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Abstract: Nanoparticle-based drug delivery systems hold promise for cancer treatment by enhancing
the solubility and stability of anti-tumor drugs. Nonetheless, the challenges of inadequate targeting
and limited biocompatibility persist. In recent years, cell membrane nano-biomimetic drug deliv-
ery systems have emerged as a focal point of research and development, due to their exceptional
traits, including precise targeting, low toxicity, and good biocompatibility. This review outlines
the categorization and advantages of cell membrane bionic nano-delivery systems, provides an
introduction to preparation methods, and assesses their applications in cancer treatment, including
chemotherapy, gene therapy, immunotherapy, photodynamic therapy, photothermal therapy, and
combination therapy. Notably, the review delves into the challenges in the application of various
cell membrane bionic nano-delivery systems and identifies opportunities for future advancement.
Embracing cell membrane-coated biomimetic nanoparticles presents a novel and unparalleled avenue
for personalized tumor therapy.
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1. Introduction

Cancer, a grave and increasingly prevalent disease, is anticipated to account for ap-
proximately 1.96 million new cases in 2023 [1]. Recent advancements in medical science
have led to the development of various cancer therapies, including surgery, radiotherapy,
chemotherapy, and immunotherapy. Despite their efficacy in curbing tumor growth, these
treatments often result in significant side effects, compromising therapeutic efficacy, progno-
sis, and increasing the likelihood of disease recurrence. In this context, nanoparticles (INPs)
emerge as a promising alternative, offering stability, efficiency, and ease of modification
as drug carriers. NP-based drug delivery systems (DDSs) enhance targeted drug delivery,
minimize drug leakage, and facilitate sustained and controlled release. This contributes to
prolonged bloodstream circulation and an improved therapeutic index.

However, drug-loaded NPs still encounter challenges related to targeting efficiency
and biocompatibility [2]. Scientists have vigorously pursued active targeting strategies,
aiming to precisely direct drugs by modifying NPs with target ligands (aptamers, peptides,
antibodies, etc.). Regarding biocompatibility, NPs are often coated with various polymeric
materials to serve as a “stealth” shield, preventing their detection by the immune system.
One of the popular options is polyethylene glycol (PEG) polymers—an inert amphiphile
known for its low cytotoxicity and high biocompatibility. By conjugating with PEG, NPs
can dramatically lower immunogenicity and enhance the extracellular blood plasma half-
life [3]. However, a study by Lubich et al. [4] indicated that repeated administration of
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PEG-conjugated NPs in rats led to accelerated blood clearance and a less advantageous
biodistribution profile. As alternatives, other polymers, including dextran, chitosan (CS),
polyvinyl pyrrolidone (PVP), and poly(lactic-co-glycolic acid) (PLGA), have also been
employed as stealth coatings.

Among the various methods for NPs’ surface modification, biomimetic strategies are
garnering increasing attention, due to their non-toxic and stealth properties, which draw
inspiration from the concept of “learning from nature” [2,5]. Following the biomimetic
strategy, cell membrane-coated nanoparticles (CMC@NPs) have been devised, forming a
core—shell structure. This structure features NPs as the inner core (liposomes, inorganic
particles, polymers, etc.) and a cell membrane coating as the external shell. NPs camou-
flaged with cell membranes inherit the ability to “disguise themselves”, enabling them
to evade the reticuloendothelial system [6]. Furthermore, cell membranes sourced from
various origins provide NPs with distinct biological functionalities. For example, neu-
trophil membrane-coated nanoparticles (Nm@NPs) are shown to home in on inflammation
sites [7], while cancer cell membrane-coated nanoparticles (CCm@NPs) have demonstrated
effective homotypic binding [8].

In this review, we aim to establish a comprehensive overview of CMC@NPs for
tumor therapeutics. We begin by discussing the preparation methods, followed by an
introduction to the features and applications of various cell membrane-based drug delivery
systems. Following this, we highlight the notable benefits that CMC@NPs have shown in
cancer treatment. Finally, we delve into the challenges and potential future trends in the
application of CMC@NPs.

2. Classification of Cell Membrane-Coated Nanoparticles

According to the type of source cell membranes, CMC@NPs are mainly classified as
red blood cell membrane-coated nanoparticles (RBCm@NPs), platelet membrane-coated
nanoparticles (PLTm@NPs), white blood cell membrane-coated nanoparticles (WBCm@NPs),
stem cell membrane-coated nanoparticles (SCm@NPs), CCm@NPs, and hybrid membrane-
coated nanoparticles (Hym@NPs).

As shown in Figure 1, the first CMC@NPs were coated with red blood cell membranes
(RBCm). In 2011, Hu et al. [9] prepared RBCm@NPs using a top-down method by extruding
PLGA NPs with preformed RBCm-derived vesicles. The RBCm@NPs exhibited a circulation
half-life of 39.6 h, significantly outperforming PEG-coated NPs, which had a half-life of
15.8 h. In 2013, Parodi et al. [10] developed WBCm@NPs, by coating nanoporous silicon
microparticles with membranes purified from leukocytes. They discovered that white
blood cell membrane (WBCm)-based NPs reduced phagocytic uptake, adhered to the
inflamed endothelium, and enhanced drug accumulation at tumor sites. Building on the
study of RBCm@NPs, Hu's group introduced PLTm@NPs in 2015 [11], incorporating the
platelet membrane with Doxorubicin (DOX)-loaded nanogels for breast cancer treatment.
PLTm@NPs not only demonstrated prolonged circulation, but also showed exceptional
targeting of cancer cells. In 2016, Rao et al. [12] developed CCm@NPs using upconversion
NPs cloaked with cancer cell membrane (CCm)-derived vesicles for diagnosis and therapy.
These NPs were uniquely capable of targeting tumor cells due to homologous adhesion
and exhibited immune escape abilities. Concurrently, Gao et al. [13] introduced SCm@NPs,
employing stem cell membranes (SCm) to wrap gelatin nanogels loaded with DOX, thereby
enhancing their chemotherapeutic efficacy. The coated nanogels exhibited a high affinity
for tumors and a reduced clearance via the reticuloendothelial system. In a pioneering
study by Dehaini and co-workers [14] in 2017, the concept of Hym@NPs was introduced,
combining RBCm and platelet membranes (PLTm) to cloak PLGA NPs. The Hym@NPs
exhibited characteristics of both source cells.
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Figure 1. The representative development and features of CMC@NPs (created by the authors using
Adobe Illustrator 2023® software).

Beyond the widely used option of cell membranes, several unconventional choices
have emerged for coating NPs, such as bacterial membranes [15], viral-mimicking mem-
branes [16], neural cell membranes [17], and fibroblast cell membranes [18], among others.
These investigations open up additional avenues for the design of biomimetic NPs.

3. Preparation of Cell Membrane-Coated Nanoparticles

Currently, the preparation of CMC@NPs is primarily conducted through a top-down
approach. The initial step involves the isolation of cell membranes, where collected cells un-
dergo hypotonic lysis [19], physical homogenization [20] or repeated freeze—thaw cycles [21]
to disrupt the membrane. Subsequently, differential centrifugation is used to eliminate the
intracellular contents, resulting in the collection of membrane fragments. These fragments
can be resized into vesicles by extrusion through a polycarbonate membrane, if desired.
The membrane fragments or vesicles are then coated onto the surface of NPs predomi-
nantly using co-extrusion, sonication, or microfluidic electroporation (Figure 2). Moreover,
membrane coating can also occur spontaneously through electrostatic attraction between
the charges of NPs and membrane vesicles [22].
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Figure 2. Preparation of CMC@NPs. (A) Co-extrusion. (B) Sonication. (C) Microfluidic electropora-
tion (created by the authors using Adobe Illustrator 2023® software).
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3.1. Co-Extrusion

Co-extrusion is a common method for constructing CMC@NPs, where cell membrane
vesicles and NPs are extruded through polycarbonate membranes with progressively
smaller pore sizes. This process generates a force that can alter the membrane’s structure
and allows it to reassemble on the surface of NPs. CMC@NPs created via co-extrusion not
only demonstrate uniform distribution, but also effectively preserve the cell membrane
proteins and their biological functions. Li et al. [23] produced RBCm@NPs by physically
co-extruding Ag,S quantum dots (inner core) with erythrocyte vesicle membranes. While
co-extrusion is popular in laboratory settings, scaling it up to large-scale production poses
challenges due to its labor-intensive and time-consuming nature.

3.2. Sonication

Sonication stands out as both facile and time-efficient compared to co-extrusion, fusing
membrane vesicles and nano-vehicles through ultrasonic waves. Chen et al. [24] innova-
tively cloaked mesoporous silica-coated bismuth nanorods with PLTm using sonication.
In research by Cai et al. [25], Hym@NPs crafted via sonication exhibited enhanced stabil-
ity and smaller dimensions, relative to those produced using co-extrusion. Achieving a
uniform distribution and a thorough coating necessitates the optimization of several pa-
rameters, including amplitude, frequency, and duration. Furthermore, vigilant monitoring
of potential temperature increases during sonication is essential, as they may cause the
denaturation of the membrane proteins.

3.3. Microfluidic Electroporation

Microfluidic electroporation has gained increasing popularity among researchers since
its conceptual demonstration in 2001. Microfluidic chips designed for electroporation
offer enhanced transfection efficiency and reduced voltage requirements [26]. Each chip
features two inlets, enabling the introduction and thorough mixing of NPs and membranes
within the channel. As the mixture travels through the electroporation zone, electrical
pulses create small pores in the membranes, facilitating the entry of NPs, with the resultant
CMC@NPs collected at the outlet [27]. Wu et al. [28] successfully coated magnetic NPs with
neutrophil vesicles using an electrophoresis microfluidic chip. This technique facilitates
the high-throughput production of CMC@NPs, characterized by excellent encapsulation
and high stability [29]. Despite its cost, microfluidic electroporation presents significant
potential for practical applications.

4. Application of Cell Membrane-Coated Nanoparticles in Cancer Treatment

Over the past decade, CMC@NPs have been explored in various anti-tumor strategies,
showcasing broad benefits and significant potential (Table 1). Here, we describe the
properties and mechanisms of different classifications of CMC@NPs, including RBCm@NPs,
PLTm@NPs, WBCm@NPs, SCm@NPs, CCm@NPs, and Hym@NPs and introduce recent
advances in tumor therapy.

Table 1. List of recent studies on CMC@NPs across different cancer models.

Type of CMC@NPs Cancer Models References
Melanoma [30,31]
Cervical cancer [32,33]
RBCm@NPs Breast cancer [34,35]
Colon cancer [23]
Liver cancer [36,37]

PLTm@NPs Melanoma [38,39]




Pharmaceutics 2024, 16, 531

50f33

Table 1. Cont.

Type of CMC@NPs Cancer Models References
Breast cancer [40-42]
PLTm@NPs Colon cancer [42,43]
Liver cancer [44]
Breast cancer [7,28]
Nm@NPs Liver cancer [45]
Pancreatic cancer [46,47]
Breast cancer [48-50]
Mm@NPs Osteosarcoma [51]
Glioma [52]
Melanoma [53,54]
Tm@NPs Liver cancer [55]
Glioma [56]
Lymphoma [57]
Melanoma [58,59]
DCmM@NPs Breast cancer [60,61]
Liver cancer [62]
Glioma [63]
Breast cancer [64]
NKm@NPs Liver cancer [65]
Glioma [66,67]
Liver cancer [68]
SCm@NPs Bone cancer [69]
Prostate cancer [70]
Melanoma [71-73]
Cervical cancer [74,75]
Breast cancer [76,77]
CCm@NPs Colon cancer [78]
Osteosarcoma [79,80]
Colorectal cancer [81]
Oral squamous cell carcinoma [82]
Bladder cancer [83]
Melanoma [84]
Breast cancer [85-87]
Liver cancer [88]
Hym@NPs Colon cancer [89]
Osteosarcoma [25]
Glioma [90-93]
Ovarian cancer [94]

Gastric cancer

[95]
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4.1. Red Blood Cell Membrane-Coated Nanoparticles (RBCm@NPs)

Red blood cells (RBCs), the most abundant cells in blood, primarily function to trans-
port oxygen to organs and cells and can circulate in the bloodstream for up to an average of
120 days. Initially, erythrocytes were explored as carriers for transporting various bioactive
compounds [96] and Hu et al. [9] were the first to extract the RBCm for biomimetic coating.
With a concentration of approximately 5 billion per milliliter in the blood, erythrocytes offer
plentiful material for isolation, facilitated by their lack of a nucleus and complex organelles.

RBCm stand out as a promising biomimetic material for enhancing the residence time
of NPs in the bloodstream. This advantage is attributed to the “self-marker” proteins on
the membrane surface, enabling the NPs to evade the reticuloendothelial system. CD47 is a
key marker that interacts with the inhibitory receptor SIRP«x (a signal-regulating protein
present on macrophages) and is recognized as a “do not eat me” signal, thus shielding
RBCm@NPs from phagocytosis [6,97]. Owing to their capabilities for immune evasion and
prolonged circulation, RBCm@NPs have been extensively researched for anti-tumor drug
delivery, as detailed in Table 2. However, their clinical application is constrained by poor
targeting [6]. Fang et al. suggested a lipid insertion method to enhance the tumor-targeting
efficiency of cell membrane-based NPs without affecting protein biodistribution, where
target ligands such as folic acid, tumor-targeting peptides, or neurotoxin-derived peptides
are integrated into CMC@NPs as ligand-linker-lipid conjugates through lipid tethers.

Table 2. List of RBCm@NPs applied in cancer therapy.

Source Cell Inner Cores Therapeutics Key Functions References
Curdlan .Chemotherapy, Long circulation, [31]
immunotherapy . .

immune evasion
Melanin PTT Long circulation, good [36]

biocompatibility
PLGA/AIEgen/Poly(I:C) PDT, immunotherapy Long circulation, [30]

homing to spleen
RBCs Fe;0,@Cu;_S MRI, PTT Immune evasion [32]
UCNP Tumor imaging Good biocompatibility [34]
AgoS MRI, SDT Long circulation, good [23]

biocompatibility
PLGA Chemotherapy Long circulation, [35]

immune evasion
PEG-b-PDLLA Chemotherapy, PDT Long circulation [33]

Immunotherapy suppresses tumor proliferation by restoring normal immune re-
sponses and, when synergized with chemotherapy, it demonstrates increased anticancer
efficacy. Curdlan, a non-branched p-glucan, activates receptors on macrophages to in-
duce the production of pro-inflammatory cytokines [98] and transforms tumor-associated
macrophages (TAMs) into an inflammatory phenotype [99]. Low molecular weight curdlan
(ICUR) served as an immunomodulatory drug carrier in research conducted by Lin and
co-workers [31]. They engineered RBCm-coated 1CUR loaded with DOX for melanoma
treatment (ICUR-DOX@RBC), as illustrated in Figure 3. To evaluate the immune evasion
capability of RBCm coatings, DOX, ICUR-DOX, and ICUR-DOX@RBC were separately
incubated with bone marrow-derived macrophages (BMDMs), with the least fluorescence
observed in ICUR-DOX@RBC-treated samples, indicating reduced macrophage uptake.
In vivo studies showed that ICUR-DOX@RBC achieved prolonged blood circulation and
significantly enhanced tumor growth inhibition after 12 days of treatment.
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Figure 3. (A) The synthetic route for the ICUR-DOX@RBC. (B) Schematic illustration of chemo-
immunotherapy of ICUR-DOX@RBC in tumor-bearing mice. Reprinted with permission from
Ref. [31]. Copyright © 2024, Elsevier B.V: Amsterdam, The Netherlands.

Photodynamic therapy (PDT) and photothermal therapy (PTT), viewed as promising
tumor therapeutic approaches, boast broad applicability, non-invasiveness, and straight-
forward implementation [100]. Melanin, known for its excellent PTT properties, has been
identified as a potent agent [101]. Zhang et al. [36] extracted melanin NPs (HNPs) from
human black hair for liver cancer PTT. Modified with the cRGD peptide via the lipid
insertion approach, RBCm was coated onto HNPs (HNP@RBCm-cRGD) to enhance their
circulation time and achieve a greater accumulation efficiency, without compromising the
PTT conversion capability of HNP.

