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ABSTRACT

The newly developed biomimetic cell membrane-coated nanoparticles have already been considered an excellent platform
in drug delivery systems that combined the superiorities of the artificial nanomaterials and the natural biological functions
of the cell membrane. Due to the fast clearance, poor targeting efficacy and systemic toxicity of many conventional drug
delivery systems, the treatment effect was limited. However, the biomimetic cell membrane-coated nanoparticles possessed
improved biocompatibility, immune escape property and long circulation time through integrating membrane-associated
protein (such as CD47). In this review, the structure architecture, the source of the membrane and fabrication strategies and
mechanism theory of biomimetic nanoparticles were provided in detail. Several kinds of cell membrane materials such as
red blood cells, cancer cells, platelets and immune cells are discussed for its targeting and application, as well as application
of such nanoplatform in numerous kinds of disease, including cancer, infectious diseases, inflammation, cardiovascular
and cerebrovascular diseases, nervous system diseases, detoxification, gene delivery and vaccine delivery. In addition,
issues of pharmacokinetics, biodistribution, clinical translation and regulation issues, and safety aspects are analysed in
depth. Although favourable preclinical performances, challenges regarding scale-up production, quality control, regulation
and safety are yet considered a hurdle to clinical application...
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INTRODUCTION infectious diseases have posed a pressing need to formulate
The rising cases of chronic and complicated diseases like  superior therapeutic modalities that can address the natural
cancer, cardiovascular diseases, autoimmune diseases and  limitations of the traditional drug delivery systems [1,2].

*Author for Correspondence : priyamodhugurl5@gmail.com
Page: 63



Biomimetic Cell Membrane-Coated Nanoparticles for Drug Delivery: Structural Design, Therapeutic
Applications, Pharmacokinetics, and Translational Challenges

Conventional  formulations tend to have poor
pharmacokinetic profiles, short systemic clearance, poor
targeting ability, and poor off target toxicity. These
complications drastically diminish treatment effectiveness
as well as can cause serious side effects thus hindering
clinical results. Nanotechnology has emerged as a powerful
tool in the pharmaceutical sciences in the past few decades
enabling to create nanoscale drug delivery systems of
improved solubility, stability, and release profiles [3,4].
Liposomes, polymeric nanoparticles, dendrimers and solid
lipid nanoparticles are some examples of the nanocarriers
that have been considered and were found to have so much
potential in enhancing the efficiency of drug delivery [5].
However, the clinical use of synthetic nanoparticles remains
not well attained with the biological obstacles, including the
recognition of immune system, opsonization, and quick
excretion by the mononuclear phagocyte system [6,7]. The
field of biomimetic nanotechnology has become a major
buzzword in the past few years as a viable solution to these
issues. The approach entails biomimicking of synthetic
nanomaterials by incorporating biological elements into
them to increase their biocompatibility and functionality in
biological systems. One of the most innovative and
successful biomimetic strategies to drug delivery is the cell
membrane-coated nanoparticles [8,9].

2. Structural Architecture and Design Principles:

The basic framework of the structural architecture of cell
membrane-coated nanoparticles is based on a core-shell
architecture, wherein a synthetic nanoparticle core is
surrounded by a biologically-derived membrane shell
[10,11]. The design allows combining physicochemical
stability with synthetic materials with biological
functionality with natural cell membranes. The nanoparticle
core carries the therapeutic agents and may be made with a
vast array of materials including biodegradable polymers,
liposomes, metallic nanoparticles and silica-based systems.
Polymeric nanoparticles can be used to deliver drugs in a
controlled and sustained way and metallic cores such as
gold or iron oxide can be incorporated to enable imaging
and theranostic capabilities. The liposomal cores are
particularly useful since they have an inherent
biocompatibility and can entrap hydrophilic and lipophilic
drugs.

