biological weaponry.”> Among various toxins, our focus was
on pore-forming toxins (PFTs), one of the most common
protein toxins found in nature.”® These toxins disrupt cells
by forming pores in cellular membranes and altering their
permeability for bioactivity. The inhibition of PFTs is benefi-
cial in the fight against various bacterial infections and ven-
omous attacks by animals, such as sea anemones, scorpions,
and snakes.?” To neutralize PFTs, numerous detoxification
platforms, including antisera,”® monoclonal antibodies,*’
small-molecule inhibitors,>® and molecularly imprinted poly-
mers,31 have been developed. However, these platforms act
by targeting the specific molecular structures of toxins and
require customized treatments for different diseases. With
over 80 families of PFTs so far having been identified, exist-
ing detoxification strategies are challenged by an overwhelm-
ing number of distinctive molecular structures and epitopic
targets of PFTs.*?

To address this challenge, we took the advantage of the
functional similarity among PFTs in the perforation of cellu-
lar membranes and developed RBC-NPs as toxin nano-
sponges for PFT neutralization [Figure 3(A,B)].33 The RBC
membrane shell, according to the coating process, provides a
substrate mimicking RBCs to absorb a wide range of PFTs,
regardless of their molecular structures. Meanwhile, the inner
polymeric core stabilizes the RBC membrane shell to enable
the prolonged systemic circulation essential for absorbing
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Figure 3. (A) Schematic structure of the toxin nanosponges and their mechanism of neutralizing PFTs. The nanosponges con-
sisted of substrate-supported RBC bilayer membranes, into which PFTs could be incorporated. After being absorbed
and arrested by the nanosponges, the PFTs were diverted away from their cellular targets, thereby avoiding target
cells and preventing toxin-mediated hemolysis. (B) TEM visualization of nanosponges mixed with a-toxin (scale
bar = 80 nm) and the zoomed-in view of a single toxin-absorbed nanosponge (scale bar = 20 nm). The sample was
negatively stained with uranyl acetate before TEM imaging. (C,D) Survival rates of mice over 15 days after an intra-
venous injection of a-toxin (75 mg/kg). Nanosponges (80 mg/kg), RBC vesicles, or PEG-PLGA nanoparticles were
administered intravenously 2 min either (C) before or (D) after toxin injection. All injections were performed via the
tail vein (n = 9). Reproduced with permission from Nature Publishing Group.33

toxins in the bloodstream. The unique core-shell structure
also locks in the absorbed toxins from further bioactivity.
Such nanosponges act as decoys to divert the toxin away
from their cellular targets. In a mouse model, the nano-
sponges markedly reduced the toxicity of staphylococcal o-
hemolysin and improved the survival rate of toxin-
challenged mice [Figure 3(C,D)]. Such action-mechanism—
targeted detoxification by nanosponges can be distinguished
from the current paradigm of detoxification treatments,
where toxin antagonists rely primarily on structure-specific
epitopic binding. By targeting a common mechanism shared
by a broad range of toxins, the nanosponges introduce a
unique strategy to use injectable nanocarriers for
biodetoxification.

In addition to absorbing PFTs, RBC-NPs also hold great
promise to neutralize other chemical and biological mole-
cules that target RBCs. One particular example is type II
immune hypersensitivities driven by pathological antibodies
that target self-antigens, either naturally occurring or due to
exposure to an exogenous substance present on the cellular
exterior or extracellular matrix.>* This disease type makes up
many of the most prevalent autoimmune diseases, including
pernicious anemia, Graves’ disease, and myasthenia gravis,
and autoimmune hemolytic anemia (AIHA) and immune
thrombocytopenia.35’36 In addition, these diseases may occur
after the administration of a new drug or after certain
infections. Currently, therapies for these immune-mediated
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diseases remain relatively nonspecific via broad immune sup-
pression and, thus, present significant iatrogenic risk.*’-*®

In this regard, we recently explored the capability of
RBC-NPs as an alternative target for pathological antibodies
in an antibody-induced anemia disease model (Figure 4).%
In our study, we demonstrated that these nanoparticles bound
and neutralized anti-RBC polyclonal IgG effectively and,
thus, preserved circulating RBCs. As a result, they abrogated
the effect of pathological antibodies and minimized the dis-
ease burden without the need for drug-based immune sup-
pression. Similar to nanosponges for PFT detoxification,
these biomimetic nanoparticles enabled the indiscriminate
absorption of pathological antibodies, regardless of their epi-
tope specificities. Unlike conventional immune therapies,
these biomimetic nanoparticles have no drug payload to sup-
press normal lymphocytes or immune effector cells. Addi-
tionally, unlike blood transfusions, which serve as a
replacement therapy, RBC-NPs serve to deplete circulating
antibody levels without contributing further toxic metabolites
due to the hemolysis of transfused cells. Moreover, it has
been demonstrated in animal models of autoimmune diseases
that the primary target antigens can vary and shift over the
course of the diseases. The exploitation of target cell mem-
branes in their entirety overcomes the various antigen specif-
icities and presents a previously unidentified approach in
intercepting the autoreactive antibody mechanism of type II
immune hypersensitivity reactions.

