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ty and Ins
A B S T R A C T

Extensive research has been performed on cell membrane camouflaged-based drug delivery systems in
recent years. Herein, we provide an overview of the challenges in system preparation, functional design,
continuous industrial production of these systems, and solution strategies for these challenges. Further,
we analyze and discuss the frontier medical applications of cell membrane-camouflaged drug delivery
systems in anti-inflammatory, anti-pathogenic microorganisms, and biological detoxification. This
review takes a challenge-oriented perspective and seeks innovative strategies, provides a literature
review of research into cell membrane-camouflaged drug delivery systems, and promotes the
development of personalized clinical treatments.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

In recent years, cell membrane-camouflaged drug delivery
systems (CMCDDs) have attracted significant research attention.
They assembles nanoparticles with cell membrane materials to
completely retain the original protein expression and structural
functions of the cell membrane. Additionally, the synthetic
chemical, core nanoparticles support the cell membrane structure
while loading the drug. Numerous studies have confirmed that cell
membrane materials improve the biocompatibility of drug
delivery systems and enhance the targeting ability of target
tissues and cells [1–4]. In particular, erythrocyte membrane-
camouflaged nanoparticles exhibit long circulation performance in
vivo [5], and macrophage membrane and tumor cell membrane-
camouflaged nanoparticles could can be efficiently targeted with
target inflammatory factors and tumors [6,7]. These CMCDDSs
have shown a promising potential in the field of drug delivery
systems and have a vast scope of application.

A large number of preclinical studies have found that
CMCDDSs have significant therapeutic effects in animal models.
Moreover, a variety of cell membrane biomimetic preparations,
developed by Cellics US Inc., have entered phase 1b/2a clinical
trials. With the development of cell membrane camouflaged
drug delivery systems, there has been an increasing number of
titute of Materia Medica, Chinese
related patent applications and proof of concept (POC) clinical
researches in the recent years. We list the representational
patent for the CMCDDSs (Table 1), and the proof of concept
(POC) clinical applications and researches of the CDCDDs
(Table 2). However, a host of CMCDDS studies have found that,
while cell membrane materials provide powerful biological
functions, their stability after extraction can also limit the
development of CMCDDSs. First, challenges exist in the CMCDDS
preparation process, including in cell membrane material
extraction, oriented assembly, and continuous in-scale produc-
tion. Second, CMCDDSs must be provided with a variety of in
vivo biological functions to better adapt to the complex
pathological environment. Third, CMCDDS studies must be
combined with personalized treatment, to further promote their
precise clinical application. Therefore, herein, we provide an
overview of these challenges and the corresponding solution
strategies. Additionally, we analyze the frontier applications of
CMCDDSs in medicine, such as in anti-inflammatory applications,
anti-pathogenic microbial, and bio-detoxification.

2. Challenges in the construction of CMCDDSs

The extraction and oriented assembly of cell membrane
materials is a prerequisite for the successful preparation of
CMCDDSs. It is necessary to improve the extraction rate of cell
membrane materials and enhance the oriented assembly of cell
membrane materials using core nanoparticles. This ensures that
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



Table 1
Representational patent for the CMCDDSs.

Patent/application number Patent title Cell membrane Filing year Status

US7901674B2 Aldehyde-fixed platelets with internalized paramagnetic or magnetic
nanoparticles

RBC membrane 2007 Granted

EP2714017B1 Membrane encapsulated nanoparticles and method of use RBC membrane 2012 Granted
US10117886B2 Hyaluronidase and a low-density foreignpatent documents second PEG

layer on the surface of therapeutic encapsulated nanoparticles to
enhance nanoparticle diffusion and circulation

RBC membrane 2015 Granted

CN201610148434.5 Antibody nanoparticles encapsulated in erythrocyte membranes for
delivery of antibody drugs and their preparation methods

RBC membrane 2016 Granted

US201702740591A1 Self-antigen displaying nanoparticles targeting auto-reactive immune
factors and uses thereof

RBC membrane 2015 Filed

WO2016109306Al Use of nanoparticles coated with red blood cell membranes to enable
blood transfusion

RBC membrane 2015 Filed

US20180085320A1 Modulating antibacterial immunity via bacterial membrane-coated
nanoparticles

Bacterial membrane 2016 Filed

US20180140558A1 Detoxification using nanoparticles RBC membrane 2016 Filed
WO2017120342A1 Cellular or viral membrane coated nanostructure and uses thereof Beta cell membrane 2017 Filed

Table 2
The POC clinical applications and researches of the CMCDDSs.

Drug candidate type Clinical application Status

RBC membrane-camouflaged drug delivery systems MRSA pneumonia Phase 1b/2a
MRSA vaccine POC

Macrophage membrane-camouflaged drug delivery systems Sepsis POC
Cytokine release syndrome (CRS) POC
Coronavirus POC
Osteoarthritis/Rheumatoid arthritis POC
Inflammatory bowel disease POC
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the relevant functional proteins are correctly exposed and perform
their corresponding biological functions.

2.1. Refinement of the cell membrane material extraction process

The extraction of erythrocyte membranes is relatively simple
compared to the extraction of other cell membrane materials
because the techniques and equipment used for blood product
preparation provide a mature basis for red blood cell (RBC)
membrane extraction. Due to the nucleus-free structure of the
erythrocytes, the purity of erythrocyte membrane material
extraction will is higher than that compared of other cell
membranes.

