International Journal of Nanomedicine Dovepress
Taylor & Francis Group

REVIEW

Membrane-Camouflaged Biomimetic Nanoparticles
for Effective Ischemic Stroke Therapeutics!?
A Comprehensive Review of the Literature

Fangshuo Cheng', Jinghua Wang?, Fen Sun'"?

'College of Basic Medicine, Zhejiang Key Laboratory of Medical Epigenetics, Hangzhou Normal University, Hangzhou, Zhejiang, 311121, People’s
Republic of China; 2Department of Neurology, The Affiliated Hospital of Hangzhou Normal University, Hangzhou, Zhejiang, 310015, People’s Republic
of China

Correspondence: Fen Sun, College of Basic Medicine, Hangzhou Normal University, Hangzhou, Zhejiang, 311121, People’s Republic of China,
Email mqjacqueline@hotmail.com; Jinghua Wang, Department of Neurology, The Affiliated Hospital of Hangzhou Normal University, Hangzhou,
Zhejiang, 310015, People’s Republic of China, Email 20201018@hznu.edu.cn

Abstract: Ischemic stroke (IS) poses a significant global health burden, with treatment efficacy often limited by the blood-brain
barrier (BBB) and narrow therapeutic windows. Cell membrane-camouflaged biomimetic nanoparticles (CMC@NPs) represent an
advanced drug delivery platform that integrates the versatility of synthetic nanocarriers with the biological functionality of natural cell
membranes, thereby enhancing targeted delivery and immune evasion. However, a systematic assessment of their biosafety remains
incomplete. This review critically evaluates both the safety profile and therapeutic efficacy of CMC@NPs in the context of IS, with
a specific focus on the structure-activity relationships between their physicochemical properties and toxicological outcomes. We
further explore their biosafety within the unique pathological microenvironment of IS. Key findings demonstrate that optimal particle
size and surface functionalization critically determine biodistribution, enabling superior tissue penetration and prolonged circulation.
Furthermore, naturally derived or engineered membrane proteins facilitate precise targeting to ischemic lesions, thereby enhancing
drug accumulation and therapeutic efficacy. Concurrently, a mildly negative surface charge mitigates the risk of cerebral microvascular
embolism, and targeted delivery significantly reduces systemic toxicity. The pivotal role of cell-specific uptake and clearance
mechanisms in governing neurotoxicity and long-term accumulation is also emphasized. This review provides a foundational frame-
work for the development of safer and more effective biomimetic nanomedicines for IS.
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Introduction

Ischemic stroke (IS), which constitutes approximately 80% of all stroke cases, is the second leading cause of mortality
worldwide.'? The pathological process begins with the interruption of oxygen supply and energy metabolism failure,
subsequently triggering a cascade of reactions that includes a burst of reactive oxygen species (ROS), increased levels of
inflammatory factors, and overactivation of neuroglial cells.® This process not only disrupts the integrity of the blood-
brain barrier (BBB),but also worsens the infiltration of immune cells, ultimately resulting in a vicious cycle of
neuroinflammation and secondary neuronal death.” However, in the chronic phase, immune cells such as macrophages
can also participate in neural repair processes.’

The current therapeutic strategy for IS combines early revascularization via thrombolysis or thrombectomy with
neuroprotective agents.* However, the clinical outcomes of this approach remain suboptimal. In addition to the bleeding
risk associated with systemic thrombolysis, the application of neuroprotective agents poses challenges due to inadequate
BBB penetration, a narrow therapeutic time window, and substantial individual heterogeneity.” Nanomedicine represents
a promising strategy for advancing IS treatment.® It enhances therapeutic delivery by allowing for targeted accumulation
through surface modifications and ensuring sustained release by protecting encapsulated drugs, thereby potentially
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improving outcomes.’” Cell membrane-camouflaged nanoparticles (CMC@NPs) represent a significant advancement in
nanomedicine for IS. Retaining the beneficial properties of traditional nanocarriers whilst incorporating the biological
functions of source cells, CMC@NPs achieve immune evasion,’ targeted delivery, and immunomodulation,® making
them a cutting-edge research direction.

