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Abstract: Alzheimer’s disease (AD) is to blame for about 60% of dementia cases worldwide. The
blood–brain barrier (BBB) prevents many medications for AD from having clinical therapeutic effects
that can be used to treat the affected area. Many researchers have turned their attention to cell
membrane biomimetic nanoparticles (NPs) to solve this situation. Among them, NPs can extend the
half-life of drugs in the body as the “core” of the wrapped drug, and the cell membrane acts as the
“shell” of the wrapped NPs to functionalize the NPs, which can further improve the delivery efficiency
of nano-drug delivery systems. Researchers are learning that cell membrane biomimetic NPs can
circumvent the BBB’s restriction, prevent harm to the body’s immune system, extend the period that
NPs spend in circulation, and have good biocompatibility and cytotoxicity, which increases efficacy of
drug release. This review summarized the detailed production process and features of core NPs and
further introduced the extraction methods of cell membrane and fusion methods of cell membrane
biomimetic NPs. In addition, the targeting peptides for modifying biomimetic NPs to target the
BBB to demonstrate the broad prospects of cell membrane biomimetic NPs drug delivery systems
were summarized.

Keywords: Alzheimer’s disease; blood–brain barrier; cell membrane biomimetic nanoparticles;
targeting peptides

1. Introduction

The most prevalent type of dementia in the world is Alzheimer’s disease (AD), which
is a progressive and irreversible neurodegenerative disease [1]. The possible predisposing
factor of dementia in elder citizens is neuronal loss and cognitive impairment brought
on by buildup of aggregation of amyloid-β (Aβ) and intracellular neurofibrillary tangles
with aging [2]. According to World Health Organization projections, more than 55 million
people worldwide already suffer from dementia, and that number is projected to increase
to 78 million in 2030 and even more than 139 million in 2050 [3]. The researchers also
found that the median survival time of AD diagnosis age was 3.2 to 6.6 years [4], and the
probability of heritability was about 70%. As the number of AD patients increases, the
situation facing patients and their families is dire [5]. A number of drugs for AD have also
advanced to the clinical research stage, costing billions of dollars [6]. However, 98% of
drugs currently available on the market are blocked by the blood–brain barrier (BBB) in
treating AD [7], which prevents pathogens and drugs from entering the brain from the
circulatory system [8]. Drug delivery that targets the central nervous system for diagnosis
and treatment of neurodegenerative diseases such as AD is restricted.

To solve this problem, many researchers have designed a class of cell membrane
biomimetic nanoparticles (NPs) that can cross the BBB to the affected area in the brain. Cell
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membrane biomimetic NPs typically consist of a thin cytoplasmic membrane and encapsu-
lated therapeutic NPs, resulting in a “core–shell” structure in which drug-encapsulated
NPs (polymeric NPs, lipid-based NPs, inorganic NPs) are the “core” [9] and the outer layer
of the cell membrane that wraps the NPs is the “shell” (Figure 1).
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The “core” of drug-carrying cell membrane biomimetic NPs is prepared from nanoma-
terials and drugs, which can prolong the drug’s half-life and increase biocompatibility in
nerve tissues to enhance the therapeutic effect [10]. To further improve delivery efficiency,
the NPs are wrapped with appreciable amounts of natural cell membranes that could
be easily resized to form the “shell” of NPs [11]. Cell membrane biomimetic NPs, as a
new type of nanomedicine, can target disease sites through the homing tendency of mem-
brane proteins while also evading immune elimination, extending circulation time, and
other biological functions of the parent cell [12]. In contrast, “core–shell” cell membrane
biomimetic NPs are more complex but more flexible and less repulsive than simple NPs
without biomimetic membranes [13]. Core NPs can also be formulated to be loaded with
drugs to enhance stability of NPs in blood. Cell membrane biomimetic NPs can also be
modified with specific peptides targeting the BBB or diseased sites. Taking advantage of the
high transmembrane transport efficiency of targeting peptides, targeting peptides are used
as carriers to couple with cell membrane biomimetic NPs to “carry” the cell membrane
biomimetic NPs to penetrate the BBB, thereby significantly increasing the efficiency of cell
membrane biomimetic NPs and enhancing active targeted delivery of NPs. Biomimetic
nanotechnology provides a new idea for designing nanomaterials that cross the BBB, which
is expected to be used in treatment of AD [14].

In the following review, we focused on the influence of BBB and application of cell
membrane biomimetic NPs in treatment of AD. In addition, NPs synthesis methods, cell
membrane extraction methods, and cell membrane biomimetic NPs fusion methods were
reviewed in this paper. Finally, targeting peptides commonly used to enhance BBB targeting
of biomimetic NPs were summarized, aiming to achieve drug delivery to AD lesion areas.

2. BBB Hinders AD Treatment
2.1. Current Therapy Strategy

Less successful treatment drugs have been developed to treat AD [15], and most of
them can only temporarily relieve symptoms and improve cognitive function. For symp-
tomatic alleviation of AD, the European Medicines Agency (EMA) suggested cholinesterase
inhibitors (ChEIs) and N-methyl-D-aspartate (NMDA) receptor antagonists [16]. ChEIs,
including donepezil, galantamine, tacrine, and rivastigmine, increase acetylcholine levels
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in the synaptic cleft by inhibiting acetylcholinesterase, cause temporary cognitive enhance-
ment, and are licensed for mild to moderate AD. NMDA receptor antagonists, such as
memantine, reduce neurotoxicity of glutamate for symptomatic relief of moderate to severe
AD phases [17]. In addition, the Food and Drug Administration (FDA) also approved mar-
keting of a combination therapy (a fixed-dose mixture of donepezil and memantine) [18]
and aducanumab besides ChEIs and NMDA receptor antagonists. The fixed-dose mix-
ture of donepezil and memantine showed more significant effectiveness than donepezil
alone [19]. Aducanumab is a monoclonal antibody that treats early-stage AD by reducing
amyloid deposition and is the first approved therapy targeting amyloid [20]. However, the
EMA rejected marketing of aducanumab after finding abnormal swelling or bleeding in
brain of minor patients. Although clinical trials of aducanumab are controversial, treatment
with aducanumab still offers advantages over existing treatments [21].