4.2. Platelet Membrane-Coated Nanoparticles (PLTm@NPs)

Platelets (PLTs) are derived from the cytoplasmic fragmentation of mature megakary-
ocytes and represent the smallest cells in the blood. PLTs have a complete cell membrane
structure but lack a nucleus, facilitating the isolation of the PLTm. Similar to RBCm@NPs,
the inclusion of the CD47 protein on the modified PLTm coating helps to prevent phagocyte
detection. Moreover, PLTm are endowed with a range of functional antigens, receptors, and
proteins, such as CD55, CD59, P-selectin, and glycoprotein (GP) Ib, which are instrumental
in tumor targeting and metastasis, bacterial infections, thrombosis, and more [11].

The applications of PLTm@NPs in cancer therapy are detailed in Table 3. Bahmani
et al. [42] crafted polylactic acid (PLA) cores encapsulating resiquimod (R848), a Toll-like
receptor (TLR) agonist, and then coated these cores with PLTm, exploiting the ability of
PLTm to selectively bind to cancer cells in the tumor microenvironment (TME). PLTm@NPs
have the capability to respond to thrombotic signals that attract PLTs. This observation led
Wang and coworkers [43] to devise a strategy that utilizes specific coagulation to navigate
drug delivery to the tumor site and boost anti-tumor efficacy. They formulated a fusion
protein, truncated tissue factor-Arg-Gly-Asp (RGD) (tTF-RGD), as a catalyst to trigger
the coagulation cascade, and anti-PD-1 antibody-conjugated PLTs (P-aPD-1) that react to
coagulation signals. When tTF-RGD was administered via either the intravenous (i.v.) or
peritumoral (p.t.) route, it enhanced coagulation signals at the tumor site, attracting P-aPD-
1. PLTs activated by the coagulation cascade then secrete platelet-derived microparticles
(PMPs) and discharge aPD-1 antibodies to rejuvenate T cells (Figure 4). In this thrombosis-
mediated navigation, maintaining moderate coagulation is critical, as excessive coagulation
could pose risks.
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Table 3. List of PLTm@NPs applied in cancer therapy.

Source Cell Inner Cores Therapeutics Key Functions References
Tumor targeting, good
PLA Immunotherapy biocompatibility [42]
) Chemotherapy, Tumor targeting, responds to [43]
immunotherapy coagulation signals )
PLGA PDT Long circulation, tumor targeting [40]
Cuy0 PDT, cuproptosis Long circulation, tumor targeting [41]
PLTs PLGA-ss-HA Chemotherapy Tumor targeting [38]
MSN Chemotherapy Tumor and damage vessel [44]
targeting
MOF Gene therapy Tumor targeting [102]
MSN Hypoxia-sensitive Tumor and damage vessel [103]
chemotherapy targeting
HGN PTT Long circulation, tumor targeting [104]
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Figure 4. Schematic of the thrombosis-mediated navigation system for P-aPD-1. Reprinted with

permission from Ref. [43]. Copyright © 2024 The Authors, some rights reserved.

PLTm@NPs are utilized to deliver photosensitizers or photothermal agents. Xu
et al. [40] created a PLTm coating on photosensitizer (verteporfin)-preloaded PLGA NPs
(NP-Ver@P). NP-Ver@P exhibited a significantly higher tumor uptake compared to their
RBCm-coated counterparts, yet maintained a similar systemic circulation. In subsequent
research, PLT vesicles were engineered with Cu;O NPs encapsulating an aggregation-
induced emission (AIE) photosensitizer (TBP-2), facilitating a prolonged blood circulation
and an improved tumor targeting capability, as demonstrated by Ning and co-workers [41].
They introduced a cuproptosis sensitization system that triggers multiple tumor cupropto-
sis inductions, effectively suppressing lung metastasis of breast cancer in both cell lines
and mouse models.
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In addition to cancer therapy, PLTm@NPs are broadly applied in disease diagnosis and
treatment, leveraging the unique biological functions of PLTm. These include applications
in conditions like atherosclerosis, thrombotic, acute kidney injury, hypoxic pulmonary
hypertension, and intracerebral hemorrhage, among others.

4.3. White Blood Cell Membrane-Coated Nanoparticles (WBCm@NPs)

White blood cells (WBCs), also known as leukocytes, play a pivotal role in recogniz-
ing and eliminating pathogens, while regulating the immune system, which is essential
for maintaining physiological function. These cells are drawn to inflammation sites by
chemokines and since chronic inflammation is a hallmark of cancer—with an abundance of
chemokines being overexpressed—it leads to the targeted accumulation of WBCm@NPs in
tumor tissues [105]. Furthermore, specific immune recognition proteins on the WBCm can
bind to molecules on cancer cells, offering precise site-specific targeting [106]. Additionally,
NPs camouflaged with WBCm have the ability to evade immune detection. These capabil-
ities position WBCm@NPs as a promising anticancer drug delivery system, exemplified
by Nm@NPs, macrophage membrane-coated NPs (Mm@NPs), T cell membrane-coated
NPs (Tm@NPs), dendritic cell membrane-coated NPs (DCm@NPs), and natural killer cell
membrane-coated NPs (NKm@NPs). The applications of WBCm@NPs in cancer therapy
are cataloged in Table 4.

Table 4. List of WBCm@NPs applied in cancer therapy.

Source Cell Inner Cores Therapeutics Key Functions References
PPDG AChemotherapy, Inﬂammathn targeting, immune 7]
immunotherapy induction
Isolation and analysis of L .
IMN CTCs Tumor targeting, immune evasion [28]
Neutrophils N 4 ouled elocte
o anosecond pulsed electric .

Lip-GEM field, chemotherapy Tumor targeting [46]

PLGA PDT Tumor targeting, immune evasion [45]

PEG-PLGA Chemotherapy Tumor targeting [47]

PEG-PDPA Immunotherapy Tumor targeting, immune induction [48]

- Immunotherapy Tumor and macrophage targeting [51]
PLGA Immunotherapy Tum01.r targetmg, BBB. crossmsg, [107]

immune induction
Chemotherapy, . . . .

Macrophages Fe;0,4 phototherapy Tumor targeting, immune induction [49]
Polydopamine PTT, immunotherapy Tumor and inflammation targeting [108]

PLGA MR, chemo.therapy, Long circulation, BBB crossing, tumor [52]

chemodynamic therapy targeting
UCNP PDT, immunotherapy Tumor t.argetmg,.lmmu.ne €vasion, [50]
immune induction
AIE Gene editing, PTT Tumor targeting, BBB crossing, good [56]
biocompatibility
Chemotherapy, Tumor targeting, immune induction
HA . . [53]
T cells immunotherapy and evasion

MSN Gene editing, PTT Tumor targeting [55]

PLGA Immunotherapy Tumor targeting, immune induction [54]

PLGA PTT Tumor targeting [57]
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Table 4. Cont.
Source Cell Inner Cores Therapeutics Key Functions References
PLGA Immunotherapy Tumor' targetmg, BBB‘crossmg, [63]
immune induction
MSN PDT, immunotherapy Tumor targeting, immune induction [62]
Dendritic cells PLGA Immunotherapy Immune induction [58]
AIE PDT, immunotherapy Tumor targeting, immune induction [60]
PLGA .Cth chemistry, Immune induction [59]
immunotherapy
Polymer NPs Immunotherapy, PTT Immune induction and evasion [61]
PLGA .Chemotherapy, Long circulation, tumor targeting, BBB [66]
immunotherapy crossing
Thermodynamic-
Natural killer AsHMS-TA /Felll chemodynamic Long circulation, tumor targeting [65]
cells therapy
AlE Fluorescence imaging, PTT Tumor targeting, BBB crossing [67]
PLGA Fluorescence imaging, MRI Tumor targeting [64]
mPEG-PLGA PDT, immunotherapy Tumor targeting, immune induction [109]

4.3.1. Neutrophil Membrane-Coated Nanoparticles (Nm@NPs)

Differentiating from hematopoietic stem cells (HSCs) in bone marrow, neutrophils
represent the most prevalent type of WBCs in peripheral blood, comprising 55-70% of
the total and serving a crucial role in pro-inflammatory reactions and immune responses
to pathogens. Chemokines, such as the CXC chemokine family, summon neutrophils to
inflamed joints to mitigate inflammation and facilitate tissue repair [110]. Capitalizing
on this mechanism, Yang et al. and Zhang et al. [111,112] developed NPs coated with
neutrophil membranes (Nm) for precise drug delivery, aimed at rheumatoid arthritis
therapy. Additionally, Zhang et al. [113] engineered antibiotic-loaded Nm@NPs coupled
with natural microalgae for antibiotic delivery in the lungs, significantly reducing mortality
with minimal toxicity in a mice model.

In the management of pancreatic diseases, the presence of the blood-pancreas barrier
often results in a limited drug distribution at pancreatic sites. Coating NPs with Nm enables
them to overcome this barrier, as shown by Cao et al. [47]. Nm-coated PEG-PLGA NPs
were utilized to deliver celastrol for maximum internalization in the pancreas, exhibiting
significant anti-tumor activity in both ectopic and orthotopic models.

Nm@NPs have been explored in cancer treatment experiments for their potential to
suppress tumor growth and metastasis. Xia and co-workers [7] developed a sponge-like
Nm-coated nanocarrier (NM/PPcDG/D), aimed at disrupting postoperative inflammatory
immunosuppressive areas and blocking the formation of pulmonary pre-metastasis niches
by reducing the infiltration of myeloid-derived suppressor cells to boost treatment effi-
cacy for metastasis and relapse. In vivo imaging revealed that the NM/PPcDG/D group
achieved a higher accumulation rate at the post-operative tumor region than PPcDG/D,
demonstrating a significant inflammatory tropism. Furthermore, it was noted that the
NM/PPcDG/D-treated group significantly inhibited tumor recurrence and presented fewer
metastatic nodules in lung tissues (Figure 5).

Circulating tumor cells (CTCs) are the generic term for tumor cells shed from primary
solid tumors that enter the blood circulation [114]. Detecting CTCs is important for early
tumor diagnosis, as well as for predicting recurrence and metastasis, and the required
blood samples are more convenient and non-invasive than other biopsy strategies. Wu
et al. [28] developed Nm-coated immunomagnetic NPs to ensure the targeting ability for
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Figure 5. (A) In vivo living images after various treatments in tumor-excising mice. (a), PBS; (b),
PPcDG/DiD; (c), NM/PPcDG/DiD. (B) In vivo imaging of tumors after tumor resection and at the
end of therapy. (C) Typical tumor images in various groups at the end of therapy. (D) Representative
pictures of lung tissues in various groups at the end of therapy (some metastatic nodules were in
the back). (E) Full scanning of the H&E staining sections of the lung tissues in the PBS group and
the NM/PPcDG/D group. Black circles indicated the typical metastasis in the PBS group (Scale
bar: 1000 um). Reprinted with permission from Ref. [7]. Copyright © 2024 Acta Materialia Inc.:
Oxford, UK.

4.3.2. Macrophage Membrane-Coated Nanoparticles (Mm@NPs)

Macrophages, which derive from HSCs and mature from monocytes, have the capa-
bility to survive for months, or even longer. They play a key role in the innate immune
response and protect the body by phagocytosing microorganisms, apoptotic cells, and
presenting antigens [115]. The adhesion molecules expressed on macrophages’ surface,
such as integrins, selectins, and antigens, facilitate adhesion to inflammatory and cancer
cells [116]. Consequently, macrophage membrane (Mm)-coated NPs can specifically target
tumor and inflammatory tissues, bypass immune system clearance, achieve prolonged
circulation in the blood, and, additionally, activate anticancer immunity.

The application of MM@NPs for anti-tumor therapies is chiefly concentrated on the
TME and TAMs. The TME represents a complex, integrated system, resulting from the
interaction of tumor cells with surrounding tissues and immune cells, contributing to
tumor malignant progression, immunosuppression, drug resistance, and invasive metas-
tasis [117]. It is characterized by conditions such as hypoxia, reductive states, acidic pH,
and hydrogen peroxide (H,O;) overexpression, which foster tumorigenesis and prolif-
eration [118]. Building on this understanding, Wen and co-workers [119] developed an
Mm-coated mesoporous silica nanoplatform, loaded with catalase, DOX, and R848. This
platform is capable of producing oxygen on-site, inducing immunogenic cell death (ICD),
and boosting dendritic cells” activity, respectively, to amplify the immunotherapeutic effi-
cacy. Experimental results showed that the immunosuppressive TME could be mitigated
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by oxygen generation in the tumor area, suggesting that integrating it with immunotherapy
offers a viable strategy for combating tumors.

As a major component of the TME, TAMs can be polarized into two phenotypes,
as follows: anti-tumor M1 type and pro-tumor M2 type. Polarizing TAMs from M2 to
M1 is an effective strategy to remodel the TME for tumor treatment. TLR agonists have
been reported to induce polarization of TAMs to M1 [120]. Huang et al. [51] created
(PMETTL14+RS09)@cRGD-M, an Mm-coated nanovesicle modified with the cRGD pep-
tide, to co-deliver the TLR4 agonist and anti-cancer drug (METTL14), aimed at tumor
inhibition and TME remodeling. The nanovesicles, assisted by Mm, can dual-target tu-
mors and macrophages, and cRGD modification enhances their targeting ability. After
21 days of treatment in mice, (pMETTL14+RS09)@cRGD-M showed excellent anti-tumor
effects (Figure 6). In another study, Yue et al. [108] developed Mm-coated NPs with a
polydopamine core, which serves as a photothermal transduction agent, to carry TMP195
(an epigenetic modulator that repolarizes M2 into M1), targeting the cancer area after PTT
through inherited inflammation-mediated chemotaxis from Mm, enhancing the tumor
elimination rate.

Tumor cells secrete macrophage colony stimulating factor 1 (CSF1), which binds to the
receptor (CSF1R) on TAMs, leading to polarization towards the M2 immunosuppressive
phenotype [121]. Chen et al. [50] isolated a TAM membrane (TAMm) and enveloped it
around upconversion NPs with a conjugated photosensitizer (NPR@TAMM) to integrate
PDT and immunotherapy in cancer treatment. As shown in Figure 7, the TAMm coating
mimics the source cells, binding with CSF1 to counteract the polarization of M2, and
enhances drug delivery to tumor sites through its homing ability to TAMs, thereby boosting
anti-tumor immune efficacy. Similarly, Song et al. [49] developed an M1 membrane-
coated magnetic PTT nanocore for immunotargeting and photoacoustic imaging-guided
cancer treatment.
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Figure 6. (A) Schematic illustration of (pMETTL14+RS09)@cRGD-M in dual-targeted tumor therapy.
(B) Tumor volumes of different groups (** p < 0.01). (C,D) TUNEL staining indicated cell apoptosis in
tumor tissues (Scale bar: 20 um, ** p < 0.01). Reprinted with permission from Ref. [51]. Copyright © 2024
The Authors.
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Figure 7. Schematic illustration of the TAM-membrane-coated upconversion NPs for improved
photodynamic immunotherapy. (I) Preparation of NPR@TAMM. (II) Schematic representation of
antitumor mechanism by NPR@TAMM. Reprinted with permission from Ref. [50]. Copyright © 2024
American Chemical Society: Washington, DC, USA.

4.3.3. T Cell Membrane-Coated Nanoparticles (Tm@NPs)

T cells, a type of lymphocyte originating from lymphoid stem cells, participate in the
innate immune system [122]. They have multiple receptors that specifically identify and
bind to tumor-derived antigens on the membrane [123], which allows them to eliminate
tumor cells directly or by producing various growth factors and cytokines, thereby enhanc-
ing immune efficacy. Due to the high tumor affinity of T cell receptors, Tm@NPs represent
a promising nano-platform for targeted tumor drug delivery.

