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Abstract: Neurological diseases (NDs) are a significant cause of disability and death in the global
population. However, effective treatments still need to be improved for most NDs. In recent years,
cell-membrane-coated nanoparticles (CMCNPs) as drug-targeting delivery systems have become
a research hotspot. Such a membrane-derived, nano drug-delivery system not only contributes to
avoiding immune clearance but also endows nanoparticles (NPs) with various cellular and functional
mimicries. This review article first provides an overview of the function and mechanism of sin-
gle/hybrid cell-membrane-derived NPs. Then, we highlight the application and safety of CMCNPs
in NDs. Finally, we discuss the challenges and opportunities in the field.

Keywords: neurological diseases; cell membrane; nanoparticles; drug delivery; blood–brain
barrier; targeting

1. Introduction

NDs are a crucial cause of disability and death in the global population, placing a
cumbersome burden on people. Over the past 25 years in particular, the burden of NDs
has increased substantially due to an increasing population size and aging [1]. Moreover,
environmental pollution from industrial production and global warming increase the risk
of people developing NDs due to the probability that they are exposed to air pollutants and
toxicants, in addition to the exacerbation of NDs by rising temperatures [2–5]. However,
there is currently a remarkable lack of well-established clinical, therapeutic strategies for
preventing or treating the progression of NDs due to the presence of the blood–brain barrier
(BBB) [6]. The BBB is an essential feature of the central nervous system (CNS), limiting the
entry of the vast majority of chemicals into the CNS, sequestering toxic chemicals away
from the CNS, and guaranteeing the proper functioning of the CNS [7]. The BBB is the
biggest obstacle to delivering drugs into the brain [8]. Therefore, there are two alternative
directions. On one hand, increasing the permeability of the BBB to drugs by disrupting it
does not lead to the accumulation of drugs specified in the brain [9,10]. Instead, it may
increase the risk of harmful substances entering the CNS and causing irreversible damage.
Although the BBB is damaged in various pathological, ND conditions, such as ischemic
stroke (IS) [11], traumatic brain injury (TBI) [12], multiple sclerosis (MS) [13], glioblastoma
multiforme (GBM) [14], Parkinson’s disease (PD) [15], and Alzheimer ‘s disease (AD) [16],
it is also a significant challenge for the accumulation of drugs in the brain due to the
unneglectable defects of current clinical CNS drugs, such as low solubility, a short half-life,
and low permeability to the BBB [8]. On the other hand, the drug properties may be are
altered to allow the drug to cross the BBB, which is the direction most researchers choose.

The emergence of NPs has identified some feasible solutions to this challenge. With
their robust plasticity, NPs can increase drug accumulation in the CNS and are well-suited as
carriers for the delivery of CNS drugs due to an artificial modification to increase solubility,
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stability in blood circulation, and the targeting properties of NPs [17,18]. However, NPs
still have many defects. Repeated administration induces an immune response against NPs,
resulting in the rapid clearance of NPs by the body’s immune system [19–21]. Moreover,
the NPs themselves have a potential toxicity [22]. Some NPs have been demonstrated to
cause oxidative stress and an inflammatory response after entering blood circulation [23,24].
For example, carbon-based NPs demonstrate toxic effects on healthy tissues in a long-term
exposure state [25]. In addition, the preparation of nanomedicines is very dependent
on artificial modification, resulting in a relatively complicated process of trial and a low
preparation efficiency [21]. Therefore, NP-based targeted therapy has not yet exerted its full
potency, and new directions are required to solve the problems posed by these defects. In
targeting these defects, scientists have begun to design cell-membrane-coated nanoparticles
(CMCNPs). CMCNPs typically adopt a core–shell design, covering a preformed NP core
with a layer of cell membrane. After combining a cell membrane with novel nanoparticles,
CMCNPs not only retain the advantages of NPs, but also increase cytocompatibility to
protect the NPs from clearance by the body’s immune system. Prolonged drug circulation
in the bloodstream significantly increases the drug’s BBB-crossing opportunity, enabling
more drug accumulation in the brain [26]. In facing this biggest obstacle for delivering
drugs into the CNS through the BBB, CMCNPs exploit the movement of cells in the body to
achieve the drug-delivery purpose [27,28]. During an inflammatory response in the brain,
chemokine levels increase in the brain lesions. For example, leukocyte CMCNPs exploit
the chemotactic ability of leukocytes to target inflammation in the brain [29]. CMCNPs
retain receptors for leukocyte membranes, adhere as tightly to brain endothelial cells (BECs)
as leukocytes do, and migrate toward intracerebral lesions, driven via the chemokine–
chemokine receptor pathway [29,30]. Moreover, CMCNPs further enhance a drug’s ability
to target organs or tissues and improve therapeutic efficacy [31]. For example, the insertion
of a DWSW peptide into an RBC membrane surface by lipid insertion increases the targeting
of the BBB by CMCNPs [32]. The insertion of NGR peptides into the RBC membrane surface
strengthens the ability of drugs to target tumor tissues after crossing the BBB [32]. Many
CMCNPs have shown strong efficiency in crossing the BBB and enhancing the power
of drugs to accumulate, specifically in lesions [33–37]. Thus far, various types of cell
membranes, such as the red cell membrane, white cell membrane, platelet membrane,
cancer cell membrane, and others, have been used to research the fabrication of CMCNPs
for treating NDs. In this review, as far as possible, we collect relevant studies from recent
years regarding the application of CMCNPs in NDs and review the specific pathways of
NP delivery. We believe that this review will help researchers to quickly understand recent
advances regarding the use of CMCNPs in treating NDs, and shed light on their research.

2. Cell Membrane Types Currently Being Used to Coat Nanoparticles to Cross the BBB

The cell types currently used for the targeting of NDs by CMCNPs can be divided
into two categories: one in which a single cell membrane is applied, and another in
which two or even more species of the cell membrane are hybridized, discussed below in
the classification.

2.1. Single Species of Cell Membrane

A single species of CMCNP is currently a relatively broad research class. There are
many kinds of cells in the body’s interior, and each class of cells has cell membranes with
different functions according to their unique physiological functions. Among them, red
blood cells (RBCs) and white blood cells (WBCs) are the most thoroughly investigated cell
types in the research of CMCNPs. In addition, there is research on platelets, stem cells, and
abnormal cell types in the human body, such as cancer cells.

2.1.1. Red-Cell-Membrane-Coated Nanoparticles (RCMCNPs)

RBCs have the following advantages for fabricating CMCNPs. Firstly, RBCs are the
most abundant cellular components of human blood. They lack nuclei and mitochondria,
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so the RBC membranes are easy to extract [38]. Secondly, the brain is an organ with a
relatively rich blood supply in the body, and RBCs have the ability to carry NPs across the
BBB unobstructed. Thirdly, the normal physiological cycle of RBCs is between 100 and
120 days, which can guarantee that RCMCNPs have a longer circulation life in vivo [38]. In
addition, cell-surface-specific functional proteins are retained when fabricating RCMCNPs,
which avoids NPs being cleared out by the reticuloendothelial system (RES) as foreign
materials. For example, it has been demonstrated that splenic macrophages rapidly clear
RBCs lacking CD47 but do not clear RBCs that express CD47 by binding to the inhibitory
receptor signal regulatory proteinα (SIRPα) [39]. Therefore, applying the RBC membranes,
which usually express CD47, is an excellent idea for fabricating RCMCNPs.

However, RBCs lack targeting ability for NDs or brain lesions, which limits the use of
RBCs in NDs. In response to this defect, researchers developed the idea of modifying the
RBC membranes with ligands. As chemical modification can potentially damage specific
functional proteins of RBC membranes and destroy the stability of the membrane’s integrity,
researchers generally adopt the method of lipid or peptide insertion to increase the targeting
ability of RCMCNPs [32,40–42].

Figure 1 represents the composition of five related RCMCNPs [32,40–43]. Below, we
illustrate the design thinking and delivery strategy of RCMCNPs using the research hosted
by Wei Lv et al. [40]. Wei Lv et al. designed a type of RCMCNP, SHP-RBC-NP/NR2B9C,
which targets the ischemic area. NR2B9C is a neuroprotective agent which prevents N-
methyl-D-aspartate receptor (NMDAR)-mediated, ischemia-induced neurotoxicity without
affecting the primary NMDAR activity [44,45]. However, it is a hydrophilic peptide with a
considerable molecular weight, meaning it can hardly pass through the cell membrane and
BBB [46]. Therefore, Wei Lv et al. adopted a strategy of coating drugs with RBC membranes
to transport NR2B9C through the BBB. The experimental results showed that the efficiencies
of the three free NR2B9C, NP/NR2B9C, and RBC-NP/NR2B9C groups to cross the BBB
at two hours in vitro were 0.53%, 1.44%, and 1.71%, respectively [40]. This illustrates that
cell membrane coating facilitates drug delivery across the BBB into the CNS. Next, to
address the delivery issue of RCMCNPs, the researchers chose to insert the stroke homing
peptide (SHP) into the RBC membrane to enable RCMCNPs to target the ischemic area. The
SHP has been experimentally shown to selectively target sites of cerebral ischemia [47,48].
Furthermore, to control the release of drugs, they synthesized a reactive oxygen species
(ROS) bio-responsive polymer, PHB dextran, to prepare the drug-carrying NPs. Due to
the fact that IS causes a large amount of ROSs to be generated in the ischemic area of the
brain, high levels of ROSs degrade PHB dextran, not only allowing the NPs to release
NR2B9C but also alleviating ischemic damage by depleting the ROSs when NPs reach the
ischemic area [40]. In this research, a relatively well-established drug delivery system was
established, and the materials and ingredients applied were also very purposeful and fairly
well-established.

2.1.2. White-Cell-Membrane-Coated Nanoparticles (WCMCNPs)

WBCs, a relatively common cell subset in blood circulation, are more significant in
volume than RBCs but belong to nucleated cells and are thus more difficult to extract
than RBCs [49]. However, this does not affect the role of WBCs in the field of CMCNP
research because the leukocyte has a targeting ability without any modification [50]. When
NDs cause inflammation, WBCs, such as neutrophils, monocytes/macrophages (MMs),
and lymphocytes, target the site of inflammation via the interaction between chemokines
and chemokine ligands and participate in inflammation progression [51,52]. Among the
cell species in which WBC membranes are utilized to fabricate WCMCNPs are mainly
neutrophils and MMs (Table 1) [27–29,33–37,53–59].
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stroke drug delivery; (B) the preparation and characterization of RGD-RBC-NC(DTX) for glioma 
drug delivery; (C) the preparation and characterization of DWSW/NGR-RBCNPs for glioma drug 
delivery; (D) the preparation and characterization of DCDX-RBCNP for glioma drug delivery; and 
(E) the preparation and characterization of Vir-Gel for glioblastoma drug delivery. 
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Figure 1. The preparation and characterization of red-cell-membrane-coated nanoparticles for ND
drug delivery. (A) The preparation and characterization of SHp-RBC-NP/NR2B9C for ischemic
stroke drug delivery; (B) the preparation and characterization of RGD-RBC-NC(DTX) for glioma
drug delivery; (C) the preparation and characterization of DWSW/NGR-RBCNPs for glioma drug
delivery; (D) the preparation and characterization of DCDX-RBCNP for glioma drug delivery; and
(E) the preparation and characterization of Vir-Gel for glioblastoma drug delivery.

Table 1. Summary of white-cell-membrane-coated nanoparticles for ND drug delivery.

Drug Targeted
Delivery System

Cell Membrane
Source

Targeted
Modification Materials of NPs Drug-Loading Mechanism of

Crossing the BBB NDs Model Reference

cl PGP-PEG-
DGL/CAT-Aco

system

Endogenous
neutrophils PGP/CXCR2 ACO NPs Catalase (CAT)

Neutrophil-
mediated transport

through the BBB
MCAO [34]

Neutrophil
membrane-

derived
nanovesicles

Neutrophils No - RvD2

Integrin β2 and
PSGL-1 of

neutrophils binding
to inflamed

endothelium

I/R [35]

MPBzyme@NCM Neutrophils No PVP and
Fe[(CN6)]3− MPBzyme

Integrin β2 and
Mac-1 of neutrophils
targeting to ICAM-1

of inflamed brain
microvascular

endothelial cells

IS [33]

Monocytes loaded
with liposomes Monocytes No Liposomes Serotonin

Monocyte-mediated
transport through

the BBB
No [53]

IDV-NP-BMM Bone marrow
macrophages No IDV-NP

suspensions Indinavir (IDV)
Macrophage-

mediated transport
through the BBB

HIV-1 encephalitis [54]

BMM-PEI-
PEG/cat

Bone marrow
macrophages No PEI-PEG CAT

BMM adhesion to
cerebral vascular
endothelial cells

PD [55]
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Table 1. Cont.