2.2. The Impact of BBB on Treatment of AD

Drug efficiency is enormously limited due to the existence of BBB [22]. BBB is as-
sembled by the blood–brain, cerebrospinal fluid–brain, and blood–cerebrospinal fluid
barriers. BBB is composed of brain capillary endothelial cells (BCECs), astrocytes (AS),
basement membrane, microglia, tight junctions, neurons, and pericyte, showing high
selectivity [23] (Figure 2).
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Figure 2. Schematic diagram of the structure of the BBB. The basement membrane surrounds the
BCECs and embeds pericytes that span several BCECs. AS end-feet are in contact with the BCECs.

The BBB’s BCECs are surrounded by AS, whose feet processes form connections to
neurons. Pericytes are sporadically scattered along the brain capillaries and work with
the basement membrane to stabilize the BBB. Microglia are sorts of immune cells exiting
the central nervous system. Tight junctions are created by a complex network of parallel,
linked transmembrane, and cytoplasmic proteins and are found in the apical/luminal area
of BMECs. Only particles smaller than 1 nm are permitted to cross the passage of tight junc-
tions. Thus, the BBB provides a protective mechanism for maintaining brain homeostasis
and protecting the central nervous system from harmful hematogenous, endogenous, and
exogenous substances. Although drugs or endogenous components cross the BBB into the
brain via transcellular pathways [24] (passive transcellular diffusion pathway, paracellular
pathway, adsorption mediated endocytosis, carrier mediated transport, receptor mediated
transcytosis, and efflux pumps that expel materials from the brain [25], as shown in Figure 3,
the transcellular pathways still require certain conditions for molecules to enter the brain,
including molecular weight (less than 400 Da), shape (spherical), size (nano range), ion-
ization (physiological pH value), lipophilicity, etc. As a result, all macromolecular drugs
and more than 98% of small-molecule drugs are excluded from the brain [26]. Even though
many drugs show satisfactory therapeutic effects in vitro, most of the activities are blocked
by the BBB in vivo. According to the study of Zhao et al., the bioavailability of donepezil
administrated orally in the brain is only 0.024–0.05% [27]. The research of Karasova also
revealed that the oral bioavailability of tacrine in the brain is only 0.0014–0.0018% [28].
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Presence of BBB has a significant impact on bioavailability of drugs into the brain, which is
a great challenge for treatment of AD [29].
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2.3. New Strategies for Treating AD through BBB
2.3.1. Route of Administration for Treating AD

Faced with the difficulty of delivering drugs into the brain for diagnosis and treatment,
there are currently three main approaches to solving this problem: (A) local sustained
release, a highly invasive procedure in which a drug is injected directly into the brain
through the meninges. However, it is clinically prone to bleeding and central nervous
system infection and should be used in very severe cases or only when a patient is hospi-
talized. (B) Intranasal administration: the brain receives medication directly by bypassing
the BBB via the olfactory and trigeminal pathways. However, there are problems, such as
insufficient absorption of drugs from the nasal mucosa, small nasal volume, large variabil-
ity, and poor stability [30]. (C) Systemically administered, where a drug can cross the BBB
and arrive in brain when administered orally or intravenously [31]. To date, the systemic
delivery route is the most interesting and receptive strategy for AD treatment.

2.3.2. Potential Agents for AD Treatment

In addition to medicines already in use mentioned in Section 2.1, some natural prod-
ucts have shown great potential in treatment of AD, such as curcumin (Cur), quercetin [32],
thymoquinone [33], huperzine A [34], and rhynchophylline [35]. At the same time, many
potential natural products, such as fucosterol, lectin, fucoxanthin, and astaxanthin, have
been isolated from marine algae [36]. Marine actinomyces produce a variety of halogenated
compounds and can also be a rich source of natural medicines to treat AD [37]. However,
most natural products are poorly water-soluble, resulting in difficulties to enter the brain.
NPs could be used as vectors to carry natural products across the BBB to treat AD. Among
them, metal NPs can easily be synthesized, coated, or combined to carry these natural prod-
ucts. Metal NPs carrying natural products can be used for in vitro detection of Aβ using
confocal microscopy and also to manipulate Aβ aggregation to treat neurodegenerative
diseases [38].

2.3.3. Nanoparticle Technology for Treating AD

There are several routes in which nanocarriers carry therapeutic drugs across the BBB
into the brain to treat degenerative neurological disease: (A) open the tight connections
between BCECs or cause local toxic effects that make the BBB more permeable, allowing NPs
to enter the brain; (B) through endocytosis through BCECs, NPs enter the BCECs cytoplasm
and then are expelled into the brain by the BCECs lumen; (C) through transcellular action
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through BCECs into the brain. NPs’ biocompatibility and biodegradability allow them to
protect pharmaceuticals, increase their bioavailability, and enable active targeting through
surface functionalization, making it easier to distribute drugs to specific places. NPs may
be able to transport therapeutic medications directly to the brain due to these advantageous
effects without endangering the BBB’s neuroprotective qualities [8]. Therefore, NPs can be
used to target amyloid Aβ aggregation, excessive Tau phosphorylation, neurotransmitter
dysfunction, neuroinflammation, oxidative stress, and neurotrophic factors in the brain
to restore degenerative nerves and thus achieve the therapeutic effect of AD. NPs carry
fluorescent molecules for early diagnosis of brain diseases. In conclusion, application of
NPs in treatment of AD across the BBB has shown great potential.

In the systemic delivery system, cell membrane biomimetic NPs have shown great
advantages for brain drug delivery, with the features of high drug loading, good biocom-
patibility, long circulation time, instinctual targeting ability, and low immunogenicity. Cell
membrane biomimetic NPs simultaneously combine the advantages of unique natural cell
membranes and an artificial core and can disguise as autologous cells, providing a new
idea for brain drug delivery.

