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Cell membrane-engineered nanoparticles for
cancer therapy

Wenjing Liuab and Yuanyu Huang *b

Cell membrane-coating nanotechnology involves dressing synthetic nanoparticles (NPs) with

membranes derived from different types of cells to endow the NPs with the properties of a specific cell

type and to further achieve precise and effective disease treatment. Of great interest is the fact that cell

membranes sourced from different cell sources can give different functions to the NPs. In this review,

we comprehensively lay out the major advantages of several typical cell membranes, which are derived

from red blood cells (RBCs), platelets, neutrophils, immune cells, stem cells, or cancer cells, for the

selective fabrication of novel nanotherapeutics and their potential to greatly advance the development

of nanomedicine and improve the curative effect of cancer treatments.

1. Introduction

Cancer ranks as the main cause of death and the overriding
obstacle to extending people’s life expectancy in all countries
around the world.1 At present, treatment options such as

surgery, chemotherapy, and radiotherapy that have been put
into clinical application still face problems such as extensive
side effects, low targeting ability, and poor therapeutic
outcomes.2 Despite the fact that many scholars have conducted
in-depth research on the mechanism and treatment of cancer
for decades, the extraordinary prevalence and increasing bur-
den of cancer pose a challenge for finding effective cancer
treatments. Nanotechnology has been extensively explored in
the past few decades, and was supposed to be an exciting and
promising way to treat cancer. In particular, NP-based targeted
delivery systems have attracted widespread attention and deep
research3 mainly because NPs show many prominent advan-
tages in cancer treatment. First, NPs can accumulate passively
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and preferentially at tumor sites characterized by leaky vascu-
lature through the well-known enhanced permeability and
retention (EPR) effect of solid tumors.4 Second, owing to the
presence of diverse functional groups, the surfaces of NPs can
be easily introduced with proteins, peptides, and other bio-
molecules to reduce nonspecific uptake by the reticuloendothe-
lial system (RES) and further specifically bind to overexpressed
tumor cell receptors for enhanced accumulation.5 Third, the
specific electric potential and large specific surface area of NPs
efficiently entrap high payloads of drugs, genes, and other
therapeutic molecules and protect them from enzymatic degra-
dation in the complex physiological microenvironment.6

Compared with other vectors, they have higher transport effi-
ciency across cell membranes. Moreover, functionalized NPs
are able to control the release of the loaded drug molecules
via diverse internal and external stimuli (e.g., pH, GSH, light,
ultrasound),7 which helps prevent premature drug leakage
in healthy tissues and mitigates the potential side effects.
In addition, NPs usually have good biocompatibility and even
biodegradability, so they have little impact on cell growth and
metabolism. In this regard, ever-increasing research studies
have turned to utilizing various strategies to optimally design
high-performance NPs, which may substantially improve their
therapeutic effectiveness.8

However, the currently explored synthetic NP delivery system
still has many shortcomings, which limit its clinical application.
Once the NPs enter the human body, they encounter a highly
complex environment that is inherently good at identifying and
eliminating foreign objects. For example, there are many protein
and cell-based components in the blood. Contact with any
of them will quickly impair NP performance and reduce their
circulation in blood.9 Absorption by the RES before the NPs
reach their targets is also one of the main obstacles that almost
all platforms must overcome.10 In addition to reducing non-
specific recognition and alleviating immune clearance, the key
to improving treatment efficacy is the addition of specific tumor
targeting and bioadhesive properties, which can promote their
preferential accumulation at the site of interest, improve their
binding to tumors, and maintain long enough adhesion time to
kill a large number of cancer cells.

Traditional surface modification strategies through physical
absorption and chemical bonding can give NPs a certain degree
of targeting properties and long-cycle performance. Taking the
surface functionalization of nano-quantum dots (QDs) as an
example, the use of ligand exchange can provide QDs with
additional properties such as solubility, mobility, and targeting.
The surface silanization of QDs can increase the solubility of
QDs in aqueous media while retaining their emission properties.
There are other modification methods, such as amphiphilic
binding and the adsorption of biological macromolecules or
functional molecules, that can improve the performance of NPs
themselves and facilitate their application in disease monitoring
and treatment.11 Additionally, one of the greatest advantages of
surface-functionalized NPs is that they can be produced on a
large scale. However, surface functionalized ligands via physical
absorption easily come away from NPs in circulation owing to

changes in the NP properties induced by complicated physio-
logical environments.12 Functionalized ligands on NPs by
chemical bonding may introduce organic solvents that are
hazardous to the body. Furthermore, traditional surface modi-
fication generally requires modifiable groups on the surface of
NPs, limiting the effects of universal modifications. To make
matters worse, some surface modifications may cause dysfunc-
tion and unexpected immune responses. For example, surface
modification of polyethylene glycol (PEG) is the current gold
standard for long-term circulation of NPs,13 and it has been
proven that PEGylated NPs will cause an immunological
response in the body and can be rapidly cleared after the first
dose.14 Therefore, bridging the gap between synthetic NPs and
biological entities to obtain the desired drug biodistribution
and acceptable therapeutic effects remains a challenge.