Tm@NPs are capable of devastating cancer cells in a way that resembles cytotoxic T
lymphocytes (CTLs). Kang et al. [54] developed T cell-mimicking NPs by creating PLGA
NPs and loading them with anticancer drugs, such as dacarbazine. Tm@NPs actively target
tumor cells through adhesion proteins, eliminating cells by generating a Fas ligand signal
and releasing drugs. They also restore CTL functions by blocking immune checkpoint
interactions and scavenging for immunosuppressive molecules. In a B16F10 tumor-bearing
mouse model, it was observed that Tm@NPs were more effective in retarding tumor
growth with negligible systemic toxicity, especially when compared to immune checkpoint
blockade (anti-PD-L1 antibody) treatment.

To combat the inter- and intra-heterogeneity of tumors, researchers have adopted a
dual-targeting strategy for more effective drug delivery to malignant sites. As reported,
AcysManN-BCN (a novel [6.1.0] bicyclo nonyne-modified unnatural sugar) can be artificially
introduced into various tumor cells [124]. Han et al. [57] modified T cell membrane (Tm)
with the azide (N3) through glycometabolism, enveloped it in PLGA polymeric cores loaded
with indocyanine green (ICG), and developed N3-TINPs for PTT. As depicted in Figure 8,
N3 anchors to tumor cells previously administered with BCN-sugar, AcsManNBCN, via a
bioorthogonal reaction, while Tm targets the tumor through retained immune recognition
receptors, achieving dual targeting. Subsequently, tumors are eradicated through ICG-
mediated PTT.

In a subsequent experiment, chimeric antigen receptor T (CAR-T) cells were engineered
to enhance targeting efficiency. Ma et al. [55] created mesoporous silica NPs containing
IR780, encased in a CAR-T cell membrane. This membrane is specifically designed to
recognize Glypican-3 expression in hepatocellular carcinomas (HCCs), thereby enabling
targeted PTT treatment.

Wang et al. [56] specifically developed Tm@NPs with AIE (CM@ALIE) for brain cancer
theranostics. Through genetic engineering, Tm was tailored to bind to CD133-positive
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glioblastoma stem cells and epidermal growth factor receptors, targeting both GSCs and
glioblastoma cells. In vivo fluorescence imaging showed that mice injected with Cy5.5-
labeled CM@AIE exhibited a significantly brighter fluorescence in the GBM area compared
to bare AIE NPs, with the tumor signal being nearly four times stronger, highlighting Tm’s
exceptional targeting capability (Figure 9). Zonula occludens-1 (ZO-1), crucial for maintain-
ing tight junction (TJ) structures and integrity, was found to be down-regulated in tumor
blood vessels following Tm and CM@AIE treatment, suggesting Tm'’s ability to disrupt TJ
tightness and silently cross the blood-brain barrier (BBB). CM@ALIE effectively inhibited
GBM proliferation through 980 nm laser irradiation (0.70 W/cm?, 10 min), resulting in
no noticeable tumor cell growth in the group that had been intravenously injected with
CM®@ALIE after 60 days.
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Figure 8. Fabrication of N3-TINPs and their application for highly efficient photothermal therapy.
Reprinted with permission from Ref. [57]. Copyright © 2024 The Authors.
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Figure 9. (A,B) In vivo fluorescence imaging quantitative fluorescence intensity analysis after Cy5.5-
labeled AIE NPs and CM@AIE NPs administrations, respectively (*** p < 0.001). (C) Immunofluores-
cence images of ZO-1 and CD31 on brain blood vessels after various treatments for 8 h (Scale bar:
100 um). (D) H&E analysis of tumor slices after various treatments (Scale bar: 50 um). Reprinted
with permission from Ref. [56]. Copyright © 2024 Elsevier Ltd.: Oxford, UK.
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4.3.4. Dendritic Cell Membrane-Coated Nanoparticles (DCm@NPs)

Dendritic cells (DCs) are pivotal antigen-presenting cells (APCs), essential for inducing
and regulating innate and adaptive immune responses in the human body [125]. DCs can
recognize, engulf, and modify foreign antigens; present these antigens through major
histocompatibility complexes (MHCs); and, subsequently, activate various T lymphocyte
subtypes to target tumor cells. However, the TME can promote the emergence of tolerogenic
DCs that aid tumor immune evasion by either inducing anergy and apoptosis in CD8" T
cells or activating regulatory T cells [126]. Consequently, the development of DC-mimicking
NPs, also known as nano-vaccines, capable of antigen processing, T cell priming, and
stimulating anti-tumor immunity, is garnering growing interest.

Sun et al. [61] cultivated immature DCs with tumor antigens for 24 h, utilizing TLR-3 to
induce their maturation, followed by harvesting the mature dendritic cell membrane (DCm).
Intelligent DCs (iDCs) were then synthesized by coating NPs, which carried PTT agents,
with DCm, to create a synergistic PTT-immunotherapy approach for anti-tumor effects.
iDCs are capable of stimulating T cells both in situ and in lymph nodes. Additionally,
cytokines secreted by activated CD4*/CD8" T cells enhance the sensitivity of cancer cells
to heat stress. With 808 nm laser radiation for mild PTT therapy (42—45°C), tumor cells,
sensitized to the treatment, were efficiently eradicated while sparing immune cells, thereby
reactivating the tumor immunity cycle (Figure 10).
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Figure 10. Schematic illustration of the preparation of iDCs and the mechanism of synergy between
iDCs and mild photothermal-immunotherapy. Reprinted with permission from Ref. [61]. Copyright
© 2024 Elsevier Ltd.: Oxford, UK.

Xu et al. [60] developed DCm-coated photosensitizer (AIE) lipid droplets to traverse bi-
ological barriers and efficiently accumulate at tumor sites. Additionally, DCm@NPs demon-
strated significant potential in inhibiting glioma. Ma et al. [63] engineered RAPA-loaded
PLGA encapsulating DCm (with DCs induced to mature in vitro), termed aDCM@PLGA /
RAPA. As depicted in Figure 11, using a transwell BBB model, it was observed that
aDCM@PLGA /RAPA effectively crossed the BBB, evidenced by a higher fluorescence
intensity in C6 cells after crossing the bEnd.3 monolayer. Following 19 days of treatment,
enhanced CD3*CD8" and CD3*CD161" expression were quantified in brain tumors, in-
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dicating an increased T cell and NK cell activity, as shown using flow cytometry in the
aDCM@PLGA /RAPA group. Moreover, aDCM@PLGA elicited a robust memory effect;
post pre-immunization with various groups and subsequent injection of C6-LUC cells,
minimal tumor volume was detected in the aADCM@PLGA group through bioluminescence
imaging, in contrast to saline and PLGA.
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Figure 11. (A) Transwell schematic illustrations. (B) Confocal images. (C,D) Flow cytometric
quantification of T and NK cells expressed by brain tumor tissue (**** p < 0.0001). (E) In vivo imaging
system detection images and bioluminescence quantification of mice preimmunized with different
formulas (** p < 0.01, *** p < 0.001). Reprinted with permission from Ref. [63]. Copyright © 2024
American Chemical Society: Washington, DC, USA.

4.3.5. Natural Killer Cell Membrane-Coated Nanoparticles (NKm@NPs)

Natural killer cells (NKs), functioning as lymphocytes of the innate immune system,
have the ability to recognize and eliminate aberrant cells, without prior antigen stimulation,
a capability distinct from that of T cells. Contrarily, NKs can promote the maturation
of APCs and secrete a variety of cytokines to modulate immune responses [127]. It is
reported that CMC@NPs formulated with natural killer cell membrane (NKm) enable
NPs to specifically target tumors and to induce and enhance M1 macrophage polarization,
thereby producing anti-tumor immunity [64,109].

NKm@NPs are utilized to transport photosensitizers or anticancer drugs for brain
cancer due to their ability to cross the BBB. Deng et al. [67] developed NKm coated with
a polymeric core carrying AIE, while Zhang et al. [66] encapsulated cRGD-decorated
NKm with PLGA-coated temozolomide and interleukin-15 (IL-15) NPs. Both delivery
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systems provided a highly efficient BBB crossing and performed well in inhibiting brain
tumor growth.

Free radical-based anti-tumor therapy, which induces tumor cell death through oxida-
tive stress, is widely utilized [128]. However, glutathione, the primary endogenous antioxi-
dant, can neutralize free radicals in tumor cells. Employing a photothermal-augmented
thermodynamic—chemodynamic approach, Lin et al. [65] developed a nanogenerator
(AsHMSTA /Fe"@NK) that both generates free radicals and consumes intracellular glu-
tathione (GSH). This approach effectively amplifies oxidative stress, thereby enhancing
anticancer therapy. As illustrated in Figure 12, an increased green fluorescence emission
was noted in the AsHMS-TA /Fel"f@NK group with NIR laser irradiation, relative to other
groups, indicative of elevated free radical production. Further, live/dead cell staining
and apoptosis analyses confirmed the AsHMS-TA /Fel!@NK nanogenerator’s significant
efficacy in promoting tumor cell death predominantly via apoptosis.
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Figure 12. (A) Intracellular free radical generation via DCFH-DA assay. (B) Live/dead cell staining
via calcein-AM/PI assay. (C,D) Apoptosis assay via Annexin V-FITC/PI staining. Reprinted with
permission from Ref. [65]. Copyright © 2024 The Authors.

4.4. Stem Cell Membrane-Coated Nanoparticles (SCm@NPs)

Stem cells (SCs), also known as mesenchymal stem cells (MSCs), offer significant
advantages due to their ease of acquisition and isolation and their ability to be derived
from a variety of tissue types [129]. MSCs are inherently capable of evading the immune
system, due to their low immunogenicity [130], and they have the ability to migrate
to malignant tissues, including glioma, breast cancer, and HCCs, through chemokine—
receptor interactions and endothelial adhesion [131]. Consequently, MSC membrane-coated
nanoparticles (MSCm@NPs) demonstrate substantial potential in anti-tumor applications.
A list of SCm@NPs utilized in cancer therapy is detailed in Table 5.
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Yang et al. [68] developed DOX-loaded PLGA NPs coated with MSC membranes
(MSCm) derived from umbilical cord MSCs, aimed at targeted chemotherapy delivery for
tumors. This study was the first to demonstrate the feasibility of using umbilical cord MSCm
in creating nanocarriers. Following this, Zhang’s group [69] employed umbilical cord-
derived MSCm@NPs for the chemo—photothermal treatment of malignant bone diseases.
These MSCm@NPs retained the biological function of natural MSCm, exhibiting remarkable
biocompatibility, stability, and synergistic efficacy in cancer cell eradication. Furthering
this research, Mu’s group [70] engineered MSCm@NPs to deliver DOX and PD-L1 siRNA
for chemoimmunotherapy of prostate tumor bone metastases. Their work demonstrated
outstanding efficacy in both in vitro and in vivo studies.

Cell—cell interactions play a crucial role in both tissue regeneration and tumorigenesis,
from development to maturation [132]. Drawing inspiration from this, Kim et al. [133]
developed SCm-derived NPs (referred to as CMNPs), which incorporate a Notch-1 antag-
onistic aptamer for tumor angiogenesis suppression. These CMNPs aim to provide the
following dual benefits: counteracting laryngeal cancer and promoting chondrogenesis.
CMNPs were sourced from tonsil-derived MSCs, isolated using a series of filters with
progressively smaller pore sizes. These NPs enhance cell—cell interactions and facilitate a
tighter membrane-to-membrane contact, leading to a hypoxic environment conducive to
both cartilage growth and cancer cell proliferation. Given that blood vessels are vital for
cancer growth but unnecessary for cartilage development, the presence of the Notch-1 ap-
tamer in CMNPs ultimately results in the death of laryngeal cancer cells and the promotion
of chondrogenesis.

In another study, Sancho-Albero et al. [134] utilized the natural biogenesis pathway to
obtain small extracellular vesicles (sEVs) loaded with NPs derived from SCs. These sEVs
were employed in a multinodular intraperitoneal model to evaluate their selective delivery
capabilities. The findings revealed that sEVs exhibited a high delivery efficacy, even in
scenarios of multinodular dissemination, heralding a new avenue for the advancement of
biomimetic NPs.

Table 5. List of SCm@NPs applied in cancer therapy.

Source Cell Inner Cores Therapeutics Key Functions References
PLGA Chemotherapy =~ Tumor targeting [68]
Tumor targeting,
Polydopamine Chemlgfr}}ferapy— long circulation, [69]
Stem cells immune evasion
. Chemotherapy, .
Polydopamine gene therapy Tumor targeting [70]
MRI, PTT, gene .
Fe304@PDA therapy Tumor targeting [135]

4.5. Cancer Cell Membrane-Coated Nanoparticles (CCm@NPs)

Utilizing CCm to fabricate CCm@NPs for homologous cancer therapy presents sub-
stantial advantages. These NPs leverage tumor homotypic binding for specific targeting
and efficient internalization by the originating tumor cells. This ability stems from the
overexpression of homotypic adhesion antigens on CCm surfaces, including the E-cadherin,
Galectin-3, and TF antigens [136]. CCm’ low immunogenicity permits the NPs to avoid
immune detection, thus prolonging their circulation in the bloodstream. Furthermore,
modifying these NPs with cancer antigens enhances immune responses, which is beneficial
for immunotherapy. Additionally, the ease of proliferating tumor cells in vitro cell culture
supplies ample resources for CCm@NP development [137]. As a targeted drug delivery
platform, CCm@NPs have been employed across various therapeutic strategies against
cancer. A list of CCm@NPs used in cancer therapy is provided in Table 6.
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Table 6. List of CCm@NPs applied in cancer therapy.

Source Cell Inner Cores Therapeutics Key Functions References
Nanogel 'Chemotherapy, Homolog(')us targetmg, 8]
immunotherapy long circulation
Silica Chemotherapy Homologous targeting [81]
Cu-ZnO NO therapy Tumor targeting, [74]
immune evasion
MSN .Tumor vaccine, Immune induction [71]
immunotherapy
Cancer cells
Tumor vaccine, gene Homologous targeting,
PEI ors . . . [72]
editing immune induction
Immunotherapy, Long circulation,
HMnO, chemodynamic therapy = homologous targeting [79]
Fe-PDAP SDT, immunotherapy Tumor targeting [76]
CMO PTT, immunotherapy Tumor targeting, [77]
immune evasion
TiO, SDT, PTT Tumor targeting [75]

Wang et al. [81] created mesoporous silica nanorods with colorectal CCm@NPs (C-
Z@CM), demonstrating a superior cellular uptake compared to uncoated counterparts in
HT-29 cells. A powerful anti-tumor effect has been demonstrated with nitric oxide (NO)
gas therapy. In Xu and colleagues’ research [74], as depicted in Figure 13, a copper-based
metal-organic framework (MOF) material was synthesized. This material triggers the
generation of hydroxyl radicals (¢OH), with ZnO doping enhancing NO production from
endogenous S-nitrosoglutathione (GSNO) at tumor sites. The concurrent release of reactive
oxygen species (ROS) and NO led to the formation of lethal reactive nitrogen species
(ONOQO"). Treated with C-Z@CM, treatment in a U14 tumor-bearing mouse model resulted
in markedly elevated ROS, NO, and ONOO" levels.
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Figure 13. (A) Schematic illustration of C-Z@CM multi-mode anti-tumor actions and the main process
and chemical equation of ONOO™ production. (B) Representative ROS and ONOO™ staining images
of tumor tissues after different treatments for 24 h (Scale bar: 100 um). (C) Quantitative analyses of
NO content in tumor tissue (** p < 0.01). Reprinted with permission from Ref. [74]. Copyright © 2024
Wiley-VCH GmbH.
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Immunotherapy, combined with other treatments such as magnetic resonance imaging
(MRI), sonodynamic therapy (SDT), PTT, and chemotherapy in CCm@NPs, has gained
traction in anti-tumor therapies. Yang et al. [71] synthesized a nano-vaccine by coating
B16-F10 melanoma membrane onto mesoporous silica NPs and incorporating adjuvant
cytosine-phosphate—guanine (CpG) and propranolol (a 3-AR inhibitor). This approach en-
hanced T cell infiltration into tumors and modulated the immunosuppressive TME. Shang
et al. [8] developed a chemo-immunotherapy nanosystem by coating a pH-responsive
nanogel loaded with paclitaxel (PTX) and interleukin-2 (IL-2) onto CCm, targeting triple-
negative breast cancer. This strategy facilitated an increased drug concentration and a swift
release at the target site, leading to rapid immune activation and amplified anti-tumor
efficacy. In a separate study, Liu et al. [72] created DBE@QCCNPs, incorporating polyethylen-
imine (PEI25K) containing unmethylated CpG into a CCm modified with CD47KO/CRT.
They utilized gene editing to produce dual-bioengineered tumor cells, cultivated with
calreticulin to induce ICD, enhancing antigen phagocytosis. The integration of this nano-
vaccine with anti-PD-L1 therapy in a mouse model effectively counteracted T lymphocyte
immunosuppression, resulting in a significant anti-tumor response.