Drug Targeted
Delivery System

Cell Membrane
Source

Targeted
Modification Materials of NPs Drug-Loading Mechanism of

Crossing the BBB NDs Model Reference

BMM loaded with
nanozyme

Bone marrow
macrophages No PEI-PEG CAT

BMM adhesion to
cerebral vascular

endothelial cells via
integrin α4

PD [29]

MMs loaded with
therapeutic NPs MMs No

Gold nano-shells
and silica
particles

No
MMs-mediated

transport through
the BBB

Brain metastases
of breast cancer [56]

Macrophages
loaded with
nanozyme

Macrophages No PEI-PEG Catalase
Macrophage-

mediated transport
through the BBB

Neuroinflammation/PD [27]

Nanoparticles
loaded NPs Monocytes No Magnetite- laden

NPs No
Monocyte-mediated

transport through
the BBB

Epileptic [28]

RVG/TPP-
MASLNs Macrophages RVG29 and TPP

Solid lipid
nanoparticles

(SLNs)
Genistein (GS) RVG29 peptide for

crossing the BBB AD [57]

NVs-CUR Macrophages No No Curcumin (CUR) Not mentioned PD [58]

McM/RNPs Monocytes No PLGA-NPs Rapamycin
(RAPA)

Integrin α4 and
integrin β1 of

monocytes targeting
to inflammatory
endothelial cells

MCAO [59]

MPM@P-NGS Macrophages No MnO_2@PVCL
NGS Cisplatin

Cell-carrier-
mediated BBB

traversing based on
endogenous

immunocytes

Orthotopic glioma [36]

PD-1-
MM@PLGA/RAPA Macrophages PD-1 PLGA-NPs Rapamycin

Macrophage-
mediated transport

through the BBB
GBM [37]

Neutrophils comprise more than 50% of the total leukocyte population. When
acute inflammation occurs, neutrophils tend to be the first responders to the site of
inflammation [49,60]. For example, when IS onsets, neutrophils tend to appear in the
ischemic area within an hour [60]. Because of the rapid response of neutrophils, they
have enormous potential in the application of neutrophil membranes to fabricate tar-
geted delivery systems of CMCNPs for the treatment of IS. Interestingly, researchers have
exploited NPs to specifically target endogenous neutrophils, which are then carried by
neutrophils into the ischemic area [34]. Of course, the premise is that NPs are not cleared by
neutrophil digestion.

MMs are also an essential component of WBCs, playing an important role in infection,
injury, inflammation, and tumors [50,61]. MMs are antigen-presenting cells that fundamen-
tally avoid drug clearance by the immune system. Two phenotypes of macrophages, M1 and
M2 [62], are particularly important to note. M1s are pro-inflammatory macrophages that
can secrete various pro-inflammatory cytokines, contributing to the clearance of pathogens
and damaged, unhealthy tissues [63]. The M2 type is an anti-inflammatory macrophage
frequently found in tumor tissues. It is tightly associated with tumor growth and metas-
tasis [63,64]. In addition, macrophages have a more vital ability to move within tissues.
Based on these properties, MMs are often used to make drug delivery systems to treat
neuroinflammation, brain gliomas, and brain metastases [27,36,37,56].

2.1.3. Platelet-Cell-Membrane-Coated Nanoparticles (PCMCNPs)

Platelets, like RBCs, are a type of cell without a nucleus, so the extraction of platelet
membranes is also easier. However, platelets are the smallest circulating blood cells in the
bloodstream, and they are far less numerous in blood circulation than RBCs. They have a
lifespan of only 8–9 days, leading to fewer applications in the fabrication of CMCNPs than
other blood cells [65]. However, platelets have a natural advantage over RBCs. Platelets
are essential in vascular injury, wound healing, inflammatory response, thrombosis, and
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hemostasis [66]. Therefore, it is advantageous to utilize platelet membranes over RBC
membranes to coat NPs for the treatment of NDs with a collateral vascular injury or
inflammatory response [67–69]. Moreover, besides the expression of CD47, there are some
expression clusters on the surface of platelet membranes that inhibit the immune system.
These include CD55, and CD59, which enhance the ability of immune evasion [70,71]. The
lower immunogenicity of platelets compared to other nucleated cells, in addition to their
immune evasion ability, suggests that the immune system would not clear them quickly
after entering the blood circulation of PCMCNPs [72].

Based on the close interaction between platelets and strokes, there have been many
studies to design stroke-targeted drug delivery systems (Figure 2) [67,69,73]. For example,
Wang C. et al. recently designed a new type of PCMCNP: RGD-PLT@PLGA-FE [73]. Fat
extract (FE) has been shown to be effective in treating IS, but its short half-life and inability
to cross the BBB limit its use [74]. PCMCNPs improved the embarrassing status of this
drug. Platelet membranes are inherently unique for IS and can actively target damaged
or neovascular sites [75]. However, researchers also modified platelet membranes with
RGD via lipid insertion to enhance the drug delivery system’s targeting ability. RGD not
only specifically targets damaged and nascent blood vessels by interacting with vascular
surface expressed

Pharmaceutics 2023, 15, x FOR PEER REVIEW 6 of 21 
 

 

bloodstream, and they are far less numerous in blood circulation than RBCs. They have a 
lifespan of only 8–9 days, leading to fewer applications in the fabrication of CMCNPs than 
other blood cells [65]. However, platelets have a natural advantage over RBCs. Platelets 
are essential in vascular injury, wound healing, inflammatory response, thrombosis, and 
hemostasis [66]. Therefore, it is advantageous to utilize platelet membranes over RBC 
membranes to coat NPs for the treatment of NDs with a collateral vascular injury or in-
flammatory response [67–69]. Moreover, besides the expression of CD47, there are some 
expression clusters on the surface of platelet membranes that inhibit the immune system. 
These include CD55, and CD59, which enhance the ability of immune evasion [70,71]. The 
lower immunogenicity of platelets compared to other nucleated cells, in addition to their 
immune evasion ability, suggests that the immune system would not clear them quickly 
after entering the blood circulation of PCMCNPs [72]. 

Based on the close interaction between platelets and strokes, there have been many 
studies to design stroke-targeted drug delivery systems (Figure 2) [67,69,73]. For example, 
Wang C. et al. recently designed a new type of PCMCNP: RGD-PLT@PLGA-FE [73]. Fat 
extract (FE) has been shown to be effective in treating IS, but its short half-life and inability 
to cross the BBB limit its use [74]. PCMCNPs improved the embarrassing status of this 
drug. Platelet membranes are inherently unique for IS and can actively target damaged or 
neovascular sites [75]. However, researchers also modified platelet membranes with RGD 
via lipid insertion to enhance the drug delivery system’s targeting ability. RGD not only 
specifically targets damaged and nascent blood vessels by interacting with vascular sur-
face expressed αⅤβ3 integrin, but also increases the circulation time of drugs [76,77]. When 
the drug reaches the targeted site, the degradable, biomaterial-fabricated PLGA NPs sus-
tainably release FE, achieving the effect of treating IS [78]. Although this is not a controlled 
drug-release method, this cannot negate the fact that PCMCNPs have excellent potential 
and advantages in developing a drug-targeted delivery system for IS. 

 
Figure 2. The preparation and characterization of platelet-cell-membrane coated nanoparticles for 
ND drug delivery. (A) The preparation and characterization of PAMNs for ischemic stroke drug 
delivery; (B) the preparation and characterization of tP-NP-rtPA/ZL006e for ischemic stroke drug 
delivery; and (C) the preparation and characterization of RGD-PLT@PLGA-FE for ischemic stroke 
drug delivery. 

integrin, but also increases the circulation time of drugs [76,77].
When the drug reaches the targeted site, the degradable, biomaterial-fabricated PLGA
NPs sustainably release FE, achieving the effect of treating IS [78]. Although this is not a
controlled drug-release method, this cannot negate the fact that PCMCNPs have excellent
potential and advantages in developing a drug-targeted delivery system for IS.
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Figure 2. The preparation and characterization of platelet-cell-membrane coated nanoparticles for
ND drug delivery. (A) The preparation and characterization of PAMNs for ischemic stroke drug
delivery; (B) the preparation and characterization of tP-NP-rtPA/ZL006e for ischemic stroke drug
delivery; and (C) the preparation and characterization of RGD-PLT@PLGA-FE for ischemic stroke
drug delivery.

2.1.4. Cancer-Cell-Membrane-Coated Nanoparticles (CCMCNPs)

Cancer cells have properties many blood cells do not have. Firstly, cancer cells have the
ability to proliferate indefinitely [79]. Therefore, the acquisition of cancer cell membranes
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does not necessarily require access to the body; cancer cells can also be acquired by culturing
in vitro, which means that cancer cell membranes can be easily accessed [80–82]. Secondly,
cancer cells have immune-evasion capabilities. CD47 is frequently overexpressed on the
surface of cancer cells [83]. Thirdly, cancer cells have a homologous targeting ability [84].
Cancer cells mostly show homotypic aggregation, and homotypic cancer cells gather
together [84]. Using cancer cell membranes to fabricate drug-targeting delivery systems
makes cancer cell membranes carry NPs to target cancer tissues via Thomsen–Friedenreich
antigen-galectin-3 interactions [85,86]. However, there are drawbacks associated with this
property, which limits its application to cancer cell membranes. Currently, it is known
that cancer-cell-membrane-coated nanoparticles are used on gliomas and metastases, as is
detailed in Table 2 [80–82,85–90].

Table 2. Summary of cancer-cell-membrane-coated nanoparticles for ND drug delivery.

Drug Targeted
Delivery System

Cancer Cell
Membrane

Targeted
Modification Materials of NPs Drug-Loading Cancer Model Reference

CCNP MDA-MB-831cells No mPEG-PLGA-NPs Doxorubicin (DOX)
Brain and

metastatic breast
cancer

[82]

CM-NCubes U-251 MG cells No Fe3O4/MnO2-
NCubes Sorafenib and AMF GBM [88]

Dox-CM-BNNTs U87 MG cells No BNNTs DOX GBM [89]

DHA-NGR/CCNLC C6 glioma cells NGR NLCs DHA Glioma [81]

WSW-CCM-(PTX)NS C6 glioma cells DWSW PVP K30 and SDC
nanosuspension Paclitaxel (PTX) Glioma [87]

HCPT-NS/CCM C6 glioma cells No Nanosuspension 10-hydroxycamptothecin
(HCPT) Glioma [80]

MnO2-DOX-C6 C6 glioma cells No MnO2 Doxorubicin (DOX) Glioma [85]

HDX@YSN@CCM@cRGD U87 MG cells cRGD YSNs Hydroxychloroquine
(HDX) Glioblastoma [86]

CC-LnNPs U87 MG cells No LnNPs No Glioma [90]

2.1.5. Stem-Cell-Membrane-Coated Nanoparticles (SCMCNPs)

Thus far, the only research on the use of stem cell membranes to coat NPs was designed
and carried out by Ma J et al. [91]. Apart from this research, we could not find other articles
about using SCMCNPs for targeted drug delivery to the CNS.

The use of the stem cell membrane alone means simply applying the function of the
cell membrane. The differentiation capacity of the stem cells cannot be applied. Therefore,
there are many similarities with the utilization of leukocyte membrane coatings. This
research chose glyburide as a therapeutic agent, which hitchhiked on the SCMCNPs. It has
been demonstrated that glyburide can decrease infarct volume, edema, and hemorrhagic
transformation and improve stroke outcomes. However, it lacks the ability to cross the
BBB [92,93]. Therefore, researchers applied neural stem cells (NSCs) to fabricate CMCNPs
for targeted drug delivery to the ischemic area. Moreover, to ensure that the CMCNPs could
target the stroke area, they applied a viral transformation to over-express CXCR4 on the
NSCs while culturing them. SDF-1 levels increased in the ischemic tissues after IS [94]. It is
more efficient to use the interaction between SDF-1 and CXCR4 to drive CMCNPs to target
the ischemic area [94,95]. While extracting the NSC membrane, the NSC membranes that
overexpressed CXCR were isolated as the experimental group, while NSCs without CXCR
overexpression were used as the control group. The results suggested that the accumulation
of drugs in the ischemic area of the experimental group was more than twice that of the
control group. In addition, this method of treating cells by viral transformation not only
endowed the cell membrane with a targeting ability but also did not disrupt the integrity of
the cell membrane, guaranteeing the prolonged circulation of NPs in the body more easily.
Furthermore, to control the release of the drug, researchers chose an absorbable polymer
PLGA to construct PLGA NPs, which cause piggyback drugs to constantly release over
time [78,91].
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2.1.6. Neural-Cell-Membrane-Coated Nanoparticles (NCMCNPs)

Thus far, the only research on using neural cell membranes to coat NPs was designed
and carried out by Zhang N, et al. [96]. Apart from this research, we could not find other
articles about NCMCNP used in targeted drug delivery to the CNS. In the study, four
kinds of neural cells, microglial, astrocytes, oligodendrocyte progenitor cells (OPCs), and
cortical neurons, were applied to coat fluorescently trackable DPP-PCL NPs to explore an
effective and targeted drug delivery system [96,97]. They successfully fabricated four kinds
of NCMCNPs. When compared with uncoated DPP-PCL NPs, all three cell membrane
coatings, except for the cortical neuron cell membrane, prevented microglial activation.
In addition, microglia barely caused microglial activation, creating a favorable microen-
vironment for regenerating injured nerves [98]. Subsequently, they observed the uptake
efficiency of uncoated and membrane-coated DPP-PCL NPs between different CNS cell
types. Finally, they demonstrated that neural cells respond to NCMCNPs but lack speci-
ficity for the specific membrane-coated carriers. Additionally, these NCMCNPs were only
taken up by astrocytes. In conclusion, for four kinds of NCMCNPs, the overall perfor-
mance of the microglial coating was the best. Future research on NCMCNPs may focus on
microglia-membrane-coated NPs for targeted CNS drug delivery.