Very recently, confronted with these problems, scientists
have discovered that using cell membranes to functionalize
NPs can endow NPs with more properties, such as, tumor-
targeting, immune escape performance, immune program-
ming, excellent biocompatibility, and biological interface
performances.15 For example, the RBC membrane can afford
NPs their most important characteristic, which is prolonged
blood circulation.16 In another case, platelet-coated NPs can
achieve immune escape and obtain adhesion to tumors and
injured sites.17 Another attractive direction is that NPs coated
with immune cell membranes can not only achieve immune
escape but also reprogram immune cells to stimulate immune
responses and enhance the therapeutic effect.18 More interest-
ingly, cancer cell membrane-coated NPs can provide NPs with
homologous targeting.19 In addition, stem cell membrane coat-
ings can also equip NPs with tumor targeting properties.20

Furthermore, hybrid membranes formed by the fusion of
different cells can provide more functions for NPs.21 Membrane
coating can endow NPs with many properties, but unfortu-
nately, due to technical limitations, membrane-coated NPs
cannot be mass-produced yet. In this review, we first summar-
ize the cell membrane extraction and NP coating technologies.
Then, we outline the characteristics of different types of cell
membranes and their roles in cancer treatment. Finally, the
potential challenges and future prospects of cell membranes in
cancer treatment are discussed.

2. Cell membrane extraction and
coating technology

The first steps for membrane-coated NPs are cell membrane
extraction and NP synthesis. The synthetic processes of differ-
ent NPs are different, and the extraction of the cell membrane
has a relatively standardized operating procedure (SOP). The
SOP for cell membrane extraction mainly includes cell lysis,
mechanical disruption, and ultracentrifugation to remove
intracellular components.22 Notably, the extraction procedures
differ depending on whether the source cells are nucleus-free.
Following the acquisition of the membrane and the inner core
nanocarrier, the two materials must be fused together so that

Review Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 2
6 

 2
56

5.
 D

ow
nl

oa
de

d 
on

 1
6/

7/
25

67
 1

5:
13

:4
7.

 
View Article Online

https://doi.org/10.1039/d2tb00709f


This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. B, 2022, 10, 7161–7172 |  7163

the membrane can cover the surface of the core, resulting in cell
membrane biomimetic NPs. Currently, there are four fusion
methods in use: extrusion, sonication, electroporation, and
microfluidics (Fig. 1).

Extrusion

For cell membrane extrusion, the membrane and inner core
nanocarriers can be repeatedly extruded several times through
a nanoscale polycarbonate porous membrane using an Avanti
micro-extruder. During this extrusion process, the applied
mechanical force warps the cell membrane around a substan-
tial range of nanomaterials with varying physical properties and
morphologies. Although this method is convenient and effec-
tive, it is difficult to achieve large-scale production due to the
relatively large material loss caused by material deposition on
the filter.16a

Sonication

The sonication approach overcomes the material loss and
allows for scaled-up production. Successful coating is often
demonstrated following the sonication of a cell membrane and
NP mixture, thus preventing the loss of the membrane observed
through the extrusion technique. Utilization of the sonica-
tion method is reported to yield results indistinguishable
from those obtained through the porous membrane extrusion
method. It is believed that the cell membrane bilayer is
disrupted by the activation energy imparted by the sonication
process. There is then a subsequent attraction between the NPs
and the cell membrane, followed by the reformation of the
often-spherical shape in order to reach a minimum entropy
that favors the smallest structures. This sonication approach
may not be compatible with some nanocore structures due
to the effect of sonication on the size and stability of the
materials.23

Electroporation

Cell membrane electroporation relies on the exposure of cell
membranes to a strong external electric field, as a result of
which multiple pores are created that cause membrane semi-
permeability. NPs can diffuse into the cell membrane through
these pores. However, the membrane potential may change or
fluctuate as a result of this method. This method is becoming
increasingly popular among scientists as it does not hinder the
stability of NPs by preventing agglomeration.24

Microfluidics

Very recently, a novel microfluidic electroporation technique
has been utilized for membrane-coated NP generation. The
reported device consists of a Y-shaped merging channel, an
S-shaped mixing channel, and an electroporation zone right
before the outlet. By fine-tuning the pulse voltage and duration,
as well as the flow velocity, high-quality particles can be
fabricated. This demonstrates a superior method to mechanical
extrusion whereby microfluidic-produced nanocore structures
are shown to demonstrate, compared to the conventional
method, enhanced colloidal stability and in vivo effects that
are indicative of a higher integrity coating. Microfluidic elec-
troporation may play a role in addressing the low throughput of
the mechanical extrusion technique.25

Advances in membrane-coating technologies

Effective and continuous membrane attachment is very impor-
tant for the creation of the membrane-coated NP system.
Currently, extrusion and sonication are the main methods for
the preparation of membrane-coated NPs, and electroporation
and microfluidics are favorable means to prepare stable and
uniform membrane-coated NPs. However, these four common
methods still have certain limitations, such as cumbersome
steps, inability to mass-produce, the dissipation of NPs,
and lack of membrane integrity. In recent years, researchers
have explored other novel approaches to obtain near-perfect
membrane-coated NPs. For example, in the graphene nanoplat-
form technology, magnetic nanoparticles need to be modified
with polyethyleneimine and graphene nanosheets, and are then
incubated with target cells until the destructive phospholipids
of the cell phospholipid membranes are adsorbed on graphene
to obtain membrane-encapsulated biomimetic magnetic nano-
particles.26 Compared with other conventional methods, this
technology can integrate membrane extraction and coating, but
the process is relatively complicated and the operation techni-
que is difficult. Another promising approach is the in situ
encapsulation of cell-derived vesicles. That is, in a serum-free
medium, NPs are incubated with cells, and after the cells
endocytose the NPs, vesicles containing the NPs will be released
under the stimulus of starvation.27 Although this method depends
on the endocytosis of NPs by cells, the resulting membrane-
coated NPs are able to maintain membrane integrity. This
method is expected to be a potential membrane-coated NP
technology that can replace extrusion and sonication, and it is
also expected that, with the advancement of technology, there