Fu et al. [79] developed a nanoplatform for MRI-guided immuno-chemodynamic ther-
apy of osteosarcoma, comprising hollow manganese dioxide (HMnO;) NPs modified with
alendronate and coated with CCm to encapsulate ginsenosides Rh2 (immune activators).
Upon internalization by tumor cells via homophilic targeting, the HMnO, framework de-
pletes GSH and generates ¢ OH, effectively inducing ICD and activating T cells to mitigate
the tumor. In their study, Jiang et al. [76], introduced a CCm-coated, catalase-mimicking,
Fe-doped polydiaminopyridine (Fe-PDAP) containing chlorin e6 (Ce6), termed MFC, for
efficient SDT-immunotherapy. MFC minimizes unnecessary HyO, consumption and profi-
ciently generates ROS at the tumor site, enhancing the release of tumor-associated antigens
during SDT, to promote the maturation of APCs and trigger an immune response.

Jana et al. [77] developed a redox nanozyme (CMOR®@4T1) for synergistic PTT and
immunotherapy. As depicted in Figure 14, a Cu-doped MoOy (CMO) nanozyme was
initially synthesized using a metal-polyphenol coordination method. Subsequently, it
was coated with the 4T1 cell membrane and loaded with R848, resulting in CMO-R@4T1.
Following the injection of different NPs into tumor-bearing mice at the 12 h mark, the
CMO-R@4T1 and CMO groups exhibited the highest fluorescence intensity, respectively,
with the signal of CMO®@4T1 being approximately 1.6 times higher. This suggests that
CCm enhance the NPs’ targeting ability, allowing for their effective accumulation at tumor
sites. In a bilateral tumor mouse model, treatment with CMO-R@4T1 combined with NIR-II
irradiation significantly inhibited tumor growth and enhanced CD4* and CD8* T cell
infiltration in both primary and distant tumors.
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Figure 14. (A) Scheme of CMO-R@4T1-mediated targeted NIR-II photothermal immunotherapy.
(B) In vivo photoacoustic imaging and intensity of tumor-bearing mice with the tumor regions
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highlighted (yellow circle) (Scale bar: 5 mm). (C,D) Tumor growth curves of primary and distant tu-
mors on bilateral tumor-bearing mice after various treatments (*** p < 0.001). (E) Immunofluorescence
staining of CD8" T cells (green) and CD4" T cells (red) from both primary and distant tumor tissues
of mice after different treatments (Scale bar: 100 um). Reprinted with permission from Ref. [77].
Copyright © 2024, Wiley-VCH: Weinheim, Germany.

4.6. Hybrid Membrane-Coated Nanoparticles (Hym@NPs)

By fusing cell membranes isolated from various cell sources into a hybrid membrane
(Hym), it is possible to integrate multifunctionality into a single platform. Consequently,
creating Hym@NPs opens up broad prospects for the application of bionic NPs in tumor
therapy. Table 7 presents a compilation of Hym@NPs utilized in cancer therapy.

Table 7. List of Hym@NPs applied in cancer therapy.

Source Cell Inner Cores Therapeutics Key Functions References
PLTm-Nm Gold nanocage Chemotherapy, PTT High affinity for CTCs [85]
and exosomes
Chemodynamic Immune evasion

Mm-CCm Fe304 therapy, homologous tar eti/n [86]

immunotherapy, PDT & getng
BBB crossing,

Mm-CCm-mH CPC@MTIC Chemotherapy homologous and [90]
inflammation targeting

CCm-CCm OA-LnNPs PTT BBB crossing, [91]
homologous targeting

DCm-CCm HPMC .Chemotherapy, Hc.)mologogs targ.etmg, [92]

immunotherapy immune induction

RBCm-CCm TK-PPE PTT, immunotherapy Long circulation, [94]
homologous targeting

RBCm-CCm PLGA Chemotherapy, PDT Long c1rculat10n., [89]
homologous targeting

WBCm-CCm Fe;0, Isolation and analysis Tumor targetlpg, [87]

of CTCs immune evasion
Homologous and
Mm-Nm Ag,S Immunotherapy inflammation targeting, [93]

BBB crossing

Ye et al. [85] developed PNMAuDIs to enhance the chemo-PTT treatment efficacy
in breast cancer therapy. In their research, Hym (named PNM) was synthesized from
PLTm and Nm through 10 min of sonication, with the resulting PNM subsequently en-
veloping a gold nanocage core loaded with DOX and ICG. Further analysis revealed
that this fusion retained cell membrane proteins from both PLTs and neutrophils. Con-
sequently, the PNMAuDIs demonstrated a strong affinity towards CTCs and migrating
tumor-derived exosomes, markedly reducing tumor growth and metastasis. Similarly,
Chen and colleagues [138] crafted a Hym@NP combining RBCm and CCm, named Hyb-NP.
This construct was designed to extend circulation time and enhance tumor recognition, en-
capsulating monensin—a metastasis inhibitor. Hyb-NP efficiently delivers monensin to the
Golgi apparatus, thereby extending circulation time and significantly reducing spontaneous
metastasis in an orthotopic breast cancer model.

Similarly, Zhang et al. [86] focused on developing TRM (CCm-Mm) hybrid Fez;O4 NPs
loaded with ICG and imiquimod (R837), named RIFe@TRM, for a combination therapy
approach in breast cancer treatment. In vitro studies demonstrated that the TRM hybrid
membrane coating exhibited excellent self-targeting capabilities, as evidenced by enhanced
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fluorescence in 4T1 cells indicative of a higher uptake, compared to others, when incubated
with DiO-labeled RIFe@TRM (Figure 15). These fluorescence images further suggest that
TRM significantly extends the circulation life of the NPs. Upon administering RIFe@TRM
combined with laser irradiation and a magnetic field (MF) for 5 min in a mouse model, the
temperature in the targeted area increased to 48.6 °C, leading to pronounced tumor cell
apoptosis and necrosis, as confirmed by H&E staining.
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Figure 15. (A) In vivo real-time fluorescence images (Scale bar: 20 um). (B) In vitro fluorescence
images of tumors and major organs. (C) Infrared thermography of tumor-bearing mice. (D) H&E
staining of the tumor sections (I: Saline, II: Fe3Oy, III: R837, IV: ICG, V: RFe, VI: RIFe + NIR, VII:
RIFe@TRM, VIII: RIFe@TRM + NIR, IX: RIFe@TRM + NIR + MF, Scale bar: 20 um). Reprinted with
permission from Ref. [86]. Copyright © 2024 American Chemical Society: Washington, DC, USA.

Recently, Huang et al. [90] innovatively developed triple-fused cell membranes (mnUMH)
that encapsulate supramolecular micelles, enabling them to cross the BBB for GBM treatment
(Figure 16). In their research, cell membranes from glioblastoma, macrophages, and microglia
(mH) were selected and fused in a 2:1:1 ratio through co-extrusion, aiming to boost brain
tumor targeting efficiency. The mUMH demonstrated superior intracellular uptake and
tumor targeting capabilities compared to individual membrane types.

A wide range of cell membrane combinations has been investigated for preparing
Hym to encapsulate nanomaterials. Beyond the examples previously discussed, research
has explored hybrids of cancer—cancer [91], DC—cancer [92], RBC-PLT [139], mitochondria—
cancer [140], bacteria—cancer [141], and embryonic-bacteria [142], among others.
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Figure 16. Design of tumor microenvironment targeting for glioblastoma multiforme treatment via
hybrid cell membrane coating supramolecular micelles. Reprinted with permission from Ref. [90].
Copyright © 2024 Elsevier B.V: Amsterdam, The Netherlands.

5. Advantages and Limitations

Biomimetic nanoplatforms coated with cell membranes possess tremendous poten-
tial as delivery nanocarriers, fusing various cell types with versatile nanomaterials and
encapsulating diverse drugs (Figure 17). The cell membrane bestows biomimetic properties
and unique functions upon conventional NPs. The use of CMC@NPs in cancer therapy
has yielded encouraging achievements, offering benefits such as immune evasion, tumor
targeting, and enhanced immune responses.
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Figure 17. Different classification of CMC@NPs used for cancer therapy (Created by authors using
Adobe Illustrator 2023® software).

Most NPs, as exogenous substances, are quickly recognized and cleared by the immune
system upon entry into the body. The application of a membrane coating effectively
disguises NPs as “self” entities, enabling them to avoid detection by the reticuloendothelial
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system and extending their circulation time in the bloodstream. This results in enhanced
extravasation into tumor tissue through the Enhanced Permeability and Retention (EPR)
effect. Several types of CMC@NPs have been shown to increase biocompatibility and evade
immune detection, notably RBCm@NPs. An experiment by Su et al. [143] demonstrated
that RBCm@NPs extended circulation nearly 5.8 times longer than bare NPs.

Tumor targeting is essential for a drug delivery system to achieve maximum efficacy
in cancer treatment. Scientists are increasingly focusing on enhancing active targeting
modification, as opposed to passive targeting, which may lead to drug resistance. Certain
cell types, such as cancer cells, WBCs, and PLTs, innately possess tumor homing abili-
ties. This phenomenon can be attributed to proteins or ligands on the cell membrane that
recognize and bind to tumor cell receptors, facilitated by recruitment through chemoattrac-
tants. Consequently, the cell membrane has been extensively exploited for active targeting
modification. Notably, CCm@NPs, whether used solely or in combination with other
membranes, demonstrate improved tumor-specific targeting capabilities and an enhanced
cellular uptake. Han et al. [144] developed a glioma membrane-coated PEI nano-core
loaded with plasmid DNA, indicating high accumulation and transfection efficiency in tu-
mor cells, leading to a significant reduction in tumor size. NPs coated with cell membranes
enhance tumor targeting efficiency, offering the potential to achieve precision medicine and
minimize side effects.

Coating NPs with WBCm or CCm holds promise for immune activation. DCm@NPs
can mimic APCs and promote the differentiation of CD4*/CD8* T cells; Tm@NPs can
bind to immunosuppressive molecules (e.g., TGF-3) and PD-L1 on tumor cells, effectively
restoring T cells’ cancer-killing capabilities. Similarly, NPs coated with TAMm can drive M1
phenotype polarization by depleting macrophage colony-stimulating factors (e.g., CSF1)
secreted by tumor cells, thereby reshaping the TME. Furthermore, following lysosomal
degradation or laser irradiation, CCm@NPs discharge CCm fragments that serve as tumor
antigens, encouraging the maturation of APCs and stimulating the immune response.

Cell membrane-coated biomimetic NPs have shown exceptional therapeutic efficacy
in various anti-tumor strategies, owing to their unique advantages. However, limitations
exist as well. Specifically, RBCm@NPs offer high biocompatibility and an extended plasma
half-life, yet their tumor-targeting capability is limited. PLTm@NPs can target tumors
effectively and sustain circulation, but carry a potential risk of thrombosis. WBCm@NPs
demonstrate precise targeting and immune activation, but exhibit high heterogeneity.
SCm@NPs possess a strong affinity for tumors, yet lack the desired specificity. CCm@NPs
are capable of actively targeting cancer cells and modulating the immune response, but
raise safety concerns, such as oncogenic risks. Hym@NPs combine various functionalities,
yet may lead to diminished effects.

During the manufacture of CMC@NPs, the scarcity of certain source cells can lead to
increased costs for membrane harvesting. Moreover, the thorough removal of intracellular
contents and genetic material is essential to ensure membrane purity, especially with cancer
cells, due to potential carcinogenic risks. Furthermore, keeping the preparation process at a
low temperature is vital to maintain the stability and integrity of surface proteins, which are
crucial for biological functions and minimizing endogenous immune reactions. Although
various methods for preparing CMC@NPs exist, most are confined to lab-scale experiments,
posing challenges for upscaling to industrial production because of their laboriousness, low
efficiency, and inconsistent results. To fulfill clinical application standards, the continuous
improvement and optimization of the preparation process is necessary.

The storage of CMC@NPs presents another challenge for clinical applications. Strate-
gies are needed to ensure their long-term preservation and to prevent a loss of stability
and therapeutic effectiveness. Furthermore, rigorous protocols are required to protect
CMC@NPs from contaminants such as endotoxins, viruses, and pyrogens.

Although CMC@NPs have shown exhilarating potential in laboratory settings with
model animals, the transition to effective therapeutic applications in human patients is
fraught with significant challenges, especially in terms of operational complexity, time
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efficiency, and financial cost. The process spanning from the extraction of cell membranes to
the preparation of drug-encapsulated NPs necessitates meticulous operations, demanding
high technical proficiency, precise manipulation, and stringent quality control, increasing
both complexity and technical demands in clinical settings. Consequently, the procedures
must be streamlined and standardized. Furthermore, given the urgency of treatment for
cancer patients, the time efficiency in preparing CMC@NPs is critical, as any delays could
significantly impact therapeutic outcomes. Scientists are investigating pre-preparation
and storage techniques for cell membrane biomimetic NPs or contemplating the use of
generic cell membranes suitable for multiple patients. However, these strategies also face
challenges related to long-term storage stability and the uncertainty of treatment outcomes
due to individual patient differences. Interim therapeutic measures may be necessary to
compensate for the preparation time. Finally, the substantial economic cost associated with
this technology—stemming from the requirement for specialized equipment, materials, and
skilled labor—considerably limits its accessibility, which further complicates the process of
translating these advancements into clinical practice.

6. Conclusions and Prospects

This review aims to outline the preparation, features, functions, and potential applica-
tions of CMC@NPs, and several challenges were discussed. With the efforts of scientists,
cell membrane-based DDSs have made significant progress in recent years. As innovative
drug carriers, cell membrane-camouflaged NPs have demonstrated tremendous potential
in cancer therapy, offering advantages such as excellent biocompatibility, immune evasion,
prolonged blood circulation, a high biodistribution profile, enhanced immune response,
active tumor targeting, and increased drug accumulation at tumor sites.

Although the transition of CMC@NPs from laboratory research to translational medicine
faces numerous challenges, there is an undeniable optimism that advances in cell engineer-
ing and biomimetic nanotechnology will gradually address these issues. Recently, scientists
have discovered a method to improve the full coating ratio of CMC@NPs by enhancing
membrane fluidity [145]. In another study, bacteria were co-cultivated with host cells and
subsequently exposed to UV light, triggering apoptosis and resulting in the spontaneous
coating of bacteria with cell membranes [146]. Both studies pave the way for more efficient
and easily adaptable coating techniques.

Personalized healthcare represents a promising direction for the clinical application of
CMC@NPs. NPs coated with self-derived cell membranes can maximally avoid immune
system activation. The development of Hym@NPs and advances in biological membrane
modification offer boundless opportunities for this innovative biomimetic platform. More-
over, NPs based on EVs, such as exosomes and microvesicles, are attracting attention for
their cargo transport capabilities and inherent functional properties.