The outer membrane shell is a product of natural cells and
contains vital biomolecules like transmembrane proteins,
glycoproteins and lipids. These elements are very important
in the mediation of biological interactions such as immune
recognition, cell adhesion and signalling. Maintaining
orientation of membrane proteins is essential, inappropriate
orientation can result in loss of functionality and targeting
efficiency [12]. In addition, nanoparticle core and
membrane shell contact must also be optimally adjusted in
order to provide structural integrity. The weak interactions
may lead to the detachment of the membranes and
excessively strong interaction may lead to the disruption of
membrane fluidity and protein functionality. A compromise
between stability and biological activity is, therefore, the
key factor in the design of successful biomimetic
nanoparticles. The structural organization of cell
membrane-coated nanoparticles is illustrated in Figure 1.

(A) Parental Cels ~ ——— Isolated Cell Membranes ——— Nanovesicles
Hypotonic Y
. Treatment i
. " @ ) & Sonication
e Centrifugation L Extrusion
¥ i
ol ' ¢
) Hypotonic ~ «&
/ Treatment Sonication
% £ — b ——r
2 Discontinuous ., Extrusion
() A Sucrose gradient’ {
}‘ centrifugation ) )‘
(B)  CoreNanoparticles + Nanovesicles ——  Cell Membrane coated nanoparticles
( B oy 02 S
. Gold \ k
Liposome  Meoprons - anopatces { il
Silica nanoparticles S —;
Co-extrusion r
& . b oy Jgs
00 \ A
| Sonication i g Sost
- / Ry
Polymeric  Mesoporous ~ Gold Or y { —

nanopatticle  Silicon dise  Naocage Electroporation
Figure 1. Detailed structural architecture of cell membrane-
coated nanoparticles illustrating core-shell configuration,

membrane proteins, and targeting ligands.

3. Sources of Cell Membranes:

One of the key factors which influences the functional
properties of biomimetic nanoparticles is the choice of cell
membrane source. The various kinds of cells offer different
biological properties which may be exploited with regards
to particular therapeutic uses. Erythrocyte membranes find
a lot of application because of their innate capacity to avoid
immune recognition and the capacity to travel in the
bloodstream over a long period. This can be explained by
the fact that the property is mostly attributed to the fact that
CD47 proteins (self-markers) prevent phagocytosis by
macrophages. Consequently, nanoparticles covered with
erythrocyte membrane have an increased circulation time
and high bioavailability [13,14].

Cancer cell membranes possess certain advantages in tumor
targets due to the homologous recognition phenomenon.
Also, the tumor cells tend to locate and stick to the same
lineage cells with the assistance of some surface
antigens[15]. This property can be used by researchers to
deliver drugs to tumor tissues by coating nanoparticles with
cancer cell membranes to facilitate the targeted delivery of
drugs. The platelet membranes contain adhesion molecules,
such as P-selectin which aid in their adherence to ruptured
blood vessels and circulating tumor cells. This makes
platelet membrane-coated nanoparticles particularly
beneficial in the treatment of vascular trauma and
metastatic cancer cells [16,11].

The membranes of immune cells (Macrophages and
neutrophil) are very effective in attacking the sites of
inflammation. These membranes have receptors that sense
inflammatory signals and the nanoparticles are selectively
accumulated in the inflamed sites. Nanoparticles with a
coating of stem cell membranes have also attracted interest,
as they have natural tumor-homing and regenerative
abilities [12,17]. Besides cell membranes that are widely
used e.g. erythrocytes, platelets, immunity cells, most
recent studies have delved into using stem cell membranes
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to coat nanoparticles. Stem cells have the natural tumor
homing properties and regenerative functions and thus very
desirable in targeted drug delivery applications. Application
of stem cell membranes makes the nanoparticles to
accumulate preferentially in tumor tissues and injury sites,
thus improving therapeutic effects [18].

The next emerging process is the type of hybrid membrane
system, where several types of membranes are used to
produce multifunctional nanoparticles. As an example,
fusing cancer cell membranes with erythrocyte membranes
can lead to the creation of nanoparticles with both increased
circulation and improved targeting of tumors. This hybrid
approach is a major breakthrough in the biomimetic
nanotechnology and has already demonstrated encouraging
outcomes in the preclinical research [12,19]. Different
sources of cell membranes and their functional roles in
nanoparticle design are presented in Figure 2.
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Figure 2. Various cell membrane sources and their
functional implications in biomimetic nanoparticle design.