Therefore, further improving the extraction purity of nucleated
cell membrane materials is an important future research direction
of cell membrane extraction. Large volume extraction of cell
membranematerials is a prerequisite for the clinical application of
CMCDDSs. For the extraction of cell membranes from different
cells, either density gradient centrifugation or differential centri-
fugation is generally used. However, the choice of cell fragmenta-
tion methods and centrifugation parameter conditions has not
been clearly demonstrated. More importantly, after the membrane
material is extracted and separated, their stability decreases
sharply because of the lack of cytoplasmic support and nutrient
supply. Studies have shown that the platelet membrane can only
be stored at 22–24 �C for 5–7 days [8], which undoubtedly
increases the risk of bacterial infection. Cell factories, which are
fully automated cell culture systems, are a proven solution for the
large-scale production of cells, vaccines, and therapeutic proteins
in systems that have the same growth kinetics as laboratory-scale,
cell culture products [9]. Therefore, cell factories are a current
solution for the problem of cell membrane material sources. We
suggest that future studies should optimize existing cell mem-
brane extraction techniques alongside the design of extraction
2348
devices that can be combined with cell factory technology to
establish an assembly line for cell culture and cell membrane
extraction. As for the cell membrane purity, suggests cell sorting
technology and protein affinity purification–mass spectrometry to
analyze the unique antigens in the cell membrane materials to
achieve purification and separation of the extracted products [10].
We believe that with the promotion of CMCDDS transforming
clinical technologies, as potential problems are identified, the
development of CMCDDSs will be continuously advanced.

2.2. Promoting the oriented assembly of CMCDDSs

The assembly of CMCDDSs is attributed to the charge
asymmetry of cell membranes, resulting in the spontaneous
formation of a core–shell nanostructure [11]. A number of early
studies have promoted the directional assembly of CMCDDSs
through physical methods, mainly ultrasound [12–14], electric
shock [15,16], extrusion [17,18], and freeze-thaw [19]. A number of
studies found that the success rate of the above methods was only
15% [12]. The success rate of cell membrane-directed assembly
decreases with an increase in the number of cell membrane
processing steps before assembly. Therefore, simplifying the cell
membrane assembly steps is important for efficient assembly.

An important influencing factor that affects the biological
function of CMCDDSs is the correct exposure of the functional
protein on one side of the cell membrane. A number of studies have
confirmed that erythrocytemembrane-camouflaged nanoparticles
only that 84% of the cell membranes are assembled in the correct
orientation [20]. We used the erythrocyte membrane transmem-
brane protein, Band3, as the assembly “handler”, and designed a
peptide ligand, P4.2 (LFVRRGQPFTIILYF), with high affinity to the
intracellular domain of the Band3 protein. The P4.2 peptide was
modified on the surface of the core liposome to direct the oriented
assembly of the cell membrane to the core carrier through the
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specific binding between the intracellular section of the Band3
protein and P4.2 peptide [21]. This strategy provides a new
approach for the oriented assembly of CMCDDSs (Fig. 1).

2.3. Enhancement of continuous industrial production ability

Stable and continuous industrial production is an important
factor in the future development of CMCDDSs. Continuous
preparation of CMCDDSs utilizing microfluidics has attracted
significant research attention. Liu et al. utilized microfluidics
to separate the cell membrane material from the cell culture
fluid, which can be used for the continuous preparation of
CMCDDSs [22]. This method can achieve high separation purity
(> 90%) and recovery (> 80%) of cell membrane materials (Fig. 2A).
Rao et al. also used microfluidics, combined with electroporation
methods, which can efficiently wrap Fe3O4 nanoparticles
inside the cell membranes [23]. In vivo studies have shown that
RBC-MNs were used for enhanced tumor magnetic resonance
image (MRI) and photothermal therapy (PTT) (Fig. 2B). Compared
with the traditional squeeze method, the application of micro-
fluidics to structure CMCDDSs can reduce the preparation
expense and satisfy the requirements for stable and continuous
production.

3. Multi-functional construction strategies for CMCDDSs

With in-depth research on CMCDDSs, an increasing number of
studies have found that the biological functions provided solely by
the cell membranes are not suitable for the complex physiological
environment of the pathogenic site and for satisfying potential
therapy requirements. Solely relying on the biological functions of
the cell membrane itself cannot satisfy the requirements for multi-
functional CMCDDSs. Therefore, the multi-functional design of
CMCDDSs requires significant research attention.

3.1. Application of diversified cell membrane materials

Relative to the different purposes of drug delivery, the cell
membrane materials in CMCDDSs can include erythrocyte
membranes [24,25], leukocyte membranes [26], cancer cell
membranes [27], and platelet membranes [28,29], because
different cell membrane materials provide different biological
functions. Through the fusion of multiple eukaryotic cell mem-
brane materials to create multi-cell membrane fusion materials,
CMCDDSs can be simultaneously ingrained with the biological
functions ofmultiple cell membranes expanding the sources of cell
membrane materials, the discovery of novel cell membrane
materials can provide new directions for CMCDDS research.
[(Fig._1)TD$FIG]

Fig. 1. Summary of the targeted fabrication of RCB membrane -coated liposomes (RBC-LI
postinsertion technique. Reproduced with permission [21]. Copyright 2019, American
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Surface modification of cell membrane materials is an important
strategy for the multi-functional construction of CMCDDSs,
allowing them to not only inherits the biological functions of
the natural cell membrane, but also can obtain an “artificial” new
function as designed.