In summary, although there are still some hurdles to be solved from bench to clinical
practice, cell membrane-based biomimetic systems represent a feasible approach to decorate
nanoparticles and hold great promise for cancer therapy.
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Cell membrane-coated NPs

Magnetic resonance imaging
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Red blood cell membrane
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Photodynamic therapy
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White blood cells
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Antigen presenting cells
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Natural killer cells

Stem cells

Circulating tumor cells

Macrophage membrane

Tumor microenvironment
Tumor-associated macrophages

Hydrogen peroxide

Colony-stimulating factor 1
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Indocyanine green

Chimeric antigen receptor T
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Aggregation-induced emission

Major histocompatibility complexes
Mesenchymal stem cells

Reactive oxygen species

Immunogenic cell death
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Neutrophil membrane-coated nanoparticles
Cancer cell membrane-coated nanoparticles
Red blood cell membrane-coated nanoparticles
Platelet membrane-coated nanoparticles
White blood cell membrane-coated nanoparticles
MSC membrane-coated nanoparticles

Stem cell membrane-coated nanoparticles
Hybrid membrane-coated nanoparticles
Macrophage membrane-coated nanoparticles
T cell membrane-coated nanoparticles
Dendritic cell membrane-coated nanoparticles
Natural killer cell membrane-coated nanoparticles



Pharmaceutics 2024, 16, 531 27 of 33

References

1.
2.
3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer ] Clin. 2023, 73, 17-48. [CrossRef]

Desai, N. Challenges in development of nanoparticle-based therapeutics. AAPS J. 2012, 14, 282-295. [CrossRef]

Xu, P; Zuo, H.; Chen, B.; Wang, R.; Ahmed, A.; Hu, Y.; Ouyang, ]. Doxorubicin-loaded platelets as a smart drug delivery system:
An improved therapy for lymphoma. Sci. Rep. 2017, 7, 42632. [CrossRef]

Lubich, C.; Allacher, P.; Maurus, D.L.R.; Bauer, A.; Prenninger, T.; Horling, FM.; Siekmann, J.; Oldenburg, J.; Scheiflinger,
F.; Reipert, B.M. The Mystery of Antibodies Against Polyethylene Glycol (PEG)—What do we Know? Pharm. Res. 2016, 33,
2239-2249. [CrossRef]

Hwang, J.; Jeong, Y.; Park, ]. M.; Lee, K.H.; Hong, ].W.; Choi, J. Biomimetics: Forecasting the future of science, engineering, and
medicine. Int. J. Nanomed. 2015, 10, 5701-5713.

Kroll, A.V;; Fang, R H.; Zhang, L. Biointerfacing and Applications of Cell Membrane-Coated Nanoparticles. Bioconjugate Chem.
2017, 28, 23-32. [CrossRef]

Xia, C.; Bai, W.; Deng, T.; Li, T.; Zhang, L.; Lu, Z.; Zhang, Z.; Li, M.; He, Q. Sponge-like nano-system suppresses tumor recurrence
and metastasis by restraining myeloid-derived suppressor cells-mediated immunosuppression and formation of pre-metastatic
niche. Acta Biomater. 2023, 158, 708-724. [CrossRef]

Shang, L.; Jiang, X.; Yang, T.; Xu, H.; Xie, Q.; Hu, M; Yang, C.; Kong, L.; Zhang, Z. Enhancing cancer chemo-immunotherapy by
biomimetic nanogel with tumor targeting capacity and rapid drug-releasing in tumor microenvironment. Acta Pharm. Sin. B 2022,
12, 2550-2567. [CrossRef]

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

Parodi, A.; Quattrocchi, N.; van de Ven, A.L.; Chiappini, C.; Evangelopoulos, M.; Martinez, ].O.; Brown, B.S.; Khaled, S.Z.; Yazdi,
LK.; Enzo, M.V,; et al. Synthetic nanoparticles functionalized with biomimetic leukocyte membranes possess cell-like functions.
Nat. Nanotechnol. 2013, 8, 61-68. [CrossRef] [PubMed]

Hu, Q.; Sun, W,; Qian, C.; Wang, C.; Bomba, H.N.; Gu, Z. Anticancer Platelet-Mimicking Nanovehicles. Adv. Mater. 2015, 27,
7043-7050. [CrossRef] [PubMed]

Rao, L.; Bu, L.L.; Cai, B.; Xu, ].H.; Li, A,; Zhang, WE,; Sun, Z].; Guo, S.S.; Liu, W.; Wang, TH.; et al. Cancer Cell Membrane-Coated
Upconversion Nanoprobes for Highly Specific Tumor Imaging. Adv. Mater. 2016, 28, 3460-3466. [CrossRef] [PubMed]

Gao, C; Lin, Z.; Jurado-Sanchez, B.; Lin, X.; Wu, Z.; He, Q. Stem Cell Membrane-Coated Nanogels for Highly Efficient In Vivo
Tumor Targeted Drug Delivery. Small 2016, 12, 4056—4062. [CrossRef] [PubMed]

Dehaini, D.; Wei, X.; Fang, R H.; Masson, S.; Angsantikul, P; Luk, B.T.; Zhang, Y.; Ying, M.; Jiang, Y.; Kroll, A.V,; et al. Erythrocyte-
Platelet Hybrid Membrane Coating for Enhanced Nanoparticle Functionalization. Adv. Mater. 2017, 29, 1606209. [CrossRef]
[PubMed]

Patel, R.B.; Ye, M; Carlson, PM.; Jaquish, A.; Zangl, L.; Ma, B.; Wang, Y.; Arthur, I; Xie, R.; Brown, R.J.; et al. Development
of an In Situ Cancer Vaccine via Combinational Radiation and Bacterial-Membrane-Coated Nanoparticles. Adv. Mater. 2019,
31, €1902626. [CrossRef] [PubMed]

Park, ].H.; Mohapatra, A.; Zhou, ].; Holay, M.; Krishnan, N.; Gao, W.; Fang, R.H.; Zhang, L. Virus-Mimicking Cell Membrane-
Coated Nanoparticles for Cytosolic Delivery of mRNA. Angew. Chem. Int. Ed. Engl. 2022, 61, €202113671. [CrossRef]

Zhang, N.; Lin, J.; Chew, S.Y. Neural Cell Membrane-Coated Nanoparticles for Targeted and Enhanced Uptake by Central
Nervous System Cells. ACS Appl. Mater. Interfaces 2021, 13, 55840-55850. [CrossRef] [PubMed]

Liu, Z.; Zhou, X,; Li, Q.; Shen, Y.; Zhou, T.; Liu, X. Macrophage-evading and tumor-specific apoptosis inducing nanoparticles for
targeted cancer therapy. Acta Pharm. Sin. B 2023, 13, 327-343. [CrossRef] [PubMed]

Wang, H.; Liu, H.; Li, J.; Liu, C.; Chen, H.; Li, J.; Sun, C.; Guo, T.; Pang, Z.; Zhang, B.; et al. Cytokine nanosponges suppressing
overactive macrophages and dampening systematic cytokine storm for the treatment of hemophagocytic lymphohistiocytosis.
Bioact. Mater. 2023, 21, 531-546. [CrossRef]

Guo, H.; Zhang, W.; Wang, L.; Shao, Z.; Huang, X. Biomimetic cell membrane-coated glucose/oxygen-exhausting nanoreactor for
remodeling tumor microenvironment in targeted hypoxic tumor therapy. Biomaterials 2022, 290, 121821. [CrossRef]

Xie, W.; Deng, WW.; Zan, M; Rao, L.; Yu, G.T.; Zhu, D.M.; Wu, W.T,; Chen, B.; Ji, LW.; Chen, L.; et al. Cancer Cell Membrane
Camouflaged Nanoparticles to Realize Starvation Therapy Together with Checkpoint Blockades for Enhancing Cancer Therapy.
ACS Nano 2019, 13, 2849-2857. [CrossRef] [PubMed]

Zuo, H.; Qiang, J.; Wang, Y.; Wang, R.; Wang, G.; Chai, L.; Ren, G.; Zhao, Y.; Zhang, G.; Zhang, S. Design of red blood cell
membrane-cloaked dihydroartemisinin nanoparticles with enhanced antimalarial efficacy. Int. J. Pharm. 2022, 618, 121665.
[CrossRef] [PubMed]

Li, C; Yang, X.Q.; An, J.; Cheng, K.; Hou, X.L.; Zhang, X.S.; Hu, Y.G; Liu, B.; Zhao, Y.D. Red blood cell membrane-enveloped O(2)
self-supplementing biomimetic nanoparticles for tumor imaging-guided enhanced sonodynamic therapy. Theranostics 2020, 10,
867-879. [CrossRef] [PubMed]

Chen, Y,; Zhao, G.; Wang, S.; He, Y;; Han, S.; Du, C.; Li, S.; Fan, Z.; Wang, C.; Wang, J. Platelet-membrane-camouflaged bismuth
sulfide nanorods for synergistic radio-photothermal therapy against cancer. Biomater. Sci. 2019, 7, 3450-3459. [CrossRef] [PubMed]
Cai, ].X,; Liu, . H,; Wu, J.Y;; Li, Y.J.; Qiu, X.H.; Xu, W.J.; Xu, P,; Xiang, D.X. Hybrid Cell Membrane-Functionalized Biomimetic
Nanoparticles for Targeted Therapy of Osteosarcoma. Int. J. Nanomed. 2022, 17, 837-854. [CrossRef] [PubMed]


https://doi.org/10.3322/caac.21763
https://doi.org/10.1208/s12248-012-9339-4
https://doi.org/10.1038/srep42632
https://doi.org/10.1007/s11095-016-1961-x
https://doi.org/10.1021/acs.bioconjchem.6b00569
https://doi.org/10.1016/j.actbio.2023.01.009
https://doi.org/10.1016/j.apsb.2021.11.004
https://doi.org/10.1073/pnas.1106634108
https://www.ncbi.nlm.nih.gov/pubmed/21690347
https://doi.org/10.1038/nnano.2012.212
https://www.ncbi.nlm.nih.gov/pubmed/23241654
https://doi.org/10.1002/adma.201503323
https://www.ncbi.nlm.nih.gov/pubmed/26416431
https://doi.org/10.1002/adma.201506086
https://www.ncbi.nlm.nih.gov/pubmed/26970518
https://doi.org/10.1002/smll.201600624
https://www.ncbi.nlm.nih.gov/pubmed/27337109
https://doi.org/10.1002/adma.201606209
https://www.ncbi.nlm.nih.gov/pubmed/28199033
https://doi.org/10.1002/adma.201902626
https://www.ncbi.nlm.nih.gov/pubmed/31523868
https://doi.org/10.1002/anie.202113671
https://doi.org/10.1021/acsami.1c16543
https://www.ncbi.nlm.nih.gov/pubmed/34792341
https://doi.org/10.1016/j.apsb.2022.05.010
https://www.ncbi.nlm.nih.gov/pubmed/36815044
https://doi.org/10.1016/j.bioactmat.2022.09.012
https://doi.org/10.1016/j.biomaterials.2022.121821
https://doi.org/10.1021/acsnano.8b03788
https://www.ncbi.nlm.nih.gov/pubmed/30803232
https://doi.org/10.1016/j.ijpharm.2022.121665
https://www.ncbi.nlm.nih.gov/pubmed/35288223
https://doi.org/10.7150/thno.37930
https://www.ncbi.nlm.nih.gov/pubmed/31903156
https://doi.org/10.1039/C9BM00599D
https://www.ncbi.nlm.nih.gov/pubmed/31268067
https://doi.org/10.2147/IJN.S346685
https://www.ncbi.nlm.nih.gov/pubmed/35228800

Pharmaceutics 2024, 16, 531 28 of 33

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Lin, Y.; Jen, C.; Huang, M.; Wu, C,; Lin, X. Electroporation microchips for continuous gene transfection. Sens. Actuators B Chem.
2001, 79, 137-143. [CrossRef]

Shimizu, K.; Nakamura, H.; Watano, S. MD simulation study of direct permeation of a nanoparticle across the cell membrane
under an external electric field. Nanoscale 2016, 8, 11897-11906. [CrossRef] [PubMed]

Wu, X,; Lin, Z.; Zhao, C,; Liu, L.; Zhang, K,; Lai, ].; Meng, Q.E; Yao, G.; Huang, Q.; Zhao, X.Z; et al. Neutrophil membrane-coated
immunomagnetic nanoparticles for efficient isolation and analysis of circulating tumor cells. Biosens. Bioelectron. 2022, 213, 114425.
[CrossRef] [PubMed]

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

Dai, J.; Wu, M,; Wang, Q.; Ding, S.; Dong, X.; Xue, L.; Zhu, Q.; Zhou, J.; Xia, F; Wang, S.; et al. Red blood cell membrane-
camouflaged nanoparticles loaded with AIEgen and Poly(I:C) for enhanced tumoral photodynamic-immunotherapy. Natl. Sci.
Rev. 2021, 8, nwab039. [CrossRef]

Lin, M,; Li, Y.; Long, H,; Lin, Y.; Zhang, Z.; Zhan, F; Li, M.; Wu, C,; Liu, Z. Cell membrane-camouflaged DOX-loaded B-glucan
nanoparticles for highly efficient cancer immunochemotherapy. Int. . Biol. Macromol. 2023, 225, 873-885. [CrossRef] [PubMed]
Lin, K;; Cao, Y.; Zheng, D.; Li, Q.; Liu, H.; Yu, P; Li, J.; Xue, Y.; Wu, M. Facile phase transfer of hydrophobic Fe30,@Cuy_,S
nanoparticles by red blood cell membrane for MRI and phototherapy in the second near-infrared window. J. Mater. Chem. B 2020,
8,1202-1211. [CrossRef] [PubMed]

Pei, Q.; Hu, X.; Zheng, X,; Liu, S; Li, Y.; Jing, X.; Xie, Z. Light-Activatable Red Blood Cell Membrane-Camouflaged Dimeric
Prodrug Nanoparticles for Synergistic Photodynamic/Chemotherapy. ACS Nano 2018, 12, 1630-1641. [CrossRef]

Li, M,; Fang, H.; Liu, Q.; Gai, Y.; Yuan, L.; Wang, S.; Li, H.; Hou, Y.; Gao, M.; Lan, X. Red blood cell membrane-coated upconversion
nanoparticles for pretargeted multimodality imaging of triple-negative breast cancer. Biomater. Sci. 2020, 8, 1802-1814. [CrossRef]
[PubMed]

Que, X; Su, J.; Guo, P; Kamal, Z.; Xu, E,; Liu, S.; Chen, J.; Qiu, M. Study on preparation, characterization and multidrug
resistance reversal of red blood cell membrane-camouflaged tetrandrine-loaded PLGA nanoparticles. Drug Deliv. 2019, 26,
199-207. [CrossRef] [PubMed]

Zhang, Y.; Li, Y,; Xia, Q.; Li, Y,; Jin, S.; Mao, Q.; Liu, C.; Fan, X.; Lin, H. Cell membrane-coated human hair nanoparticles for
precise disease therapies. J. Nanobiotechnol. 2022, 20, 480. [CrossRef] [PubMed]

Liu, Z.; Wang, J.; Qiu, K.; Liao, X.; Rees, T.W.; Ji, L.; Chao, H. Fabrication of red blood cell membrane-camouflaged Cu(2-x)Se
nanoparticles for phototherapy in the second near-infrared window. Chem. Commun. 2019, 55, 6523-6526. [CrossRef] [PubMed]
Zhou, M,; Lai, W,; Li, G.; Wang, F; Liu, W,; Liao, J.; Yang, H.; Liu, Y,; Zhang, Q.; Tang, Q.; et al. Platelet Membrane-Coated and
VAR2CSA Malaria Protein-Functionalized Nanoparticles for Targeted Treatment of Primary and Metastatic Cancer. ACS Appl.
Mater. Interfaces 2021, 13, 25635-25648. [CrossRef] [PubMed]

Yan, H.; Zhang, Y.; Zhang, Y.; Li, Y.; Kong, X.; Liu, D.; Li, J.; Xi, Y.; Ji, ].; Ye, L.; et al. A ROS-responsive biomimetic nano-platform
for enhanced chemo-photodynamic-immunotherapy efficacy. Biomater. Sci. 2022, 10, 6583-6600. [CrossRef]

Xu, L.; Gao, F; Fan, F; Yang, L. Platelet membrane coating coupled with solar irradiation endows a photodynamic nanosystem
with both improved antitumor efficacy and undetectable skin damage. Biomaterials 2018, 159, 59-67. [CrossRef]

Ning, S.; Lyu, M,; Zhu, D.; Lam, ] W.Y.; Huang, Q.; Zhang, T.; Tang, B.Z. Type-I AIE Photosensitizer Loaded Biomimetic System
Boosting Cuproptosis to Inhibit Breast Cancer Metastasis and Rechallenge. ACS Nano 2023, 17, 10206-10217. [CrossRef] [PubMed]
Bahmani, B.; Gong, H.; Luk, B.T.; Haushalter, K.J.; DeTeresa, E.; Previti, M.; Zhou, J.; Gao, W.; Bui, ].D.; Zhang, L.; et al.
Intratumoral immunotherapy using platelet-cloaked nanoparticles enhances antitumor immunity in solid tumors. Nat. Commun.
2021, 12, 1999. [CrossRef] [PubMed]