4. Fabrication Strategies:

Cell membrane-coated nanoparticles are fabricated in a
multi-step process which necessitates a tight control of
membrane isolation, nanoparticle fabrication and efficiency
of coating. The initial process is the removal of cell
membranes of source cells using methods like hypotonic
lysis, mechanical disruption and differential centrifugation.
The processes allow the intracellular components to be
removed without damaging the membrane structure and
related proteins. After isolating the membranes, the purified
membranes are further converted into nanoscale vesicles
and then fused with nanoparticle cores. Traditional coating
processes are extrusion and sonication. The process of
extrusion is the process of passing the nanoparticle-
membrane mixture through polycarbonate membranes of a
specific pore size to obtain a uniform coating and size
distribution. Sonication employs ultrasonic energy to
enable membrane fusion but too much sonication can affect
protein integrity [20,21].

Development of advanced fabrication methods including
microfluidic electroporation and layer-by-layer assembly
have been created in the past years to enhance uniformity
of coating and scalability. Microfluidic systems can be used
to carefully regulate the size of nanoparticles and the

effectiveness of membrane coating, and electroporation can
be used to enable membrane fusion in an efficient way
without membrane protein damage. The techniques have
better reproducibility and are promising methods of large-
scale production [22,23]. Moreover, the parameters of
fabrication (membrane-to-core ratio, temperature, and
processing time) have a strong impact on coating efficiency
and nanoparticle stability. Thus, such parameters should be
optimized to guarantee the quality and therapeutic
performance consistency. The fabrication process of cell
membrane-coated  nanoparticles is  schematically
represented in Figure 3.
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Figure 3. Advanced fabrication techniques for cell
membrane-coated nanoparticles.

5. Mechanistic Insights:

The therapeutic performance of cell membrane-coated
nanoparticles is controlled by various biological synergies.
One of the most important processes, which allows
nanoparticles to stay longer in the blood without being
spotted and eliminated by the immune system, is immune
evasion. It is largely mediated by the membrane proteins
such as CD47 that binds signal regulatory protein alpha
(SIRP alpha) on macrophages thereby inhibiting
phagocytosis [5,24]. Another valuable mechanism is
homologous targeting particularly in cancer treatment. The
self-recognition property of nanoparticles containing
assemblies of cancer cell membranes enables them to
specifically target the tumor cells of that type. Such
preferential binding enhances concentration of the drug in
the tumor target and minimizes off-target toxicity [9,25].
In addition to immune evasion and targeting, these
nanoparticles also mediate controlled drug release. These
membrane coating are employed to act as a protective shell
that prevents leakage of drugs, but the external environment
may lead to release of drugs at target site due to acidic pH,
enzyme activity or oxidizing conditions [26]. In addition,
biological fluids may also get access to nanoparticles
leading to the formation of a protein corona that may alter
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the behavior and targeting of the nanoparticles. However,
the functional stability is maintained by the addition of
natural membrane components in order to reduce the
undesired  protein  adsorption. Considering these
advantages, it is important to note that other variables such
as membrane integrity, protein stability and in vivo
interactions are important factors that need to be taken
seriously to ensure that therapeutic performance is
maximized [27]. A comprehensive overview of biomimetic
strategies used to enhance nanoparticle circulation and
targeting is illustrated in Figure 4.
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Figure 4. Biomimetic strategies for designing long-
circulating nanoparticles. The illustration highlights (i)
virus- and bacteria-inspired approaches utilizing surface
glycoproteins and morphology, (ii) peptide- and protein-
based modifications such as CD47 functionalization for
immune evasion, and (iii) cell membrane-inspired strategies
including membrane coating, structural mimicry, and
extracellular vesicle-based delivery systems for enhanced
circulation and targeting.

6. Therapeutic Applications

Nanoparticles coated with cell membranes have become an
attractive platform of pathology therapy as a result of their
capacity to combine targeting delivery with a high
biocompatibility level. These nanoparticles have found
extensive application in cancer therapy in the form of
targeted drug delivery, photothermal therapy and
immunotherapy. The nanoparticles that are coated with
cancer cell membranes have homologous targeting whereby
they selectively accumulate in the cancer tissues leading to
better therapeutic effects and reduced systemic toxicity.