While research on CMC@NPs for IS is increasingly focused on optimizing therapeutic efficacy—particularly in
enhancing BBB penetration and ischemic targeting®’—a systematic evaluation of their safety remains inadequate.
Critical issues, including the intracranial fate of nanoparticles (NPs)' and their long-term biosafety,® are particularly
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understudied. This review, informed by a literature search from the past five years on topics such as “nanoparticles”,
“membrane-camouflaged”, “biomimetic”, “ischemic stroke”, and “neurotoxicity”, critically assesses the safety profile
and mechanic basis for the efficacy of CMC@NPs in IS. We specifically analyze the structure-activity relationship
between their physicochemical properties, effective delivery and toxicological outcomes and explore their biosafety
within the stroke pathological microenvironment. Our aim is to provide a theoretical foundation for advancing the

clinical translation of safe and effective biomimetic nanomedicines.

What Do We Understand About CMC@NPs?

CMC@NPs represent an advanced drug delivery platform, constructed by coating synthetic NPs with natural cell
membranes (eg, derived from red blood cells, platelets, or leukocytes).” By fusing the camouflage ability of natural
membranes with the drug-carrying properties of artificial NPs, this platform merges biological functions with therapeutic
efficacy.’

However, the therapeutic potential of any nanoplatform is contingent upon its safety profile. The in vivo fate and
toxicological profile of NPs are governed by their physicochemical characteristics, including size, shape, surface
chemistry, and aggregation state.'' Therefore, the safety evaluation of CMC@NPs must first elucidate how the cell
membrane camouflage technology modulates these core properties. Current evidence indicates that different types of
natural cell membranes significantly alter the size and surface potential of NPs (Table 1).'*' Critically, the preserved
functionality of membrane proteins is a key determinant for the efficacy of their biomimetic functions.

CMC@NPs Size Determines Circulation and Brain Accumulation
The size of NPs is a pivotal determinant of their pharmacokinetics, critically influencing blood circulation half-life and
tissue accumulation.'! Tang et al demonstrated that, across 30~200 nm size range, smaller micelles displayed enhanced
tissue permeability and therapeutic efficacy, whereas larger counterparts possessed a greater tissue accumulation.”
Smaller NPs penetrate tissues more effectively but are cleared rapidly, while larger NPs have limited penetration but
longer tissue retention.!' These principles are further supported by studies on poly(lactic-co-glycolic acid) (PLGA) NPs,
which indicate an optimal size range of 10~100 nm for evading hepatic and renal clearance.?® Notably, some systems up
to 200 nm can remain effective,”® underscoring that size is not the sole determinant. The CMC@NPs platform
ingeniously integrates these insights. Its larger membrane shell facilitates long circulation and targeted accumulation,
while the smaller core, released at the lesion site, enables deep penetration.* Furthermore, the versatile drug loading
strategies—encapsulation within the core or conjugation onto the membrane—endow this system with great flexibility
for multifunctional synergistic therapy.'*'%%>

Furthermore, particle size is closely related to the therapeutic performance of NPs. For example, in the platelet
membrane-camouflaged NPs system, designated as tPA/MNP@PM (where tPA: tissue plasminogen activator; MNP:
melanin nanoparticles; PM: platelet membrane vesicle), the 4.5 nm natural MNP core offers a large specific surface area,
conferring high photothermal conversion efficiency and potent radical scavenging activity.* Crucially, its minimal size
enables superior BBB penetration compared to its 20 nm and 100 nm counterparts.* The therapeutic action involves
a dynamic size transformation: the intact 180 nm “pseudo-cell” first targets the thrombus.* Upon near-infrared irradiation,
the carrier disassembles, releasing the 4.5 nm MNP core and tPA. This facilitates local thrombolysis by tPA, followed by
MNP-4.5 crossing the BBB to access the ischemic region (Figure 1).*

The Mildly Negative Surface Charge Confers Biocompatibility and Mitigates
Microembolism Risk in CMC@NPs

The brain microvascular endothelial cells exhibit a uniquely high negative surface charge, rendering the BBB inherently
less permeable to anionic solutes while favoring the passage of cationic ones.”® This electrostatic preference underpins
adsorptive-mediated transcytosis, wherein cationic biomolecules are initially concentrated on the endothelial surface
prior to internalization.”® While this principle suggests a clear advantage for cationic NPs in BBB engagement, their
positive charge also promotes non-specific interactions with plasma proteins and the extracellular matrix, leading to
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Table | Physicochemical Characteristics of Membrane-Camouflaged Nanoparticles for Ischemic Stroke Therapy