Fig. 1 Schematic illustration of different source-derived cell membranes
engineered into NPs by various coating methods for biomedical
applications.
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will be better membrane-coating technologies for the large-
scale production of perfect membrane-coated NP systems.

3. Cell membrane source and its
application in cancer therapy
RBC clothes

RBCs are the most prevalent cellular constituents of blood cells
in humans owing to their irreplaceable biological function of
transporting oxygen through the body. Normally, RBCs have a
round cake shape with a convex central concave on both sides,
with a diameter of 7–8 mm, and the center of each cell is as thin
as 1 mm.28 Furthermore, mature RBCs lack nuclei and orga-
nelles and are capable of undergoing changes in shape during
blood circulation. Since RBCs can be easily separated from the
blood of the contributor, it is very convenient to separate and
purify the cell membrane. As a result, RBCs represent a
potentially ideal source of cell membranes that are well suited
for circulation throughout the blood vessels of patients.29

Other two crucial points regarding why RBCs can be ideal
clothes for NPs are their long circulation life of up to 120 days
and their ability to evade recognition by the immune system
owing to the abundant ‘‘self markers’’ on their membrane
surface.30 One of the most common immunomodulatory mar-
kers is CD47, and this protein is a transmembrane protein that
can be recognized by the RES, thus preventing early uptake by
the RES.31 Furthermore, CD47 can emit a ‘‘don’t eat me’’ signal
to bypass the uptake by macrophage-like cells and inhibit
immune clearance through interactions with the signal regula-
tory protein-alpha (SIRP-a) receptor.32 In addition, RBCs are
completely biodegradable and non-toxic, and their membranes
are semi-permeable, which can realize the gradual release of
cargo and ensure sustained therapy.33 Based on the above charac-
teristics, RBCs are widely used to camouflage NPs to achieve
delivery strategies for various therapeutic agents and change the
therapeutic effect of diseases.

Numerous studies have shown that NPs coated with RBC
membranes can effectively enhance disease-treatment effects
through prolonged circulation time and enhanced immune
escape. Zhang’s group successfully constructed a biomimetic
delivery platform in 2011 using RBC membranes wrapped
around biodegradable polymer NPs.16a Importantly, the protein
content of this biomimetic platform barely changed during gel
electrophoresis and they retained their corresponding func-
tions. Furthermore, their excellent long-circulation properties
were confirmed by in vivo experiments (Fig. 2A). This work
initially explores the construction of biomimetic carriers with
cell membranes as shells. As RBC membrane biomimetic NPs
serve as an attractive carrier, more and more researchers have
begun to design and construct erythrocyte membrane-based
nanocarriers. Green and co-workers at Johns Hopkins Univer-
sity School of Medicine developed a biologically inspired
modular multifunctional technology to allow biodegradable
polymer NPs to circulate in the blood for a longer period of
time.16b It also has a detoxifying effect. The anisotropic material

is coated with RBC membranes to form anisotropic membrane-
coated NPs, which have enhanced biodistribution, and thera-
peutic efficacy, and significantly improve the survival rate of
sepsis mouse models (Fig. 2B). NPs that encapsulate the RBC
membrane can also be further engineered to improve their
targeting. Pei et al. used RBC membranes to camouflage MOFs
(FeTCPP/Fe2O3) and inserted cholesterol-modified targeting
aptamers on the membrane,34 which not only enhanced blood
circulation in vivo but also enhanced the enrichment of the
MOFs in the tumor domain (Fig. 2C), increasing the therapeutic
effects of photodynamic therapy (PDT) and chemodynamic
therapy (CDT).

Platelet clothes

Platelets are another ubiquitous cellular component in blood
derived from megakaryocyte progenitor cells. Usually, platelets
are small discoids approximately 1–3 mm in diameter,35 surviv-
ing for 7–10 days on average in circulation.36 Platelets are the
guardians of the blood circulation that address vascular damage
and invasive microorganisms. Additionally, they have the ability
to recognize and interact with circulating cancer cells.37 That is
why platelets are involved in a wide range of processes, including
immunity, wound healing, and tumor metastasis.