DOI 10.1002/aic 741



Figure 4. Schematic representation of RBC-NPs neutralizing anti-RBC antibodies (anti-RBCs). (A) Anti-RBCs opsonization of
RBCs for extravascular hemolysis via phagocytosis, as observed in AIHA. (B) RBC-NPs absorption and neutralization
of anti-RBCs and, thus, protection of RBCs from phagocytosis. For illustration purposes, antibodies were drawn
exclusively on the nanoparticles. Reproduced with permission from the National Academy of Sciences.?®

Nanotoxoids for Safe and Effective Toxin
Vaccination

Bacterial toxins alter the normal metabolism of host cells,
and many protein toxins have been identified as the primary
causative factors in infectious diseases. The role of toxins in
infections has prompted the development of toxoid vaccines,
which are inactivated forms of toxins that can be adminis-
tered to mount an antitoxin immune response. Conventional
toxoid preparation methods involve protein denaturation
through heat or chemical treatment for toxin neutralization,
but these disruptive techniques compromise the antigenic
information in the toxin proteins and, thereby, inevitably
causing a tradeoff between toxoid safety and efficacy. The
shortfalls of denaturation-based toxoid preparation are evi-
denced in the decades-long effort in the development of o-
hemolysin toxoid against Staphylococcal aureus infections,
as early development of denaturation-based z-hemolysin tox-
oid vaccines have been marred by either residual toxicity or
inadequate potency.40 More recent efforts have focused on
the development of nontoxic but structurally conserved toxin
mutants with advanced biomolecular techniques. In particu-
lar, site-directed mutagenesis has been applied to produce
toxin mutants with minimal antigenic alterations from the
target toxins; this minimizes the tradeoff between safety and
efﬁcacy.41

To address this challenge, we see the potential of RBC-
NPs as a safe and effective vaccination platform as they
offer a unique approach to inactivating PFTs without protein
denaturation. With this platform, nanoparticle vectors are
applied to intercept toxins’ virulence mechanism, thereby
enabling unaltered toxins to be administered for immune
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processing (Figure 5).*> With staphylococcal a-hemolysin as
a model toxin and through its mixture with preformed RBC-
NPs, we demonstrated the facile preparation of toxin-loaded
nanotoxoids.*> On one hand, this platform takes advantage
of particle-stabilized biomembranes to absorb and lock in
PFTs within the membranes; this precludes the toxins from
initiating their normal virulence mechanisms. On the other
hand, as detained toxins retain their protein structure, they
elicit superior immune responses. We showed that mice vac-
cinated with particle-detained o-hemolysin generated signifi-
cantly higher antitoxin immune responses as compared to
those vaccinated with heat-denatured toxins. Most impres-
sively, mice receiving three weekly doses of a particle-
detained o-hemolysin vaccine became completely immune to
the toxin. High doses of o-hemolysin, which can cause seri-
ous tissue damage in unvaccinated animals, did not inflict
any observable effect on the vaccinated mice upon subcuta-
neous injection.

The biocompatible nature of RBC membranes and PLGA
polymers allow the immune system to selectively process the
toxin cargoes while ignoring the rest of the nanoparticle vec-
tors. No antinanoparticle immune response was observed,
despite the high antitoxin responses generated by the nano-
toxoid. Notably, an RBC-NP-based vaccine system also
allows for the detainment of other membrane-active protein
toxins. For example, we demonstrated the successful neutral-
ization of two other types of PFTs, an oligomerizing
streptolysin-O from Streptococcus bacteria and a small pep-
tide from bee venom.*> Given the broad presence of
membrane-damaging  virulence factors in pathogenic
microbes such as Escherichia coli, Helicobacter pylori, Clos-
tridium perfringens, and Bacillus anthracis,** RBC-NPs offer
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Figure 5. Schematics demonstrating the benefit of toxin detainment by nanoparticle carriers. Native toxins are cytotoxic and
are unsafe to be administered for vaccination (top row). Conventional toxoid preparation disrupts toxin antigens
and compromises their immunogenicity (middle row). Nanoparticle detainment neutralizes toxins by interfering with
their virulence mechanism. Structurally intact toxin antigens can thus be safely administered to mount a strong
antitoxin immune response (bottom row). Reproduced with permission from Elsevier.4*

a versatile platform for vaccine development against many
infectious diseases. In addition to the membrane-coated exte-
rior that serves to sequester PFTs, the nanoparticles possess
other characteristic features that can facilitate the immune
processing of the toxin antigens. For instance, the nanopar-
ticles’ high stability and small sizes facilitate antigen deliv-
ery to lymphatic organs, such as the spleen and lymph
nodes.** The nanoparticle/toxin complexes also possess a
particulate morphology that is more prone to cellular inges-
tion compared to free proteins. This property allows toxin
antigens to be efficiently taken up and metabolized by
antigen-presenting cells for immune processing. Along with
the antigenically preserved toxin antigens, these other factors
likely contribute to the enhanced antibody responses as well.