6.1 Cancer Therapy:

Cancer is one of the leading causes of death in the world
and there is need to identify certain and effective treatment
measures. Conventional chemotherapy tends not to be very
specific, and degenerates to the loss of normal tissues and
intensive side effects [28]. Nanoparticles in this instance
that are coated with cell membranes have become a
promising platform whereby cancer therapy can be carried
out. Cancer cell membrane coated nanoparticles exhibit
homologous targeting, and can be targeted to tumor cells of
the identical cell type [21]. Tumor specific antigens of the
surface of the membranes aid in this targeting property. In

addition, such nanoparticles take advantage of the increased
permeability and retention (EPR) effect that allows
accumulation of the nanoparticle to Favor the tumor tissues
due to the leaky vasculature [22]. Controlled release of
drugs in response to tumor-specific stimuli such as acidic
pH and enzyme activity are also facilitated by these systems
in addition to targeted delivery. This results in an increase
in therapeutic efficacy and reduction in systemic-toxicity.
Recent studies have also discussed their potential to be used
in multifunction in the treatment of cancer, with the
majority studying the use of the compound in photothermal
therapy and immunotherapy [23,24].
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Figure 5. Schematic illustration of stimuli-responsive drug-
loaded nanoparticles undergoing cellular internalization via
endocytosis, followed by pH-triggered drug release within
endosomal and lysosomal compartments, leading to
effective intracellular drug delivery in cancer cells.

6.2 Infectious Diseases:

Infectious diseases remain an important threat on the global
health, more especially due to emerging antibiotics-
resistant bacteria. Biomimetic nanoparticles have provided
very promising approaches through innovative
mechanisms, such as toxin neutralization and specific
antimicrobials delivery. Erythrocytes-membrane coated
nanoparticles are able to be effective as decoys, trapping
bacteria toxins and prevent their interaction with hosts. This
will limit tissue destruction and ensure survival of the host
organism. Moreover, erythrocyte-membrane coated
nanoparticles are also capable of delivering antimicrobials
directly to infection site, which enhances the effect of drugs,
as well as reduces its system toxicity [17,24]. The inherent
characteristic of mimicry host cells of biomimetic
nanoparticles allows it to escape immune clearance and
maintain a longer circulation time. All of these properties of
biomimetic nanoparticles provide an innovative and
effective solution for the treatment of infectious disease
especially against antibiotic-resistant bacteria [25,26].

6.3 Inflammatory Diseases:

Inflammatory  diseases like rheumatoid arthritis,
inflammatory bowel disease, and atherosclerosis are
immune mediated diseases which necessitates targeted
treatment strategy. Classical anti-inflammatory treatments
are associated with systemic side effects because of their
non-specific distribution. Immune cell membrane coated
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nano particles such as macrophages and neutrophils, are
able to recognize inflammatory signals and home towards
the site of inflammation. This capability enables the
targeted drug delivery of therapeutic drugs, hence
minimizing the systemic toxicity [27-29]. The cell
membrane coated nano particles can also act as immune
modulators. They interact with inflammatory signals and
cytokines. This property allows them to provide the twin
benefit of drug delivery and immune modulation [30,31].
6.4 cardiovascular diseases:

Cardiovascular diseases are a major cause of morbidity and
mortality worldwide and localized delivery of drugs to the
vascular tissues has been crucial for enhancement of
efficacy. Platelet membrane-coated nanoparticle has been a
promising solution for the challenge. Platelets tend to
aggregate at the damaged blood vessels and site of vascular
injury. The platelet membrane-coated nanoparticle mimics
the function of platelet and thus allows targeted aggregation
at the atherosclerotic plaques and injured vascular tissues.
Thus, local accumulation of therapeutic agents enhances
efficacy and decreases systemic toxicity. It has also been
used for targeted delivery to thrombus and for the inhibition
of thrombus [32,33].
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Figure 6. Platelet membrane-coated nanoparticles
demonstrating targeted adhesion to damaged vascular
endothelium and atherosclerotic plaques, enabling site-
specific drug delivery and improved therapeutic efficacy in
cardiovascular disorders.