3.1.1. Multicellular membrane fusion strategy
Due to the fluidity of cell membranes, fusion of different types

of cell membrane materials can occur to create multi-cell
membrane fusion materials [30]. Han et al. fused tumor cell and
RBC membranes to gain a multi-cell membrane-camouflaged drug
delivery system (nanoAg@erythrosome). Since this drug delivery
system had the antigens of two cell membrane materials, the
combination of αPD-L1 treatments effectively inhibited tumor
proliferation [31]. Jiang et al. fused RBC andMCF-7 cell membranes
and coated the product with melanin nanoparticles to structure
Melanin@RBC-M. This CMCDDS showed both excellent long
circulation and tumor-specific targeting in vivo, and exhibited
significantly enhanced PTT effects [32]. This strategy is a method
for fusing two eukaryotic cell membranes to form a novel, fused
cell membrane material, which has been extensively researched
for use in tumor cell membranes and leukocyte membranes [33],
RBC membranes and platelet membranes [34], and fusion
membranes of different apoptotic bodies [35]. In addition, Chen
et al. fused eukaryotic tumor cell membrane vesicles (CMVs) and
prokaryotic Salmonella outer membrane vesicles (OMVs) to obtain
a novel, fused, cell membrane material (EPV), which was
assembled with PLGA-ICG (PI) to form PI@EPV [36]. In this
CMCDDS, the CMVs realized the specific targeting of PI@EPV to the
cancer cell, and the OMVs enhanced the immune response of the
tumor (Fig. 3).

3.1.2. Expanding the source of cell membrane materials
In recent years, the selection of cell membrane materials has

mainly focused on the outer membrane of eukaryotic cells in the
majority of studies. CMCDDSs structured from cell membranes,
inner membranes, or prokaryotic cell membranes, as a novel type
of CMCDDS, have also attracted attention. Qiu et al. extracted the
endoplasmic reticulum (ER) membrane to modify the siRNA
delivery system (Fig. 4). This CMCDDS effectively avoids lysosomal
enzymatic digestion, through the mediation of various protein
signals, such as SNAREs and resident proteins on the ERmembrane
[37]. The intracellular membrane system, as the largest intracellu-
lar endomembrane, controls a wide range of intracellular
biological functions. Intracellular membrane-camouflaged drug
delivery systems have significant research value. Gao et al. coated
PLGANP nanoparticles with an extracellular vesicle membrane
from S. aureus to prepare NP@EV, which was internalized by
P). The P4.2-derived peptide ligand was modified on AmB-loaded liposomes using a
Chemical Society.
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Fig. 2. (A) Schematic of the microfluidic chip for exosome separation from large EV. Reproduced with permission [22]. Copyright 2017, American Chemical Society. (B)
Microfluidic electroporation-facilitated synthesis of erythrocyte membrane-capped magnetic nanoparticles (RBC-MNs) for enhanced imaging-guided cancer therapy.
Reproduced with permission [23]. Copyright 2017, American Chemical Society.

[(Fig._3)TD$FIG]

Fig. 3. Schematic illustration of fabrication of eukaryotic–prokaryotic vesicles coated PI@EPV nanovaccine. Reproduced with permission [36]. Copyright 2020, Wiley
Publishing Group.
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S. aureus-infected macrophages at a high efficiency [38]. This EV
membrane-camouflaged drug delivery system effectively adsorbs
deeply infected tissue in the body, allowing the drug to be
delivered to the site of infection.

3.1.3. Cell membrane surface modification strategies
Functional modification of the cell membrane material surface

has been essential way of multi-functionalizing CMCDDSs in
recent years. This technique involves utilizing the active chemical
structure of functional, small molecules, peptides, and antibody
proteins and modifying them by direct or indirect coupling with
cell membrane materials. This strategy adds to the strong, in vivo,
biological performance of cell membranes and further enhances
their ability to target disease, promote immune regulation, and
perform bioimaging.
2350
Functional smallmoleculemodification strategies: Studies have
modified folic acid (FA) to the surface of RBC membranes and
coated the product with upconversion nanoparticles (UCNPs) to
construct the RBS-UCNPs delivery system [39], which combines
the significant advantages of long fluorescence lifetime, low
toxicity, large penetration depth, and low damage to biological
tissues. The RBS-UCNPs use tumor cells to overexpress FA receptors
to achieve deep imaging. Ding et al. modified both FA and
triphenylphosphine (TPP) on the surface of erythrocyte mem-
branes to encapsulate UCNPs. This CMCDDS can achieve
dual targeting of tumor cells and intracellular mitochondria.
Under laser irradiation, the TPP can produce large amounts of
reactive oxygen species in vivo, which disrupts the balance of
mitochondrial reactive oxygen species, leading to mitochondrial
dysfunction and tumor cell apoptosis [40]. Guo et al. constructed a
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Fig. 4. (A) The assembly process and delivery of ER membrane (EM)-hybrid small interfering RNA (siRNA)-loaded nanoplexes (EhCv/siRNA NPs). (B) Representative
colocalization images of different NPs in endoplasmic reticulum (ER), lysosomes, and Golgi apparatus at different times detected by confocal laser scanning microscope.
Reproduced with permission [37]. Copyright 2019, Nature Publishing Group.
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mannitol-modified, erythrocyte membrane drug delivery system,
which utilized the natural immune properties ofmannitol (Figs. 5A
and B). This mannitol-modified, erythrocyte membrane-camou-
flaged drug delivery system could efficiently bind to dendritic cells
and enhance IFN-g secretion and CD8+ T cell response [41].

Peptide and antibody protein modification strategies: Protein-
protein interactions exist in every cell [42,43]. Therefore, studies
have modified cell membrane surfaces with peptides and
antibody proteins to improve the ability to penetrate of complex
biological barriers and target pathogenic microenvironments
in CMCDDSs. Chai et al. modified the DCDX peptide (GDRD

EDIDRDTGDRDADEDRDWDSDEDKDF) on the surface of an RBC
membrane (Figs. 5C–E). This promoted the ability of RBC
membrane- camouflaged drug delivery systems to penetrate the
blood brain barrier (BBB), and improve the therapeutic effect of
U87 glioma [44]. Subsequently, this team modified the c(RGDyK)
peptide on the surface of an RBC membrane, to achieve specific
targeting of the erythrocyte membrane- camouflaged drug
delivery system to tumors [45].