3. Core NPs

With the introduction of the concept of nanotechnology, nanotechnology has be-
come a field to ensure safety of human life, involving many aspects, such as medicine
and bioscience, agriculture, the food industry, electronics, transportation, communica-
tion, energy, etc. [39]. NPs consisting of nanomaterials and therapeutic agents [40] have
characteristics of tissue selectivity, long circulation time, protecting and encapsulating
drugs, enhancing drug absorption, increasing the loading and bioavailability of poorly
soluble drugs, etc. [41]. On this basis, a variety of drug nanocarriers have been developed,
including polymeric NPs, lipid-based NPs, and inorganic NPs.

3.1. NPs
3.1.1. Polymeric NPs

Because of their flexible architecture (10–1000 nm), low toxicity, biocompatibility, and
regulated drug release, polymeric NPs—both synthetic and natural—have been extensively
exploited in an astounding variety of drug delivery systems [42]. Therapeutic medications
can be transported across the BBB by passive or active delivery when they are enclosed in
polymeric NPs, protecting them from enzymatic and hydrolytic destruction [43]. According
to reports, pharmaceutically loaded polymeric NPs boost brain penetration, enabling much
higher drug concentrations at the target region and increasing the medicine’s overall
effectiveness [44].

The most common biodegradable and biocompatible polymers used to create poly-
meric NPs include poly(D,L-lactide-co-glycolide) (PLGA), polyethylene glycol, polylactic
acid, poly(caprolactone), poly(glutamic acid), N-(2-hydroxypropyl)-methacrylate copoly-
mers, poly(n-butylcyanoacrylate), 4-(Hydroxymethyl) phenylboronic acid pinacol ester
(PBAP), and poly(amino acids), etc. PLGA is a synthetic polymer that has received FDA
approval and has excellent biocompatibility and biodegradability features. It has been
utilized extensively in medicinal applications, including treatment of AD [45].

Gao et al. prepared Cur-encapsulated PLGA NPs and camouflaged them with a red
blood cell membrane (RBCm) (RBC-NP-Cur). In aneuronal-like cells (HT22) and primary
brain capillary endothelial cell Transwell co-culture test, RBC-NP-Cur was confirmed to
show significantly better permeability than Cur. In addition, after injection of RBC-NP-Cur
in AD model mice, more accumulation of Cur, reduced cognitive decline, suppressed
nerve cell death, and decreased p-tau levels in the brain were observed compared to free
Cur group [46]. Tang et al. used macrophage membrane (MA)-encapsulated rapamycin-
loaded PBAP NPs to treat AD. Confocal laser scanning microscope images revealed that
a significant number of MA/1,19-Dioctadecyl-3,3,39,39-tetramethylindo-dicarbocyanine
perchlorate (DiD) NPs accumulated in inflammatory human umbilical vein endothelial
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cells (HUVECs) after NPs were modified with DiD for 2 h [47]. These results imply that
modified polymer NPs can actively target the sick region and release medications, resulting
in increased effectiveness of drug delivery.

Polymer nanomicelles (PM) carrying a wide range of proteins, such as mRNAs or
antibodies, can specifically and efficiently penetrate the BBB by injection to reach the
brain parenchyma to release active agents’ fragments. In addition to preventing early
degradation of mRNA, use of mRNA-loaded PM altered intracellular mRNA transport,
increased mRNA detection and expression in neurons in vivo, and reduced amyloid load
in mouse models of acute amyloidosis [48]. It was also shown that accumulation of 3D6
antibody fragments (3D6-Fab) in the brain using the PM system was 41 times greater
than that of free 3D6-Fab and successfully inhibited Aβ1-42 aggregation in AD mice [49].
According to the characteristics of high impermeability of BBB, biotin and PECAM-1 protein
on BBB were combined to form biotin targets on BCECs and avidin-functionalized PM
with biotin specific binding were prepared. The PM can only target the brain and reduce
accumulation in other organs in the body, thus reducing clinically limited peripheral side
effects and effectively treating AD [50].

3.1.2. Lipid-Based NPs

Liposomes [51], solid lipid NPs (SLNs) [52], nanostructured lipid carriers [53], and
nanoemulsions [54], among others [32], are the most common lipid-based NPs. Phospho-
lipids, fatty acids, or cholesterol are generally used to create lipid-based NPs. Lipid-based
NPs have the ability to form both unilamellar and multilamellar vesicular structures with
diameters between 80 nm and 100 µm. Lipid-based NPs can carry various kinds of thera-
peutic drugs (such as nucleic acids, enzymes, and proteins) for effective transportation. The
unique phospholipid structure of lipid-based NPs (similar to physiological membranes)
makes them more compatible with the cellular lipid layer of the BBB, facilitating drug entry
into the brain. Controlled and exact release of the materials at the targets is also made
possible by lipid-based NPs, which can limit the rate of material breakdown. Lipid-based
NPs are widely used in brain-targeted drug delivery because of high safety, good economic
performance, large drug loading, good biodegradability, and biocompatibility [55].

Song et al. encapsulated rapamycin in liposomes and coated with platelet membrane
by extrusion (P-Lipo). After intravenous injection of P-Lipo, the extracted brain tissue
was observed under a fluorescence microscope and it was found that accumulation of
P-Lipo in atherosclerotic lesions increased by 5.91 times compared with control liposomes,
indicating that P-Lipo-specific targets to atherosclerotic plaques [56]. Han et al. prepared
MA-coated SLNs for delivery of genistein to neuronal mitochondria (MASLNs). Using the
brain microvascular cell (bEnd.3)/HT22 in vitro co-culture model to study the permeability
of the BBB, it was found that MASLNs had a more pronounced ability to cross the BBB
than SLNs. In vivo imaging in mice following tail vein injection of 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindotricarbocyanine iodide (DiR)-labeled MASLNs and fluorescence intensities
identified in isolated brain homogenates revealed that MASLNs can cross the BBB [57].