Membrane-coated: 145.2 +
701 nm
PR-modified: 186.4 £ 0.70 nm

Membrane-coated: —30.4 +
1.64 mV

PR-modified: +8.23 £ |.13 mV

(PR)

Membrane Type Nanoparticle Core Size Zeta Potential Surface Modification Reference
Erythrocyte membrane Native hemoglobin (Hb)/ Mn3O,4 nanoparticles Mn3O04: 5-8 nm Core: +3.842 mV Transferrin receptor 7 (T7) [14]
Coated: 216 nm Coated: —7.36+2 mV
Erythrocyte membrane Mesoporous polydopamine ascaffolds (mPDA) co- Core: 140.6 £ 9.5 nm Core: =78 £ .4 mV Rabies Virus Glycoprotein 29 [12]
loaded with Cu and Se Coated: 198.2 + 3.2 nm Coated: =175+ 1.2 mV (RVG29)
Platelet membrane Tissue plasminogen activator (tPA)/ melanin MNP: 4.5 nm Coated: —14.5 mV NA [4]
nanoparticles (MNP)-863 | Coated: 170 nm
Platelet membrane tPA/ poly(ethylene glycol)-modified (PEGylated) Coated: 139.0 £ 6.7 nm Coated: —28.5 + 0.3 mV Annexin V [15]
liposomes (no significant size (no significant potential
change post-coating) change post-coating)
Neutrophil membrane Fingolimod hydrochloride (FTY720) -loaded Core: 138.8 + 424 nm Core: —8.8%1.1 mV NA [16]
polyprodrug nanoparticles Coated: 158.2 + 38.9 nm Coated: —30.7 = 1.7 mV
Neutrophil membrane Probucol-based polyprodrug (NPPB) nanoparticles Core: 107.03 £ 0.39 nm Core: —29.44 + 2.63 mV NA [13]
Coated: 140.69 * 3.22 nm Coated: —46.61 + 1.29 mV
Macrophage membrane Liposomes co-loaded with Panax notoginseng Core: 157.9 £ 0.66 nm Core: —10.6 + 0.4 mV NA [17]
saponins (PNSs) Coated: 177.7 £ 0.70 nm Coated: —21.5 + I.I| mV
and Ginsenoside Rg3 (Rg3)
Macrophage membrane Retinoic acid-loaded liposomes Core: 103.04 £ 3.88 nm Core: —30.95 + 1.59 mV NA [18]
Coated: 117.79 = 3.8] nm Coated: —27.65 + 2.37 mV
Mesenchymal stem cell Curcumin-loaded liposomes Coated: 130 nm Core: —3.68 + 0.84 mV NA [19]
membrane Coated: —17.2 £ 0.11 mV
Endothelial cell membrane Rapamycin (RAPA) /Hydroxybenzyl alcohol - Oxalyl | Core: 170-200 nm Core: —15.7 mV NA [20]
chloride - Polyethylene glycol (HBA-OC-PEG;400) Coated: 180-230 nm Coated: —20.5 mV
nanoparticles
M2 microglial membrane Boric acid ester-grafted dextran (BED) / baicalin (BA) | Core: 129 * 5.06 nm Core: —18.7 = 1.55 mV Protamine sulfate [21]

Notes: Coated refers to the final size after membrane encapsulation and subsequent surface modifications.
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Figure | Schematic illustration of the fabrication of tMP and its application for cascaded thrombolysis and neuroprotection mechanisms in ischemic stroke, including (1)
highly effective thrombolysis, (Il) transport across the BBB, and (lll) protection against ischemic reperfusion injury. Reprinted from Acta Biomaterialia, Vol 140, Yu WV, Yin N,
Yang Y, Xuan C, Liu X, Liu W, Zhang Z, Zhang K, Liu J, Shi J, Rescuing ischemic stroke by biomimetic nanovesicles through accelerated thrombolysis and sequential ischemia-
reperfusion protection, Pages No. 625-640, Copyright (2022), with permission from Elsevier.*

Abbreviations: tMP, tissue plasminogen activator-loaded melanin nanoparticle-platelet membrane vesicle; BBB, surface charge on blood-brain barrier.

protein corona formation, compromised colloidal stability, and accelerated clearance by the mononuclear phagocyte
system.?**"?® Furthermore, studies by Lockman et al demonstrated that both cationic and high-concentration anionic
NPs can compromise BBB integrity, whereas neutral and low-concentration anionic NPs are devoid of such detrimental
effects (Figure 2).%° Consequently, near-neutral or moderately negative surface charges are generally preferred, as they
confer superior biocompatibility, prolonged circulation, enhanced stealth properties, and ultimately, a higher in vivo
safety profile.’%'!