In addition to modifying peptides, modification of the cell
membrane surface with antibody proteins has attracted substan-
tial attention. The anti-EpCamwasmodified on RBCmembranes by
coating PAuNs nanoparticles to specifically target the EpCam
receptor proteins on tumor cell membranes [46]. Studies have
modified the surface of the RBC membrane with hyaluronidase
(PH20), which not only extend the circulation time of the drug
delivery system in vivo, but also utilizes PH20 to hydrolyze
hyaluronan at the tumor, increasing rates of drug diffusion [47].
Dong et al.modified the TGF-β receptor II antibody (TGFβRII) on the
leukemia cell membrane. This leukemia cell membrane-camou-
flaged drug delivery system efficiently targets the bone marrow
microenvironment through the CXCR4 protein on the membrane
surface of leukemic cells, and the release of αTGFβRII can
2351
effectively overcomes the drug resistance of the bone marrow
microenvironment, significantly extending the survival of mice
[48].

3.1.4. Bioengineering of cell membrane materials strategies
Utilizing cell biology techniques, cells can be pre-treated with

gene editing or in vitro stimuli induced to express extra functional
proteins on the cell membrane surface. This cell membrane surface
engineering strategy, combined with cell biology technology,
promotes the diversified development of cell membrane materials
and expands the applications of CMCDDSs.

In vitro stimuli induction: Before cell membrane material
extraction, studies focused on inducing cells to express functional
proteins and promote drug loading through co-incubation with
pathogenic microorganisms or chemotherapeutic drugs. This
strategy has the advantage of simple operation. After co-
incubation of macrophages with S. aureus and Escherichia coli
bacteria, Wang et al. observed an increase in the expression of
lipoprotein receptors (TLR1, TLR2, and TLR6) on the surface of
macrophage membranes (Fig. 6A). The researchers extracted the
above-treated macrophage membrane to coat with a gold-silver
nanocage (GSNC), and prepared a TU-NPs cell membrane-
camouflaged system, combined with the PTT function provided
by GSNC. This CMCDDS significantly inhibited bacterial growth
[49].

Unlike the induction chemotherapeutic drugs are co-incubated
directly with the cells to obtain drug-loaded, cell membrane
exosomes [50,51]. Recently, studies have used curcumin to induce
macrophages where the macrophage cells produce curcumin-
loaded exosomes. This CMCDDS effectively improves the entrap-
ment efficacy of curcumin. The study utilized the expression of the
LFA-1 and ICAM-1 proteins to improve the ability of the curcumin-
loaded exosomes to penetrate the BBB [52].
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Fig. 5. (A) Schematic illustration of the preparation of Man-RBC membrane-coated PLGA-SShgp100 nanoparticles (Man-RBC-NPhgp) and induction of anti-tumor immunity.
(B) In vivo tumor inhibition assays were performed after harvesting lungs for imaging and counting of tumor nodules larger than 2mm in diameter manually. Reproduced
with permission [41]. Copyright 2015, American Chemical Society. (C) Schematic of the preparation of DCDX-RBCNPs. Streptavidin-PEG-DSPE is synthesized and then inserted
into RBCmembranes. (D) In vivo distribution of RBCNPs and DCDX-RBCNPs in the brain. (E) The distribution of nanoparticles in the brain of tumor-bearing mice 14 days post-
implantation. Reproduced with permission [44]. Copyright 2017, Elsevier Ltd.
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Gene editing: Utilizing genetic engineering techniques could
enable the specific expression of functional proteins on the cell
membrane, which is difficult to achieve through surface chemical
modifications. Since cancer cells exhibit low immunogenicity,
cancer CMCDDSs must be combined with chemical immune
adjuvants to enhance the immune response. Jiang et al. used gene
editing to make cancer cell membranes express the CD80 protein
and extracted engineered, cancer cell membranes to construct a
cancer CMCDDS (Fig. 6B). The CD80 protein stimulates T-cell
proliferation, and improves the effectiveness of tumor immuno-
therapy using CMCDDSs [53]. Rao et al. used gene editing to induce
macrophage membrane surface overexpression of the SIRPα
protein, which blocks the CD47-SIRPα pathway. The researchers
extracted engineered, macrophage membranes to construct
magnetic nanoparticles (gCM-MNs). The magnetic core nano-
particles promote M2 TAM repolarization and synergistically
trigger potent macrophage immune responses [54].

In addition to participating in the regulation of the tumor
immune microenvironment, gene-edited CMCDDSs also ex-
hibit a strong ability to regulate the inflammatory microenvi-
ronment. Shi et al. used gene editing to make UVEC cell
membranes express inflammatory factor receptors (TNFαR and
IL-1R) and tumor necrosis factor-related apoptosis-inducing
ligands (TRAILs). TRAIL ligands target the M1 macrophages in
the inflammatory sites (Figs. 6C and D), while TNFαR and IL-1R can
neutralize inflammatory factors. The same cell membrane gene
editing strategies have also been applied in the treatment of
myocardial infarction (MI) because they effectively inhibit the
inflammatory response of MI [55].
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The latest study used both external environmental-induced and
gene editing-improved strategies, using genetic engineering to
make cancer cell membrane surfaces express the SIRPα ligand,
while using lipopolysaccharide (LSP) to induce M1 phenotype
differentiation of macrophages. The researchers extracted the cell
membranes of these two engineered cells and fused them with
platelet membranes to create a multifunctional cell membrane
material (hNVs), which effectively blocked the CD47-SIRPα
pathway of macrophages, promoting M2-to-M1 repolarization
within the tumor microenvironment. This hNVs CMCDDS specifi-
cally gathers at the surgical site, such that it can be used for the
treatment of postoperative tumor recurrence [56].