3.1.3. Inorganic NPs

Inorganic NPs are usually based on metals and non-carbon sources. The shape and
size of inorganic NPs, including gold (Au) [58], silica (Si) [59], silver (Ag) [60], and magnetic
(Fe3O4) [61] NPs, can be precisely tuned according to the synthesis process. Inorganic NPs
have large surface area, controllable structure, diverse surface chemical properties, unique
optical and magnetic properties, etc. At the same time, inorganic NPs also have chemical
and physical stability in treatment of brain diseases and diagnostic applications [62]. Addi-
tionally, use of particular external stimuli, such as magnetic materials and near-infrared
light, can assist the BBB’s on-demand drug release and improve imaging [63]. However,
because of their inherent toxicity, inorganic NPs are not always simply removed from the
body, can have long-lasting immunological reactions, and have low biocompatibility [63].
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Plissonneau et al. prepared sub-5 nm gadolinium-based NPs (AGuIX) co-modified
by two small peptides derived from the sequence of Aβ1–42, KLVFF and LPFFD. KLVFF
matches the short hydrophobic core Aβ segment and LPFFD binds the hydrophobic area
in Aβ’s center, respectively, for Aβ-amyloid-plaque-targeted treatment of AD. Both func-
tionalized NPs attach specifically to the amyloid plaque made up of Aβ protein in vitro
hippocampus of AD model mice, as shown by immunohistochemical labeling with Pitts-
burgh compound on brain slices of transgenic mice with AD [64]. Gao et al. prepared an
Au NPs scaffold with both polyoxometalates with LPFFD and Wells–Dawson structure
(POMD) (AuNPs@POMD-pep). Thioflavin T assay demonstrated that AuNPs@POMD-pep
successfully promoted disintegration of Aβ fibrils after co-incubating Aβ monomers with
the compound. This was demonstrated by the fact that the fluorescence intensity was
reduced by roughly 37%. After injection of AuNPs@POMD-pep to mice intravenously,
inductively coupled plasma mass spectrometry analysis was involved to verify the success
penetration of AuNPs@POMD-pep across the BBB [58].

3.2. Synthesis of Core NPs
3.2.1. Single Emulsification–Solvent Evaporation Method

Single emulsion (W/O) of polymeric NPs for hydrophobic drugs can be synthesized
by emulsification–solvent evaporation method. First, the nano carries and interested
ingredients are dissolved in organic solvents as organic phase. The organic phase is
dropped into water phase containing sodium cholate, poloxamer, etc. Then, the mixtures
are stirred and phaco-emulsified to produce a stable nano-emulsion. The organic solvent is
evaporated off to generate NPs [65] (Figure 4).
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3.2.2. Double Emulsion Method

Generally, hydrophilic drugs (such as proteins) can be prepared as polymeric NPs and
lipid-based NPs by this double emulsion (W/O/W) method [66]. The hydrophilic drug
and stabilizer are first dissolved in water and then dispersed in the organic solvent form
colostrum. The colostrum is dispersed and dissolved in an aqueous phase containing an
emulsifier, and the formulation is finally stirred to evaporate the organic solvent and obtain
NPs [67]. The double emulsification method can prevent the decrease in encapsulation
efficiency caused by the rapid dispersion of water-soluble drugs into the outer water phase
during the emulsification process (Figure 5).

3.2.3. Nanoprecipitation Method

Nanoprecipitation method can be used to prepare hydrophobic polymers into NPs.
Materials and drugs are dissolved and dispersed in organic solvents. The resulting organic
solvent is added into an aqueous solution with surfactants magnetically stirred. Due to
the difference in the solubility of hydrophobic polymers in the two solvents, the polymers
that exist in stretched form in organic solvents will aggregate and form NPs once they
enter the aqueous phase. By using lower pressure evaporation or nitrogen blowing, the
solvent and water from the particle dispersions are eliminated. NPs are precipitated from
the suspo-emulsion by centrifugation in a differential centrifuge [68] (Figure 6).
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3.2.4. Salting out Emulsification–Diffusion Method

No toxic organic solvent is used in salting out emulsification–diffusion method. Natu-
ral polymer materials, such as albumin and gelatin, are used as carrier materials to prepare
polymeric NPs. Dissolve nanocarriers and hydrophobic drugs in water with surfactant,
and then add salt precipitating agent or change the pH value to precipitate the polymer
while stirring. An emulsifier is added to emulsify the precipitate and an appropriate
amount of curing agent is used to stabilize the NPs. Dialysis membrane or gel column
chromatography can be used to purify the products [69] (Figure 7).

3.2.5. Supercritical Fluid Method

Supercritical fluid is a substance in a supercritical state that can improve solubility of
poorly soluble drugs [70]. Polymers (or liposomes) and drugs are dissolved in a supercritical
liquid. When the supercritical liquid is decompressed and atomized through a small-
diameter nozzle, the NPs will be separated with rapid vaporization of the supercritical
liquid [71]. Supercritical fluid technology is emerging as an attractive preparation method
due to use of environmentally friendly solvents, high-purity processing of NPs, and absence
of residual organic solvents [72] (Figure 8).
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3.2.6. Spray Drying Method

Spray drying method has been shown to be an effective way for improving long-term
stability of NPs and is suitable for industrial largescale preparation of NPs. With removal of
water, NPs material turned from fluid state to powdered material. The atomizer atomizes a
certain concentration of fluid, falls into a certain flow of dry gas for vaporization/drying,
and finally separates NPs from the dry gas [73]. This method is further restricted to lipids
with a melting point over 70 ◦C (Figure 9).
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3.2.7. Solvothermal Method

In closed reactors (such as autoclave) with high temperatures and pressures, the
solvothermal approach typically functioned and is suitable for preparation of inorganic
NPs [74]. The raw material is dissolved in an organic solvent, stirred, sonicated, and then
transferred to an autoclave for heat treatment. Then, the cores evolve into grains with a
certain shape. The autoclave spontaneously cools down to ambient temperature in the
presence of air following the solvothermal reaction [75]. The precipitate is then centrifuged
separately, cleaned with deionized water, and finally dried [76]. The reaction process is
relatively sluggish with this approach, taking between 18 and 36 h [77] (Figure 10).
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3.2.8. Sol–Gel Method

When using the sol–gel process, the inorganic material is uniformly dissolved in the
precursor solvent before being transferred to a container. Heat the container, store under
vacuum for a period of time and cause its gelation, and then cool to room temperature. The
product is washed with ethanol and subsequently dried under vacuum to obtain inorganic
NPs with core–shell structure. By adjusting the reaction time and material ratio as well as
the proportion of the reaction product, the sol–gel method can control the thickness of the
shell, which in turn affects the overall particle size [78] (Figure 11).
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3.2.9. Thermal Decomposition