Platelet membranes contain unique ligands on their surfaces
that can promote subendothelial adhesion,38 pathogen inter-
action,39 and immune escape.40 Therefore, they have attracted
considerable attention in the field of membrane-camouflaged
NPs. Specifically, platelet membranes can immune escape
through CD47 ligand-mediated macrophage evasion, and can
also avoid complement activation-mediated immune escape
through CD55/59.23 At the same time, the presence of CD44
and P-selectin receptors on the platelet membranes can also
make them combine with circulating tumor cells, making them
exceptional tools for cancer targeting.41

Platelet membrane-based NPs are excellent in disease treat-
ment due to their ability to target bacteria, cancer cells, and
damaged vasculature. As an example, researchers such as

Fig. 2 RBC membrane-coated NPs for treatment. (A) Schematics of the
preparation process of the RBC membrane-coated PLGA NPs. Adapted
with permission.16a Copyright 2022. National Academy of Sciences.
(B) RBC membrane-coated anisotropic NPs for enhanced circulation and
toxin removal. Adapted with permission.16b Copyright 2020. American
Association for the Advancement of Science. (C) MOFs@RBCs@AS1411
for enhanced PDT and CDT combination therapy. Adapted with
permission.34 Copyright 2020. American Chemical Society.
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Liangfang Zhang and Ronnie H. Fang of the University of
California, San Diego, reported a metal–organic framework
(MOF) nano-delivery platform wrapped in platelet cell mem-
branes for the targeted delivery of siRNA in vivo (Fig. 3A).17b

Platelet membrane-coating on the surface of the MOFs provides
a natural way to make biological contact with disease sub-
strates. This strategy can achieve high silencing efficiency for
multiple target genes in vitro. Significant anti-tumor targeting
and therapeutic effects have also been observed in mouse
xenograft models. Platelet membranes not only target tumors
but also interact with the tumor microenvironment. The study
directed by Zhang Jie and Ronnie H. Fang used platelet
membranes to coat polylactic acid (PLA) NPs loaded with the
TLR agonist resiquimod (R848) to form PNP-R848 nano-
medicines (Fig. 3B).42 Local administration to solid tumors
enhanced local immune activation, resulting in complete
tumor regression in a colorectal tumor model and delayed
tumor growth and suppressed lung metastasis in an aggressive
breast cancer model. In addition, such nanodrugs provide
protection against repeated tumor rechallenge. Zhen’s group
also used platelet membrane-coated NPs for the targeted and

site-specific delivery of extracellular active drugs and intra-
cellular functional small molecule drugs to improve anti-tumor
efficacy, and these can also effectively eliminate circulating tumor
cells in vivo and inhibit tumor metastasis (Fig. 3C).43

Immune cell clothes

Neutrophils, macrophages, dendritic cells, T cells, and natural
killer cells are commonly used as membrane wraps on immune
cells. They form an indispensable part of the immune system
and are involved in defending the body against contagious
diseases and pathogen invaders. Importantly, the adhesive
properties of immune cells enable them to directly associate
with tumor cells in the cancer environment or in the blood-
stream, and a variety of active recognition receptors on their
membrane surfaces have the property of immune system eva-
sion and can cross biological barriers to reach specific areas
such as tumors and those with inflammation.44

Neutrophils are the most responsive leukocytes that are
recruited to tumors or infectious sites during the inflammatory
process, which serves as the first line of defense against
infections. Neutrophils have the properties of circulating tumor
cells (CTCs) and niche targeting, which is mainly due to the
distinct adhesion molecules associated with the membrane of
neutrophils.45 Since the half-life span of neutrophils is only
7 hours, it is currently not possible to directly use them as
a vehicle for drug delivery. Therefore, Chen et al. used
neutrophil-mimicking NPs (NM-NPs) to both target CTCs and
the premetastatic niche (Fig. 4A).46 Dual-mode imaging also
confirmed the selective targeting efficiency of NM-NPs in the
metastasis model. They loaded the protease inhibitor carfilzo-
mib into the NM-NP system, causing selective CTC apoptosis in
the blood and preventing nodule formation at an early stage.
They verified the apoptosis and inhibitory effects of cancer cells
in the metastatic 4T1 model. This biomimetic drug delivery
system can effectively prevent and treat cancer.

Macrophages are large and versatile white blood cells that
mainly counter tissue damage, bacterial infections, and inflam-
mation. Macrophages are activated and accumulate in lesions,
and they can endocytose and digest cell debris and pathogens
through toll-like membrane receptors. Macrophages also pre-
sent tumor-associated antigens (TAA) to T cells and express
immunostimulatory cytokines to promote the reproduction and
anti-tumor functions of T cells and NK cells in vitro. A large
number of macrophages infiltrate the tumor microenviron-
ment, significantly affecting tumor growth, metastasis, and
drug treatment. With these characteristics, macrophage mem-
branes that mimic NPs have become a good choice for improv-
ing the efficacy of nanomedicine. Ruibing’s group exploited the
function of the macrophage membrane not only to avoid the
clearance of NPs from the RES but also to guide NPs to
inflamed tissues and created a biomimetic system of macro-
phage membrane-encapsulated reactive oxygen species-responsive
NPs (MM-NPs) (Fig. 4B).18c The synergistic effect of drug treat-
ment and inflammatory cytokine sequestration by the MM-NP
biomimetic system leads to improved therapeutic efficacy in
atherosclerosis.