Under physiological conditions, the vascular endothelium and circulating blood cells maintain a stable anionic surface
charge.*? In the pathological context of IS, however, vascular damage diminishes this negative charge density and can
even reverse the charge polarity, a change frequently associated with thrombus formation.** Positively charged materials
are known to promote thrombosis, whereas negatively charged surfaces generally confer antithrombotic properties, with
performance improving as the density and uniformity of the negative charge increase.”> CMC@NPs typically exhibit
a physiologically weak negative charge (Table 1), a property dictated by the integrated contributions of the synthetic
core, the native cell membrane, and any engineered surface ligands.”' This inherent anionic character significantly
mitigates the risk of CMC@NP-induced microthrombosis in the cerebral microvasculature.

A key parameter in process optimization is the ratio of the cell membrane to the core NPs, which directly determines
the surface potential of the final construct. Tuning this ratio to match the zeta potential of native membrane vesicles
enables an ideal biomimetic effect.*® This is exemplified by the macrophage-disguised FTY-loaded MnO, NPs system
(Ma@(MnO,+FTY), where MnO,: Manganese dioxide; FTY: Fingolimod), where a membrane-to-core protein mass ratio
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Figure 2 The impact of NPs surface charge on BBB integrity and permeability. An increase in cortical cerebrovascular volume implies BBB disruption and the subsequent
distribution of vascular markers into brain parenchyma. In the control group, the frontal lobe cortex exhibited stable vascular volume. (A) Neutral NPs did not alter BBB
integrity at either concentration. (B) Anionic NPs induced significant disruption only at 20 mg/mL. (C) Cationic NPs caused substantial BBB disruption at both
concentrations. (D) Regional cerebrovascular volume after perfusion with NPs (20 mg/mL). (E) Blood to brain permeability coefficients, showing enhanced anionic NP
permeability at 10 mg/mL that was abolished at 20 mg/mL; cationic NPs showed no significant change. *P<0.05, **P<0.01. Reprinted with permission from Lockman et al.
Nanoparticle surface charges alter blood-brain barrier integrity and permeability. | Drug Target. 2004;12(9—10):635—41. Copyright 2004 Taylor & Francis.?’
Abbreviation: NPs, nanoparticle.

of 2:1 yields a nanocomplex with a zeta potential of —21.43 mV, closely mirroring that of natural vesicles (—22.00 mV),
and confers excellent stability.*® This biomimetic surface potential is critical for preserving the topological structure and
bioactivity of native membrane proteins, thereby providing the structural basis for subsequent targeted delivery.**

Native Membrane Proteins and Engineered Modifications Enable Advanced

Biomimetic Functions
Cell Membrane Camouflage Enhances Brain Targeting and Immunocompatibility in CMC@NPs

Polyethylene glycolylation (PEGylation) represents a widely employed strategy for NPs surface functionalization.*® It
prolongs systemic circulation and improves biodistribution by forming a hydrophilic layer and steric shield around the
NPs, which minimizes opsonization, enzymatic degradation, and clearance by the mononuclear phagocyte system and
reticuloendothelial organs.*®>* However, a significant drawback is the potential for polyethylene glycol (PEG) to act as
a hapten, inducing anti-PEG antibodies®® that can accelerate blood clearance, induce hypersensitivity reactions, and
compromise carrier integrity.***' In contrast, NPs coated with natural cell membranes carry specific membrane proteins
or engineered membrane components on their surfaces, which can endow CMC@NPs with unique biomimetic functions
and serve as the molecular basis for their interactions with biological systems (Table 2).
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Table 2 A Comparative Analysis of Cell Membrane Types for Ischemic Stroke Therapy