The ability to neutralize toxins via the detainment strategy
also highlights the intricate biomolecular machineries behind
the virulence mechanisms of protein toxins.*> For instance,
PFTs such as o-hemolysin and streptolysin-O require mem-
brane interactions and oligomerizing actions with other toxin
monomers for channel formation and cellular disruption.
Nanoparticle detainment immobilizes the toxin molecules,
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alters their cellular distribution, and thus restrict their inter-
actions with targeted cellular substrates. We envision that
this detainment concept may be extended to other toxin cate-
gories that require interactions with specific substrates and
receptors to take effect. For example, toxins that interact
with membrane receptors (ie, neurotoxins) or cytosolic sub-
strates (ie, Shiga toxin) can likewise be detained by nanopar-
ticulates to preclude their virulence activities and to facilitate
their cellular digestion and immune processing. Toward
future development, however, rigorous safety characteriza-
tions of particle-detained formulations are warranted, as
sequestered toxins can be potentially bioactive. Methods that
help secure the toxin detainment, enhance particle stability,
and accelerate particle cellular uptake are expected to benefit
the overall vaccine system as they minimize the risks of pre-
mature toxin release. Given the engineering flexibility of
nanomaterials, numerous toxin association and immune mod-
ulation approaches are possible.46 Meanwhile, as antibiotic
resistance rises at an alarming rate, the urgent need for
emerging antimicrobial measures can benefit from creative
engineering in nanotechnology. As the nanoparticle-mediated

DOI 10.1002/aic 743



toxin detainment approach promises vaccine formulations
with a higher potency, the RBC-NP platform is expected to
become a new generation of nanotoxoid vaccines that can
improve the management of infectious diseases.*”*® By pro-
moting antivirulence immunity against the pathogenic factors
of bacteria, the vaccination approach could reduce the occur-
rence of microbial infections without the reliance on
antibiotics.

Summary and Outlook

The RBC-NP platform uses a novel top-down approach to
transfer the entire RBC exterior, including both lipids and
membrane-associated proteins, onto synthetic nanoparticles.
Such biomimetic nanoparticles are disguised as RBCs to
evade the immune system, although the synthetic cores are
able to carry chemotherapy drugs. The RBC-NPs have dem-
onstrated tremendous therapeutic implications for systemic
drug delivery, biodetoxification, and toxin vaccination. From
a drug-delivery perspective, the RBC-NPs not only enable
extended systemic circulation but also allow for the imple-
mentation of synthetic biomaterials, including biocompatible
polymers with established clinical uses for drug delivery.
From a detoxification perspective, the RBC-NPs function as
a toxin nanosponge to absorb and neutralize a wide spectrum
of membrane-damaging toxins, regardless of their molecular
structures. By targeting a common mechanism shared by
various types of toxins, the RBC-NPs introduce a unique
strategy for the use of injectable nanocarriers for biodetoxifi-
cation. From a toxoid vaccine perspective, the RBC-NPs pro-
vide a novel toxin-detainment strategy to safely deliver
nondisrupted toxins for immune processing. The resulting
nanotoxoids yield stronger immunogenicity and superior effi-
cacy compared with commonly used protein-denaturation—
based toxin vaccination approaches.

The further development of RBC-NPs for clinical use
needs to address blood-supply issues. For in vivo animal test-
ing of the RBC-NPs, RBCs collected from syngeneic animal
models can be used. This can prevent the immune responses
associated with the use of animals with different blood types.
For future translation to humans, RBCs can be collected
from a blood bank. As a result, we expect the resulting
RBC-NPs need to match patients on the basis of their blood
types (A, B, AB, or O type) and Rh compatibility (Rh+ or
Rh—) according to a cross-match test, as in the case of a
blood transfusion. Note that RBC-NPs made of type O, Rh—
RBCs will be applicable to the entire human population.
This would simplify the clinical translation of RBC-NPs by
allowing the preparation of a singular formulation.

The RBC membrane-coating technique has recently been
extended to other nanostructures, including gold nano-
cages,49 silica,so and gelatin nanoparticles,51 for more versa-
tile applications. The RBC-NP platform has also inspired the
development of novel molecular probes to better understand
the interactions between the cell membrane and synthetic
nanoparticles.52 Moreover, the success of RBC membrane
coating has also motivated the application of other cellular
membranes as coating materials for advanced functionalities.
For example, we successfully collected cancer cell mem-
branes from mouse melanoma cells and subsequently coated
them onto PLGA nanoparticles.”® When coupled with immu-
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nological adjuvants, these nanoparticles promote a tumor-
specific immune response for use in vaccine applications.

The use of cellular membranes to coat nanoparticles has
emerged as a robust and versatile approach for integrating
natural and synthetic biomaterials to form functional nano-
structures. Such nanoparticle functionalization represents as
a feasible method for developing novel, nature-inspired
nanotherapeutics with complex antigenic information and
surface properties. In the future, cell-membrane-coated nano-
particles will continue to inspire us and other researchers to
develop new nanotherapeutics for effective disease interven-
tion. They are expected to lead to a new paradigm of think-
ing on design and applications in nanomedicine.
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