Fig. 3 Platelet membrane-coated NPs for improved disease treatment.
(A) Platelet membrane-coated siRNA-loaded MOFs (P-MOF-siRNA) for
gene silencing. Adapted with permission.17b Copyright 2020. American
Association for the Advancement of Science. (B) PNP-R848 has anti-tumor
effects in both colorectal and breast tumors. Adapted with permission.42

Copyright 2021. Springer Nature. (C) TRAIL-Dox-PM-NV captures the
CTCs and subsequently triggers TRAIL/Dox-induced cell apoptosis.
Adapted with permission.43 Copyright 2015, Wiley-VCH.
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An interesting property of mature macrophages is their
ability to polarize in response to environmental cues. The best
known and most studied are classically activated macrophages
(M1 macrophages) and alternatively activated macrophages
(M2 macrophages). M1 macrophages themselves have strong
tumoricidal activity, so M1 cell membrane-coated NPs have
better tumor targeting. Based on the tumor targeting of M1
cells, Gao’s group performed a series of studies using M1
macrophage membranes to coat nanomedicines. In one of
their studies, they coated M1 macrophage membranes on the
surface of variable-shaped carriers to improve nanodrug circu-
lation, enhance intracellular communication and retention,
and realize the multimodal combined therapy of chemotherapy,
photodynamic therapy, and immunotherapy to achieve the
therapeutic purpose of inhibiting orthotopic breast cancer
tumors and lung metastasis.47 Similarly, in another work,
they used M1 macrophage membrane-coated NPs to create a

nano-drug system with laser-responsive, size-variable, on-demand
drug release and prolonged circulatory retention, achieving safe
and effective anti-tumor immunity.48 Overall, M1 cell membrane-
coated NPs have excellent stability and tumor targeting ability,
and will improve the tumor treatment effect.

Dendritic cells (DC) are specialized antigen-presenting cells
in the immune system and have the potential to stimulate or
suppress immune responses. The immunomodulatory ability
of DC has broad prospects in the treatment of cancer, auto-
immune diseases, and the prevention of transplant rejection.
However, early clinical preclinical and clinical data indicate
that DC vaccination only induces effective anti-tumor immunity
in a small number of patients. Therefore, there is an urgent
need for alternative strategies to improve the performance of
DC-based immunotherapy. In an example, Wang and cowor-
kers wrapped DC membranes in PLGA loaded with interleukin-
2 and called them ‘‘mini DC’’ (Fig. 4C).49 Mini DCs can inherit
key membrane proteins (including MHC and costimulatory
molecules) from its source cells, which can interact with T cell
receptors (TCRs) and CD28 on T cells for antigen presentation
and the activation of T cells. In a mouse model of ovarian
cancer, the researchers demonstrated that mini DCs have
excellent therapeutic and preventive effects towards cancer,
including delayed tumor growth and reduced tumor metastasis.

T cell immunotherapy is an emerging treatment method
that can achieve good therapeutic effects for tumor treatment.
Specific immune recognition proteins on T cells, such as TCRs,
can recognize related molecules on the surface of tumors,
thereby exhibiting a natural high affinity for tumors. The
immune recognition properties of T cells make their mem-
branes an effective vehicle for tumor targeting. Due to tumor
heterogeneity, the single-target strategy is insufficient, and a
dual-targeting strategy can increase the accumulation of NPs in
malignant lesions and afford better anti-tumor effects. Based
on this, the Cai group used an N3-labeled T cell membrane
to coat a nano-photosensitizer (indocyanine green, ICG) to
increase its effective accumulation in tumors and achieve a
highly efficient PTT effect (Fig. 4D).50

Natural killer cells (NK cells) are an extremely important type
of immune cell in the human body, which play a key role in the
immune defense against cancer and pathogens because they
can induce apoptosis by releasing cytotoxic molecules or con-
necting through active receptors. NK cells can target and kill
tumor cells with the help of RANKL and DNAM1 proteins on
the membrane without being exposed to tumor antigens.
In addition, membrane proteins such as IRGM1, CB1, and
Galectin12 can reprogram macrophages to fight tumors. Based
on this fact, the Cai group designed NK cell membrane-coated
NPs for effective immunotherapy (Fig. 4E). In their immune
strategy, NK cell membranes are used to coat the photosensi-
tizer TCPP to form NK-NPs.18b Firstly, NK cell membranes
endow NK-NPs with the ability to target tumors and can
reprogram M2-type macrophages into M1 type macrophages,
thereby generating anti-tumor immunity. Secondly, TCPP
loaded in NK-NPs can induce cancer cell death through photo-
dynamic therapy, thereby realizing the combination of PDT and

Fig. 4 Membrane-coated NPs from immune cells for potentiating various
treatments. (A) The neutrophil-mimicking drug delivery system has higher
CTC capture efficiency in vivo. Adapted with permission.46 Copyright 2017.
American Chemical Society. (B) Macrophage membrane-encapsulated
NPs for improved atherosclerosis therapy. Adapted with permission.18c

Copyright 2020. Springer Nature. (C) Dendritic cell membrane-coated NPs
exhibit excellent therapeutic and prophylactic efficacy in mouse cancer
models. Adapted with permission.49 Copyright 2020. Wiley-VCH. (D) T cell
membrane biomimetic NPs for tumor-targeted photothermal therapy.
Adapted with permission.50 Copyright 2019. Wiley-VCH. (E) NK cell-
membrane-cloaked NPs for PDT-enhanced cell-membrane immuno-
therapy. Adapted with permission.18b Copyright 2018. American Chemical
Society.
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immunotherapy, achieving the elimination of primary tumors
and the suppression of distant tumors.