6.5 Neurological Disorders (Brain Targeting):
Neurological diseases like Alzheimer's, Parkinson's, brain
tumors present great challenges to drug delivery. The
presence of the blood-brain barrier (BBB) makes most of
the drugs very difficult to enter the brain tissue. Traditional
drug delivery system often cannot deliver drugs into CNS
in the adequate concentration. Cell membrane coated
nanoparticle provides an excellent choice to overcome the
BBB. Cell membrane derived from specific cells that can
transport across BBB is chosen, for example, macrophage
cell or stem cell which can interact with brain endothelial
cells. Drug loaded nanoparticle with cell membrane coating
can be transported across BBB [34-36]. Drug can be
delivered to the brain target and treat the neurological
disease effectively. Furthermore, biomimetic nanoparticle

has other benefit such as minimizing neuroinflammation
and oxidative stress which are important contributors in
neurodegenerative diseases. The drug can be sustainedly
released which is beneficial for the chronic neurological
disease treatment.
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Figure 7. Mechanisms of nanoparticle transport across the
blood-brain barrier, including carrier-mediated, adsorptive-
mediated, receptor-mediated, and paracellular pathways,
facilitating targeted delivery of therapeutic agents to the
brain.

6.6 Detoxification and Toxin Neutralization:

The application to detoxification is a novel approach to
biomimetic nanoparticles especially for infections due to
bacteria or venoms and intoxications due to toxins.
Antivenom, supportive treatment, etc., are traditional
methods but not very effective. The nanoparticles with the
membrane coated such as erythrocytes can act as decoy and
intercept toxins by capturing them. This stops toxins from
affecting the cells, neutralizing the toxins and limiting
tissue damage. Also, the application to septic shock has
been studied; too many toxins released result in system
inflammation, biomimetic nanoparticles absorb the toxins
circulating and stabilize the physiological conditions
[37,38].

6.7 Gene Therapy and Vaccine Delivery:

Gene therapy and vaccine delivery have been key areas of
research in current medicine. Nucleic acids, DNA and
RNA, are subject to degradation thus requiring stable
delivery. Cell membrane-coated nanoparticles are capable
of carrying nucleic acids thus allowing for delivery to
targeted cells without the fear of degradation by factors in
the body. Furthermore, their nature makes them highly
effective in terms of uptake by cells and also avoiding
clearance by the immune system thus them to be highly
suitable for gene therapy. As with gene therapy, biomimetic
nanoparticles used for vaccine delivery enhance antigen
presentation and therefore elicit higher immune response to
them. Incorporating the antigen into the core of the
nanoparticle, using proteins in the membrane to target cells,
it is possible to create more effective vaccines and produce
long-term immunity [39,40].