The weighed precursor and inorganic material are added into an organic solvent. The
mixture is stirred to dissolve during heating and then kept at a specific temperature in the
reactor. The samples are allowed to cool down at room temperature. Products are collected
by filtration, washed several times, and dried overnight [79]. Thermal decomposition has
the benefit of allowing for efficient and speedy synthesis of functional NPs in accordance
with experimental requirements (Figure 12).
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4. Cell Membrane

As the “shell” of the cell membrane biomimetic NPs, the cell membrane plays the
role of modifying the NPs. Membrane proteins embedded in semipermeable phospholipid
bilayers, such as integrins, peripherins, and lipid-anchored proteins, make up around
one-third of all the proteins in an organism [80]. NPs, wrapped in membranes that embed
endogenous proteins outwards, would have the properties of endogenous cells, enhancing
immune escape and extending blood circulation [81]. This chapter summarized the cell
extraction methods from blood or tissue and their corresponding membrane properties and
limitations (as shown in Table 1).

Table 1. Extraction methods of different cell membranes and their characteristics and limitations.

Cell Separation Methods Properties Limitations

Erythrocyte
Extrusion, ultrasound,

freeze–thaw,
and hypotonicity

Easy availability.

Poor targeting ability.

Long circulatory lifespan (~120 days in humans and
~50 days in mice) and wide circulation range.

Uniform in size and shape, with a good surface area
to volume ratio, without organelles and any DNA.

Good biocompatibility, biodegradability, and
non-immunogenicity.

Platelet Extrusion, freeze–thaw,
and ultrasound

High targeting efficiency.

Small proportion of blood
and undesirable activated.

Controlled drug release.
Lower immunogenicity.

Long systemic circulation (around 7–10 days).
Targeting to plaque.

Leukocyte Extrusion and hypotonicity

Adhesion capacity.
Organization residency

restrictions.
Migratory and chemotactic capacity in

disease states.
High loading capacity.

Macrophage Extrusion and hypotonicity
Good targeting ability to AD lesions.

Organization residency
restrictions.

Innate immune evasion ability.
Long circulation ability in vivo.

Cancer cell Extrusion and
Dounce homogenizer Strong homologous targeting ability. Homologous tumor

targeting.

4.1. Source Cell

Distinct types of cells in the human body perform several physiological tasks, such
as lengthy blood circulation, migration to particular body areas, and traversing physical
barriers. To deliver medications with retained cellular structure and function, it is crucial
to choose particular cell types.

4.1.1. Erythrocyte

Erythrocytes, also known as red blood cells, lack organelles and nuclei and are bi-
concave blood cells, with a diameter of between 7 and 8 µm and a central thickness of
about 1 µm. Erythrocytes are the most prevalent cell in blood, making up a quarter of the
total number of cells in the body, and can be easily isolated from the blood [82]. In addi-
tion, because of a lifespan of more than 120 days and high surface area/volume ratio, the
erythrocyte has long circulation time in the body for efficient transport. Erythrocytes can
effectively avoid phagocytosis by the immune system because the surface of erythrocytes is
rich in self-labeled proteins, such as CD47, polysaccharides, and acidic sialic acid moieties,
which are essential for maintaining balance of erythrocytes [83]. Deactivation of myosin
IIA, which is involved in contraction of macrophage actinomyosin, is brought about by
binding of CD47 to SIRP-α and can prevent phagocytosis [84]. In addition to camouflaging
their function and avoiding clearance by the immune system, NPs modified with RBCm
can reduce toxic side effects, prolong circulation time, and enhance drug retention at the
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focal site [85]. In recent years, polymeric NPs encapsulated by RBCm have represented an
emerging nano-drug delivery platform because of their properties of prolonging circulation
in vivo [86].

Gao et al. coated Cur-loaded human serum albumin NPs with RBCm and then
modified the RBCm surface with triphenylphosphine (TPP) molecules and AV-1451 (T807)
(T807/TPP-RBC-Cur-NPs). In the in vitro co-culture model of BMECs, AS, and HT22 cells,
significant fluorescence intensity was observed in the T807/TPP-RBC-NPs group, proving
that RBCm-coated biomimetic NPs could effectively traverse the BBB and fully enhance the
Cur cell uptake. Hematoxylin and eosin staining was used to check the survival of neurons
in the hippocampus of AD model mice after injection of T807/TPP-RBC-Cur-NPs into the
tail vein. The neuronal survival rate in the hippocampus of AD model mice treated with
T807/TPP-RBC-Cur-NPs was greatly increased [87].

4.1.2. Platelet

Platelets are disc-shaped anucleate cellular fragments from bone marrow stem cell line
megakaryocytes [88]. Platelets are less numerous (150,000-450,000/mL), shorter lifespan
(7–10 days) [89], and smaller (average diameter 2–4 µm) compared to erythrocytes [88].
Platelets are commonly used for vascular injury, wound healing, inflammation, and
hemostasis following thrombosis [90]. Due to the ability of platelets regarding immune eva-
sion [91], subendothelial adhesion, and pathogen detection [92], platelet-membrane-coated
NPs have gained great attention over the past few decades.

Xu et al. synthesized YGRKKRRQRRR-NH2-modified platelet membranes coated with
neuroprotectant (ZL006e) and recombinant-tissue-plasminogen-activator-loaded polymeric
NPs of glucan derivatives (TP-NP-rtPA/ZL006e). It was found that the cell penetration rate
of TP-NP-rtPA/ZL006e in BCECs cells was significantly higher than that of free ZL006e. The
concentration of TP-NP-rtPA/ZL006e in the brain was 14.6% after injection of coumarin-6-
labeled TP-NP-rtPA/ZL006e into a mouse model, which was higher than that in liver tissue
at 2 h administration. TP-NP-rtPA/ZL006e was found to penetrate the BBB and accumulate
in injured neural tissue [93].