Cancer cell clothes

Compared with other cells, cancer cells have various unique
characteristics, such as unlimited replication potential, immune
escape, and homologous targeting ability, and do not need to be
obtained from the patient’s or donor’s plasma. Therefore, it is
easy to culture them in vitro and obtain their membrane material.
These properties have caused them to attract widespread atten-
tion in the treatment of different types of cancer. Although NPs
camouflaged by cancer cell membranes (CCMs) have great
potential in solving the problems of the insufficient transport of
anti-tumor drugs in cells and the accumulation of subcellular
drugs, their efficacy is still limited due to ineffective tumor
penetration and intracellular transport. In view of this, Gan’s
group developed a yolk–shell structure NP for chemotherapy and
tumor homologous targeting.51 The study highlights that NPs that
can promote tumor penetration and powerful intracellular trans-
port have great prospects in cancer chemotherapy. The NP with a
yolk–shell structure is made of PEGylated liposomes supported by
mesoporous silica NPs (MSNs) as the yolk and wrapped with CCM
(CCM@LM) (Fig. 5A). The yolk–shell structure gives CCM@LM a
moderate rigidity, which may help it frequently transform into an
oval shape during the infiltration process, thereby promoting the
infiltration of multicellular spheroids in vitro. CCM@LM also
exhibits cell invasion characteristics that mimic the invasion
characteristics of enveloped viruses. CCM@LM is directly inter-
nalized through membrane fusion, and the PEGylated egg yolk
(LM) is then released into the cytoplasm, indicating that the
execution of the internalization pathway is similar to that of
enveloped viruses. The incoming PEGylated LM is further effi-
ciently transported throughout the cytoskeleton filament network,
resulting in enhanced perinuclear aggregation. Finally, CCM@LM
was co-encapsulated with a small dose of doxorubicin and the
poly(ADP-ribose) polymerase inhibitor mefuparib hydrochloride,
which has a significantly stronger anti-tumor effect than the first-
line chemotherapy drug Doxil. Cell membranes are not only
beneficial in coating nano-NPs to deliver drugs but also have
many advantages in the delivery of viral vaccines. Cerullo et al.
created an artificially encapsulated viral nanovaccine ExtraCRAd
using cancer cell membranes (Fig. 5B).19c ExtraCRAd contains two
important parts: one is the oncolytic virus, and the other is the
tumor cell membrane carrying tumor antigens. ExtraCRAd slows
tumor growth in both preventive and therapeutic settings and
activates cancer-specific immune responses in therapeutic and
vaccination settings in different murine tumor models.

Stem cell clothes

Stem cells are known for self-renewal, multidirectional differ-
entiation, and low immunogenicity and have been widely used
for various therapeutic purposes. Mesenchymal stem cells
(MSCs) are adult stem cells that can be isolated from many
tissues, such as adipose tissue, peripheral blood, umbilical
cord, and placenta. These cells show unique biological charac-
teristics and extraordinary growth ability in vitro, enabling

them to grow rapidly to reach the amount required for in vivo
treatment. In addition, MSCs have many advantages, such as
prolonged circulation in the blood, immune escape, and tumor-
promoting properties. Therefore, they are an ideal choice for
NP invisible cloaks. He et al. prepared a stem cell membrane-
coated gelatin nanogel material (SCMG) by a top-down fabrica-
tion method, which contains freshly harvested mesenchymal
stem cell vesicles and a nanogel containing the anticancer drug
doxorubicin hydrochloride (DOX)52 (Fig. 6A). The produced
SCMGs share the biological functions of natural stem cell
membranes, which promotes the remarkable stability and tumor-
targeting ability of patients in vitro and in vivo. In addition, in vivo
experiments have shown that when injected intravenously, the
SCMGs were better targeted and accumulated in tumor tissues
compared with gelatin–DOX and free-DOX, and the anti-tumor
treatment efficiency of SCMG–DOX is significant. Stem cells are
different from other cells. If only the function of their membrane is
used, some of their stemness may be lost. However, simple stem
cell therapy has safety risks. The enucleated human mesenchymal
stromal cells (Cargocytes)53 created by Klemke et al. solve the above

Fig. 5 Cancer cell membrane biomimetic system for improving tumor
therapy or inhibiting tumor growth. (A) Cancer membrane-coated NPs
form yolk–shell structures to enhance cancer chemotherapy. Adapted
with permission.51 Copyright 2020. American Chemical Society. (B) Onco-
lytic viruses are encapsulated in cancer cell membranes for tumor growth
inhibition and anti-tumor immune activation. Adapted with permission.19c

Copyright 2019. Springer Nature.
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two problems very well. Cargocytes are a novel biomimetic system
that uses density gradient centrifugation to enucleate but retain
intrinsic cellular functions. Since it is enucleated, it will not
reproduce or be permanently transplanted into the host. In turn,
other organelles are preserved, enabling them to produce energy
and proteins, adhere to inflammatory endothelial cells via integ-
rins, and actively home to specific chemokine gradients released by
diseased tissues. Compared to cell therapy and other biomimetic
systems, Cargocytes have the potential to treat a range of diseases
in a controlled and effective manner with a higher margin of safety
(Fig. 6B).