3.2. Coating multi-functional core nanoparticles

CMCDDSs can effectively combine the advantages of cell
membranes and chemical nanoparticles. In addition to function-
alizing cell membranes, the core nanoparticles are not limited to
materials such as polymers [20,38,57]. The range of core
nanoparticles for CMCDDSs can be extended to nanogels, silica
particles, gold nanoparticles, iron oxide nanoparticles, metal
organic frameworks natural proteins, and nucleic acids. These
core nanoparticles utilize their own functions, such as high drug
loading, high adsorption capacity, photothermal conduction, and
nuclear magnetic imaging, which combined with the biological
functions of cell membranes to expand the application range of
CMCDDSs in photodynamic therapy (PDT), PTT, MRI, natural
proteins, and nucleic acid intracellular delivery. Each type of
multi-functional core nanoparticles has its own advantages
(Table 3) [58–81].
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Fig. 6. (A) The fabrication and application of Sa-M-GSNCs. A) Sa-M-GSNCs were fabricated through coating S. aureus pretreated macrophage membranes onto GSNCs.
Reproducedwith permission [49]. Copyright 2018, Wiley Publishing Group. (B) Wild-type cancer cells, which naturally present their own antigens viaMHC-I, are engineered
to express CD80, a co-stimulatory signal. The plasma membrane from these cells is then derived and coated onto polymeric nanoparticle cores. Reproduced with permission
[53]. Copyright 2020, Wiley Publishing Group. (C) Schematic illustration of TU-NPs designed for targeting RA. (D) In vivo imaging results of ICG, U-NPs and TU-NPs after
intravenous injection at the indicated time, n = 3. Reproduced with permission [55]. Copyright 2020, Elsevier Ltd.
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Solution problems of drugs are a major issue affecting the
industrial production. Nanocrystals, as solid, nanosized, drug
particles, are simple to prepare, and covered with a layer of
stabilizer that improves the solubility of insoluble drugs; nano-
crystals are viewed as “pure particles of drug” with high drug
loading capacity [82,83]. Studies that combined nanocrystals with
an erythrocyte membrane drug delivery system showed that the
nanocrystals improved docetaxel solubility and safety, and the
ligand-modified erythrocyte membranes improved docetaxel
nanocrystal accumulation at the tumor sites [45].

3.3. Improving in vivo cell membrane smart shedding and drug release
performance

Endogenous cell membranes can help CMCDDSs to avoid
identification by the immune system, but whole cell membranes
also limit drug release in target cells, and hinder uptake by target
cells. The cell membranematerial is thus a double-edged sword for
the release of loaded drugs [84,85]. Therefore, after endocytosis of
the CMCDDS by the target cells, effective promotion of cell
membrane smart shedding and drug release is an important factor
affecting therapeutic efficacy. Previous studies have utilized
different microenvironments at disease sites and external envi-
ronmental stimuli to enable intelligent release of CMCDDSs.
2353
3.3.1. pH-responsive CMCDDSs
The pH-sensitive response has been extensively researched in

the field of intelligent drug delivery [86–88]. This response uses
environmental pH changes at the disease site to regulate drug
release. Zhang et al. designed a macrophage CMCDDS, that actively
targets tumors. In the tumor microenvironment (pH 6.5), this
system uses the proton sponge effect to cause an inflow of chloride
ions and water from the tumor microenvironment, which finally
leads to cell membrane delamination [86,89]. When the core
nanoparticles enter the intracellular microenvironment (pH 5.0),
rapid release of the loaded drug is enabled (Figs. 7A and B). Liu et al.
prepared pH-sensitive, liposomal POEz by fusing platelet mem-
braneswith pH-sensitive, lipidmaterials. POEz can respond to both
the tumor microenvironment and lysosomal pH changes, which
breaks the fusion membrane, the shedding of the platelet
membrane, and causes the smart release of drugs that inhibits
tumor cell growth [28]. CMCDDS studies on pH-responsive,
intelligent release are often combined with PTT to improve
treatment efficacy [90]. Song et al. developed an erythrocyte
membrane camouflage nanogel (NRP+1) with tumor microenvi-
ronment responsive property. The NRP+1 can achieve high loading
capability of chemotherapeutic drug (IL-2 and PTX). In pH 6.5, the
erythrocyte membrane will be shed. These chemotherapeutic
drugs were released to induce the expression of calreticulin on the



Table 3
Application of the multi-functional core nanoparticles in CMCDDS researches.

Classification Nanoparticles core Source of cell membranes Function Ref.

Nanogel Shell supramolecular gelatin RBC membrane Effectively inhibits growth of Gram-positive bacteria [58]
Gelatin nanogels Stem cell membrane Long-circulating delivery vehicles and active tumor targeting

capability
[59]

SiO2 Mesoporous silica nanoparticles RBC membrane Combination of chemotherapy drugs and PDT [60]
SiO2@TiO2 nanoparticles RBC membrane Controlled drug release under ultraviolet irradiation [61]
Mesoporous silica nanoparticles Macrophage cell

membrane
High drug-loading capacity [62]

Gold nanomaterials AuNPs RBC membrane Long-circulating delivery vehicles [63]
Gold nanocages (AuNCs), RBC membrane Enhanced tumor suppression by PTT [64]
Gold nanorods (GNRs) RBC membrane Therapy of pancreatic ductal adenocarcinoma by PTT [65]

Fe3O4 Fe3O4 nanoparticles RBC membrane Evading immune clearance [66]
Fe3O4 magnetic nanoparticles RBC membrane Combining MRI and PTT for tumor imaging [67]