2.1.7. Vascular-Endothelial-Cell-Membrane-Coated Nanoparticles (VECMCNPs)

The BBB is dominated by endothelial cells and consists of a complex, multicellular,
dynamic barrier [99]. Vascular endothelial cells (VECs), a constitutive component of the
BBB, can serve as a raw material for the fabrication of CMCNPs [100]. In addition, some
studies have shown that VECs also have a self-targeting ability [101,102]. Therefore, it
might be possible to apply VEC membranes to fabricate CMCNPs targeted through the
BBB to accumulate drugs in the brain.

Three studies have used vascular endothelial cells to fabricate CMCNPs for the tar-
geted CNS delivery of drugs [103–105]. For example, DMSN-DHA@BMECM was designed
to carry dihydroartemisinin (DHA) into the brain to protect against experimental cerebral
malaria (CM) [105]. In the drug-targeting delivery system, vascular endothelial cell (VEC)
membranes were responsible for carrying drugs across BBB and specifically targeted Plas-
modium falciparum erythrocyte membrane protein 1 (PfEMP1), which is expressed on the
surface of RBCs infected with Plasmodium falciparum [105,106]. Biodegradable, meso-
porous silica nanoparticles (DMSN) were responsible for the drug release process [107]. The
experiment was very ingenious in its application of the targeting ability of VEC membranes
without modification of the cell membrane. In the future, researchers should focus on
ingenious uses of cell membranes.

2.2. Hybrid-Cell-Membrane-Coated Nanoparticles (HCMCNPs)

In recent years, multifunctional hybrid cell membranes (HCMs) have begun to be used
to fabricate HCMCNPs [108,109]. HCMs mostly employ two types of cell membranes to
hybridize such that the HCMs possess unique biological functions. The types of HCMs
for current applications in NDs are shown in Figure 3, and they include neutrophils–
macrophages [110], dendritic cells–cancer cells [108], erythrocytes–cancer cells [111,112],
and platelets–cancer cells [109]. HCMCNPs inherit the advantages of various cell mem-
branes and make up for the deficiencies of different cell membranes. For example, the
hybridization of platelet membranes, which have a robust immune evasion ability, with
cancer cell membranes reduces the drug clearance by immune system and exploits the
homologous targeting ability of cancer cell membranes [109]. It should be noted that the
current drug delivery system targeting NDs, no matter which cells are hybridized with
cancer cells, is applied to brain tumors, and there are no related reports regarding its
application to other NDs [108–112]. Moreover, such designs must also investigate the effect
of the ratio between different cell membranes on the drug-targeting delivery systems. It
is also important to note whether the integrity of the original cell membranes is damaged
during preparation, which may lead to the loss of function of the cell membrane.
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Figure 3. The preparation and characterization of hybrid-cell-membrane-coated nanoparticles for ND
drug delivery. (A) The preparation and characterization of DNS-[C6&DC]m for glioma drug delivery;
(B) the preparation and characterization of β-PCNPs for glioma drug delivery; (C) the preparation
and characterization of NMm-PLGA/RAPA for glioma drug delivery; (D) the preparation and char-
acterization of ISL@HM NPs for glioma drug delivery; and (E) the preparation and characterization
of (MSNs/Gboxin)@[RBC-U] for glioma drug delivery.

3. Application of Cell Membrane Coated Nanoparticles in NDs
3.1. Ischemic Stroke

Ischemic stroke is a severe and lethal disease with a high prevalence and disability
rate [113,114]. Although prompt clinical intervention through intravenous thrombolysis
and endovascular thrombectomy may achieve the recanalization of brain blood vessels, an
ischemic cascade, including oxidative stress, excitotoxicity, inflammation, and the immune
response, would lead to irreversible brain damage [115–118]. Most neuroprotective agents
targeting these biochemical events currently cannot adequately protect neurons from the
injury due to poor BBB permeability [119,120]. The emergence of nanotechnology-based
drug delivery platforms, especially CMCNPs, offers a promising approach to drug therapy
for IS. Dong et al. reported a drug delivery platform consisting of neutrophil-membrane-
derived nanovesicles loaded with RvD2 [35]. This nano-platform was inspired by the
interaction between inflamed brain microvascular endothelium and neutrophils (the most
abundant leukocytes in blood) during IS [35]. It explicitly targets the inflamed cerebrovas-
cular system and enhances the delivery of RvD2. RvD2 induces nitric oxide production in
endothelial cells for reduced leukocyte–endothelium interactions and stimulates neutrophil
apoptosis, thereby accelerating the resolution of inflammation during ischemic stroke treat-
ment [35,121,122]. Based a similar inspiration, a neutrophil-like, cell-membrane-wrapped
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mesoporous Prussian blue nanozyme (MPBzyme@NCM) was designed and developed
in a 2021 study [33]. The coated, neutrophil-like cell membrane enhanced the delivery
efficiency of nanomaterials to brain parenchyma and achieved a noninvasive, targeted
nanozyme treatment for ischemic stroke [33]. After adhesion to inflamed brain vascu-
lature, MPBzyme@NCM was phagocytized by microglia, thereby promoting microglia
polarization toward M2, decreasing the recruitment of neutrophils and the apoptosis of
neurons [33]. In a recent study, a PLT-membrane-coated nanocarrier loaded with l-arginine
and γ-Fe2O3 magnetic NPs (PAMNs) was fabricated [67]. In addition to having good mag-
netic properties, the PAMNs are characteristic of the natural affinity between PLTs and the
plaque thrombus in the damaged blood vessel. This study showed that the PAMNs could
rapidly localize at ischemic brain sites with an efficient delivery of l-arginine. Subsequently,
the production and release of NO at the lesion site increased, which promoted vasodilation
and disrupted local PLT aggregation to delay the progression of thrombotic plaques [67]. In
another study, platelet membranes were again used to coat the nanocarriers [73]. However,
this PLT-membrane-cloaked nanocarrier delivered human FE to the infarct area of the
stroke [73]. By targeting damaged and inflamed blood vessels, the nanocarriers loaded
with FE (containing various angiogenic factors, such as VEGF, TGF-β, bFGF, and GDNF)
rapidly converged on the lesion area of the ischemic brain, contributing to blood flow
increase and neurobehavioral recovery [73]. CXCR4-overexpressing, cell-membrane-coated
nanoparticles are another biomimetic drug delivery system commonly used in stroke treat-
ment. This treatment depends on the interaction between the chemokine receptor CXCR4
and its ligand, SDF-1. For example, Ma et al. designed CXCR4-overexpressing, neural-
stem-cell-membrane-coated nanoparticles to deliver glibenclamide (an anti-edematous
agent) to ischemic areas [91]. Luo et al. fabricated biomimetic, smart nanoparticles com-
prising a CXCR4-overexpressing primary mouse thoracic aorta endothelial cell (PMTAEC)
membrane envelope loaded with rapamycin (RAPA) [103]. These CXCR4-overexpressing
CMCNPs had a high rate of target delivery efficacy into the ischemic brain tissues, repre-
senting a potentially promising approach for drug delivery [91,103].

3.2. Brain Tumors

GBM is the most frequent and aggressive malignant type of CNS tumor [123]. Despite
surgical resection and adjuvant therapies, the median survival rate for GBM patients is only
14.6 months due to the specific tumor location and the formidable obstacle of the BBB and
the blood–brain tumor barrier (BBTB) [37,124,125]. Thus, it is desperately urgent to explore
novel drug delivery systems for treating GBM. Various cell membranes have been shown
to encapsulate nanoparticles to facilitate the delivery of anti-glioblastoma drugs, including
RBC membranes, platelet cell membranes, macrophage cell membranes, and cancer cell
membranes. Among the diverse cell membrane types, tumor cell membranes stand out
because of their homotypic targeting property. The property endows the nanoparticles
wrapped in tumor cell membranes with a tumor-targeting ability [126–129]. Fan et al.
reported a kind of glioma-C6-cancer-cell-membrane-coated paclitaxel nanosuspensions
((PTX)NS) which was able to traverse across the BBB effectively and target tumor tissues
selectively [87]. In a recent study, an engineered macrophage-membrane-coated nano-
platform was successfully developed, and it showed enhanced programmed cell death-1
(PD-1) expression [37]. This nano-platform could efficiently cross the BBB into the brain
in response to the immune tumor microenvironment (iTME) recruitment and ultimately
accumulated at the tumor site [37]. Considering the low immunogenicity of erythrocyte cell
membranes, Cui et al. developed erythrocyte-membrane-coated nanoparticles with modi-
fied DWSW and NGR peptide ligands [32]. This dual-targeting nanocarrier was capable of
traveling across the BBB and the BBTB efficiently and targeting glioma cells [32]. Integrating
different cell membranes into hybrid membranes provides a promising approach to develop
multifunctional cell-membrane-based nanoplatforms [130]. Platelet–tumor and erythrocyte–
tumor cell hybrid-membrane-coated nanoparticles have been designed and developed for
anti-glioblastoma drug delivery [109,111,112]. These biomimetic hybrid-membrane-based
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nanoplatforms demonstrate excellent tumor targeting and immune escape capabilities
to enhance the therapeutic outcome [109,111,112]. For example, Shi et al. designed and
fabricated a hybrid-membrane-camouflaged nano-platform consisting of erythrocytes and
tumor cells [111]. Such hybridized, membrane-derived nanocarriers significantly enhanced
drug solubility, targeting, and antitumor effect [111].

3.3. Other NDs

AD is a progressive and deadly neurodegenerative disease [131]. Numerous research
on AD therapy currently focuses on the β-amyloid protein (Aβ). Mounting evidence
demonstrates that mitochondrial dysfunction is an early, critical pathologic event in the
development of AD [132–134]. At the same time, the oxidative stress of neuronal mitochon-
dria is associated with the generation and aggregation of Aβ [135,136]. Thus, neuronal
mitochondria dysfunction may be a novel therapeutic target for AD. Han et al. fabricated
macrophage-membrane-wrapped NPs loaded with rabies virus glycoprotein (RVG29) and
triphenylphosphine cation (TPP) molecules for delivering functional antioxidant-genistein
(GS) to neuronal mitochondria [57]. The biological characteristics of the macrophage mem-
branes provided good biocompatibility and immune evasion ability in the circulation of
the nano-system [57]. The membrane-loaded RVG29 and TPP collaboratively enabled the
GS-encapsulated nano-system to cross the BBB, target neurons, and subsequently enter the
neuronal mitochondria, ultimately leading to effective relief of AD symptoms [57].

Malaria is among the top three most deadly human infectious diseases [137,138].
Notably, 90% of deaths are attributed to CM, a severe CNS complication of malaria [139].
A recent study described a strategy for the therapy of experimental cerebral malaria by
combining a biodegradable NP loaded with the antimalarial drug DHA using a brain
microvascular endothelial cell (BMEC)-membrane [105]. The BMECM coating of the NPs
enhanced the adhesion and targeting of the nanoparticle drug to the infected RBCs (iRBCs)
due to the interaction between natural cell membranes and the pathogen-infected host
cells [105]. Thus, this strategy, based on cell-membrane-derived NPs, improved therapeutic
outcomes in an experimental cerebral malaria model.

4. Safety and Outcomes after CMCNPs Enter the Circulation
4.1. The Safety of CMCNPs

In the above sections, we reviewed various cell-membrane-coated NPs and their
applications in the treatment of different NDs. Next, we will discuss the in vitro cytotoxicity
assay and in vivo biodistribution, as well as the tissue damage caused by CMCNPs after
they enter the blood circulation.

After coating NPs with the cell membrane, the time length spent by the drug in
circulation increases. This may cause toxic damage to healthy tissues [37]. Many studies
have shown that the most vulnerable sites for the accumulation of CMCNPs after their entry
into blood circulation are the lesions, liver, lung, and spleen; however, CMCNPs do not
cause damage to these tissues [28,33–37,57–59,80,87,90]. In addition, in most reports about
CMCNPs, the toxicity testing of CMCNPs in vitro and vivo showed that the cytotoxicity
and systemic toxicity of CMCNPs were negligible [29,34,36,54,81,90]. Using MPM@P NGs
to treat C6 cells and bEnd.3 cells, respectively, the results showed that the cytotoxic ability of
the MPM@P NGs for C6 cells was much higher than that of the bEnd.3 cells [36], illustrating
that MPM@P NGs were less toxic to normal cells. This could be attributed to the ability of
MPM@P NGs to target lesions. Therefore, cisplatin accumulation was found in liver tissues
after ten days of treatment using NGs when not coated with the cell membrane. Meanwhile,
liver tissues presented acute necrosis and inflammatory cell infiltration [36]. This also
illustrates that the release of nanoparticles might cause pathological damage to normal
tissues after the off-target occurrence of effects of CMCNPs. However, a different scenario
emerged in another study. Chen et al. injected five groups of mice with saline, free DHA,
DHA-NLC, DHA-NLC, or DHA-NGR/CCNLC for 15 days. The results indicated that there
was no apparent tissue damage in the organs of mice in each group. Additionally, all the
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indexes of the blood routine and blood biochemistry of the mice in each group were within
normal limits, illustrating the excellent biocompatibility of the CMCNP and that even if
off-target effects occurred after the CMCNP entered circulation, they would not cause
apparent tissue damage to the body [81]. The difference in the two scenarios was likely
because this CMCNP-loaded drug, DHA, and the NP’s material were comparatively less
toxic [140,141]. Therefore, in future studies on CMCNPs, the NP material that is hitchhiked
by the drug should be selected from materials with high efficiency and low toxicity, as the
toxicity of the drug itself is sometimes unavoidable when treating certain diseases.