Wang, Y,; Li, W,; Li, Z.; Mo, E; Chen, Y,; lida, M.; Wheeler, D.L.; Hu, Q. Active recruitment of anti-PD-1-conjugated platelets
through tumor-selective thrombosis for enhanced anticancer immunotherapy. Sci. Adv. 2023, 9, eadf6854. [CrossRef] [PubMed]
Li, B.; Chu, T.; Wei, J.; Zhang, Y.; Qi, F,; Lu, Z.; Gao, C.; Zhang, T, Jiang, E.; Xu, J.; et al. Platelet-Membrane-Coated Nanoparticles
Enable Vascular Disrupting Agent Combining Anti-Angiogenic Drug for Improved Tumor Vessel Impairment. Nano Lett. 2021,
21, 2588-2595. [CrossRef] [PubMed]

Zhang, Z.; Li, D.; Cao, Y.; Wang, Y.; Wang, F; Zhang, F.; Zheng, S. Biodegradable Hypocrellin B nanoparticles coated with
neutrophil membranes for hepatocellular carcinoma photodynamics therapy effectively via JUNB/ROS signaling. Int. Im-
munopharmacol. 2021, 99, 107624. [CrossRef] [PubMed]

Zhao, ].; Lu, H,; Xu, D.; Sun, R; Fang, C.; Zhao, Q.; He, C.; Pan, Y.; Xu, E; Jiang, T. Neutrophil membrane-coated nanoparticles
for enhanced nanosecond pulsed electric field treatment of pancreatic cancer. Int. |. Hyperth. 2022, 39, 1026-1035. [CrossRef]
[PubMed]

Cao, X.;; Hu, Y,; Luo, S;; Wang, Y.; Gong, T.; Sun, X.; Fu, Y,; Zhang, Z. Neutrophil-mimicking therapeutic nanoparticles for targeted
chemotherapy of pancreatic carcinoma. Acta Pharm. Sin. B 2019, 9, 575-589. [CrossRef] [PubMed]

Li, J; Wu, Y.; Wang, J.; Xu, X;; Zhang, A.; Li, Y.; Zhang, Z. Macrophage Membrane-Coated Nano-Gemcitabine Promotes
Lymphocyte Infiltration and Synergizes AntiPD-L1 to Restore the Tumoricidal Function. ACS Nano 2023, 17, 322-336. [CrossRef]


https://doi.org/10.1016/S0925-4005(01)00859-0
https://doi.org/10.1039/C6NR02051H
https://www.ncbi.nlm.nih.gov/pubmed/27241464
https://doi.org/10.1016/j.bios.2022.114425
https://www.ncbi.nlm.nih.gov/pubmed/35688024
https://doi.org/10.1021/acsnano.7b00133
https://doi.org/10.1093/nsr/nwab039
https://doi.org/10.1016/j.ijbiomac.2022.11.152
https://www.ncbi.nlm.nih.gov/pubmed/36402393
https://doi.org/10.1039/C9TB02766A
https://www.ncbi.nlm.nih.gov/pubmed/31942915
https://doi.org/10.1021/acsnano.7b08219
https://doi.org/10.1039/D0BM00029A
https://www.ncbi.nlm.nih.gov/pubmed/32163070
https://doi.org/10.1080/10717544.2019.1573861
https://www.ncbi.nlm.nih.gov/pubmed/30835586
https://doi.org/10.1186/s12951-022-01673-6
https://www.ncbi.nlm.nih.gov/pubmed/36384635
https://doi.org/10.1039/C9CC03148K
https://www.ncbi.nlm.nih.gov/pubmed/31099806
https://doi.org/10.1021/acsami.1c02581
https://www.ncbi.nlm.nih.gov/pubmed/34038097
https://doi.org/10.1039/D2BM01291J
https://doi.org/10.1016/j.biomaterials.2017.12.028
https://doi.org/10.1021/acsnano.3c00326
https://www.ncbi.nlm.nih.gov/pubmed/37183977
https://doi.org/10.1038/s41467-021-22311-z
https://www.ncbi.nlm.nih.gov/pubmed/33790276
https://doi.org/10.1126/sciadv.adf6854
https://www.ncbi.nlm.nih.gov/pubmed/36989364
https://doi.org/10.1021/acs.nanolett.1c00168
https://www.ncbi.nlm.nih.gov/pubmed/33650872
https://doi.org/10.1016/j.intimp.2021.107624
https://www.ncbi.nlm.nih.gov/pubmed/34343939
https://doi.org/10.1080/02656736.2022.2093994
https://www.ncbi.nlm.nih.gov/pubmed/35914867
https://doi.org/10.1016/j.apsb.2018.12.009
https://www.ncbi.nlm.nih.gov/pubmed/31193785
https://doi.org/10.1021/acsnano.2c07861

Pharmaceutics 2024, 16, 531 29 of 33

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Song, X.; Qian, R.; Li, T.; Fu, W.; Fang, L.; Cai, Y.; Guo, H.; Xi, L.; Cheang, U.K. Imaging-Guided Biomimetic M1 Macrophage
Membrane-Camouflaged Magnetic Nanorobots for Photothermal Immunotargeting Cancer Therapy. ACS Appl. Mater. Interfaces
2022, 14, 56548-56559. [CrossRef]

Chen, C.; Song, M.; Du, Y;; Yu, Y,; Li, C,; Han, Y,; Yan, E; Shi, Z.; Feng, S. Tumor-Associated-Macrophage-Membrane-Coated
Nanoparticles for Improved Photodynamic Immunotherapy. Nano Lett. 2021, 21, 5522-5531. [CrossRef]

Huang, X.; Wang, L.; Guo, H.; Zhang, W. Macrophage membrane-coated nanovesicles for dual-targeted drug delivery to inhibit
tumor and induce macrophage polarization. Bioact. Mater. 2023, 23, 69-79. [CrossRef] [PubMed]

Xiao, T.; He, M.; Xu, F; Fan, Y;; Jia, B.; Shen, M.; Wang, H.; Shi, X. Macrophage Membrane-Camouflaged Responsive Polymer
Nanogels Enable Magnetic Resonance Imaging-Guided Chemotherapy/Chemodynamic Therapy of Orthotopic Glioma. ACS
Nano 2021, 15, 20377-20390. [CrossRef] [PubMed]

Li, X,; Zhang, W.; Lin, J.; Wu, H.; Yao, Y.; Zhang, J.; Yang, C. T cell membrane cloaking tumor microenvironment-responsive
nanoparticles with a smart “membrane escape mechanism” for enhanced immune-chemotherapy of melanoma. Biomater. Sci.
2021, 9, 3453-3464. [CrossRef] [PubMed]

Kang, M.; Hong, J.; Jung, M.; Kwon, S.P; Song, S.Y.; Kim, H.Y.; Lee, ].R.; Kang, S.; Han, J.; Koo, J.H.; et al. T-Cell-Mimicking
Nanoparticles for Cancer Immunotherapy. Adv. Mater. 2020, 32, €2003368. [CrossRef] [PubMed]

Ma, W.; Zhu, D.; Lj, J.; Chen, X,; Xie, W,; Jiang, X.; Wu, L.; Wang, G.; Xiao, Y.; Liu, Z.; et al. Coating biomimetic nanoparticles
with chimeric antigen receptor T cell-membrane provides high specificity for hepatocellular carcinoma photothermal therapy
treatment. Theranostics 2020, 10, 1281-1295. [CrossRef] [PubMed]

Wang, W.; Wu, F; Mohammadniaei, M.; Zhang, M.; Li, Y,; Sun, Y.; Tang, B.Z. Genetically edited T-cell membrane coated AIEgen
nanoparticles effectively prevents glioblastoma recurrence. Biomaterials 2023, 293, 121981. [CrossRef] [PubMed]

Han, Y.; Pan, H.; Li, W,; Chen, Z.; Ma, A; Yin, T; Liang, R.; Chen, E; Ma, Y; Jin, Y.; et al. T Cell Membrane Mimicking
Nanoparticles with Bioorthogonal Targeting and Immune Recognition for Enhanced Photothermal Therapy. Adv. Sci. 2019, 6,
1900251. [CrossRef] [PubMed]

Chen, E; Geng, Z.; Wang, L.; Zhou, Y.; Liu, J. Biomimetic Nanoparticles Enabled by Cascade Cell Membrane Coating for Direct
Cross-Priming of T Cells. Small 2022, 18, e2104402. [CrossRef] [PubMed]

Xiao, P.; Wang, J.; Zhao, Z.; Liu, X,; Sun, X.; Wang, D.; Li, Y. Engineering Nanoscale Artificial Antigen-Presenting Cells by
Metabolic Dendritic Cell Labeling to Potentiate Cancer Immunotherapy. Nano Lett. 2021, 21, 2094-2103. [CrossRef]

Xu, X.; Deng, G.; Sun, Z,; Luo, Y,; Liu, J.; Yu, X; Zhao, Y.; Gong, P; Liu, G.; Zhang, P; et al. A Biomimetic Aggregation-
Induced Emission Photosensitizer with Antigen-Presenting and Hitchhiking Function for Lipid Droplet Targeted Photodynamic
Immunotherapy. Adv. Mater. 2021, 33, 2102322. [CrossRef]

Sun, Z.; Deng, G.; Peng, X.; Xu, X,; Liu, L.; Peng, ].; Ma, Y.; Zhang, P.; Wen, A.; Wang, Y; et al. Intelligent photothermal dendritic
cells restart the cancer immunity cycle through enhanced immunogenic cell death. Biomaterials 2021, 279, 121228. [CrossRef]
[PubMed]

Wang, Y.; Zhao, Q.; Zhao, B.; Zheng, Y.; Zhuang, Q.; Liao, N.; Wang, P; Cai, Z.; Zhang, D.; Zeng, Y.; et al. Remodeling Tumor-
Associated Neutrophils to Enhance Dendritic Cell-Based HCC Neoantigen Nano-Vaccine Efficiency. Adv. Sci. 2022, 9, 2105631.
[CrossRef] [PubMed]

Ma, X.; Kuang, L.; Yin, Y.; Tang, L.; Zhang, Y.; Fan, Q.; Wang, B.; Dong, Z.; Wang, W.; Yin, T,; et al. Tumor-Antigen Activated
Dendritic Cell Membrane-Coated Biomimetic Nanoparticles with Orchestrating Immune Responses Promote Therapeutic Efficacy
against Glioma. ACS Nano 2023, 17, 2341-2355. [CrossRef] [PubMed]

Pitchaimani, A.; Nguyen, T.D.T.; Marasini, R.; Eliyapura, A.; Azizi, T.; Jaberi-Douraki, M.; Aryal, S. Biomimetic Natural Killer
Membrane Camouflaged Polymeric Nanoparticle for Targeted Bioimaging. Adv. Funct. Mater. 2019, 29, 1806817. [CrossRef]
Lin, J.; Li, Y.; Wang, P.; Wu, M.; Zhu, E; Zhang, Y.; Hou, Z.; Liu, J.; Liu, X. Natural Killer Cell Membrane-Cloaked Virus-Mimicking
Nanogenerator with NIR-Triggered Shape Reversal and ¢C/eOH Storm for Synergistic Thermodynamic-Chemodynamic Therapy.
Adv. Sci. 2022, 9,2103498. [CrossRef] [PubMed]

Zhang, L.; Zhang, Y.; Wang, X.; Zhou, Y.; Qi, J.; Gu, L.; Zhao, Q.; Yu, R.; Zhou, X. A Trojan-Horse-Like Biomimetic Nano-NK to
Elicit an Immunostimulatory Tumor Microenvironment for Enhanced GBM Chemo-Immunotherapy. Small 2023, 19, 2301439.
[CrossRef] [PubMed]

Deng, G.; Peng, X.; Sun, Z.; Zheng, W.; Yu, J.; Du, L.; Chen, H.; Gong, P.; Zhang, P; Cai, L.; et al. Natural-Killer-Cell-Inspired
Nanorobots with Aggregation-Induced Emission Characteristics for Near-Infrared-II Fluorescence-Guided Glioma Theranostics.
ACS Nano 2020, 14, 11452-11462. [CrossRef] [PubMed]

Yang, N.; Ding, Y.; Zhang, Y.; Wang, B.; Zhao, X.; Cheng, K.; Huang, Y.; Taleb, M.; Zhao, J.; Dong, W.F; et al. Surface
Functionalization of Polymeric Nanoparticles with Umbilical Cord-Derived Mesenchymal Stem Cell Membrane for Tumor-
Targeted Therapy. ACS Appl. Mater. Interfaces 2018, 10, 22963-22973. [CrossRef]

Zhang, M.; Zhang, F; Liu, T; Shao, P; Duan, L.; Yan, J.; Mu, X,; Jiang, J. Polydopamine Nanoparticles Camouflaged by Stem Cell
Membranes for Synergistic Chemo-Photothermal Therapy of Malignant Bone Tumors. Int. ]. Nanomed. 2020, 15, 10183-10197.
[CrossRef]

Mu, X.; Zhang, M.; Wei, A.; Yin, E; Wang, Y.; Hu, K; Jiang, J. Doxorubicin and PD-L1 siRNA co-delivery with stem cell
membrane-coated polydopamine nanoparticles for the targeted chemoimmunotherapy of PCa bone metastases. Nanoscale 2021,
13, 8998-9008. [CrossRef]


https://doi.org/10.1021/acsami.2c16457
https://doi.org/10.1021/acs.nanolett.1c00818
https://doi.org/10.1016/j.bioactmat.2022.09.027
https://www.ncbi.nlm.nih.gov/pubmed/36406251
https://doi.org/10.1021/acsnano.1c08689
https://www.ncbi.nlm.nih.gov/pubmed/34860014
https://doi.org/10.1039/D1BM00331C
https://www.ncbi.nlm.nih.gov/pubmed/33949434
https://doi.org/10.1002/adma.202003368
https://www.ncbi.nlm.nih.gov/pubmed/32812291
https://doi.org/10.7150/thno.40291
https://www.ncbi.nlm.nih.gov/pubmed/31938065
https://doi.org/10.1016/j.biomaterials.2022.121981
https://www.ncbi.nlm.nih.gov/pubmed/36580721
https://doi.org/10.1002/advs.201900251
https://www.ncbi.nlm.nih.gov/pubmed/31406665
https://doi.org/10.1002/smll.202104402
https://www.ncbi.nlm.nih.gov/pubmed/34837321
https://doi.org/10.1021/acs.nanolett.0c04783
https://doi.org/10.1002/adma.202102322
https://doi.org/10.1016/j.biomaterials.2021.121228
https://www.ncbi.nlm.nih.gov/pubmed/34717198
https://doi.org/10.1002/advs.202105631
https://www.ncbi.nlm.nih.gov/pubmed/35142445
https://doi.org/10.1021/acsnano.2c09033
https://www.ncbi.nlm.nih.gov/pubmed/36688797
https://doi.org/10.1002/adfm.201806817
https://doi.org/10.1002/advs.202103498
https://www.ncbi.nlm.nih.gov/pubmed/34923766
https://doi.org/10.1002/smll.202301439
https://www.ncbi.nlm.nih.gov/pubmed/37420326
https://doi.org/10.1021/acsnano.0c03824
https://www.ncbi.nlm.nih.gov/pubmed/32820907
https://doi.org/10.1021/acsami.8b05363
https://doi.org/10.2147/IJN.S282931
https://doi.org/10.1039/D0NR08024A

Pharmaceutics 2024, 16, 531 30 of 33

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Yang, C.; He, Y.; Chen, EM.; Zhang, F,; Shao, D.; Wang, Z. Leveraging 3-Adrenergic Receptor Signaling Blockade for Improved
Cancer Immunotherapy Through Biomimetic Nanovaccine. Small 2023, 19, 2207029. [CrossRef]