4.1.3. Leukocyte

Leukocytes, commonly termed as white blood cells, are between 7 and 20 µm in diam-
eter, larger than erythrocytes due to their nucleus. Leukocytes play an important function
in protecting bodies from infection and injury and are widely distributed in blood arteries,
lymphatics, and other organs. The CD11b protein on the surface of leukocyte membranes
can target activated BCECs and evade uptake by the mononuclear phagocytosis system
via CD45 protein [94]. Based on the characteristics of receptor proteins on the leukocytes
membrane, the leukocytes membrane can be used as a general tool for therapeutic drug
delivery [95]. Leukocytes come in five different subtypes: neutrophils (NCM), eosinophils,
basophils, lymphocytes, and monocytes. Leukocytes are the guardians of the body, with
unique physicochemical and biological properties. Therefore, NPs disguised with leuko-
cyte membranes have the effect of evading opsonization and delaying uptake [96]. As the
existence of nuclei, leukocytes are more difficult to be extracted and purified. Despite of
their flaws, white blood cell membranes also are excellent candidates for NPs encapsulation
due to their capacity to target and regulate tumors and inflammation.

Mesoporous Prussian blue nanozyme, which has a cell membrane coating of NCM
(MPBzyme@NCM), was created by Feng et al. After co-culture with MPBzyme@NCM and
Transwell system (bEnd.3 and mouse microglia cells), it was found that MPBzyme@NCM
could not only cross BBB but also had strong reactive oxygen species scavenging abil-
ity. Fluorescence imaging of mice injected with fluorescein isothiocyanate labeled MP-
Bzyme@NCM showed that NCM coating promoted continuous accumulation of MP-
Bzyme@NCM in brain tissue compared with NCM or non-coating [97].
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4.1.4. Macrophages

Macrophages are immune cells that recognize, engulf, and digest cellular debris and
other foreign substances that lack biomarkers of their own [98]. Recently, macrophages
have attracted much interest and have been developed to contain NPs [99]. As a kind of
immune cell, macrophages have the function of immune evasion [98]. NPs that have been
enclosed by the MA can easily move between macrophages, extravascular tissues, and blood
vessels. Studies have shown that pathogeny of AD is related to damage of BCECs [100],
which secrete adhesion molecules caused by immune cells. Thus, macrophages could be
transferred to the lesion site and participate in various stages of AD [101].

Long et al. prepared Baicalin liposomes (BA-LP) modified with MA (MA-BA-LP).
Intensity and duration of fluorescence in brains of mice injected with MA-DiR-LP in tail
veins were substantially higher than those in the DiR-LP group. The findings demonstrated
that MA-BA-LP had a greater brain targeting impact than BA-LP [102].

4.1.5. Cancer Cells

Cancer-cells-modified NPs can be easily bound to homologous tumor cells because
of the homologous adhesion molecules on cell membranes, such as lectins, integrins, cad-
herins, selectors, and proteins [103]. Cancer-cell-membrane-modified NPs have strong
homologous targeting capabilities without the need for laborious surface modifications,
and they can be employed to deliver medications or contrast agents to specific tumors [104].
As a result, NPs coated with cancer cell membrane also can improve cellular uptake, tu-
mor targeting, and accumulation in addition to enabling endogenous biomimetic “stealth”
administration in vivo [105]. Furthermore, it has been established that one of the best
strategies to improve NPs’ ability to be biocompatible for treatment of homologous ma-
lignancies is through cancer cell membrane. Studies have shown that NPs disguised as
glioma cell membranes have the ability to cross the BBB and long-term circulation [11], but,
unfortunately, treatment of AD with cancer-cell-membrane-modified NPs is unclear [106].

4.1.6. Membrane Hybridization

Multi-membrane-modified NPs showed better performance compared with single-
membrane-modified NPs [107]. Membrane hybridization can introduce membrane proteins
specific to one cell type into another, giving the hybrid membrane greater targeting ability.
Membrane hybridization can also enhance the immune escape of NPs by introducing
another membrane with stronger stealth ability. Membrane hybridization is also used
to introduce “homologous” characteristics that reduce unnecessary cells [108]. Mixed
membranes exhibit superior biocompatibility, reduced immunogenicity, prolonged cyclicity,
homologous targeting capability, and stimulation of the innate or adaptive immune system.
For instance, modification of NPs by fusing of platelets and other functional membranes
allows them to target damaged areas and treat diseases such as atherosclerosis and acute
inflammation. Bionic neutral granulocytes and macroscopic cells with collaborative tumor
micro-environment modify nano-particles to treat homologous tumors [109].

4.1.7. Other Cells

In a particular design found in the study, Niu et al. attached doxorubicin-loaded
heparin NPs to the surface of native grapefruit extracellular vesicles, creating biomimetic
grapefruit for drug delivery NPs; compared with traditional cell membrane encapsulation,
the therapeutic effect of modified NPs can reach 4 times the drug loading. Biomimetic
grapefruit NPs can bypass BBB and enter glioma tissue through receptor-mediated cell
penetration and membrane fusion, which greatly promotes cellular internalization and
anti-proliferation capabilities and extends the cycle time [110].

4.2. Isolation of Cell Membrane

Natural, intact, and functional cell membranes are separated from source cells by
destroying or lysing cells to empty their intracellular components. Cell membranes can be



Molecules 2023, 28, 2336 14 of 24

separated from blood or tissues by ultrasound, freeze–thaw, extrusion, hypotonicity, and
Dounce homogenizers (summarized in Figure 13).
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4.2.1. Ultrasound

Ultrasound is a technique that agitates cells and their constituent parts with sound
energy. The tube containing the cell suspension is placed in an ultrasonic bath [111]. The
alternating process of compression and expansion through different acoustic frequencies
produces intense shock waves (inertial cavitation) [112] and high-velocity microjets [113],
known as cavitation. The cavitation leads to cell rupture and cell lysis, which makes it easier
to separate the cell membranes. However, ultrasonic membrane separation technology still
has some shortcomings. For example, free radicals generated in the process of ultrasound
can affect the internal structure of cell membrane. The increasing temperature of the
medium can change the properties of membrane proteins, resulting in unstable yield of cell
membrane [80]. To prevent permanent harm to cell membranes, the power, frequency, time,
and temperature parameters should be carefully optimized.