4.2. The Clearance after CMCNPs Enter the Blood Circulation: Three Scenarios
4.2.1. Normal Condition

Normally, CMCNPs have two targeting functions: targeting the BBB and targeting the
lesion area [142]. Ideally, after CMCNPs enter the blood circulation, most CMCNPs cross
the BBB, target the lesion area, are internalized by the cells of interest, and then release the
loaded drug so that the lesion area accumulates the concentration needed for treatment.
After CMCNPs unload the drug and exert their effect, a final consideration is how to clear
the CMCNPs from the CNS.

The cellular uptake of nanomaterials has been found in neurons, dendritic cells,
and glial cells. Therefore, intracellular degradation, particularly in lysosomes, may be a
mechanism for clearing nanomaterials by the central nervous system [143–145]. Microglia,
as immune cells of the CNS, may be the essential cell type mediating the intracellular
degradation of NPs in the CNS [146,147]. Metabolic enzymes in the brain parenchyma
also participate in the extracellular degradation of NPs [148]. Moreover, the application
scenario of CMCNPs mainly occurs at the onset of NDs, when neuroinflammation mostly
occurs within the lesion, massive microglial activation occurs, and the recruitment of
peripheral immune cells occurs, which also leads to the intracellular clearance of NPs [51,52].
In addition, NPs may be cleared from the CNS to the blood or cervical lymphatics via
CSF circulation through the paravascular pathway and functional lymphatic vessels; this
might be mainly used for the clearance of non-degradable NPs [149–152]. The clearance
mechanisms of CMCNPs have been scarcely addressed in the current studies on CMCNPs.
Therefore, future research may focus on the clearance mechanisms of CMCNPs.

4.2.2. Off-Target Effects of CMCNPs before Crossing the BBB

If CMCNPs do not enter the CNS after they enter the blood circulation, NPs expose the
disadvantages discussed above and are rapidly cleared by the collective immune system if
the cell membrane coating ruptures. For example, DWSW-CCM-(PTX)NS, in addition to
accumulating most in the brain lesions, also had a higher fluorescence concentration in the
liver and spleen [87]. This phenomenon may be related to the role of hepatic Kupffer cells
versus the spleen, in which macrophages capture NPs released in the blood circulation and
traffic them to the liver and spleen for elimination [82,87,127].

4.2.3. Off-Target Effects of CMCNPs after Crossing the BBB

The last scenario occurs when CMCNPs cross the BBB after entering the blood cir-
culation and are moved off-target into healthy brain tissues instead of being targeted for
movement to the brain lesions. In this scenario, CMCNPs unload the loaded drug in normal
tissues. If the drug is not cleared on time, the potential exists for irreversible damage to
healthy brain tissue. If damage occurs, leading to local inflammation, the pathways for
clearance are similar to those in the first case. If the drug is cleared in time without causing
tissue damage, there is no clearance of NPs by peripheral immune cells, and the rest of the
process is similar to the first scenario.

Therefore, to prevent the emergence of off-target situations, improving the quickly
cleared nuclear content properties should be considered when designing CMCNPs. Mean-
while, the ability of CMCNPs to target the BBB and brain lesions will also be enhanced
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by targeted modifications, which could be helpful in reducing the risk of developing
pathological, off-target damage.

4.3. Potential Adverse Effects of CMCNPs on the Body
4.3.1. Potential Adverse Effects of Cell Membrane Coatings

Various types of cell membranes, such as red cell membranes, white cell membranes,
platelet membranes, cancer cell membranes, and others, have been used to research the
fabrication of CMCNPs for treating NDs [33,43,59,73,90]. Although the removal of the
nuclear fraction of the cell uses only the cell membrane, the physicochemical properties
of the cell membrane are primarily preserved and have the potential to have some effect
on the body’s immune system. Zhang et al. discovered that coating NPs with CNS cell
membranes (including microglia, astrocytes, and oligodendrocyte progenitor cells) did
not cause an apparent specific uptake of microglia but prevented microglial activation
when compared to the uncoated NPs [96]. Interestingly, the most evident inhibition of
microglia activation by microglial-membrane-coated NPs was observed [96]. Therefore,
CNS-cell-membrane-coated NPs may reduce the immune response caused by microglia
as well as unwanted side effects. In a study designed by Fan Y et al., treatment with cell-
membrane-coated HCPT-NS/CCM demonstrated more stable WBC levels than compared
to treatment without cell-membrane-coated HCPT-NS, demonstrating that an extra layer of
cell membrane coating did not affect the body’s immune system [80]. However, there is
now no direct evidence that cell membrane coatings have no effect on the immune system.
Therefore, future research may focus on whether cell membrane coatings have the potential
effects on the body’s immune system.

4.3.2. Potential Adverse Effects of Long-Term Application of CMCNPs

Many CMCNPs are currently dose-dependent, although many studies have shown no
cytotoxicity and systemic toxicity when treated with drugs at experimental doses. However,
if CMCNPs are not cleared on time and CMCNPs in vivo exceed the experimental dose,
they have the potential to cause pathological damage to the body, which is easily the
case with the long-term application of drugs. For example, a study designed by Shen
et al. showed that a gradual increase in the concentration of NV-CUR led to a gradual
decrease in the neuroprotective effect [58]. If the body does not clear NV-CUR, it manifests
as neurotoxicity at higher concentrations, accumulating within the CNS. However, the
short duration of the study made it difficult to assess the potential adverse effects of the
long-term application of CMCNPs. Therefore, future studies need to focus on whether the
long-term application of CMCNPs can cause possible adverse effects on the body.

5. Summary and Perspective

Advances in nanomedicine show significant advantages in both efficacy and safety and
offer opportunities for the targeted delivery of various therapeutic agents. However, there
are still many research areas for such CMCNPs to be confirmed in. In most experiments,
the release studies on drugs from membrane-coated NPs can only be performed through
in vitro experiments, and it is not known how drug release occurs when CMCNPs reach the
targeting site. Artificially controlling the release process of drugs has not been performed
when targeting ND administration; this is a direction that could be studied. Additionally,
none of applications of CMCNPs in the currently conducted animal experiments have had
a very long duration. Although no apparent safety concerns have been observed with short-
term use, the safety of the long-term application of such drug-targeted delivery systems
cannot be predicted. Moreover, there have been no clinical studies of such nano-delivery
systems. Future research should give full play to the advantages of multi-disciplinary
research, improve the preparation and safety assessments of membrane-coated NPs, and
carry out clinical trials as soon as possible.
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Abbreviations

neurological diseases NDs
cell membrane-coated nanoparticles CMCNPs
nanoparticles NPs
blood–brain barrier BBB
central nervous system CNS
ischemic stroke IS
traumatic brain injury TBI
multiple sclerosis MS
glioblastoma multiforme GBM
Parkinson’s disease PD
Alzheimer’s disease AD
brain endothelial cells BECs
red blood cells RBCs
white blood cells WBCs
red cell membrane-coated nanoparticles RCMCNPs
N-methyl-D-aspartate receptor NMDAR
reticuloendothelial system RES
signal regulatory proteinα SIRPα
reactive oxygen species ROS
stroke homing peptide SHP
white cell membrane-coated nanoparticles WCMCNPs
monocytes/macrophages MMs
fat extract FE
catalase CAT
resolvin D2 RvD2
ischemia/reperfusion I/R
genistein GS
curcumin CUR
indinavir IDV
rapamycin RAPA
platelet cell membrane-coated nanoparticles PCMCNPs
cancer cell membrane-coated nanoparticles CCMCNPs
doxorubicin DOX
hydroxychloroquine HDX
10-hydroxycamptothecin HCPT
paclitaxel PTX
stem cell membrane-coated nanoparticles SCMCNPs
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neural stem cells NSCs
oligodendrocyte progenitor cells OPCs
neural cell membrane-coated nanoparticles NCMCNPs
vascular endothelial cells VECs
cerebral malaria CM
hybrid cell membrane-coated nanoparticles HCMCNPs
primary mouse thoracic aorta endothelial cell PMTAEC
blood-brain tumor barrier BBTB
immune tumor microenvironment iTME
β-amyloid protein Aβ

rabies virus glycoprotein RVG29
triphenylphosphine cation TPP
infected RBCs iRBCs
dihydroartemisinin DHA

References
1. GBD 2015 Neurological Disorders Collaborator Group. Global, regional, and national burden of neurological disorders during

1990-2015: A systematic analysis for the Global Burden of Disease Study 2015. Lancet Neurol. 2017, 16, 877–897. [CrossRef]
2. Zammit, C.; Torzhenskaya, N.; Ozarkar, P.D.; Calleja Agius, J. Neurological disorders vis-a-vis climate change. Early Hum. Dev.

2021, 155, 105217. [CrossRef] [PubMed]
3. Calderon-Garciduenas, L.; Ayala, A. Air Pollution, Ultrafine Particles, and Your Brain: Are Combustion Nanoparticle Emissions

and Engineered Nanoparticles Causing Preventable Fatal Neurodegenerative Diseases and Common Neuropsychiatric Outcomes?
Environ. Sci. Technol. 2022, 56, 6847–6856. [CrossRef] [PubMed]

4. Sarmadi, M.; Rahimi, S.; Rezaiemanesh, M.R.; Yektay, S. Association between water and sanitation, air and emission pollution
and climate change and neurological disease distribution: A study based on GBD data. Chemosphere 2021, 285, 131522. [CrossRef]

5. Fu, P.; Guo, X.; Cheung, F.M.H.; Yung, K.K.L. The association between PM(2.5) exposure and neurological disorders: A systematic
review and meta-analysis. Sci. Total Environ. 2019, 655, 1240–1248. [CrossRef]

6. Dong, X. Current Strategies for Brain Drug Delivery. Theranostics 2018, 8, 1481–1493. [CrossRef]
7. Cardoso, F.L.; Brites, D.; Brito, M.A. Looking at the blood-brain barrier: Molecular anatomy and possible investigation approaches.

Brain Res. Rev. 2010, 64, 328–363. [CrossRef]
8. Sweeney, M.D.; Zhao, Z.; Montagne, A.; Nelson, A.R.; Zlokovic, B.V. Blood-Brain Barrier: From Physiology to Disease and Back.

Physiol. Rev. 2019, 99, 21–78. [CrossRef]
9. Pardridge, W.M. Drug transport across the blood-brain barrier. J. Cereb. Blood Flow Metab. 2012, 32, 1959–1972. [CrossRef]
10. Haney, M.J.; Klyachko, N.L.; Zhao, Y.; Gupta, R.; Plotnikova, E.G.; He, Z.; Patel, T.; Piroyan, A.; Sokolsky, M.; Kabanov, A.V.; et al.

Exosomes as drug delivery vehicles for Parkinson’s disease therapy. J. Control. Release 2015, 207, 18–30. [CrossRef]
11. Qiu, Y.M.; Zhang, C.L.; Chen, A.Q.; Wang, H.L.; Zhou, Y.F.; Li, Y.N.; Hu, B. Immune Cells in the BBB Disruption After Acute

Ischemic Stroke: Targets for Immune Therapy? Front. Immunol. 2021, 12, 678744. [CrossRef]
12. Cash, A.; Theus, M.H. Mechanisms of Blood-Brain Barrier Dysfunction in Traumatic Brain Injury. Int. J. Mol. Sci. 2020, 21, 3344.