MOF UiO-66-NH2 MOF NPs RBC membrane Provide the capability for blood nitric oxide sensing [68]
Zn2+-2-methylimidazole MOF NPs RBC membrane Efficiently encapsulate enzymes [69]
Pt(II) porphyrinic-N MOF NPs Cancer cell membrane Cell imaging, O2 fluctuation monitoring and PDT [70]
TPZ@PCN MOF NPs Cancer cell membrane Modulating tumor microenvironment and PDT [71]
Zr4+-MnO2 nanosheets MOF Cancer cell membrane Overcome the hypoxia of cancer cells in PDT [72]
ZIF-8 MOF NPs Platelet membrane SiRNA for efficient tumor delivery [73]
PLNP@MOF NPs Macrophage cell

membrane
Featuring persistent luminescence and high drug loading capacity [74]

Fe-ZIF-8 MOF NPs Cancer cell membrane High drug loading efficiency and controllable release [75]
Biomacromolecule
drugs

miRNA 159 and DOX Exosome Inhibits TNBC growth [76]
Nerve growth factor Exosome Nerve repair after stroke [77]
Single guide RNA and Cas9 protein Exosome Inducing DNA double-strand breaks [78]
Anti-human telomerase reverse
transcriptase

Erythrocyte membrane Long-circulating delivery vehicles and active tumor targeting
capability

[79]

Antibody against α-toxin HEK 293 T cell membrane Combination of antitoxin immunotherapy and SDT [80]
[18_TD$DIFF]HGC33/KM3934 antibody HEK 293 T cell membrane Recruiting and activating natural killer cells in tumors [81]

[(Fig._7)TD$FIG]

Fig. 7. (A) Illustration of the release mechanism of a pH-sensitive line bionic drug delivery system. (B) DLS, TEM imaging, and z potential changes of cell membrane bionic
drug delivery system under different pH environments. Reproduced with permission [89]. Copyright 2018, American Chemical Society. (C) Fabrication process of biomimetic
ROS-responsive nanocarriers co-loaded with Ce6 and TPZp. and Schematic illustration of NPs@i-RBMCe6+TPZp for tumortargeted PDT and hypoxia-activated chemotherapy
upon light irradiation. (D) In vivo antitumor efficacy with laser irradiation (660 nm, 0.5W/cm2, 10min) in 4T1 tumor-bearing mice. Reproduced with permission [92].
Copyright 2019, Royal Society of Chemistry.
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Fig. 8. (A) Schematic mechanism of CCM-HMTNPs/HCQ for enhanced SDT on breast cancer via autophagy regulation strategy. (B) US irradiation time-dependent 1
[17_TD$DIFF]O2

generation of CCM-HMTNPs (20mg/mL) determined using the singlet oxygen sensor green (SOSG) as an indicator and Release profiles of HCQ fromCCM-HMTNPs/HCQ under
US irradiation. Reproduced with permission [95]. Copyright 2019, American Chemical Society. (C) Schematic illustration of the cancer cell membrane camouflaged cascade
bioreactor for cancer targeting starvation therapy and PDT. (D) The pH value changes of mCGP solution in the absence and presence of glucose and the O2 concentration
changes of mCGP solution in the presence of H2O2 or glucose. Reproduced with permission. [96]. Copyright 2017, American Chemical Society.
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surface of tumor cells, which can promote immunogenic cell death
(ICD) [91].

3.3.2. Reactive oxygen species-responsive CMCDDSs
Studies have utilized tumor and inflammation sites that are

high in reactive oxygen species (ROS) to design a variety of ROS-
responsive CMCDDS. Liu et al. utilized ROS-sensitive nanocarriers
loaded with the photosensitizer, Ce6, and the ROS-sensitive
prodrug, tirapazamine (TPZp). The surface coating of functional-
ly-modified RBC membranes enables the targeting of tumor cells.
Upon light irradiation, Ce6, releases a large amount of ROS, which
causes the destruction of ROS-sensitive nanocarriers and simulta-
neous TPZp activation and release (Figs. 7C and D) [92]. Gao et al.
designed and synthesized a ROS-responsive material (Oxi-COS)
that can self-assemble to form nanoparticles. Oxi-COS nano-
particles coated by macrophage membranes (MM-NPs) have the
ability to target the site of inflammation [93]. Studies have shown
that MM-NPs can release drugs rapidly in a high-ROS concentra-
tion environment. In the light of the high ROS concentration
environment of ischemic stroke, researchers designed a ROS-
sensitive erythrocyte membrane camouflage drug delivery system
(SHp-RBC-NP) for stroke delivery of a neuroprotective agent
(NR2B9C). After SHp-RBC-NP entered the brain site, it made full
use of stroke homing peptide to achieve active targeting of
ischemic injury, a high concentration of ROS leads to rapid release
of NR2B9C [94].
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3.3.3. External environmental stimulus response
External environmental stimuli can be used to achieve the

smart release of CMCDDSs. This strategy has been mainly applied
to sonodynamic therapy (SDT) and PDT. Feng et al. developed an
MCF-7 cell membrane-coated drug delivery system (Figs. 8A
and B). Under the action of external ultrasound, the MCF-7 cell
membrane is shed [95]. Li et al. designed a cascade bioreactor
(mCGP) to starve cancer cells. Glucose oxidase (GOx) and catalase
are embedded in the surface of the cancer cell membrane, and
coated with the porphyrin metal organic framework (Figs. 8C
and D). Under light irradiation, intracellular hydrogen peroxide
(H2O2) produces O2 and H2O, where O2 accelerates the decompo-
sition of glucose and H2O promotes the proton sponge effect,
leading to the breakup of the cell membrane material for smart
shedding, and finally enhances the production of cytotoxic singlet
oxygen (1O2) [96]. Hu et al. designed a M1-type macrophage
membrane (M1m) camouflaged drug delivery system [(C/I)BP@B-A
(D)&M1m]. After [(C/I)BP@B-A(D)&M1m] arrived the tumor site,
the PEGylated bilirubin nanoparticles (BP) will be shed under
exogenous laser irradiation, which releases the antitumor drug
DOX, the photosensitizer Ce6, and the tumor immune reversal
agent (indoleamine 2,3-dioxygenase inhibitor). In this intelligent
drug delivery system, the DOX and indoleamine 2,3-dioxygenase
inhibitor can synergistically promote tumor immune cell death.
The Ce6 can generate large amounts of ROS under laser irradiation
again, which further induces tumor cell death [97].
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In general, the stimuli that control the smart shedding and drug
release of the CMCDDSs, it can be divided into endogenous or
exogenous stimuli. Additionally, endogenous stimuli can be further
partitioned into redox response, oxygen sensitivity, and bio-
enzyme response [98]. Exogenous stimuli also include tempera-
ture-responsive, magnetic- responsive [99], can be combined with
CMCDDS design to make CMCDDSs more intelligent, efficient, and
accurate in the future.