4.2.2. Freeze–Thaw

Freeze–thaw method is a gentle, simple, and convenient method of cell membrane
isolation. The culture dish holding the cell suspension is quickly thawed at 40 ◦C or at
ambient temperature after being instantly frozen at −15 ◦C to −20 ◦C (either dry ice or an
ethanol bath). Cell destruction occurs after at least two cycles of freezing and thawing [114].
This is because cells grow larger by forming frozen ice crystals, which then contract as they
melt. When the sizes of the ice crystals cells are periodically changed, the cells rupture and
the membranes are separated. During freezing and thawing cycling, proteins embedded in
the cell membrane are damaged and protein activity will be inhibited.

4.2.3. Extrusion

Cell membranes with large cross-sectional area are extruded through a die to obtain
cell vesicles with smaller cross-section. After pretreatment of membranes with large cross-
sectional areas, the cell membrane is mechanically pushed through a mold with a specified
cross-section to obtain cell membrane vesicles of a certain desired shape and size [115].
The cell suspension is pushed through a membrane filter on the device using a liposome
extruder to obtain cell vesicles in specified size range [116]. The main elements influencing
the size distribution of the extruded material are pushing pressure, pushing timings, and
pore size of the filter membrane. Extrusion can be conducted at room temperature or above
the recrystallization temperature of the material.
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4.2.4. Hypotonicity

When the hypotonic lysate is added to the culture dish containing the cells, the water
molecules in the hypotonic lysate will diffuse into the cells and increase the volume of the
cytoplasm, resulting in rupture of the cells to acquire the cell membrane [117]. Alternatively,
cells are suspended in an ice bath in hypotonic lysis buffer for 15 min and then homogenized
to obtain a supernatant containing cell membrane fragments and cytoplasmic extract. The
pH and osmotic pressure of the lysate are regulated by buffer salts and ionic salts. The ready-
to-use, detergent-free hypotonic lysis buffer (10 mm Tris HCl, pH 7.5) has a noticeable
impact on cell lysis and cell membrane isolation; 0.25% PBS or 0.4% NaCl [80] is also
recommended as a hypotonic lysis buffer for cell membrane isolation.

4.2.5. Dounce Homogenizer

Homogenization is a process of micronizing and homogenizing dispersion in a sus-
pension (or emulsion) system. The Dounce homogenizer [118] is a cylindrical glass tube
with two grinding rods of different sizes in each set. The smaller rod for preliminary tissue
separation and the larger rod for finishing grinding are appropriate for cell suspension
or soft tissue grinding, moderate homogenization of eukaryotic cells, and organelle sepa-
ration [119]. The cells are placed in a Dounce homogenizer with the appropriate volume
of lysis buffer. They are first tapped with a loose rod, and then a large and tight stick is
tapped up and down in the glass bottle, usually five to ten times, to obtain the disrupted
cell membranes. Previous studies showed that the combination of Dounce homogenizer
and hypotonic lysis buffer can achieve better cell lysis effect [120]. Use of a hypotonic
buffer caused the cytoplasm to swell, and then the cell membrane is obtained by gently
breaking the cell by mechanical force using a Dounce homogenizer. Because the spherical
design of the pestle head effectively reduces heat generation during friction, the Dounce
homogenizer can avoid the effect of heat accumulation on the protein activity on the cell
membrane surface.

4.3. Fusion of Membrane Vesicles and NPs

After the cell membrane is extracted, the extracted cell membrane vesicles need to be
fused with NPs to form cell membrane biomimetic NPs. Several methods have been pro-
posed to fuse cell membranes with NPs, including co-extrusion (by mechanical extrusion),
ultrasound (endocytosis by ultrasonic energy), extrusion/microfluidic electroporation (by
electrical pulses), etc. (Figure 14).
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4.3.1. Co-Extrusion

In the co-extrusion method, the cell membrane suspension and the NPs suspension are
mixed in certain proportion. The mixed suspension is co-extruded multiple times through
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a porous filter membrane of the specified size of the extruder [102]. After extruder, NPs are
wrapped by cell membrane vesicles to form cell membrane biomimetic NPs. The excess
cell membrane vesicles and NPs are discarded by centrifugation. The lower residues after
centrifugation are retained as cell membrane biomimetic NPs [116]. Co-extrusion method
is easy and simple, and the desired size of cell membrane NPs can be obtained by adjusting
the pore size of the filter membrane [121].

4.3.2. Ultrasound

The mixture of cell membranes and core NPs is incubated under the effect of ul-
trasound to obtain cell membrane biomimetic NPs [122]. The energy generated by the
ultrasonic wave is destructive, which can make the cell membrane spontaneously remodel
on the NPs to obtain cell membrane biomimetic NPs. Compared with the co-extrusion
method, the ultrasonic method has less material loss and simple operation, which shows
better application prospects. The ultrasonic method can also fuse multiple membranes to
form membrane hybrids, giving the cell membrane more targeting capabilities. However,
the film coating formed by ultrasonic method may not be uniform, and the long-term
ultrasonic process will also break the NPs.

4.3.3. Microfluidic Electroporation

Microfluidic electroporation technology is a new technology developed in recent years
that simultaneously solves the problems of destruction of NPs via ultrasonic/extrusion
and time-consuming and labor-intensive nature of the co-extrusion method [123]. When
the cell membrane suspension and the NPs suspension are separately injected into the
instrument, the two components will first be combined in the first channel (Y shape),
then mixed in the second channel (S shape). Under electrical impulses in the perforated
area, NPs will penetrate into the cell membrane vesicles, and, finally, the cell membrane
biomimetic NPs will be collected from the chip [124]. Even though the synthesis process is
relatively complex, this method has high synthesis rate and good parallelism with great
potential [125].

4.3.4. Other Coating Methods

In addition to the three methods summarized in Table 2, methods such as freeze–
thaw/ultrasound, extrusion/ultrasound and stirring, extrusion/electroporation, and in
situ packaging can also be used to prepare cell membrane biomimetic NPs.

Table 2. Methods of fusion of cell membrane and NPs and their advantages and disadvantages.