[CrossRef]
13. Balasa, R.; Barcutean, L.; Mosora, O.; Manu, D. Reviewing the Significance of Blood-Brain Barrier Disruption in Multiple Sclerosis

Pathology and Treatment. Int. J. Mol. Sci. 2021, 22, 8370. [CrossRef]
14. van Tellingen, O.; Yetkin-Arik, B.; de Gooijer, M.C.; Wesseling, P.; Wurdinger, T.; de Vries, H.E. Overcoming the blood-brain tumor

barrier for effective glioblastoma treatment. Drug Resist. Updates 2015, 19, 1–12. [CrossRef]
15. Fricke, I.B.; Schelhaas, S.; Zinnhardt, B.; Viel, T.; Hermann, S.; Couillard-Després, S.; Jacobs, A.H. In vivo bioluminescence

imaging of neurogenesis—The role of the blood brain barrier in an experimental model of Parkinson’s disease. Eur. J. Neurosci.
2017, 45, 975–986. [CrossRef]

16. Cai, Z.; Qiao, P.F.; Wan, C.Q.; Cai, M.; Zhou, N.K.; Li, Q. Role of Blood-Brain Barrier in Alzheimer’s Disease. J. Alzheimers Dis.
2018, 63, 1223–1234. [CrossRef]

17. Owens, D.E., 3rd; Peppas, N.A. Opsonization, biodistribution, and pharmacokinetics of polymeric nanoparticles. Int. J. Pharm.
2006, 307, 93–102. [CrossRef]

18. Lu, Y.; Li, C.; Chen, Q.; Liu, P.; Guo, Q.; Zhang, Y.; Chen, X.; Zhang, Y.; Zhou, W.; Liang, D.; et al. Microthrombus-Targeting
Micelles for Neurovascular Remodeling and Enhanced Microcirculatory Perfusion in Acute Ischemic Stroke. Adv. Mater. 2019,
31, e1808361. [CrossRef]

19. Chapman, A.P. PEGylated antibodies and antibody fragments for improved therapy: A review. Adv. Drug Deliv. Rev. 2002,
54, 531–545. [CrossRef]

20. Lubich, C.; Allacher, P.; de la Rosa, M.; Bauer, A.; Prenninger, T.; Horling, F.M.; 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]

http://doi.org/10.1016/S1474-4422(17)30299-5
http://doi.org/10.1016/j.earlhumdev.2020.105217
http://www.ncbi.nlm.nih.gov/pubmed/33069514
http://doi.org/10.1021/acs.est.1c04706
http://www.ncbi.nlm.nih.gov/pubmed/35193357
http://doi.org/10.1016/j.chemosphere.2021.131522
http://doi.org/10.1016/j.scitotenv.2018.11.218
http://doi.org/10.7150/thno.21254
http://doi.org/10.1016/j.brainresrev.2010.05.003
http://doi.org/10.1152/physrev.00050.2017
http://doi.org/10.1038/jcbfm.2012.126
http://doi.org/10.1016/j.jconrel.2015.03.033
http://doi.org/10.3389/fimmu.2021.678744
http://doi.org/10.3390/ijms21093344
http://doi.org/10.3390/ijms22168370
http://doi.org/10.1016/j.drup.2015.02.002
http://doi.org/10.1111/ejn.13540
http://doi.org/10.3233/JAD-180098
http://doi.org/10.1016/j.ijpharm.2005.10.010
http://doi.org/10.1002/adma.201808361
http://doi.org/10.1016/S0169-409X(02)00026-1
http://doi.org/10.1007/s11095-016-1961-x


Pharmaceutics 2023, 15, 621 16 of 21

21. Allen, T.M.; Cullis, P.R. Liposomal drug delivery systems: From concept to clinical applications. Adv. Drug Deliv. Rev. 2013,
65, 36–48. [CrossRef]

22. Mohammadpour, R.; Dobrovolskaia, M.A.; Cheney, D.L.; Greish, K.F.; Ghandehari, H. Subchronic and chronic toxicity evaluation
of inorganic nanoparticles for delivery applications. Adv. Drug Deliv. Rev. 2019, 144, 112–132. [CrossRef]

23. Najahi-Missaoui, W.; Arnold, R.D.; Cummings, B.S. Safe Nanoparticles: Are We There Yet? Int. J. Mol. Sci. 2020, 22, 385.
[CrossRef]

24. Nemmar, A.; Yuvaraju, P.; Beegam, S.; Yasin, J.; Kazzam, E.E.; Ali, B.H. Oxidative stress, inflammation, and DNA damage in
multiple organs of mice acutely exposed to amorphous silica nanoparticles. Int. J. Nanomed. 2016, 11, 919–928. [CrossRef]

25. Alshehri, R.; Ilyas, A.M.; Hasan, A.; Arnaout, A.; Ahmed, F.; Memic, A. Carbon Nanotubes in Biomedical Applications: Factors,
Mechanisms, and Remedies of Toxicity. J. Med. Chem. 2016, 59, 8149–8167. [CrossRef]

26. Xie, J.; Shen, Z.; Anraku, Y.; Kataoka, K.; Chen, X. Nanomaterial-based blood-brain-barrier (BBB) crossing strategies. Biomaterials
2019, 224, 119491. [CrossRef]

27. Klyachko, N.L.; Haney, M.J.; Zhao, Y.; Manickam, D.S.; Mahajan, V.; Suresh, P.; Hingtgen, S.D.; Mosley, R.L.; Gendelman,
H.E.; Kabanov, A.V.; et al. Macrophages offer a paradigm switch for CNS delivery of therapeutic proteins. Nanomedicine 2014,
9, 1403–1422. [CrossRef]

28. Han, H.; Eyal, S.; Portnoy, E.; Mann, A.; Shmuel, M.; Benifla, M.; Ekstein, D.; Polyak, B. Monocytes as Carriers of Magnetic
Nanoparticles for Tracking Inflammation in the Epileptic Rat Brain. Curr. Drug Deliv. 2019, 16, 637–644. [CrossRef]

29. Brynskikh, A.M.; Zhao, Y.; Mosley, R.L.; Li, S.; Boska, M.D.; Klyachko, N.L.; Kabanov, A.V.; Gendelman, H.E.; Batrakova,
E.V. Macrophage delivery of therapeutic nanozymes in a murine model of Parkinson’s disease. Nanomedicine 2010, 5, 379–396.
[CrossRef]

30. Correale, J.; Villa, A. The blood-brain-barrier in multiple sclerosis: Functional roles and therapeutic targeting. Autoimmunity 2007,
40, 148–160. [CrossRef]

31. Xiang, Y.; Yang, Q.; Long, Y.; Zhang, Y.; Wan, J.; Liu, S.; Li, N. Research progress on macrophage membrane nano-biomimetic
preparations on brain diseases and its inspiration on druggability of active components of traditional Chinese medicine. Chin.
Tradit. Herb. Drugs 2020, 51, 4771–4779.

32. Cui, Y.; Sun, J.; Hao, W.; Chen, M.; Wang, Y.; Xu, F.; Gao, C. Dual-Target Peptide-Modified Erythrocyte Membrane-Enveloped
PLGA Nanoparticles for the Treatment of Glioma. Front. Oncol. 2020, 10, 563938. [CrossRef]

33. Feng, L.; Dou, C.; Xia, Y.; Li, B.; Zhao, M.; Yu, P.; Zheng, Y.; El-Toni, A.M.; Atta, N.F.; Galal, A.; et al. Neutrophil-like Cell-
Membrane-Coated Nanozyme Therapy for Ischemic Brain Damage and Long-Term Neurological Functional Recovery. ACS Nano
2021, 15, 2263–2280. [CrossRef]

34. Zhang, C.; Ling, C.L.; Pang, L.; Wang, Q.; Liu, J.X.; Wang, B.S.; Liang, J.M.; Guo, Y.Z.; Qin, J.; Wang, J.X. Direct Macromolecular
Drug Delivery to Cerebral Ischemia Area using Neutrophil-Mediated Nanoparticles. Theranostics 2017, 7, 3260–3275. [CrossRef]

35. Dong, X.; Gao, J.; Zhang, C.Y.; Hayworth, C.; Frank, M.; Wang, Z. Neutrophil Membrane-Derived Nanovesicles Alleviate
Inflammation To Protect Mouse Brain Injury from Ischemic Stroke. ACS Nano 2019, 13, 1272–1283. [CrossRef]

36. 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]

37. 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]

38. Föller, M.; Huber, S.M.; Lang, F. Erythrocyte programmed cell death. IUBMB Life 2008, 60, 661–668. [CrossRef]
39. Oldenborg, P.A.; Zheleznyak, A.; Fang, Y.F.; Lagenaur, C.F.; Gresham, H.D.; Lindberg, F.P. Role of CD47 as a marker of self on red

blood cells. Science 2000, 288, 2051–2054. [CrossRef]
40. Lv, W.; Xu, J.; Wang, X.; Li, X.; Xu, Q.; Xin, H. Bioengineered Boronic Ester Modified Dextran Polymer Nanoparticles as Reactive

Oxygen Species Responsive Nanocarrier for Ischemic Stroke Treatment. ACS Nano 2018, 12, 5417–5426. [CrossRef]
41. Chai, Z.; Ran, D.; Lu, L.; Zhan, C.; Ruan, H.; Hu, X.; Xie, C.; Jiang, K.; Li, J.; Zhou, J.; et al. Ligand-Modified Cell Membrane

Enables the Targeted Delivery of Drug Nanocrystals to Glioma. ACS Nano 2019, 13, 5591–5601. [CrossRef] [PubMed]
42. Chai, Z.; Hu, X.; Wei, X.; Zhan, C.; Lu, L.; Jiang, K.; Su, B.; Ruan, H.; Ran, D.; Fang, R.H.; et al. A facile approach to functionalizing

cell membrane-coated nanoparticles with neurotoxin-derived peptide for brain-targeted drug delivery. J. Control. Release 2017,
264, 102–111. [CrossRef] [PubMed]

43. Gao, X.; Li, S.; Ding, F.; Liu, X.; Wu, Y.; Li, J.; Feng, J.; Zhu, X.; Zhang, C. A Virus-Mimicking Nucleic Acid Nanogel Reprograms
Microglia and Macrophages for Glioblastoma Therapy. Adv. Mater. 2021, 33, e2006116. [CrossRef]

44. Sun, H.S.; Doucette, T.A.; Liu, Y.; Fang, Y.; Teves, L.; Aarts, M.; Ryan, C.L.; Bernard, P.B.; Lau, A.; Forder, J.P.; et al. Effectiveness of
PSD95 inhibitors in permanent and transient focal ischemia in the rat. Stroke 2008, 39, 2544–2553. [CrossRef]

45. Ward, N.S. Restoring brain function after stroke—Bridging the gap between animals and humans. Nat. Rev. Neurol. 2017,
13, 244–255. [CrossRef]

46. Li, R.; Huang, Y.; Chen, L.; Zhou, H.; Zhang, M.; Chang, L.; Shen, H.; Zhou, M.; Su, P.; Zhu, D. Targeted delivery of intranasally
administered nanoparticles-mediated neuroprotective peptide NR2B9c to brain and neuron for treatment of ischemic stroke.
Nanomedicine 2019, 18, 380–390. [CrossRef]

http://doi.org/10.1016/j.addr.2012.09.037
http://doi.org/10.1016/j.addr.2019.07.006
http://doi.org/10.3390/ijms22010385
http://doi.org/10.2147/IJN.S92278
http://doi.org/10.1021/acs.jmedchem.5b01770
http://doi.org/10.1016/j.biomaterials.2019.119491
http://doi.org/10.2217/nnm.13.115
http://doi.org/10.2174/1567201816666190619122456
http://doi.org/10.2217/nnm.10.7
http://doi.org/10.1080/08916930601183522
http://doi.org/10.3389/fonc.2020.563938
http://doi.org/10.1021/acsnano.0c07973
http://doi.org/10.7150/thno.19979
http://doi.org/10.1021/acsnano.8b06572
http://doi.org/10.1021/acsnano.1c08689
http://doi.org/10.1021/acs.nanolett.2c01863
http://doi.org/10.1002/iub.106
http://doi.org/10.1126/science.288.5473.2051
http://doi.org/10.1021/acsnano.8b00477
http://doi.org/10.1021/acsnano.9b00661
http://www.ncbi.nlm.nih.gov/pubmed/31070352
http://doi.org/10.1016/j.jconrel.2017.08.027
http://www.ncbi.nlm.nih.gov/pubmed/28842313
http://doi.org/10.1002/adma.202006116
http://doi.org/10.1161/STROKEAHA.107.506048
http://doi.org/10.1038/nrneurol.2017.34
http://doi.org/10.1016/j.nano.2018.10.013


Pharmaceutics 2023, 15, 621 17 of 21

47. Hong, H.Y.; Choi, J.S.; Kim, Y.J.; Lee, H.Y.; Kwak, W.; Yoo, J.; Lee, J.T.; Kwon, T.H.; Kim, I.S.; Han, H.S.; et al. Detection of apoptosis
in a rat model of focal cerebral ischemia using a homing peptide selected from in vivo phage display. J. Control. Release 2008,
131, 167–172. [CrossRef]

48. Zhao, Y.; Jiang, Y.; Lv, W.; Wang, Z.; Lv, L.; Wang, B.; Liu, X.; Liu, Y.; Hu, Q.; Sun, W.; et al. Dual targeted nanocarrier for brain
ischemic stroke treatment. J. Control. Release 2016, 233, 64–71. [CrossRef]

49. Shen, K.; DeLano, F.A.; Zweifach, B.W.; Schmid-Schönbein, G.W. Circulating leukocyte counts, activation, and degranulation in
Dahl hypertensive rats. Circ. Res. 1995, 76, 276–283. [CrossRef] [PubMed]

50. Garrood, T.; Lee, L.; Pitzalis, C. Molecular mechanisms of cell recruitment to inflammatory sites: General and tissue-specific
pathways. Rheumatology 2006, 45, 250–260. [CrossRef]

51. Zaremba, J.; Ilkowski, J.; Losy, J. Serial measurements of levels of the chemokines CCL2, CCL3 and CCL5 in serum of patients
with acute ischaemic stroke. Folia Neuropathol. 2006, 44, 282–289.