Liu, S.Y,; Wu, ].Y,; Feng, Y.J.; Guo, X.Y,; Li, T.; Meng, M.; Chen, J.; Chen, D.Q.; Tian, H.Y. CD47KO/CRT dual-bioengineered cell
membrane-coated nanovaccine combined with anti-PD-L1 antibody for boosting tumor immunotherapy. Bioact. Mater. 2023, 22,
211-224. [CrossRef]

Tang, Q.S.; Sun, S.H.; Wang, P; Sun, L.H.; Wang, Y.; Zhang, L.L.; Xu, M.H.; Chen, J.; Wu, R.Q.; Zhang, ].X.; et al. Genetically
Engineering Cell Membrane-Coated BTO Nanoparticles for MMP2-Activated Piezocatalysis-Immunotherapy. Adv. Mater. 2023,
35, 2300964. [CrossRef]

Xu, Z.C.; Luo, Q.Z,; He, Y.Q.; He, Y.C.; Zhang, X.W.; Wang, ].; Ni, S.; Gao, D.W.; Wang, D.S. Endogenous Nitric Oxide Releases In
Situ for RNS/ROS Synergistic Cancer Therapy. Adv. Funct. Mater. 2024, 11, 2314536. [CrossRef]

Shen, J.; Karges, J.; Xiong, K.; Chen, Y.; Ji, L.; Chao, H. Cancer cell membrane camouflaged iridium complexes functionalized
black-titanium nanoparticles for hierarchical-targeted synergistic NIR-II photothermal and sonodynamic therapy. Biomaterials
2021, 275, 120979. [CrossRef] [PubMed]

Jiang, Q.Q.; Qiao, B.; Lin, X.H.; Cao, ].; Zhang, N.; Guo, H.L.; Liu, WW.; Zhu, L.Y,; Xie, X.; Wan, L.; et al. A hydrogen peroxide
economizer for on-demand oxygen production-assisted robust sonodynamic immunotherapy. Theranostics 2022, 12, 59-75.
[CrossRef] [PubMed]

Jana, D.; He, B.; Chen, Y; Liu, J.; Zhao, Y. A Defect-Engineered Nanozyme for Targeted NIR-II Photothermal Immunotherapy of
Cancer. Adv. Mater. 2022, 36, 2206401. [CrossRef]

Zhang, L.; Zhang, W.; Peng, H.; Shen, T.; Wang, M.; Luo, M,; Qu, X;; Qu, F; Liu, W,; Lei, B;; et al. Bioactive
cytomembrane@poly(citrate-peptide)-miRNA365 nanoplatform with immune escape and homologous targeting for colon cancer
therapy. Mater. Today Bio 2022, 15, 100294. [CrossRef]

Fu, L.; Zhang, W.; Zhou, X,; Fu, J.; He, C. Tumor cell membrane-camouflaged responsive nanoparticles enable MRI-guided
immuno-chemodynamic therapy of orthotopic osteosarcoma. Bioact. Mater. 2022, 17, 221-233. [CrossRef] [PubMed]

Gong, M,; Huang, Y.E; Feng, HX,; Lin, ].M.; Huang, A.F; Hu, ] X,; Tang, Q.L.; Zhu, X.J.; Han, S.S.; Lu, ].C,; et al. A nanodrug
combining CD47 and sonodynamic therapy efficiently inhibits osteosarcoma deterioration. J. Control Release 2023, 355, 68-84.
[CrossRef]

Wang, J.; Pan, H; Li, ].Y,; Nie, D.; Zhuo, Y.; Lv, Y.S.; Wang, N.; Chen, H.; Guo, S.Y,; Gan, Y.; et al. Cell membrane-coated
mesoporous silica nanorods overcome sequential drug delivery barriers against colorectal cancer. Chin. Chem. Lett. 2023, 34,
107828. [CrossRef]

Chen, J.Q.; Zhu, Z.Y.; Pan, Q.Y.; Bai, Y.;; Yu, M.E; Zhou, Y. Targeted Therapy of Oral Squamous Cell Carcinoma with Cancer Cell
Membrane Coated Co-Fc Nanoparticles Via Autophagy Inhibition. Adv. Funct. Mater. 2023, 33, 2300235. [CrossRef]

Zheng, B.; Liu, Z.; Wang, H.; Sun, L.; Lai, W.E; Zhang, H.; Wang, J.; Liu, Y;; Qin, X,; Qi, X,; et al. R11 modified tumor cell
membrane nanovesicle-camouflaged nanoparticles with enhanced targeting and mucus-penetrating efficiency for intravesical
chemotherapy for bladder cancer. J. Control Release 2022, 351, 834-846. [CrossRef] [PubMed]

Wang, D.; Liu, C.; You, S.; Zhang, K; Li, M.; Cao, Y.; Wang, C.; Dong, H.; Zhang, X. Bacterial Vesicle-Cancer Cell Hybrid
Membrane-Coated Nanoparticles for Tumor Specific Imnmune Activation and Photothermal Therapy. ACS Appl. Mater. Interfaces
2020, 12,41138-41147. [CrossRef] [PubMed]

Ye, H.; Wang, K.; Lu, Q.; Zhao, J.; Wang, M.; Kan, Q.; Zhang, H.; Wang, Y.; He, Z.; Sun, J. Nanosponges of circulating tumor-derived
exosomes for breast cancer metastasis inhibition. Biomaterials 2020, 242, 119932. [CrossRef]

Zhang, S.; Chen, W.; Zhou, Y.; Zheng, X; Fu, Y;; Liu, H.; Wan, Z; Zhao, Y. Intelligent Nanoplatform Integrating Macrophage and
Cancer Cell Membrane for Synergistic Chemodynamic/Immunotherapy/Photothermal Therapy of Breast Cancer. ACS Appl.
Mater. Interfaces 2023, 15, 59117-59133. [CrossRef]

Ding, C.; Zhang, C.; Cheng, S.; Xian, Y. Multivalent Aptamer Functionalized Ag2S Nanodots/Hybrid Cell Membrane-Coated
Magnetic Nanobioprobe for the Ultrasensitive Isolation and Detection of Circulating Tumor Cells. Adv. Funct. Mater. 2020,
30, 1909781. [CrossRef]

Ji, B.; Cai, H.; Yang, Y.; Peng, F; Song, M.; Sun, K,; Yan, F; Liu, Y. Hybrid membrane camouflaged copper sulfide nanoparticles for
photothermal-chemotherapy of hepatocellular carcinoma. Acta Biomater. 2020, 111, 363-372. [CrossRef]

Zheng, Y.; Guo, W.; Hu, L.; Xiao, Z.; Yang, X.; Cao, Z.; Cao, J. Long Circulating Cancer Cell-Targeted Bionic Nanocarriers Enable
Synergistic Combinatorial Therapy in Colon Cancer. ACS Appl. Mater. Interfaces 2023, 15, 22843-22853. [CrossRef] [PubMed]
Huang, X.; Mu, N.; Ding, Y,; Huang, R.; Wu, W,; Li, L.; Chen, T. Tumor microenvironment targeting for glioblastoma multiforme
treatment via hybrid cell membrane coating supramolecular micelles. J. Control Release 2024, 366, 194-203. [CrossRef]

Chi, S.; Zhang, L.; Cheng, H.; Chang, Y.; Zhao, Y.; Wang, X; Liu, Z. Biomimetic Nanocomposites Camouflaged with Hybrid Cell
Membranes for Accurate Therapy of Early-Stage Glioma. Angew. Chem. 2023, 62, €202304419. [CrossRef] [PubMed]

Hao, W.; Cui, Y.; Fan, Y.; Chen, M.; Yang, G.; Wang, Y.; Yang, M.; Li, Z.; Gong, W.; Yang, Y.; et al. Hybrid membrane-coated
nanosuspensions for multi-modal anti-glioma therapy via drug and antigen delivery. . Nanobiotechnol. 2021, 19, 378. [CrossRef]
[PubMed]

Yin, Y,; Tang, W.; Ma, X,; Tang, L.; Zhang, Y.; Yang, M.; Hu, E; Li, G.; Wang, Y. Biomimetic neutrophil and macrophage dual
membrane-coated nanoplatform with orchestrated tumor-microenvironment responsive capability promotes therapeutic efficacy
against glioma. Chem. Eng. J. 2022, 433, 133848. [CrossRef]


https://doi.org/10.1002/smll.202207029
https://doi.org/10.1016/j.bioactmat.2022.09.017
https://doi.org/10.1002/adma.202300964
https://doi.org/10.1002/adfm.202314536
https://doi.org/10.1016/j.biomaterials.2021.120979
https://www.ncbi.nlm.nih.gov/pubmed/34166910
https://doi.org/10.7150/thno.64862
https://www.ncbi.nlm.nih.gov/pubmed/34987634
https://doi.org/10.1002/adma.202206401
https://doi.org/10.1016/j.mtbio.2022.100294
https://doi.org/10.1016/j.bioactmat.2022.01.035
https://www.ncbi.nlm.nih.gov/pubmed/35386464
https://doi.org/10.1016/j.jconrel.2023.01.038
https://doi.org/10.1016/j.cclet.2022.107828
https://doi.org/10.1002/adfm.202300235
https://doi.org/10.1016/j.jconrel.2022.09.055
https://www.ncbi.nlm.nih.gov/pubmed/36191674
https://doi.org/10.1021/acsami.0c13169
https://www.ncbi.nlm.nih.gov/pubmed/32830477
https://doi.org/10.1016/j.biomaterials.2020.119932
https://doi.org/10.1021/acsami.3c12560
https://doi.org/10.1002/adfm.201909781
https://doi.org/10.1016/j.actbio.2020.04.046
https://doi.org/10.1021/acsami.3c00469
https://www.ncbi.nlm.nih.gov/pubmed/37133278
https://doi.org/10.1016/j.jconrel.2023.12.033
https://doi.org/10.1002/anie.202304419
https://www.ncbi.nlm.nih.gov/pubmed/37199033
https://doi.org/10.1186/s12951-021-01110-0
https://www.ncbi.nlm.nih.gov/pubmed/34801032
https://doi.org/10.1016/j.cej.2021.133848

Pharmaceutics 2024, 16, 531 31 of 33

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Xiong, J.; Wu, M.; Chen, J.; Liu, Y,; Chen, Y; Fan, G,; Liu, Y.; Cheng, J.; Wang, Z.; Wang, S.; et al. Cancer-Erythrocyte Hybrid
Membrane-Camouflaged Magnetic Nanoparticles with Enhanced Photothermal-Immunotherapy for Ovarian Cancer. ACS Nano
2021, 15, 19756-19770. [CrossRef] [PubMed]

Long, Y.; Wang, Z; Fan, J.; Yuan, L.; Tong, C.; Zhao, Y.; Liu, B. A hybrid membrane coating nanodrug system against gastric
cancer via the VEGFR2/STATS3 signaling pathway. J. Mater. Chem. B 2021, 9, 3838-3855. [CrossRef] [PubMed]

Hu, C.M,; Fang, RH.; Zhang, L. Erythrocyte-inspired delivery systems. Adv. Healthc. Mater. 2012, 1, 537-547. [CrossRef]
[PubMed]

Barclay, A.N.; Van den Berg, TK. The interaction between signal regulatory protein alpha (SIRPx) and CD47: Structure, function,
and therapeutic target. Annu. Rev. Immunol. 2014, 32, 25-50. [CrossRef]

Han, B.; Baruah, K.; Cox, E.; Vanrompay, D.; Bossier, P. Structure-Functional Activity Relationship of 3-Glucans From the
Perspective of Immunomodulation: A Mini-Review. Front. Immunol. 2020, 11, 658. [CrossRef] [PubMed]

De Graaff, P,; Berrevoets, C.; Rosch, C.; Schols, H.A.; Verhoef, K.; Wichers, H.].; Debets, R.; Govers, C. Curdlan, zymosan and
a yeast-derived -glucan reshape tumor-associated macrophages into producers of inflammatory chemo-attractants. Cancer
Immunol. Immunother. 2021, 70, 547-561. [CrossRef]

Li, X; Lovell, ].E; Yoon, J.; Chen, X. Clinical development and potential of photothermal and photodynamic therapies for cancer.
Nat. Rev. Clin. Oncol. 2020, 17, 657-674. [CrossRef]

Li, J.; Liu, X.; Zhou, Z.; Tan, L.; Wang, X.; Zheng, Y,; Han, Y.; Chen, D.F,; Yeung, KW.K; Cui, Z,; et al. Lysozyme-Assisted
Photothermal Eradication of Methicillin-Resistant Staphylococcus aureus Infection and Accelerated Tissue Repair with Natural
Melanosome Nanostructures. ACS Nano 2019, 13, 11153-11167. [CrossRef]

Zhuang, J.; Gong, H.; Zhou, J.; Zhang, Q.; Gao, W.; Fang, R.H.; Zhang, L. Targeted gene silencing in vivo by platelet membrane-
coated metal-organic framework nanoparticles. Sci. Adv. 2020, 6, eaaz6108. [CrossRef]

Zhang, M.; Ye, ].J.; Xia, Y.; Wang, 2.Y.; Li, C.X;; Wang, X.S.; Yu, W.; Song, W.; Feng, ].; Zhang, X.Z. Platelet-Mimicking
Biotaxis Targeting Vasculature-Disrupted Tumors for Cascade Amplification of Hypoxia-Sensitive Therapy. ACS Nano 2019, 13,
14230-14240. [CrossRef]

Zou,].; He, J.; Wang, X.; Wang, Y.; Wu, C.; Shi, M,; Jiang, H.; Wu, Z,; Liu, J.; Zhang, W. Glycoprotein Ib-regulated micro platelet
ghost for biosafe distribution and photothermal oncotherapy. J. Control Release 2022, 351, 341-360. [CrossRef]

Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, E. Cancer-related inflammation. Nature 2008, 454, 436—444. [CrossRef]

Liu, W,; Yan, Q.; Xia, C.; Wang, X.; Kumar, A.; Wang, Y.; Liu, Y.; Pan, Y.; Liu, J. Recent advances in cell membrane coated
metal-organic frameworks (MOFs) for tumor therapy. J. Mater. Chem. B 2021, 9, 4459-4474. [CrossRef] [PubMed]

Yin, T.; Fan, Q.; Hu, F; Ma, X,; Yin, Y,; Wang, B.; Kuang, L.; Hu, X.; Xu, B.; Wang, Y. Engineered Macrophage-Membrane-Coated
Nanoparticles with Enhanced PD-1 Expression Induce Immunomodulation for a Synergistic and Targeted Antiglioblastoma
Activity. Nano Lett. 2022, 22, 6606-6614. [CrossRef]

Yue, Y,; Li, F; Li, Y.; Wang, Y.; Guo, X.; Cheng, Z.; Li, N.; Ma, X,; Nie, G.; Zhao, X. Biomimetic Nanoparticles Carrying a
Repolarization Agent of Tumor-Associated Macrophages for Remodeling of the Inflammatory Microenvironment Following
Photothermal Therapy. ACS Nano 2021, 15, 15166-15179. [CrossRef]

Deng, G.; Sun, Z.; Li, S.; Peng, X.; Li, W.; Zhou, L.; Ma, Y.; Gong, P,; Cai, L. Cell-Membrane Immunotherapy Based on Natural
Killer Cell Membrane Coated Nanoparticles for the Effective Inhibition of Primary and Abscopal Tumor Growth. ACS Nano 2018,
12,12096-12108. [CrossRef]

Zhu, LM.; Zeng, D.; Lei, X.C.; Huang, J.; Deng, Y.E; Ji, Y.B,; Liu, J.; Dai, EE; Li, Y.Z,; Shi, D.D.; et al. KLF2 regulates neutrophil
migration by modulating CXCR1 and CXCR2 in asthma. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165920. [CrossRef]
Zhang, Q.; Dehaini, D.; Zhang, Y.; Zhou, ]J.; Chen, X.; Zhang, L.; Fang, R.H.; Gao, W.; Zhang, L. Neutrophil membrane-coated
nanoparticles inhibit synovial inflammation and alleviate joint damage in inflammatory arthritis. Nat. Nanotechnol. 2018, 13,
1182-1190. [CrossRef]