4. Frontier medical applications of CMCDDSs

CMBDDSs in anti-tumor research have been summarized by
many articles [100–103]. In this review, we solely focus onmedical
frontier applications in anti-inflammatory treatments, anti-path-
ogenic microorganisms, and biological detoxification.

4.1. Anti-inflammatory

Inflammation is usually associated with the immune system,
which is involved in the occurrence of many inflammatory
responses. In traditional nanomedicine design, targeted binding
to inflammation through proteins on the cell membrane is often
ignored [104]. By mimicking the interaction between the selectins
or cellular adhesion molecules (CAMs) on inflammatory endothe-
lial cells and leukocytes, CMCDDSs can realize inflammation-
targeted drug delivery [105]. Immune cells, neutrophils, platelets,
[(Fig._9)TD$FIG]

Fig. 9. (A) Schematic representation of using OM-NPs to inhibit H. pylori adhesion on
fluorescence image and fluorescence quantification of H. pylori adhesion. Reproduced
representation of T-cell-membrane-coated nanoparticles (denoted as “TNPs”) designed fo
TNP concentrations on each strain. Reproduced with permission [119]. Copyright 2018, W
SARS-CoV-2 infectivity. (F) Epithelial-NS, MF-NS and RBC-NS cellular nanosponges neu
American Chemical Society.
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macrophages, stem cells, and other cell membranes are often used
to prepare CMCDDSs, which have a wide range of applications in
targeting, monitoring, and regulating inflammatory diseases.
CMCDDSs have shown good therapeutic effects in inflammatory
bowel disease [106], arterial tube stenosis [107], tumor inflamma-
torymicroenvironments [108], and sepsis [109]. Atherosclerosis, is
the most common and deadly cardiovascular disease [34]. Wei
et al. constructed a platelet membrane-camouflaged, PLGA,
nanoparticle, biomimetic delivery, imaging system. The research-
ers utilized the ability of platelet membranes to specifically bind to
inflammatory endothelial cells and subendothelial collagen
matrices, which can realize the targeting of atherosclerotic sites,
thus providing real-time medical imaging and facilitating clinical
detection of the development of atherosclerosis [110].

4.2. Anti-pathogenic microorganisms

In recent years, due to the emergence of drug resistance, many
bacterial infections have become incurable [111,112]. Approxi-
mately 700,000 people die from antibiotic resistance every year in
the world. However, the development of new antibiotics is slow
and cannot cope with the increasingly serious problem of
resistance. Most pathogenic microorganisms interact with cells
to produce toxicity [113,114]. Pathogenicmicroorganisms enter the
body and bind to normal cells (e.g., red blood cells [115]) to release
toxin factors, which are also recognized and captured by immune
stomach lining. (B) Pretreatment of AGS cells with OM-NPs reduces subsequent
with permission [118]. Copyright 2019, Wiley Publishing Group. (C) Schematic
r attenuating HIV infectivity. (D) Inhibition of viral infectionwas testedwith various
iley Publishing Group. (E) Schematic mechanism of cellular nanosponges inhibiting
tralize SARS-CoV-2 infectivity. Reproduced with permission [120]. Copyright 2020,
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cells (e.g., macrophages [116] and centrophages [117]). Therefore,
CMCDDSs use cell membrane material surface-specific proteins to
bind to microorganisms. Based on the above, CMCDDSs have
providedmany effective, therapeutic strategies against pathogenic
microorganisms in recent years.

Anti-adhesion therapy interferes with the adhesion of bacteria
to the host, which may slow down the development of drug
resistance. Zhang et al. prepared an anti-adhesion cell membrane
camouflaged platform bywrapping PLGA core nanoparticles with a
Helicobacter pylori outer membrane, and the resulting bacterium-
mimicking nanoparticles (OM-NPs) were produced (Figs. 9A
and B). The experiments confirmed that OM-NPs have a high-
binding ability with AGS cells and can compete with the source
bacteria to bind the host [118]. RBC cell membrane-camouflaged
drug delivery systems can the fungal production of hemolysis
toxins through erythrocyte membrane surface proteins [21].

To improve the treatment and prevention of human immuno-
deficiency virus (HIV), it is very important to develop effective
treatment strategies against broad-spectrum viral infections.
Inspired by the recent development of cell membrane coating
technology, Wei et al. developed a CD4+ T CMCDDS (TNPs). The
CD4+ T cell membrane can specifically bind with HIV, which can
transfer HIV from their intended host targets, thereby neutralizing
HIV (Figs. 9C andD). This study has shown that TNPs can effectively
neutralize HIV viral infections of monocytes and macrophages
[119].