52. Shi, J.; Li, W.; Zhang, F.; Park, J.H.; An, H.; Guo, S.; Duan, Y.; Wu, D.; Hayakawa, K.; Lo, E.H.; et al. CCL2 (C-C Motif
Chemokine Ligand 2) Biomarker Responses in Central Versus Peripheral Compartments After Focal Cerebral Ischemia. Stroke 2021,
52, 3670–3679. [CrossRef] [PubMed]

53. Afergan, E.; Epstein, H.; Dahan, R.; Koroukhov, N.; Rohekar, K.; Danenberg, H.D.; Golomb, G. Delivery of serotonin to the brain
by monocytes following phagocytosis of liposomes. J. Control. Release 2008, 132, 84–90. [CrossRef] [PubMed]

54. Dou, H.; Grotepas, C.B.; McMillan, J.M.; Destache, C.J.; Chaubal, M.; Werling, J.; Kipp, J.; Rabinow, B.; Gendelman, H.E.
Macrophage delivery of nanoformulated antiretroviral drug to the brain in a murine model of neuroAIDS. J. Immunol. 2009,
183, 661–669. [CrossRef] [PubMed]

55. Zhao, Y.; Haney, M.J.; Klyachko, N.L.; Li, S.; Booth, S.L.; Higginbotham, S.M.; Jones, J.; Zimmerman, M.C.; Mosley, R.L.; Kabanov,
A.V.; et al. Polyelectrolyte complex optimization for macrophage delivery of redox enzyme nanoparticles. Nanomedicine 2011,
6, 25–42. [CrossRef] [PubMed]

56. Choi, M.R.; Bardhan, R.; Stanton-Maxey, K.J.; Badve, S.; Nakshatri, H.; Stantz, K.M.; Cao, N.; Halas, N.J.; Clare, S.E. Delivery of
nanoparticles to brain metastases of breast cancer using a cellular Trojan horse. Cancer Nanotechnol. 2012, 3, 47–54. [CrossRef]

57. Han, Y.; Gao, C.; Wang, H.; Sun, J.; Liang, M.; Feng, Y.; Liu, Q.; Fu, S.; Cui, L.; Gao, C.; et al. Macrophage membrane-coated
nanocarriers Co-Modified by RVG29 and TPP improve brain neuronal mitochondria-targeting and therapeutic efficacy in
Alzheimer’s disease mice. Bioact. Mater. 2021, 6, 529–542, Erratum in Bioact. Mater. 2022, 7, 73. [CrossRef]

58. Shen, L.M.; Li, M.C.; Wei, W.J.; Guan, X.; Liu, J. In Vitro Neuroprotective Effects of Macrophage Membrane-Derived Curcumin-
Loaded Carriers against 1-Methyl-4-phenylpyridinium-Induced Neuronal Damage. ACS Omega 2021, 6, 32133–32141. [CrossRef]

59. Wang, Y.; Wang, Y.; Li, S.; Cui, Y.; Liang, X.; Shan, J.; Gu, W.; Qiu, J.; Li, Y.; Wang, G. Functionalized nanoparticles with monocyte
membranes and rapamycin achieve synergistic chemoimmunotherapy for reperfusion-induced injury in ischemic stroke. J.
Nanobiotechnol. 2021, 19. [CrossRef]

60. Perez-de-Puig, I.; Miró-Mur, F.; Ferrer-Ferrer, M.; Gelpi, E.; Pedragosa, J.; Justicia, C.; Urra, X.; Chamorro, A.; Planas, A.M.
Neutrophil recruitment to the brain in mouse and human ischemic stroke. Acta Neuropathol. 2015, 129, 239–257. [CrossRef]

61. Ginhoux, F.; Jung, S. Monocytes and macrophages: Developmental pathways and tissue homeostasis. Nat. Rev. Immunol. 2014,
14, 392–404. [CrossRef]

62. Italiani, P.; Boraschi, D. From Monocytes to M1/M2 Macrophages: Phenotypical vs. Functional Differentiation. Front. Immunol.
2014, 5, 514. [CrossRef]

63. Wang, L.X.; Zhang, S.X.; Wu, H.J.; Rong, X.L.; Guo, J. M2b macrophage polarization and its roles in diseases. J. Leukoc. Biol. 2019,
106, 345–358. [CrossRef]

64. Qian, B.Z.; Pollard, J.W. Macrophage diversity enhances tumor progression and metastasis. Cell 2010, 141, 39–51. [CrossRef]
[PubMed]

65. Harker, L.A.; Roskos, L.K.; Marzec, U.M.; Carter, R.A.; Cherry, J.K.; Sundell, B.; Cheung, E.N.; Terry, D.; Sheridan, W. Effects of
megakaryocyte growth and development factor on platelet production, platelet life span, and platelet function in healthy human
volunteers. Blood 2000, 95, 2514–2522. [CrossRef] [PubMed]

66. Wagner, D.D.; Burger, P.C. Platelets in inflammation and thrombosis. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 2131–2137.
[CrossRef] [PubMed]

67. Li, M.; Li, J.; Chen, J.; Liu, Y.; Cheng, X.; Yang, F.; Gu, N. Platelet Membrane Biomimetic Magnetic Nanocarriers for Targeted
Delivery and in Situ Generation of Nitric Oxide in Early Ischemic Stroke. ACS Nano 2020, 14, 2024–2035. [CrossRef] [PubMed]

68. Li, M.; Liu, Y.; Chen, J.; Liu, T.; Gu, Z.; Zhang, J.; Gu, X.; Teng, G.; Yang, F.; Gu, N. Platelet bio-nanobubbles as microvascular
recanalization nanoformulation for acute ischemic stroke lesion theranostics. Theranostics 2018, 8, 4870–4883. [CrossRef]

69. Xu, J.; Wang, X.; Yin, H.; Cao, X.; Hu, Q.; Lv, W.; Xu, Q.; Gu, Z.; Xin, H. Sequentially Site-Specific Delivery of Thrombolytics and
Neuroprotectant for Enhanced Treatment of Ischemic Stroke. ACS Nano 2019, 13, 8577–8588. [CrossRef]

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

71. 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]

http://doi.org/10.1016/j.jconrel.2008.07.020
http://doi.org/10.1016/j.jconrel.2016.04.038
http://doi.org/10.1161/01.RES.76.2.276
http://www.ncbi.nlm.nih.gov/pubmed/7834839
http://doi.org/10.1093/rheumatology/kei207
http://doi.org/10.1161/STROKEAHA.120.032782
http://www.ncbi.nlm.nih.gov/pubmed/34587791
http://doi.org/10.1016/j.jconrel.2008.08.017
http://www.ncbi.nlm.nih.gov/pubmed/18805446
http://doi.org/10.4049/jimmunol.0900274
http://www.ncbi.nlm.nih.gov/pubmed/19535632
http://doi.org/10.2217/nnm.10.129
http://www.ncbi.nlm.nih.gov/pubmed/21182416
http://doi.org/10.1007/s12645-012-0029-9
http://doi.org/10.1016/j.bioactmat.2020.08.017
http://doi.org/10.1021/acsomega.1c04894
http://doi.org/10.1186/s12951-021-01067-0
http://doi.org/10.1007/s00401-014-1381-0
http://doi.org/10.1038/nri3671
http://doi.org/10.3389/fimmu.2014.00514
http://doi.org/10.1002/JLB.3RU1018-378RR
http://doi.org/10.1016/j.cell.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20371344
http://doi.org/10.1182/blood.V95.8.2514
http://www.ncbi.nlm.nih.gov/pubmed/10753829
http://doi.org/10.1161/01.ATV.0000095974.95122.EC
http://www.ncbi.nlm.nih.gov/pubmed/14500287
http://doi.org/10.1021/acsnano.9b08587
http://www.ncbi.nlm.nih.gov/pubmed/31927980
http://doi.org/10.7150/thno.27466
http://doi.org/10.1021/acsnano.9b01798
http://doi.org/10.1038/nature15373
http://doi.org/10.1002/adma.201503323
http://www.ncbi.nlm.nih.gov/pubmed/26416431


Pharmaceutics 2023, 15, 621 18 of 21

72. Sintnicolaas, K.; van Marwijk Kooij, M.; van Prooijen, H.C.; van Dijk, B.A.; van Putten, W.L.; Claas, F.H.; Novotny, V.M.;
Brand, A. Leukocyte depletion of random single-donor platelet transfusions does not prevent secondary human leukocyte
antigen-alloimmunization and refractoriness: A randomized prospective study. Blood 1995, 85, 824–828. [CrossRef] [PubMed]

73. Wang, C.; Yang, X.; Jiang, Y.; Qi, L.; Zhuge, D.; Xu, T.; Guo, Y.; Deng, M.; Zhang, W.; Tian, D.; et al. Targeted delivery of fat extract
by platelet membrane-cloaked nanocarriers for the treatment of ischemic stroke. J. Nanobiotechnol. 2022, 20, 249. [CrossRef]

74. Yu, Z.; Cai, Y.; Deng, M.; Li, D.; Wang, X.; Zheng, H.; Xu, Y.; Li, W.; Zhang, W. Fat extract promotes angiogenesis in a murine
model of limb ischemia: A novel cell-free therapeutic strategy. Stem Cell Res. Ther. 2018, 9, 294. [CrossRef]

75. Becker, R.C.; Sexton, T.; Smyth, S.S. Translational Implications of Platelets as Vascular First Responders. Circ. Res. 2018,
122, 506–522. [CrossRef] [PubMed]

76. Eo, J.S.; Jeong, J.M. Angiogenesis Imaging Using (68)Ga-RGD PET/CT: Therapeutic Implications. Semin. Nucl. Med. 2016,
46, 419–427. [CrossRef] [PubMed]

77. Gachet, C.; Hanau, D.; Spehner, D.; Brisson, C.; Garaud, J.C.; Schmitt, D.A.; Ohlmann, P.; Cazenave, J.P. Alpha IIb beta 3
integrin dissociation induced by EDTA results in morphological changes of the platelet surface-connected canalicular system
with differential location of the two separate subunits. J. Cell Biol. 1993, 120, 1021–1030. [CrossRef]

78. Danhier, F.; Ansorena, E.; Silva, J.M.; Coco, R.; Le Breton, A.; Preat, V. PLGA-based nanoparticles: An overview of biomedical
applications. J. Control. Release 2012, 161, 505–522. [CrossRef]

79. Sherr, C.J. Cancer cell cycles. Science 1996, 274, 1672–1677. [CrossRef]
80. Fan, Y.; Hao, W.; Cui, Y.; Chen, M.; Chu, X.; Yang, Y.; Wang, Y.; Gao, C. Cancer Cell Membrane-Coated Nanosuspensions for

Enhanced Chemotherapeutic Treatment of Glioma. Molecules 2021, 26, 5103. [CrossRef]
81. Chen, M.; Cui, Y.; Hao, W.; Fan, Y.; Zhang, J.; Liu, Q.; Jiang, M.; Yang, Y.; Wang, Y.; Gao, C. Ligand-modified homologous targeted

cancer cell membrane biomimetic nanostructured lipid carriers for glioma therapy. Drug Deliv. 2021, 28, 2241–2255. [CrossRef]
82. Kumar, P.; Treuren, T.V.; Ranjan, A.P.; Chaudhary, P.; Vishwanatha, J.K. In vivo imaging and biodistribution of near infrared dye

loaded brain-metastatic-breast-cancer-cell-membrane coated polymeric nanoparticles. Nanotechnology 2019, 30, 265101. [CrossRef]
83. Feng, R.; Zhao, H.; Xu, J.; Shen, C. CD47: The next checkpoint target for cancer immunotherapy. Crit. Rev. Oncol. Hematol. 2020,

152, 103014. [CrossRef] [PubMed]
84. Glinsky, V.V.; Glinsky, G.V.; Glinskii, O.V.; Huxley, V.H.; Turk, J.R.; Mossine, V.V.; Deutscher, S.L.; Pienta, K.J.; Quinn, T.P.

Intravascular metastatic cancer cell homotypic aggregation at the sites of primary attachment to the endothelium. Cancer Res.
2003, 63, 3805–3811. [CrossRef] [PubMed]

85. Du, J.; Sun, J.; Liu, X.; Wu, Q.; Shen, W.; Gao, Y.; Liu, Y.; Wu, C. Preparation of C6 cell membrane-coated doxorubicin conjugated
manganese dioxide nanoparticles and its targeted therapy application in glioma. Eur. J. Pharm. Sci. 2022, 180, 106338. [CrossRef]
[PubMed]

86. Mo, J.; Chen, X.; Li, M.; Liu, W.; Zhao, W.; Lim, L.Y.; Tilley, R.D.; Gooding, J.J.; Li, Q. Upconversion Nanoparticle-Based
Cell Membrane-Coated cRGD Peptide Bioorthogonally Labeled Nanoplatform for Glioblastoma Treatment. ACS Appl. Mater.
Interfaces 2022. [CrossRef] [PubMed]

87. Fan, Y.; Cui, Y.; Hao, W.; Chen, M.; Liu, Q.; Wang, Y.; Yang, M.; Li, Z.; Gong, W.; Song, S.; et al. Carrier-free highly drug-loaded
biomimetic nanosuspensions encapsulated by cancer cell membrane based on homology and active targeting for the treatment of
glioma. Bioact. Mater. 2021, 6, 4402–4414. [CrossRef]

88. Tapeinos, C.; Tomatis, F.; Battaglini, M.; Larrañaga, A.; Marino, A.; Telleria, I.A.; Angelakeris, M.; Debellis, D.; Drago, F.;
Brero, F.; et al. Cell Membrane-Coated Magnetic Nanocubes with a Homotypic Targeting Ability Increase Intracellular Tempera-
ture due to ROS Scavenging and Act as a Versatile Theranostic System for Glioblastoma Multiforme. Adv. Healthc. Mater. 2019,
8, e1900612. [CrossRef]

89. De Pasquale, D.; Marino, A.; Tapeinos, C.; Pucci, C.; Rocchiccioli, S.; Michelucci, E.; Finamore, F.; McDonnell, L.; Scarpellini, A.;
Lauciello, S.; et al. Homotypic targeting and drug delivery in glioblastoma cells through cell membrane-coated boron nitride
nanotubes. Mater. Des. 2020, 192, 108742. [CrossRef]

90. Wang, Z.; Zhang, M.; Chi, S.; Zhu, M.; Wang, C.; Liu, Z. Brain Tumor Cell Membrane-Coated Lanthanide-Doped Nanoparticles
for NIR-IIb Luminescence Imaging and Surgical Navigation of Glioma. Adv. Healthc. Mater. 2022, 11, e2200521. [CrossRef]