Table 1. Comparative analysis of biomimetic cell membrane-coated nanoparticles across different disease
applications
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Disease Area | Cell Nanopar | Payload /| Key Therapeuti | Representat
Membra | ticle Drug Mechanis | ¢ ive
ne Core m Advantage | Outcome
Source
Cancer (Solid | Cancer PLGA, Doxorubicin, Homologo | Enhanced Increased
Tumors) cell Gold NPs | Paclitaxel us tumor tumor
membran adhesion, targeting, accumulatio
e immune reduced n, improved
(homotyp evasion clearance cytotoxicity
ic
targeting)
Cancer Platelet Polymeri | TRAIL, DOX | Interaction | Inhibits Reduced
(Metastasis) | membran | ¢ NPs with metastasis, | metastatic
e circulating | prolonged nodules
tumor cells | circulation
Bacterial RBC Liposom | Antibiotics Toxin Reduced Improved
Infection membran | es, (Vancomycin) | neutralizat | immune bacterial
e polymeri ion, clearance, clearance
¢ NPs immune prolonged
camouflag | drug action
e
Sepsis Macropha | Polymeri | Anti- Cytokine Cytokine Reduced
ge ¢ NPs inflammatory adsorption, | storm mortality in
membran drugs endotoxin | suppression | models
e binding
Cardiovascul | Platelet PLGA, Antithrombotic | Adhesion | Targeted Reduced clot
ar Disease membran | silicaNPs | drugs to thrombus formation
e damaged delivery
endotheliu
m
Neurodegene | RBC /| Liposom | Curcumin, BBB Enhanced Improved
rative Neuron es, siRNA penetratio | brain neuroprotect
Disorders membran | polymeri n, immune | delivery ion
e c NPs evasion
Autoimmune | Leukocyt | Polymeri | Immunosuppre | Inflammati | Reduced Decreased
Diseases e ¢ NPs ssants on off-target inflammatio
membran targeting effects n markers
e
Viral Host cell | Polymeri | Antivirals Virus Prevents Reduced
Infections membran | ¢ NPs decoy viral entry viral load
e (eg, mechanis
lung m
epithelial)
Wound RBC /| Hydrogel | Growth factors, | Immune Accelerated | Improved re-
Healing Platelet -loaded antimicrobial evasion, healing, epithelializat
(Chronic /| membran | NPs agents enhanced infection ion
Diabetic) e angiogene | control
sis
Gangrene /| Stem cell | Polymeri | Angiogenic Tissue Promotes Reduced
Ischemic membran | ¢ NPs, | factors regenerati | vascularizat | necrosis,
Tissue e / RBC | lipid NPs | (VEGF), on, oxygen | ion tissue
membran antioxidants delivery recovery
e

Biomimetic Cell Membrane-Coated Nanoparticles for Drug Delivery: Structural Design, Therapeutic

7. Pharmacokinetics and Biodistribution:

Furthermore, the pharmacokinetics of cell membrane-
coated NPs are largely determined by its biomimetic
properties. Due to expression of membrane proteins (e.g.,
CD47) which provide “self" marker, membrane coated NPs

could evade phagocytosis to stay in circulating system
longer. Therefore, the longer the circulating time, the better
drug bioavailability and accumulated chance [41]. In
general, non-targeted biomimetic nanoparticles were found
to have lower distribution in the liver and spleen compared
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with non-biomimetic nanocarriers, which were attributed to
evasion of the mononuclear phagocyte system7.Further
improvements in targeting functionality produce increased
accumulation of the nanoparticle in diseased tissues, which
enhances therapeutic efficacy [42,43]. The
pharmacokinetics of cell membrane-coated nanocarriers is
heavily modulated by the cell membrane -coating,
particularly in vivo the biomimetic cell membrane coating
provides cell membrane-based nano transporters the ability
to evade immune recognition, thus extending their
pharmacokinetic profile. A prime example of cell
membrane-coated nanocarrier eluding immune response
stem from the anti-phagocytic effects of certain cell
membrane-associated proteins such as CD47 on
macrophages by exclusively binding to signal regulatory
protein alpha (SIRP). The ability of cell membrane-
cytophobic nanocarriers to utilize such mechanisms confers
a certain "self-recognition" property upon these
nanomedicines, subsequently extending the time they
circulate in vivo significantly past most traditional (or
rather synthetic) nanocarriers [44-46].

Apart from immune evasion, physicochemical properties of
the nanoparticle core such as size, surface charge and
hydrophobicity also affect pharmacokinetics. Nanoparticles
with a diameter in the range of 50-200 nm have proven to
be optimum for long circulation and EPR effect. Surface
charge can affect interactions with plasma proteins and cell
membranes which thereby influences biodistribution and
clearance [47,48]. The cell membrane coated nanocarriers
were shown to have lower accumulation in
reticuloendothelial system organs such as liver and spleen
when compared to normal particles. This is due, at least in
part, to a decreased opsonization, followed by phagocytosis
through  macrophages. In  addition, biomimetic
nanoparticles show higher accumulation in specific
locations because of specific adhesion functions imparted
by the membrane protein and receptor interactions.
Biodistribution is also affected by the formation of the
protein corona following exposure to biological fluids.
Adsorption of plasma proteins onto the surface of
nanoparticles and may change their biological identity and
consequently their targeting ability. Fret39 found that
composition of plasma proteins adsorbed to biomimetic
nanoparticles is reduced due to the presence of natural
membrane  components  [49,50]. However, the
pharmacokinetic behavior variability of the system,
depending on source of membrane, manufacturing
techniques and in vivo circumstances, could also
significantly influence the homogeneity of the final product
and its efficacy. For this reason, a careful pharmacokinetic
and biodistribution studies are becoming essential for the
formulation optimization. Nevertheless, potential obstacles
should be overcome prior to the implementation of these
systems into the practical clinical use.