In 2020, COVID-19 has ravaged the world. So far, the global
death toll has exceeded 2 million, making it a serious threat to
the health of people around the world. Zhang et al. coated
nanoparticles with the cell membrane of human lung epithelial
cells or macrophages. These cell membrane materials carried the
angiotensin-converting enzyme 2 (ACE2) and CD147 protein to
combine with COVID-19 (Figs. 9E and F). Therefore, for the
coronavirus, these cell membrane-camouflaged nanoparticles are
not different from normal cells. The experiments showed that
macrophage membranes reduce the infectivity of viruses by 88%
and lung epithelial cell membrane viruses by 93% when using
normal cell membrane-camouflaged nanoparticles at a concen-
tration of 5mg/mL [120].

4.3. Biological detoxification

In addition to the targeting of pathogenic sites, CMCDDSs have a
wide range of applications in biological detoxification. The
principle is similar to that of anti-pathogenic microorganisms
but it focuses more on the adsorption of toxin factors. After the
concept of nano-sponge was proposed, erythrocyte membrane
camouflaged drug delivery systems are the most extensively
researched, due to erythrocyte membrane is capable of non-
specific “uptake” of a variety of pore-causing toxins [121]. We
believe that the main reason is that erythrocyte membrane
camouflaged nanosponge is a kind of detoxification system that
can adsorb broad spectrum of pore-forming toxins in nonspecific
way. Organophosphorus, as the main component of pesticides, can
lead to irreversible phosphorylation and the inactivation of
acetylcholinesterase; the accumulation of acetylcholine in the
body causes irreversible neuromuscular toxicity [122]. Acetylcho-
linesterase is expressed on the surface of RBC membranes. Pang
et al. constructed an erythrocyte membrane-camouflaged drug
delivery system, which reduces organophosphorus toxicity and
combines with organophosphorus until they are smoothly
metabolized in the liver [123]. Based on this, Chen et al. designed
a cell-membrane-cloaked oil nanosponge, which consists of an
olive oil and RBC membrane. The olive oil nonspecifically soaks up
toxicants and the RBC membrane absorbs and neutralizes poisons
through biological binding to the proteins [124]. Researchers
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discovered an erythrocyte membrane camouflage drug delivery
system (RCB-NC), which can treat severe MRSA infections such as
MRSA bacteremia and MRSA-induced sepsis [115]. In another
example, Li et al. designed a plateletmembrane camouflaged nano-
robot (PL-motors). It inherits many of the properties of platelet
membranes, which can adhesion and binding to toxins in whole
blood, such as Shiga toxin and Staphylococcus aureus [125]. More
importantly, the combination of cell membrane camouflaged
technology and nanorobot technology provides a new idea for the
future cell membrane camouflaged detoxification system.

5. Conclusions and perspectives

CMBDDS have gradually evolved into functional platforms
gradually evolved into have CMBDDSs due to their unique
transport kinetics, antigen spectrum, immunostimulatory proper-
ties, and targeting abilities for cells. Thus, CMCDDSs have
unlimited possibilities in disease treatment. The CMBDDS has
shown excellent treatment effectiveness for diseases that have
been the focus of attention in the global medical community in
recent years (e.g., reduction of pathogenic microbial resistance,
HIV, and COVID-19), further increasing the confidence of
researchers in its future development.

Personalized treatment has become an important development
trend for futuremedical treatments. Increasing amounts of clinical
data have found that there are individual differences in the disease
status and the microenvironment of the disease, even if the
patients have the same disease [121]. Consequently, it is necessary
to develop customizable, personalized treatment methods. With
the rapid development of individualized, immune cell therapy
technology, this is made possible through genetic engineering
modification of patients' immune cells, massive culture in vitro,
and reinfusion into patients' bodies. Cellular immunotherapy
technology is excellent for the personalized treatment of tumors
and realizing “one-to-one”, customizable, personalized treatment
for patients. Based on development prospects in clinical personal-
ized therapy, CMCDDSs are a drug delivery system derived from
cells, where the majority of cellular biological functions are
performed by cell membrane surface proteins [126]. Therefore,
CMCDDSs also exhibit promising developments in clinical
personalized treatment. Especially in the personalized treatment
of tumors, the related studies have shown that the construction of
a drug delivery system using the patients' own tumor cell can help
to overcome the influence of the diversity of the tumor
microenvironment of different individuals. Meanwhile, CMCDDSs
can present complete tumor cell antigens to the immune system to
realize the personalized treatment of patients' tumor sites. A study
has found that the utilization of patient’s head and neck squamous
cell carcinoma membranes to construct a CMCDDS can overcome
the influence of different, individual, tumor, microenvironment
diversity, and can submit complete tumor cell antigens to the
immune system to achieve personalized treatment for patient
tumor sites. In addition, the drug delivery system is suitable for the
treatment of unresectable tumors and metastatic tumors. More-
over, the therapeutic effect is obvious when combined with
anticancer cisplatin [127].

Immune cell personalized therapy also has some challenges
that affect its further development, such as the solid tumor
immune microenvironment that suppresses the function of
reinfusion immune cells, and the fact that solid tumors lack
specific antigens. Therefore, personalized treatment of immune
cells should bemore inclined towards the organic combination of a
variety of treatment methods to form a multi-functional com-
pound treatment in the future. We believe that CMCDDSs, on their
own as a personalized, therapeutic, can also be combined with
immune cell therapies to constitute a novel cell therapy-cell
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membrane camouflaged drug delivery platform. This platform has
certain development potential and will contribute to the innova-
tion of tumor treatment methods and significantly improve the
existing personalized tumor treatment methods.

In summary, functional CMCDDSs can increase the accumula-
tion of drugs in pathogenic tissue, intelligently respond to the
internal and external environment, release drugs, and optimize the
comprehensive therapeutic effect. There is no doubt that the
development of CMCDDSs will promote the progress of nano-
therapy in the personalized treatment and diagnosis of diseases.
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