91. Ma, J.; Zhang, S.; Liu, J.; Liu, F.; Du, F.; Li, M.; Chen, A.T.; Bao, Y.; Suh, H.W.; Avery, J.; et al. Targeted Drug Delivery to Stroke via
Chemotactic Recruitment of Nanoparticles Coated with Membrane of Engineered Neural Stem Cells. Small 2019, 15, e1902011.
[CrossRef]

92. Caffes, N.; Kurland, D.B.; Gerzanich, V.; Simard, J.M. Glibenclamide for the treatment of ischemic and hemorrhagic stroke. Int. J.
Mol. Sci. 2015, 16, 4973–4984. [CrossRef]

93. Deng, G.; Ma, C.; Zhao, H.; Zhang, S.; Liu, J.; Liu, F.; Chen, Z.; Chen, A.T.; Yang, X.; Avery, J.; et al. Anti-edema and antioxidant
combination therapy for ischemic stroke via glyburide-loaded betulinic acid nanoparticles. Theranostics 2019, 9, 6991–7002.
[CrossRef]

94. Robin, A.M.; Zhang, Z.G.; Wang, L.; Zhang, R.L.; Katakowski, M.; Zhang, L.; Wang, Y.; Zhang, C.; Chopp, M. Stromal cell-derived
factor 1alpha mediates neural progenitor cell motility after focal cerebral ischemia. J. Cereb. Blood Flow Metab. 2006, 26, 125–134.
[CrossRef] [PubMed]

95. Xue, L.; Wang, J.; Wang, W.; Yang, Z.; Hu, Z.; Hu, M.; Ding, P. The effect of stromal cell-derived factor 1 in the migration of neural
stem cells. Cell Biochem. Biophys. 2014, 70, 1609–1616. [CrossRef] [PubMed]

http://doi.org/10.1182/blood.V85.3.824.bloodjournal853824
http://www.ncbi.nlm.nih.gov/pubmed/7833483
http://doi.org/10.1186/s12951-022-01461-2
http://doi.org/10.1186/s13287-018-1014-y
http://doi.org/10.1161/CIRCRESAHA.117.310939
http://www.ncbi.nlm.nih.gov/pubmed/29420211
http://doi.org/10.1053/j.semnuclmed.2016.04.001
http://www.ncbi.nlm.nih.gov/pubmed/27553467
http://doi.org/10.1083/jcb.120.4.1021
http://doi.org/10.1016/j.jconrel.2012.01.043
http://doi.org/10.1126/science.274.5293.1672
http://doi.org/10.3390/molecules26165103
http://doi.org/10.1080/10717544.2021.1992038
http://doi.org/10.1088/1361-6528/ab0f46
http://doi.org/10.1016/j.critrevonc.2020.103014
http://www.ncbi.nlm.nih.gov/pubmed/32535479
http://doi.org/10.1016/j.urolonc.2003.12.009
http://www.ncbi.nlm.nih.gov/pubmed/12839977
http://doi.org/10.1016/j.ejps.2022.106338
http://www.ncbi.nlm.nih.gov/pubmed/36410571
http://doi.org/10.1021/acsami.2c11284
http://www.ncbi.nlm.nih.gov/pubmed/36300690
http://doi.org/10.1016/j.bioactmat.2021.04.027
http://doi.org/10.1002/adhm.201900612
http://doi.org/10.1016/j.matdes.2020.108742
http://doi.org/10.1002/adhm.202200521
http://doi.org/10.1002/smll.201902011
http://doi.org/10.3390/ijms16034973
http://doi.org/10.7150/thno.35791
http://doi.org/10.1038/sj.jcbfm.9600172
http://www.ncbi.nlm.nih.gov/pubmed/15959456
http://doi.org/10.1007/s12013-014-0103-5
http://www.ncbi.nlm.nih.gov/pubmed/25241080


Pharmaceutics 2023, 15, 621 19 of 21

96. 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]

97. Huang, S.; Liu, S.; Wang, K.; Yang, C.; Luo, Y.; Zhang, Y.; Cao, B.; Kang, Y.; Wang, M. Highly fluorescent and bioresorbable
polymeric nanoparticles with enhanced photostability for cell imaging. Nanoscale 2015, 7, 889–895. [CrossRef] [PubMed]

98. Lee-Liu, D.; Edwards-Faret, G.; Tapia, V.S.; Larrain, J. Spinal cord regeneration: Lessons for mammals from non-mammalian
vertebrates. Genesis 2013, 51, 529–544. [CrossRef]

99. Keaney, J.; Campbell, M. The dynamic blood-brain barrier. FEBS J. 2015, 282, 4067–4079. [CrossRef] [PubMed]
100. Weksler, B.B.; Subileau, E.A.; Perriere, N.; Charneau, P.; Holloway, K.; Leveque, M.; Tricoire-Leignel, H.; Nicotra, A.; Bourdoulous,

S.; Turowski, P.; et al. Blood-brain barrier-specific properties of a human adult brain endothelial cell line. FASEB J. 2005,
19, 1872–1874. [CrossRef]

101. Sun, J.; Huang, Y.; Gong, J.; Wang, J.; Fan, Y.; Cai, J.; Wang, Y.; Qiu, Y.; Wei, Y.; Xiong, C.; et al. Transplantation of hPSC-derived
pericyte-like cells promotes functional recovery in ischemic stroke mice. Nat. Commun. 2020, 11, 5196. [CrossRef] [PubMed]

102. Angsantikul, P.; Thamphiwatana, S.; Zhang, Q.; Spiekermann, K.; Zhuang, J.; Fang, R.H.; Gao, W.; Obonyo, M.; Zhang, L. Coating
nanoparticles with gastric epithelial cell membrane for targeted antibiotic delivery against Helicobacter pylori infection. Adv.
Ther. 2018, 1, 1800016. [CrossRef] [PubMed]

103. Luo, L.; Zang, G.; Liu, B.; Qin, X.; Zhang, Y.; Chen, Y.; Zhang, H.; Wu, W.; Wang, G. Bioengineering CXCR4-overexpressing cell
membrane functionalized ROS-responsive nanotherapeutics for targeting cerebral ischemia-reperfusion injury. Theranostics 2021,
11, 8043–8056. [CrossRef] [PubMed]

104. He, D.; Wang, P.; Liao, F.; Yu, L.; Gan, B. Cell membrane-coated biomimetic magnetic nanoparticles for the bio-specific extraction
of components from Gualou Guizhi decoction exhibiting activities against oxygen-glucose deprivation/reperfusion injury. J.
Pharm. Biomed. Anal. 2022, 209, 114528. [CrossRef]

105. Wei, W.; Cheng, W.; Dai, W.; Lu, F.; Cheng, Y.; Jiang, T.; Ren, Z.; Xie, Y.; Xu, J.; Zhao, Q.; et al. A Nanodrug Coated with
Membrane from Brain Microvascular Endothelial Cells Protects against Experimental Cerebral Malaria. Nano Lett. 2022,
22, 211–219. [CrossRef]

106. Lennartz, F.; Adams, Y.; Bengtsson, A.; Olsen, R.W.; Turner, L.; Ndam, N.T.; Ecklu-Mensah, G.; Moussiliou, A.; Ofori, M.F.;
Gamain, B.; et al. Structure-Guided Identification of a Family of Dual Receptor-Binding PfEMP1 that Is Associated with Cerebral
Malaria. Cell Host. Microbe 2017, 21, 403–414. [CrossRef]

107. Yang, Y.; Zhang, M.; Song, H.; Yu, C. Silica-Based Nanoparticles for Biomedical Applications: From Nanocarriers to Biomodulators.
Acc. Chem. Res. 2020, 53, 1545–1556. [CrossRef]

108. 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. J. Nanobiotechnol. 2021, 19, 378. [CrossRef]

109. Wu, L.; Li, Q.; Deng, J.; Shen, J.; Xu, W.; Yang, W.; Chen, B.; Du, Y.; Zhang, W.; Ge, F.; et al. Platelet-Tumor Cell Hybrid
Membrane-Camouflaged Nanoparticles for Enhancing Therapy Efficacy in Glioma. Int. J. Nanomed. 2021, 16, 8433–8446.
[CrossRef]

110. Yin, Y.; Tang, W.; Ma, X.; Tang, L.; Zhang, Y.; Yang, M.; Hu, F.; 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. [CrossRef]

111. Shi, W.; Cao, X.; Liu, Q.; Zhu, Q.; Liu, K.; Deng, T.; Yu, Q.; Deng, W.; Yu, J.; Wang, Q.; et al. Hybrid Membrane-Derived
Nanoparticles for Isoliquiritin Enhanced Glioma Therapy. Pharmaceuticals 2022, 15, 1059. [CrossRef] [PubMed]

112. Jiao, X.; Yu, X.; Gong, C.; Zhu, H.; Zhang, B.; Wang, R.; Yuan, Y. Erythrocyte-cancer Hybrid Membrane-camouflaged Mesoporous
Silica Nanoparticles Loaded with Gboxin for Glioma-targeting Therapy. Curr. Pharm. Biotechnol. 2022, 23, 835–846. [CrossRef]

113. Virani, S.S.; Alonso, A.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng, S.;
Delling, F.N.; et al. Heart Disease and Stroke Statistics-2020 Update: A Report From the American Heart Association. Circulation
2020, 141, e139–e596. [CrossRef] [PubMed]

114. Campbell, B.C.V.; De Silva, D.A.; Macleod, M.R.; Coutts, S.B.; Schwamm, L.H.; Davis, S.M.; Donnan, G.A. Ischaemic stroke. Nat.
Rev. Dis. Prim. 2019, 5, 70. [CrossRef] [PubMed]

115. Castillo, J.; Loza, M.I.; Mirelman, D.; Brea, J.; Blanco, M.; Sobrino, T.; Campos, F. A novel mechanism of neuroprotection: Blood
glutamate grabber. J. Cereb. Blood Flow Metab. 2016, 36, 292–301. [CrossRef]

116. Lewén, A.; Matz, P.; Chan, P.H. Free radical pathways in CNS injury. J. Neurotrauma 2000, 17, 871–890. [CrossRef]
117. Chan, P.H. Reactive oxygen radicals in signaling and damage in the ischemic brain. J. Cereb. Blood Flow Metab. 2001, 21, 2–14.

[CrossRef]
118. Iadecola, C.; Anrather, J. The immunology of stroke: From mechanisms to translation. Nat. Med. 2011, 17, 796–808. [CrossRef]
119. Saraiva, C.; Praça, C.; Ferreira, R.; Santos, T.; Ferreira, L.; Bernardino, L. Nanoparticle-mediated brain drug delivery: Overcoming

blood-brain barrier to treat neurodegenerative diseases. J. Control. Release 2016, 235, 34–47. [CrossRef]
120. Banks, W.A. From blood-brain barrier to blood-brain interface: New opportunities for CNS drug delivery. Nat. Rev. Drug Discov.

2016, 15, 275–292. [CrossRef]
121. Spite, M.; Norling, L.V.; Summers, L.; Yang, R.; Cooper, D.; Petasis, N.A.; Flower, R.J.; Perretti, M.; Serhan, C.N. Resolvin D2 is a

potent regulator of leukocytes and controls microbial sepsis. Nature 2009, 461, 1287–1291. [CrossRef] [PubMed]

http://doi.org/10.1021/acsami.1c16543
http://doi.org/10.1039/C4NR05576D
http://www.ncbi.nlm.nih.gov/pubmed/25470662
http://doi.org/10.1002/dvg.22406
http://doi.org/10.1111/febs.13412
http://www.ncbi.nlm.nih.gov/pubmed/26277326
http://doi.org/10.1096/fj.04-3458fje
http://doi.org/10.1038/s41467-020-19042-y
http://www.ncbi.nlm.nih.gov/pubmed/33060592
http://doi.org/10.1002/adtp.201800016
http://www.ncbi.nlm.nih.gov/pubmed/30320205
http://doi.org/10.7150/thno.60785
http://www.ncbi.nlm.nih.gov/pubmed/34335979
http://doi.org/10.1016/j.jpba.2021.114528
http://doi.org/10.1021/acs.nanolett.1c03514
http://doi.org/10.1016/j.chom.2017.02.009
http://doi.org/10.1021/acs.accounts.0c00280
http://doi.org/10.1186/s12951-021-01110-0
http://doi.org/10.2147/IJN.S333279
http://doi.org/10.1016/j.cej.2021.133848
http://doi.org/10.3390/ph15091059
http://www.ncbi.nlm.nih.gov/pubmed/36145280
http://doi.org/10.2174/1389201022666210719164538
http://doi.org/10.1161/CIR.0000000000000757
http://www.ncbi.nlm.nih.gov/pubmed/31992061
http://doi.org/10.1038/s41572-019-0118-8
http://www.ncbi.nlm.nih.gov/pubmed/31601801
http://doi.org/10.1177/0271678X15606721
http://doi.org/10.1089/neu.2000.17.871
http://doi.org/10.1097/00004647-200101000-00002
http://doi.org/10.1038/nm.2399
http://doi.org/10.1016/j.jconrel.2016.05.044
http://doi.org/10.1038/nrd.2015.21
http://doi.org/10.1038/nature08541
http://www.ncbi.nlm.nih.gov/pubmed/19865173


Pharmaceutics 2023, 15, 621 20 of 21

122. Chiang, N.; Dalli, J.; Colas, R.A.; Serhan, C.N. Identification of resolvin D2 receptor mediating resolution of infections and organ
protection. J. Exp. Med. 2015, 212, 1203–1217. [CrossRef] [PubMed]

123. Wirsching, H.G.; Galanis, E.; Weller, M. Glioblastoma. Handb. Clin. Neurol. 2016, 134, 381–397. [CrossRef] [PubMed]
124. DeAngelis, L.M. Brain tumors. N. Engl. J. Med. 2001, 344, 114–123. [CrossRef]
125. Ellison, D.W. Multiple Molecular Data Sets and the Classification of Adult Diffuse Gliomas. N. Engl. J. Med. 2015, 372, 2555–2557.