8. Clinical Translation and Regulatory Considerations:
Regulatory approval is also another key hurdle because
biomimetic nanoparticles incorporate biological materials
which could lead to uncertainty and safety issues. Thorough
characterization and standardization should be maintained

throughout the whole manufacturing process to secure
quality and safety. Clinical translation of cell membrane-
coated nanoparticles is an important step towards real
application of these systems in a clinical setting. Even
though many studies on preclinical evaluation have been
published and demonstrated exciting prospects, there are
still several challenges to be overcome in order to translate
these systems into a clinical practice.

One of the most important issues for clinical translation of
cell membrane-coated nanoparticles is the scale-up of the
membrane extraction and nanoparticle fabricating process.
Membrane extraction includes multiple steps such as cell
lysis, purification, and vesicle formation, and variability
can arise from these processes and affects reproducibility.
Control of the quality among different batch is critical for
successful application in large scale manufacturing.
Regulatory approval is another major problem that need to
be solved because the cell membrane-coated nanoparticles
is a complex hybrid system of biological materials and
artificial materials, so the regulatory standards will be much
more complicated. Regulatory agencies require extensive
characterization about the composition, stability, safety, and
efficacy of nanoparticle. Protein and lipid contents of the
membrane, as well as potential immunogenicity of the cell
membrane-coated nanoparticles should be identified
[51,52]. Safety is a critical consideration for clinical
application of cell membrane-coated nanoparticles. Using
biological materials in therapy brings a higher risk in
immune reaction, contamination and uncertain biological
constituents, therefore stringent quality control and
standardization procedure are crucial for safety and
reproducibility of cell membrane-coated nanoparticles [53-
55]. In addition, storage stability and shelf-life of cell
membrane-coated nanoparticles should be carefully
evaluated. Degradation of the cell membrane can lead to
lost of function of nanoparticle; hence, -effective
preservation techniques must be developed to store the cell
membrane-coated nanoparticles for a longer period of time.
With the development of nanotechnology, bioengineering
and manufacturing process, these challenges could be
overcome, and the clinical application of biomimetic
nanoparticles will eventually be realized. Cooperation of
researchers, industries, and regulatory authorities is very
important.

9. Safety and Toxicological Considerations:

One aspect determining cell ~membrane-coated
nanoparticles' clinical applicability is the safety of these
systems. Though designed to mimic natural cellular
structures, their interaction with the biological systems and
immune system has to be well characterized. Immune
recognition and response might be triggered by the
integrated membrane proteins and lipids; these effects can
be particularly pronounced if they are obtained from
allogeneic or tumor cells. Toxicological assessment has
revealed lower toxicity compared to synthetic nanocarriers
for the biomimetic systems, since they demonstrate better
biocompatibility. The long-term toxicity, distribution and
clearance mechanism still have to be explored in detail.
Accumulation of nanocarriers in certain tissues may give
rise to undesired effects. There is still potential to predict an
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unpredicted interaction with the undesired tissues as the

systems

have very

complex

composition
Comprehensive toxicological analysis and investigation in

[55,56].

terms of acute and chronic toxicity studies is needed
10. Literature Comparison

Table 2. Recent Studies (2020-2025) on Biomimetic Cell Membrane-Coated Nanoparticles

According

to

recent researches,

biomimetic

nanotechnology is evolving rapidly. The biomimetic

membrane-coated nanoparticles

that

hybridize with

different cell membranes demonstrate better targeting and
more multifunctional properties.