Yang, N.; Li, M.; Wu, L.; Song, Y.; Yu, S.; Wan, Y.; Cheng, W.; Yang, B.; Mou, X.; Yu, H,; et al. Peptide-anchored neutrophil
membrane-coated biomimetic nanodrug for targeted treatment of rheumatoid arthritis. J. Nanobiotechnol. 2023, 21, 13. [CrossRef]
Zhang, F; Zhuang, |.; Li, Z.; Gong, H.; de Avila, B.E.; Duan, Y,; Zhang, Q.; Zhou, J.; Yin, L.; Karshalev, E.; et al. Nanoparticle-
modified microrobots for in vivo antibiotic delivery to treat acute bacterial pneumonia. Nat. Mater. 2022, 21, 1324-1332.
[CrossRef]

Chaffer, C.L.; Weinberg, R.A. A perspective on cancer cell metastasis. Science 2011, 331, 1559-1564. [CrossRef] [PubMed]
Gomez Perdiguero, E.; Schulz, C.; Geissmann, F. Development and homeostasis of “resident” myeloid cells: The case of the
microglia. Glia 2013, 61, 112-120. [CrossRef]

Li, B.; Wang, W.; Song, W.; Zhao, Z.; Tan, Q.; Zhao, Z.; Tang, L.; Zhu, T.; Yin, J.; Bai, J.; et al. Antiviral and Anti-Inflammatory
Treatment with Multifunctional Alveolar Macrophage-Like Nanoparticles in a Surrogate Mouse Model of COVID-19. Adv. Sci.
2021, 8, 2003556. [CrossRef]

Zhang, P; Gao, D.; An, K,; Shen, Q.; Wang, C.; Zhang, Y.; Pan, X.; Chen, X; Lyv, Y; Cui, C.; et al. A programmable polymer library
that enables the construction of stimuli-responsive nanocarriers containing logic gates. Nat. Chem. 2020, 12, 381-390. [CrossRef]
Chen, J.; Zhu, Y.; Wu, C.; Shi, J. Nanoplatform-based cascade engineering for cancer therapy. Chem. Soc. Rev. 2020, 49, 9057-9094.
[CrossRef] [PubMed]


https://doi.org/10.1021/acsnano.1c07180
https://www.ncbi.nlm.nih.gov/pubmed/34860006
https://doi.org/10.1039/D1TB00029B
https://www.ncbi.nlm.nih.gov/pubmed/33908580
https://doi.org/10.1002/adhm.201200138
https://www.ncbi.nlm.nih.gov/pubmed/23184788
https://doi.org/10.1146/annurev-immunol-032713-120142
https://doi.org/10.3389/fimmu.2020.00658
https://www.ncbi.nlm.nih.gov/pubmed/32391005
https://doi.org/10.1007/s00262-020-02707-4
https://doi.org/10.1038/s41571-020-0410-2
https://doi.org/10.1021/acsnano.9b03982
https://doi.org/10.1126/sciadv.aaz6108
https://doi.org/10.1021/acsnano.9b07330
https://doi.org/10.1016/j.jconrel.2022.09.036
https://doi.org/10.1038/nature07205
https://doi.org/10.1039/D1TB00453K
https://www.ncbi.nlm.nih.gov/pubmed/33978055
https://doi.org/10.1021/acs.nanolett.2c01863
https://doi.org/10.1021/acsnano.1c05618
https://doi.org/10.1021/acsnano.8b05292
https://doi.org/10.1016/j.bbadis.2020.165920
https://doi.org/10.1038/s41565-018-0254-4
https://doi.org/10.1186/s12951-023-01773-x
https://doi.org/10.1038/s41563-022-01360-9
https://doi.org/10.1126/science.1203543
https://www.ncbi.nlm.nih.gov/pubmed/21436443
https://doi.org/10.1002/glia.22393
https://doi.org/10.1002/advs.202003556
https://doi.org/10.1038/s41557-020-0426-3
https://doi.org/10.1039/D0CS00607F
https://www.ncbi.nlm.nih.gov/pubmed/33112326

Pharmaceutics 2024, 16, 531 32 of 33

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Wen, X,; Xiong, X.; Yang, G.; Xiao, W.; Hou, J.; Pan, T.; Hu, Y.; Zhou, S. A macrophage membrane-coated mesoporous silica
nanoplatform inhibiting adenosine A2AR via in situ oxygen supply for immunotherapy. J. Control Release 2023, 353, 535-548.
[CrossRef]

Luo, Z.W.; Liu, PP; Wang, Z.X; Chen, C.Y.; Xie, H. Macrophages in Osteosarcoma Immune Microenvironment: Implications for
Immunotherapy. Front. Oncol. 2020, 10, 586580. [CrossRef]

Buechler, M.B.; Fu, W.; Turley, S.J. Fibroblast-macrophage reciprocal interactions in health, fibrosis, and cancer. Immunity 2021, 54,
903-915. [CrossRef] [PubMed]

Dadj, S.; Chhangawala, S.; Whitlock, B.M.; Franklin, R.A.; Luo, C.T.; Oh, S.A.; Toure, A.; Pritykin, Y.; Huse, M.; Leslie, C.S.; et al.
Cancer Immunosurveillance by Tissue-Resident Innate Lymphoid Cells and Innate-like T Cells. Cell 2016, 164, 365-377. [CrossRef]
[PubMed]

Roybal, K.T.; Rupp, L.J.; Morsut, L.; Walker, W.J.; McNally, K.A.; Park, J.S.; Lim, W.A. Precision Tumor Recognition by T Cells
With Combinatorial Antigen-Sensing Circuits. Cell 2016, 164, 770-779. [CrossRef] [PubMed]

Li, W,; Pan, H.; He, H.; Meng, X; Ren, Q.; Gong, P; Jiang, X.; Liang, Z.; Liu, L.; Zheng, M.; et al. Bio-Orthogonal T Cell Targeting
Strategy for Robustly Enhancing Cytotoxicity against Tumor Cells. Small 2019, 15, e1804383. [CrossRef] [PubMed]

Woeculek, SK.; Cueto, EJ.; Mujal, AM.; Melero, I.; Krummel, M.E,; Sancho, D. Dendritic cells in cancer immunology and
immunotherapy. Nat. Rev. Immunol. 2020, 20, 7-24. [CrossRef] [PubMed]

Fucikova, J.; Palova-Jelinkova, L.; Bartunkova, J.; Spisek, R. Induction of Tolerance and Immunity by Dendritic Cells: Mechanisms
and Clinical Applications. Front. Immunol. 2019, 10, 2393. [CrossRef] [PubMed]

Wehner, R.; Dietze, K.; Bachmann, M.; Schmitz, M. The bidirectional crosstalk between human dendritic cells and natural killer
cells. J. Innate Immun. 2011, 3, 258-263. [CrossRef] [PubMed]

Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical therapeutic approach?
Nat. Rev. Drug Discov. 2009, 8, 579-591. [CrossRef] [PubMed]

Uccelli, A.; Moretta, L.; Pistoia, V. Mesenchymal stem cells in health and disease. Nat. Rev. Immunol. 2008, 8, 726-736. [CrossRef]
Liu, Y,; Luo, J.; Chen, X,; Liu, W.; Chen, T. Cell Membrane Coating Technology: A Promising Strategy for Biomedical Applications.
Nanomicro Lett. 2019, 11, 100. [CrossRef]

Shi, Y.; Du, L.; Lin, L.; Wang, Y. Tumour-associated mesenchymal stem/stromal cells: Emerging therapeutic targets. Nat. Rev.
Drug Discov. 2017, 16, 35-52. [CrossRef] [PubMed]

Xu, Y.; Peng, J.; Dong, X.; Xu, Y.; Li, H.; Chang, ]. Combined chemical and structural signals of biomaterials synergistically activate
cell-cell communications for improving tissue regeneration. Acta Biomater. 2017, 55, 249-261. [CrossRef] [PubMed]

Kim, H.S,; Shin, YM.; Chung, S.; Kim, D.; Park, D.B.; Baek, S.; Park, J.; Kim, S.Y.; Kim, D.H.; Yi, SW.; et al. Cell-Membrane-Derived
Nanoparticles with Notch-1 Suppressor Delivery Promote Hypoxic Cell-Cell Packing and Inhibit Angiogenesis Acting as a
Two-Edged Sword. Adv. Mater. 2021, 33, 2101558. [CrossRef] [PubMed]

Sancho-Albero, M.; Encinas-Giménez, M.; Sebastian, V.; Pérez, E.; Lujan, L.; Santamaria, J.; Martin-Duque, P. Transfer of
photothermal nanoparticles using stem cell derived small extracellular vesicles for in vivo treatment of primary and multinodular
tumours. J. Extracell. Vesicles 2022, 11, €12193. [CrossRef] [PubMed]

Mu, X,; Li, J; Yan, S.; Zhang, H.; Zhang, W.; Zhang, F.; Jiang, J. siRNA Delivery with Stem Cell Membrane-Coated Magnetic
Nanoparticles for Imaging-Guided Photothermal Therapy and Gene Therapy. ACS Biomater. Sci. Eng. 2018, 4, 3895-3905.
[CrossRef]

Liu, CM,; Chen, G.B.; Chen, HH.; Zhang, ].B.; Li, H.Z.; Sheng, M.X.; Weng, W.B.; Guo, S.M. Cancer cell membrane-cloaked
mesoporous silica nanoparticles with a pH-sensitive gatekeeper for cancer treatment. Colloids Surf. B Biointerfaces 2019, 175,
477-486. [CrossRef] [PubMed]

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

Chen, L.; Jiang, P,; Shen, X.; Lyu, J.; Liu, C.; Li, L.; Huang, Y. Cascade Delivery to Golgi Apparatus and On-Site Formation of
Subcellular Drug Reservoir for Cancer Metastasis Suppression. Small 2023, 19, 2204747. [CrossRef]

Kim, M.W,; Lee, G.; Niidome, T.; Komohara, Y.; Lee, R.; Park, Y.I. Platelet-Like Gold Nanostars for Cancer Therapy: The Ability to
Treat Cancer and Evade Immune Reactions. Front. Bioeng. Biotechnol. 2020, 8, 133. [CrossRef]

Zou, Y,; Sun, Y.; Wang, Y.; Zhang, D.; Yang, H.; Wang, X.; Zheng, M.; Shi, B. Cancer cell-mitochondria hybrid membrane coated
Gboxin loaded nanomedicines for glioblastoma treatment. Nat. Commun. 2023, 14, 4557. [CrossRef]

Chen, Q.; Huang, G.; Wu, W.; Wang, ].; Hu, J.; Mao, J.; Chu, PK,; Bai, H.; Tang, G. A Hybrid Eukaryotic-Prokaryotic Nanoplatform
with Photothermal Modality for Enhanced Antitumor Vaccination. Adv. Mater. 2020, 32, 1908185. [CrossRef]

Zhang, Y; Liao, Y.; Bai, F; Xing, S.; Wang, M.; Dang, Z.; Lin, ].; Huang, P. Genetically engineered eukaryocyte-bacteria hybrid
membrane-camouflaged nanoemulsion for three-pronged synergistic cancer therapy. Nano Today 2024, 54, 102076. [CrossRef]
Su, J.; Sun, H,; Meng, Q.; Yin, Q.; Tang, S.; Zhang, P.; Chen, Y.; Zhang, Z.; Yu, H.; Li, Y. Long Circulation Red-Blood-Cell-Mimetic
Nanoparticles with Peptide-Enhanced Tumor Penetration for Simultaneously Inhibiting Growth and Lung Metastasis of Breast
Cancer. Adv. Funct. Mater. 2016, 26, 1243-1252. [CrossRef]

Han, S; Lee, Y.; Lee, M. Biomimetic cell membrane-coated DNA nanoparticles for gene delivery to glioblastoma. J. Control Release
2021, 338, 22-32. [CrossRef]


https://doi.org/10.1016/j.jconrel.2022.12.001
https://doi.org/10.3389/fonc.2020.586580
https://doi.org/10.1016/j.immuni.2021.04.021
https://www.ncbi.nlm.nih.gov/pubmed/33979587
https://doi.org/10.1016/j.cell.2016.01.002
https://www.ncbi.nlm.nih.gov/pubmed/26806130
https://doi.org/10.1016/j.cell.2016.01.011
https://www.ncbi.nlm.nih.gov/pubmed/26830879
https://doi.org/10.1002/smll.201804383
https://www.ncbi.nlm.nih.gov/pubmed/30566283
https://doi.org/10.1038/s41577-019-0210-z
https://www.ncbi.nlm.nih.gov/pubmed/31467405
https://doi.org/10.3389/fimmu.2019.02393
https://www.ncbi.nlm.nih.gov/pubmed/31736936
https://doi.org/10.1159/000323923
https://www.ncbi.nlm.nih.gov/pubmed/21411969
https://doi.org/10.1038/nrd2803
https://www.ncbi.nlm.nih.gov/pubmed/19478820
https://doi.org/10.1038/nri2395
https://doi.org/10.1007/s40820-019-0330-9
https://doi.org/10.1038/nrd.2016.193
https://www.ncbi.nlm.nih.gov/pubmed/27811929
https://doi.org/10.1016/j.actbio.2017.03.056
https://www.ncbi.nlm.nih.gov/pubmed/28377306
https://doi.org/10.1002/adma.202101558
https://www.ncbi.nlm.nih.gov/pubmed/34431568
https://doi.org/10.1002/jev2.12193
https://www.ncbi.nlm.nih.gov/pubmed/35257503
https://doi.org/10.1021/acsbiomaterials.8b00858
https://doi.org/10.1016/j.colsurfb.2018.12.038
https://www.ncbi.nlm.nih.gov/pubmed/30572156
https://doi.org/10.1021/nl500618u
https://doi.org/10.1002/smll.202204747
https://doi.org/10.3389/fbioe.2020.00133
https://doi.org/10.1038/s41467-023-40280-3
https://doi.org/10.1002/adma.201908185
https://doi.org/10.1016/j.nantod.2023.102076
https://doi.org/10.1002/adfm.201504780
https://doi.org/10.1016/j.jconrel.2021.08.021

Pharmaceutics 2024, 16, 531 33 of 33

145. Liu, L.; Pan, D.; Chen, S.; Martikainen, M.V,; Karlund, A.; Ke, J.; Pulkkinen, H.; Ruhanen, H.; Roponen, M.; Kikeld, R.; et al.
Systematic design of cell membrane coating to improve tumor targeting of nanoparticles. Nat. Commun. 2022, 13, 6181. [CrossRef]

146. Liu, R; Cao, Z.P; Wang, L.; Wang, X.Y.; Lin, S.S.; Wu, F; Pang, Y.; Liu, J.Y. Multimodal oncolytic bacteria by coating with tumor
cell derived nanoshells. Nano Today 2022, 45, 101537. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41467-022-33889-3
https://doi.org/10.1016/j.nantod.2022.101537

	Introduction 
	Classification of Cell Membrane-Coated Nanoparticles 
	Preparation of Cell Membrane-Coated Nanoparticles 
	Co-Extrusion 
	Sonication 
	Microfluidic Electroporation 

	Application of Cell Membrane-Coated Nanoparticles in Cancer Treatment 
	Red Blood Cell Membrane-Coated Nanoparticles (RBCm@NPs) 
	Platelet Membrane-Coated Nanoparticles (PLTm@NPs) 
	White Blood Cell Membrane-Coated Nanoparticles (WBCm@NPs) 
	Neutrophil Membrane-Coated Nanoparticles (Nm@NPs) 
	Macrophage Membrane-Coated Nanoparticles (Mm@NPs) 
	T Cell Membrane-Coated Nanoparticles (Tm@NPs) 
	Dendritic Cell Membrane-Coated Nanoparticles (DCm@NPs) 
	Natural Killer Cell Membrane-Coated Nanoparticles (NKm@NPs) 

	Stem Cell Membrane-Coated Nanoparticles (SCm@NPs) 
	Cancer Cell Membrane-Coated Nanoparticles (CCm@NPs) 
	Hybrid Membrane-Coated Nanoparticles (Hym@NPs) 

	Advantages and Limitations 
	Conclusions and Prospects 
	References