Method Procedures Advantages Disadvantages

Co-extrusion

The mixed solution formed by mixing the cell
membrane suspension and the NPs suspension
is co-extruded through a porous filter membrane
of specified size with an extruder for many times

The steps are simple and
easy to use. Time-consuming and

labor-intensive.
Low synthesis rateThe multi-layer target

product can be prepared

Ultrasound
The mixture formed by mixing the cell membrane
suspension and the NPs suspension is sonicated at

a certain frequency for a specified time

Less loss of raw materials;
mass production is possible.

Uneven coating, easy to
form polydisperse particles.

NPs are easily broken

The biomimetic NPs
formed are highly stable.
Membrane hybrids can

be formed

Microfluidic
electroporation

The cell membrane suspension and NPs
suspension are mixed separately in the instrument,
flow through the electroporation area, and finally

the product is collected in the chip

High synthesis rate and
good parallelism Complex operation process
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5. Targeting Peptides

Nowadays, application of membrane biomimetic NPs is becoming more and more
common, and the multifunctional demand for membrane biomimetic NPs is also increasing.
On this basis, peptides with additional functions can be used, which provide the particles
with various additional functions beyond the natural functions of the cell membrane,
greatly increasing application of NPs. The usual method includes (A) lipid insertion:
ligand–joint–lipid junctions are first synthesized and then the lipid chains are inserted into
the membrane depending on the fluidity of the bilayer lipid membrane [126]; (B) membrane
hybridization: by fusing a variety of cell membranes, the combined hybrid membrane
will have a variety of cell membrane functions [83]; (C) metabolic engineering: metabolic
substrates are first bound to functional parts and then incubated with cells to participate in
the absorption and metabolic processes, and metabolic engineering methods are expressed
on cell membranes [127]; and (D) genetic modification: genetically modified membranes
are created by selectively gene-editing cells, which are then coated with NPs [128]. The
most widely used and easiest way to apply is to prepare dual-function joints Malayside-
polyethylene glycol-active fat chemically modified living cells. Functional chains are
attached to the ends of specific targeting peptides, giving the native cell membrane more
function when the cell membrane is intact [129]. As shown in Table 3, a variety of targeting
peptides have been applied to treat brain diseases through BBB.

Table 3. Targeting peptides related to BBB and their protein sequences and corresponding targets.

Target Receptor or Transport Pathway Name Peptide Sequence Ref.

Low-density lipoprotein receptor

Angiopep-2 TFFYGGSRGKRNFKTEEY [130]
ApoB SSVIDALQYKLEGTTRLTRKRGLKLATALSLSNKFVEGS [131]
ApoE LRKLRKRLL [132]

mApoE CWGLRKLRKRLLR [133]
Peptide-22 Ac-CMPRLRGC-NH2 [134]

Transferrin receptor

B6 CGHKAKGPRK [135]
D-T7 D-HRPYIAH [136]

T7 HAIYPRH [136]
THR THRPPMWSPVWP-NH2 [137]

THRre pwvpswmpprht-NH2 [138]
CRT CRTIGPSVC [139]

Leptin receptor Leptin30 YQQILTSMPSRNVIQISNDLENLRDLLHVL [140]

Nicotinic acetylcholine receptor
RVG29 YTIWMPENPRPGTPCDIFTNSRGKRASNG-OH [57]
DCDX GreirtGraerwsekf-OH [116]

D8 DRTGDRDADREDW [141]

Potassium or calcium channel
Apamin CNCKAPETALCARRCQQH-NH2 [142]

MiniAp-4 H-[Dap]KAPETAL D-NH2 [135]

Glutathione transporter GSH γ-L-glutamyl-CG-OH [143]
G23 HLNILSTLWKYRC [144]

Adsorption-mediated endocytosis TAT(47-57) YGRKKRRQRRR-NH2 [145]
SynB1 RGGRLSYSRRRFSTSTGR [146]

Unknown receptor
CGN D-GNHPLAKYNGT [136]
TGN TGNYKALHPHNG [147]
TP10 AGYLLGKINLKALAALAKKIL-NH2 [148]

Aβ aggregates

LVFFA LVFFA [149]
KLVFF KLVFF [64]
LPFFD LPFFD [147]
QSH QSHYRHISPAQV [150]

Sphingomyelin and ganglioside GT1B on neurons Tet1 HLNILSTLWKYR [151]

Note: the amino acids are expressed in a single letter; the capital letter represents L-configured amino acids, and
the lowercase letters indicate D-type amino acids.

On this basis, bi-functional ligands can also be used to modify the cell membrane
surface (Figure 15).
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Figure 15. (A) Preparation of biomimetic NPs modified by targeting peptides. (B) Schematic illus-
tration of the possible mechanism of stepwise targeting of cell membrane biomimetic NPs modified
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6. Concluding Remarks and Future Perspectives

Nanomaterials have been developed to treat AD based on promotion of drug delivery
across the BBB to achieve accumulation at desired sites. NPs carry therapeutic drugs by
encapsulation or surface modification, which has the advantage of effectively delivering
drugs to the target area and enhancing the therapeutic effect. Cell membrane biomimetic
NPs, which fuse NPs with the membrane of the extracted cell, have the main biological
traits and additional physiological functions of the source cell. Cell membrane biomimetic
NPs are shielded from the body’s immune system, which prevents immune cells from
being absorbed. Surface-modified targeting peptides on cell membrane biomimetic NPs
can improve the targeting capabilities and precision to a damaged location.

At present, biomimetic nanomedicine, represented by cell membrane biomimetic NPs
used to treat AD, is still in its infancy and has many problems that need to be improved
upon. First, maintaining stability of cell membrane biomimetic NPs is one of the issues that
must be resolved for application, which requires certain stability of drugs for long-term
effective preservation. Delivery efficiency of cell membrane biomimetic NPs is greatly
influenced by their size, shape, elasticity, and other physical and chemical properties. Addi-
tionally, therapeutic and diagnostic nanomedicine products are currently administered via
parenteral injection, typically intravenously. Oral administration is an ideal administration,
with high patient compliance. Due to low absorption of solid NPs and biochemical barriers
in the gastrointestinal tract, oral delivery of NPs has not proven feasible. Therefore, effec-
tive implementation of cell membrane biomimetic NPs administered orally will represent
significant advancement in the field of nanomedicine.
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