Hybrid cell clothes

The functions that a single type of cell membrane coating can
confer on NPs are limited. Hybrid cell membrane-camouflaged
NPs can successfully integrate different functions into a single
NP, thus providing many advantages for various treatments.
For example, fusion of the erythrocyte membrane and cancer
cell membrane can afford a hybrid membrane with long blood
circulation and homologous targeting performance. Yang’s
group fused the RBC membrane with the breast cancer cell
(MCF-7) membrane to prepare a RBC–cancer cell hybrid membrane
(Fig. 7A). Furthermore, melanin NPs (Melanin@RBC-M) were
wrapped in a hybrid film to enhance the curative effect of tumor
photothermal therapy (PTT).54

Fusion of more cell membranes can obtain synergistically
enhanced functions. Chen’s group fused three kinds of mem-
branes into a new type of hybrid membrane nanovesicle (hNV)
with multiple functions (Fig. 7B).21b The hNVs can amplify the

immune response of macrophages to cancer recurrence and
metastasis. Specifically, genetic engineering was used to obtain
membrane vesicles of cancer cells with SIRPa variants (SaV-C-
NVs) that have significantly increased affinity for CD47. Then,
they fused SaV-C-NVs with an M1-type macrophage membrane
(M1-NVs) and platelet membrane (P-NVs) to form the hNVs.
Platelet membranes embedded in the hNVs help to recognize
and interact with CTCs in the blood and accumulate at the
surgical site. M1-NVs and SaV-C-NVs embedded in the hNVs
can repolarize tumor-associated macrophages (TAM) to the M1
phenotype and block the CD47-SIRPa interaction pathway,
thereby causing macrophages to phagocytose cancer cells and
enhancing anti-tumor T cell immunity. In a mouse model of
malignant melanoma, by controlling local recurrence and dis-
tant metastasis after surgery, the hNVs significantly prolonged
overall survival.

Exosome membrane clothes

Another important membrane source is from the naturally
occurring nanoscale extracellular vesicles called exosomes that
are derived from all living systems and play an important role
in intercellular communication.55 Exosomes themselves have

Fig. 6 A stem cell membrane biomimetic system and the role of enu-
cleated stem cells in disease treatment. (A) In vivo tumor-targeting drug
delivery using stem cell membrane-coated gelatin nanogels (SCMGs).
Adapted with permission.52 Copyright 2016. Wiley-VCH. (B) In acute
inflammation models, enucleated human mesenchymal stromal cells enhance
adhesion to inflamed endothelial cells and actively home to inflammatory
diseased tissue, ultimately reducing inflammation and improving disease
pathology. Adapted with permission.53 Copyright 2021. Springer Nature.

Fig. 7 Hybrid cell membrane-coated NPs. (A) Long-circulation and
homotypic targeting erythrocyte–cancer hybrid membrane-coated NPs
(Melanin@RBC-M) can improve tumor photothermal therapy. Adapted
with permission.54 Copyright 2019. Elsevier Ltd. (B) An engineered cancer
cell–M1 macrophage–platelet fusion membrane (hNV) has tumor accu-
mulation and immunomodulatory capabilities. Adapted with permission.21b

Copyright 2020. Springer Nature.
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the function of intercellular transmission, and their structure is
a vesicle composed of lipid bilayers, so they have the ability to
carry cargo or therapeutic drugs to tumor cells. Due to the small
immunogenicity, small size, easy modification, and tumor
antigen-rich nature caused by their own endogenous proper-
ties, exosome membrane (EM)-coated NPs also have a variety of
immunomodulatory effects and have great potential in cancer
treatment.56

Due to the tumor-targeting properties of EMs, the combi-
nation of EM-coated NPs with other therapies is expected to
provide a new approach for tumor therapy. Jin and colleagues
developed tumor cell-derived exosome-camouflaged porous
silicon NPs (E-MSNs) as a drug delivery system co-loaded with
ICG and DOX (ID@E-MSNs) (Fig. 8A).57 ID@E-MSNs could be
efficiently taken up by tumor cells and enhance tumor accu-
mulation via EM. ID@E-MSNs also retained the photothermal
effect of ICG and the cytotoxicity of DOX. ID@E-MSNs can
accumulate tumor tissue, and under 808 nm near-infrared
irradiation, ICG can generate hyperthermia to collapse E-MSN
nanocarriers, accelerate drug release, and induce tumor abla-
tion, thereby inhibiting tumor growth and metastasis.

Functionalization of the EM can further improve the perfor-
mance of NPs. Based on this, Sun et al. designed a strategy for
the modification of EM-coated poly(lactic-co-glycolic acid)
(PLGA) NPs using microfluidic sonication and cholesterol-
modified AS1411 aptamers. The resulting EM-coated NPs exhi-
bited prolonged in vivo circulation time, good biocompatibility,
and high tumor-targeting efficiency (Fig. 8B).25 This work
demonstrates that fabricated and functionalized EM-coated
NPs have the potential for targeted drug delivery.

4. Prospects and challenges

The biomimetic system created by adopting the cell membrane-
coating strategy improves some properties of the NPs them-
selves and endows them with relevant biofilm properties, such
as long circulation, biocompatibility, immune escape, tumor
targeting, and immunomodulatory functions. These properties
contribute to the accumulation of membrane-coated NPs at
tumor sites, effectively suppressing tumor growth and improving
therapeutic efficacy. Nonetheless, the development of biomimetic

systems is still in its infancy, and there are numerous obstacles
that must be fully considered and overcome before further
progress can be made.58 Several of these include the choice of
cell membrane sources, the construction of biomimetic systems,
the impact of membrane integrity in biomimetic systems, and the
selection of new biomimetic materials.