[CrossRef]
126. Rao, L.; Bu, L.L.; Cai, B.; Xu, J.H.; Li, A.; Zhang, W.F.; Sun, Z.J.; Guo, S.S.; Liu, W.; Wang, T.H.; et al. Cancer Cell Membrane-Coated

Upconversion Nanoprobes for Highly Specific Tumor Imaging. Adv. Mater. 2016, 28, 3460–3466. [CrossRef]
127. Chen, Z.; Zhao, P.; Luo, Z.; Zheng, M.; Tian, H.; Gong, P.; Gao, G.; Pan, H.; Liu, L.; Ma, A.; et al. Cancer Cell Membrane-Biomimetic

Nanoparticles for Homologous-Targeting Dual-Modal Imaging and Photothermal Therapy. ACS Nano 2016, 10, 10049–10057.
[CrossRef]

128. Harris, J.C.; Scully, M.A.; Day, E.S. Cancer Cell Membrane-Coated Nanoparticles for Cancer Management. Cancers 2019, 11, 1836.
[CrossRef]

129. Zhang, W.; Yu, M.; Xi, Z.; Nie, D.; Dai, Z.; Wang, J.; Qian, K.; Weng, H.; Gan, Y.; Xu, L. Cancer Cell Membrane-Camouflaged
Nanorods with Endoplasmic Reticulum Targeting for Improved Antitumor Therapy. ACS. Appl Mater. Interfaces 2019,
11, 46614–46625. [CrossRef]

130. Liao, Y.; Zhang, Y.; Blum, N.T.; Lin, J.; Huang, P. Biomimetic hybrid membrane-based nanoplatforms: Synthesis, properties and
biomedical applications. Nanoscale Horiz. 2020, 5, 1293–1302. [CrossRef]

131. Scheltens, P.; De Strooper, B.; Kivipelto, M.; Holstege, H.; Chételat, G.; Teunissen, C.E.; Cummings, J.; van der Flier, W.M.
Alzheimer’s disease. Lancet 2021, 397, 1577–1590. [CrossRef] [PubMed]

132. Yao, J.; Irwin, R.W.; Zhao, L.; Nilsen, J.; Hamilton, R.T.; Brinton, R.D. Mitochondrial bioenergetic deficit precedes Alzheimer’s
pathology in female mouse model of Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 2009, 106, 14670–14675. [CrossRef]

133. Swerdlow, R.H.; Burns, J.M.; Khan, S.M. The Alzheimer’s disease mitochondrial cascade hypothesis: Progress and perspectives.
Biochim. Biophys. Acta 2014, 1842, 1219–1231. [CrossRef] [PubMed]

134. Swerdlow, R.H. Mitochondria and Mitochondrial Cascades in Alzheimer’s Disease. J. Alzheimers Dis. 2018, 62, 1403–1416.
[CrossRef] [PubMed]

135. Selfridge, J.E.; Lezi, E.; Lu, J.; Swerdlow, R.H. Role of mitochondrial homeostasis and dynamics in Alzheimer’s disease. Neurobiol.
Dis. 2013, 51, 3–12. [CrossRef] [PubMed]

136. Keil, U.; Hauptmann, S.; Bonert, A.; Scherping, I.; Eckert, A.; Müller, W.E. Mitochondrial dysfunction induced by disease relevant
AbetaPP and tau protein mutations. J. Alzheimers Dis. 2006, 9, 139–146. [CrossRef]

137. Seydel, K.B.; Kampondeni, S.D.; Valim, C.; Potchen, M.J.; Milner, D.A.; Muwalo, F.W.; Birbeck, G.L.; Bradley, W.G.; Fox, L.L.;
Glover, S.J.; et al. Brain swelling and death in children with cerebral malaria. N. Engl. J. Med. 2015, 372, 1126–1137. [CrossRef]

138. Nishanth, G.; Schlüter, D. Blood-Brain Barrier in Cerebral Malaria: Pathogenesis and Therapeutic Intervention. Trends Parasitol.
2019, 35, 516–528. [CrossRef]

139. Coban, C.; Lee, M.S.J.; Ishii, K.J. Tissue-specific immunopathology during malaria infection. Nat. Rev. Immunol. 2018, 18, 266–278.
[CrossRef]

140. Chen, Y.; Mi, Y.; Zhang, X.; Ma, Q.; Song, Y.; Zhang, L.; Wang, D.; Xing, J.; Hou, B.; Li, H.; et al. Dihydroartemisinin-induced
unfolded protein response feedback attenuates ferroptosis via PERK/ATF4/HSPA5 pathway in glioma cells. J. Exp. Clin. Cancer
Res. 2019, 38, 402. [CrossRef]

141. Deng, J.; Wu, Z.; Zhao, Z.; Wu, C.; Yuan, M.; Su, Z.; Wang, Y.; Wang, Z. Berberine-Loaded Nanostructured Lipid Carriers Enhance
the Treatment of Ulcerative Colitis. Int. J. Nanomed. 2020, 15, 3937–3951. [CrossRef]

142. Jain, K.K. Nanobiotechnology-based strategies for crossing the blood-brain barrier. Nanomedicine 2012, 7, 1225–1233. [CrossRef]
[PubMed]

143. Maysinger, D.; Behrendt, M.; Lalancette-Hébert, M.; Kriz, J. Real-time imaging of astrocyte response to quantum dots: In vivo
screening model system for biocompatibility of nanoparticles. Nano Lett. 2007, 7, 2513–2520. [CrossRef] [PubMed]

144. Barandeh, F.; Nguyen, P.L.; Kumar, R.; Iacobucci, G.J.; Kuznicki, M.L.; Kosterman, A.; Bergey, E.J.; Prasad, P.N.; Gunawardena, S.
Organically modified silica nanoparticles are biocompatible and can be targeted to neurons in vivo. PLoS ONE 2012, 7, e29424.
[CrossRef]

145. Boraschi, D.; Italiani, P.; Palomba, R.; Decuzzi, P.; Duschl, A.; Fadeel, B.; Moghimi, S.M. Nanoparticles and innate immunity: New
perspectives on host defence. Semin. Immunol. 2017, 34, 33–51. [CrossRef]

146. Nunes, A.; Bussy, C.; Gherardini, L.; Meneghetti, M.; Herrero, M.A.; Bianco, A.; Prato, M.; Pizzorusso, T.; Al-Jamal, K.T.;
Kostarelos, K. In vivo degradation of functionalized carbon nanotubes after stereotactic administration in the brain cortex.
Nanomedicine 2012, 7, 1485–1494. [CrossRef] [PubMed]

147. Vainchtein, I.D.; Molofsky, A.V. Astrocytes and Microglia: In Sickness and in Health. Trends Neurosci. 2020, 43, 144–154. [CrossRef]
148. Choi, K.Y.; Yoon, H.Y.; Kim, J.H.; Bae, S.M.; Park, R.W.; Kang, Y.M.; Kim, I.S.; Kwon, I.C.; Choi, K.; Jeong, S.Y.; et al. Smart

nanocarrier based on PEGylated hyaluronic acid for cancer therapy. ACS Nano 2011, 5, 8591–8599. [CrossRef]
149. Iliff, J.J.; Wang, M.; Liao, Y.; Plogg, B.A.; Peng, W.; Gundersen, G.A.; Benveniste, H.; Vates, G.E.; Deane, R.; Goldman, S.A.; et al.

A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including
amyloid β. Sci. Transl. Med. 2012, 4, 147ra111. [CrossRef]

http://doi.org/10.1084/jem.20150225
http://www.ncbi.nlm.nih.gov/pubmed/26195725
http://doi.org/10.1016/b978-0-12-802997-8.00023-2
http://www.ncbi.nlm.nih.gov/pubmed/26948367
http://doi.org/10.1056/NEJM200101113440207
http://doi.org/10.1056/NEJMe1506813
http://doi.org/10.1002/adma.201506086
http://doi.org/10.1021/acsnano.6b04695
http://doi.org/10.3390/cancers11121836
http://doi.org/10.1021/acsami.9b18388
http://doi.org/10.1039/D0NH00267D
http://doi.org/10.1016/S0140-6736(20)32205-4
http://www.ncbi.nlm.nih.gov/pubmed/33667416
http://doi.org/10.1073/pnas.0903563106
http://doi.org/10.1016/j.bbadis.2013.09.010
http://www.ncbi.nlm.nih.gov/pubmed/24071439
http://doi.org/10.3233/JAD-170585
http://www.ncbi.nlm.nih.gov/pubmed/29036828
http://doi.org/10.1016/j.nbd.2011.12.057
http://www.ncbi.nlm.nih.gov/pubmed/22266017
http://doi.org/10.3233/JAD-2006-9206
http://doi.org/10.1056/NEJMoa1400116
http://doi.org/10.1016/j.pt.2019.04.010
http://doi.org/10.1038/nri.2017.138
http://doi.org/10.1186/s13046-019-1413-7
http://doi.org/10.2147/IJN.S247406
http://doi.org/10.2217/nnm.12.86
http://www.ncbi.nlm.nih.gov/pubmed/22931448
http://doi.org/10.1021/nl071611t
http://www.ncbi.nlm.nih.gov/pubmed/17638392
http://doi.org/10.1371/journal.pone.0029424
http://doi.org/10.1016/j.smim.2017.08.013
http://doi.org/10.2217/nnm.12.33
http://www.ncbi.nlm.nih.gov/pubmed/22712575
http://doi.org/10.1016/j.tins.2020.01.003
http://doi.org/10.1021/nn202070n
http://doi.org/10.1126/scitranslmed.3003748


Pharmaceutics 2023, 15, 621 21 of 21

150. Louveau, A.; Smirnov, I.; Keyes, T.J.; Eccles, J.D.; Rouhani, S.J.; Peske, J.D.; Derecki, N.C.; Castle, D.; Mandell, J.W.; Lee, K.S.; et al.
Structural and functional features of central nervous system lymphatic vessels. Nature 2015, 523, 337–341. [CrossRef]

151. van der Zande, M.; Vandebriel, R.J.; Van Doren, E.; Kramer, E.; Herrera Rivera, Z.; Serrano-Rojero, C.S.; Gremmer, E.R.; Mast, J.;
Peters, R.J.; Hollman, P.C.; et al. Distribution, elimination, and toxicity of silver nanoparticles and silver ions in rats after 28-day
oral exposure. ACS Nano 2012, 6, 7427–7442. [CrossRef] [PubMed]

152. Prades, R.; Guerrero, S.; Araya, E.; Molina, C.; Salas, E.; Zurita, E.; Selva, J.; Egea, G.; López-Iglesias, C.; Teixidó, M.; et al. Delivery
of gold nanoparticles to the brain by conjugation with a peptide that recognizes the transferrin receptor. Biomaterials 2012,
33, 7194–7205. [CrossRef] [PubMed]

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.

http://doi.org/10.1038/nature14432
http://doi.org/10.1021/nn302649p
http://www.ncbi.nlm.nih.gov/pubmed/22857815
http://doi.org/10.1016/j.biomaterials.2012.06.063
http://www.ncbi.nlm.nih.gov/pubmed/22795856

	Introduction 
	Cell Membrane Types Currently Being Used to Coat Nanoparticles to Cross the BBB 
	Single Species of Cell Membrane 
	Red-Cell-Membrane-Coated Nanoparticles (RCMCNPs) 
	White-Cell-Membrane-Coated Nanoparticles (WCMCNPs) 
	Platelet-Cell-Membrane-Coated Nanoparticles (PCMCNPs) 
	Cancer-Cell-Membrane-Coated Nanoparticles (CCMCNPs) 
	Stem-Cell-Membrane-Coated Nanoparticles (SCMCNPs) 
	Neural-Cell-Membrane-Coated Nanoparticles (NCMCNPs) 
	Vascular-Endothelial-Cell-Membrane-Coated Nanoparticles (VECMCNPs) 

	Hybrid-Cell-Membrane-Coated Nanoparticles (HCMCNPs) 

	Application of Cell Membrane Coated Nanoparticles in NDs 
	Ischemic Stroke 
	Brain Tumors 
	Other NDs 

	Safety and Outcomes after CMCNPs Enter the Circulation 
	The Safety of CMCNPs 
	The Clearance after CMCNPs Enter the Blood Circulation: Three Scenarios 
	Normal Condition 
	Off-Target Effects of CMCNPs before Crossing the BBB 
	Off-Target Effects of CMCNPs after Crossing the BBB 

	Potential Adverse Effects of CMCNPs on the Body 
	Potential Adverse Effects of Cell Membrane Coatings 
	Potential Adverse Effects of Long-Term Application of CMCNPs 


	Summary and Perspective 
	References