C
Ye Membrane Nanoor:rtic Disease Key Functional Major Findings / Refere
ar Type llZ Application Strategy Outcome nces
202 | Cancer cell | SiO2 /| Cancer Homotypic Improved tumor cell
1 membrane Polymeric therapy targeting internalization dependent (28]
NPs on membrane coating
density
202 | RBC Polymeric Tumor Immune evasion, | Enhanced circulation time
2 membrane nanoparticle | immunotherap | prolonged and reduced immune | [29]
s y circulation clearance
202 | Bacterial Polymeric Bacterial Toxin Effective biofilm
3 membrane /| NPs infection neutralization + | eradication and toxin
RBC hybrid targeted absorption [30]
antibiotic
delivery
202 | Macrophage Polymeric Cancer /| Cytokine Improved tumor targeting
4 membrane NPs inflammation | targeting, and controlled  drug 31]
immune release
modulation
202 | Cancer Liposomes | Cancer Homologous Enhanced synergistic
4 membrane- (chemo + | targeting + | therapeutic efficacy (32]
coated phototherapy) | combination
liposomes therapy
202 | Hybrid (Cancer | Liposomal Cancer Immune Strong immune response
4 cell + bacterial | NPs immunotherap | activation + | and improved tumor [33]
OMV) y tumor targeting suppression
202 | RBC Upconversi | Cancer Targeted imaging | Enhanced tumor
4 membrane- on imaging & | + drug delivery accumulation and imaging [34]
modified nanoparticle | therapy efficiency
UCNPs s
202 | Platelet PLGA Ischemia /| Adhesion to | Promoted angiogenesis
5 membrane nanoparticle | cardiovascular | injured and improved tissue | [35]
s disease vasculature perfusion
202 | RBC Polymeric Cancer RES evasion + | Increased tumor cell
5 membrane NPs therapy enhanced uptake | internalization and [36]
circulation stability
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202 | Hybrid (RBC + | MOF /| Multifunction | Combined Demonstrated ~ superior

5 Platelet Polymeric al therapy immune evasion | multifunctionality and 37]
membrane) NPs + vascular | targeting efficiency

targeting

202 | Leukocyte /| Polymeric Inflammation / | Cytokine Effective  inflammation

5 immune  cell | NPs sepsis adsorption, targeting and immune [38]
membrane immune mimicry | regulation

202 | Stem cell /| Polymeric Chronic Regenerative Accelerated tissue repair

6 engineered NPs wound healing | signaling + drug | and angiogenesis [39]
membrane delivery

11. Translational Challenges

Though the pre-clinical results have been very encouraging,
many issues need to be addressed for these systems to reach
the clinic. The first issue involves increasing production in
terms of membrane extraction and nanoparticle production.
Producing these consistently and reproducibly at a larger
scale remains to be seen [57-59].

The second major issue involves regulatory approval.
Because these biomimetic particles incorporate biological
components, the variability in the components can present
a factor of uncertainty concerning safety and stability. The
materials need to be characterized and standardized
thoroughly.

12. Future Perspectives

It is anticipated that research in the future would be directed
toward the creation of multi-functional biomimetic
nanoparticles that would be used for both diagnostic and
therapeutic purposes. There is potential for using artificial
intelligence and machine learning to enable more optimized
nanoparticle system design, enabling a better targeting
function. Systems with hybrid membranes in which there
are membranes from more than one cell type is another area
which is considered useful.

14. Conclusion

Cell membrane-coated nanoparticles have presented a
revolutionary way of delivering drugs, with a blend of both
synthetic and biological benefits, that allows better
targeting, prolonged circulation, improved therapeutic
effects, while mimicking cellular function. Research efforts
will soon help address the current limitations and bring the
therapeutic potential of biomimetic nanoparticles to the
clinics. However, the ultimate translation of these
biomimetic nanocarriers into clinic application requires
standard manufacturing procedure and stringent regulatory
assessment. Thus, it is imperative to first develop a
standardized and reproducible fabrication procedure and a
larger clinical investigation
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