Firstly, because different cell membranes have different
functions, the most important thing for different treatment
modalities is the choice of the cell source.59 Since the combi-
nation of different cell membranes and different NPs can
construct various therapeutic systems, the selection of cell
membranes should be made according to the purpose of the
therapeutic system.60 For example, if you want to achieve long
circulation, you can choose the RBC membrane first; if you
want to prepare a circulating tumor targeting system, you can
choose the platelet membrane; if you want to target other solid
tumors, you can choose the cell membrane derived from
homologous tumor cells; tumor-targeting can also be combined
with immune activation or immune killing. To achieve this
goal, immune cell-derived membranes can be selected or
hybrid cell membranes can be used to achieve more functions.
In conclusion, the choice of the cell membrane needs to be
based on its role in the therapeutic system. However, the
difficulty of obtaining various cell membranes is inequable.
Currently, only erythrocyte membranes are relatively easy to
obtain, but other sources of cell membranes require a lengthy
acquisition process and show low yields, which could be a
bottleneck in the development of biomimetics. Standardiza-
tion, yield, sterilization, and risk assessment in the use of
various cell membrane extractions are challenges in the field.

Secondly, ensuring the integrity and functionality of the cell
membrane coating on the NPs, a key metric related to the
quality of these biomimetic systems and the resulting bio-
medical functions, largely affects the properties of the NPs
themselves and their internalization mechanisms.61 Most coat-
ing methods assume that the cell membrane uniformly covers
the entire surface of the NPs to form a core–shell structure.
However, this top-down biomimetic procedure requires first
disrupting the cell integrity to obtain cell membranes, and then
fusing them with the core NPs by applying external forces (such
as extrusion or sonication). Whether the protein composition
and function of cell membranes are preserved can be charac-
terized by SDS-PAGE and WB and verified in vitro and in vivo.
If we hypothesize that these synthetic methods can result in a
lack of the full integrity of the re-assembled cell membrane
coatings, then these imperfect biomimetic systems may affect
their biomedical functions, through factors such as cargo leakage
in drug delivery systems, undesired biomolecule adsorption
occurring in physiological fluids, and last and least expected,
immune clearance. As a result, it is essential to investigate
whether biomimetic NPs can replicate cell membrane integrity.
Fortunately, researchers have begun to explore the impact of
membrane integrity on biomimetic systems.

More importantly, even if the membrane integrity problem
is solved in the cell membrane biomimetic system, traditional
cell membrane-coated NPs have lost their original organelles

Fig. 8 Therapeutic applications of exosome-coated nanoparticles.
(A) Exosome membrane-coated NPs for combined photothermal therapy
and chemotherapy. Adapted with permission.57 Copyright 2020. Frontiers.
(B) DNA aptamer-modified exosomal membrane-encapsulated NPs
enhance tumor targeting. Adapted with permission.25 Copyright 2020.
American Chemical Society.
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and key cellular mechanisms, resulting in the inability to
‘‘decipher’’ key signals and chemical gradients required for
chemical orientation, the disability to generate energy and
activate high-affinity integrin-mediated endothelial adhesion,
and being less able to generate propulsive forces to overflow the
vasculature.53 As a result, under the condition of ensuring
application safety and controllability, a biomimetic system with
cell communication functions that can regulate physiological
and pathological processes and have certain chemotactic abil-
ities to diseased tissues may be the biomimetic delivery vehicle
of choice in the future. A good example is extracellular vesicles
(EVs), which have developed rapidly over the past decade and
play an important role in cellular communication,62 in addition
to their bilayer membrane properties for drug loading and NP
coating.63 Today, researchers have begun to shift from basic
biological research on EVs to their clinical diagnostic and
therapeutic applications. One of the most important applica-
tions of research is to use them as a targeted delivery vehicle for
therapeutic molecules.64 Despite the technical challenges in EV
separation and inefficiencies in therapeutic cargo loading, once
these challenges are overcome, EVs will unlock their full
potential in drug delivery applications. In addition, the Cargo-
cyte delivery vehicle developed by Klemke et al.53 may also be a
biomimetic carrier in the future.

With the development of membrane-separation and membrane-
coating technologies, biomimetic NPs with insufficient membrane
integrity and functional defects will be reduced. Although amazing
progress has been made in membrane-functionalized NPs, the key
bottleneck to realizing their clinical significance is still the standar-
dization of nanotechnology, membrane-separation technology, and
membrane-coating technology. So, before that, there are still many
difficulties to overcome.

5. Conclusions

Cell membrane-coated NPs possess highly complex biological
functions while preserving the inherent physicochemical prop-
erties of the NP core. This efficient strategy can improve the
delivery of NPs to specific sites by translocating the entire cell
membrane from a specific biologically derived cell onto the
surface of a synthetic NP. In this article, we focus on four
techniques for membrane-coated NPs as well as the application
of various sources of derived cell membrane-engineered NPs in
various therapies. We also present the prospects and challenges
in the synthesis and application of cell membrane-engineered
NPs. With the development of nanotechnology, an increasing
number of functional NP cores can be developed. All in all, the
combination of cell membranes and NPs can construct differ-
ent therapeutic systems, which is expected to improve their
therapeutic effect towards cancer.
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