Cell Membrane Type Merits Limitations

Erythrocyte membrane Prolong the circulation time and evasion of Poor targeting ability;** requires modification with brain-
mononuclear phagocyte system capture.'* targeting peptides to efficiently cross the blood-brain

barrier.'*

White blood cell membrane Immune evasion, possesses inflammatory,*? Difficult to obtain in large quantities;** complex isolation
Chemotactic properties, targeting damaged ischemic | and purification pro»:ess.42
brain foci.*

Platelet membrane Immune evasion, targets damaged blood vessels and | Short lifespan.**

thrombotic sites.*
Stem cell membrane Homing ability facilitates penetration of the blood- Slow proliferation rate; challenges in cell sourcing.42
brain barrier.*¢
Hybrid cell membrane Integrates advantages of multiple membrane types, More complex preparation process.42

compensating for limitations of single-source

membranes.*’

The targeted functionality of CMC@NPs is underpinned by specific membrane proteins that confer distinct biological
capabilities. The cluster of differentiation 47 (CD47), a widely expressed transmembrane glycoprotein, delivers a “don’t
eat me” signal via the CD47-signal-regulatory protein a (SIRPa) axis to evade phagocytosis.zo’44 The cluster of
differentiation 62P (CD62P), overexpressed on activated platelet membranes, mediates the adhesion of platelets to
leukocytes and endothelial cells, thereby targeting thrombus sites.'>** Neutrophil-derived chemokine receptors (eg,
Cysteine-X-Cysteine chemokine receptor type 4 (CXCR4), Cysteine-X-Cysteine chemokine receptor type 2 (CXCR2))
guide navigation toward ischemic chemokine gradients,”® while B2 integrins (eg, lymphocyte function-associated
antigen-1 (LFA-1), macrophage-1 antigen (Mac-1)) facilitate firm adhesion to the endothelium via intracellular adhesion
molecule-1 (ICAM-1) and complement recognition, which is critical for BBB penetration.* This transmigration is
further aided by platelet endothelial cell adhesion molecule (PECAM-1).*® Collectively, these proteins constitute the
molecular basis for the precise targeting of CMC@NPs to pathological sites. This principle can be leveraged therapeu-
tically; for instance, genetic engineering to upregulate CXCR4 expression enhances the targeting capability of neural
stem cells to stromal cell-derived factor-1 (SDF-1)-overexpressing ischemic regions.”” Consequently, extracting cell
membranes with overexpressed CXCR4 allows for the preparation of CMC@NPs with enhanced chemotactic affinity for
stroke lesions.

CMC@NPs Reduce Systemic Toxicity by Confining Drug Distribution

Although recombinant tPA is a cornerstone therapy for acute IS, its short half-life necessitates high clinical doses,
paradoxically increasing the risk of devastating hemorrhagic transformation.* To address this issue, Yu W et al developed
tPA-loaded platelet membrane-biomimetic NPs (referred to as tMP).* By leveraging the innate targeting ability of platelet
membranes, the tMP system markedly enhanced drug accumulation at the thrombotic site.* This targeted delivery
allowed for a ten-fold reduction in the effective recombinant tPA dose (to 1 mg/kg), substantially mitigating the risk
of cerebral hemorrhage.* In vivo fluorescence imaging corroborated these findings, demonstrating intense signal
localization at the thrombus and diminished non-specific accumulation in off-target organs, underscoring the enhanced
treatment safety.* Fingolimod hydrochloride (FTY720), an Food and Drug Administration (FDA)-approved sphingosine-
1-phosphate receptor agonist, shows neuroprotective promise in IS but paradoxically induces dose-limiting bradycardia
and immunosuppression at effective concentrations.’® % To overcome this, Zhao et al developed a neutrophil membrane-
camouflaged nanoparticle (NRN) for targeted and stimulus-responsive delivery.'® The NRN system selectively accumu-
lated in ischemic brain tissue and released FTY720 in response to elevated ROS.'® This strategy boosted brain drug
delivery by 15.2-fold compared to the free drug and, crucially, markedly attenuated its cardiotoxicity and infection risks
(Figure 3), thereby decoupling therapeutic efficacy from systemic adverse effects.'®
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Figure 3 Schematic illustration of the formation and anti-inflammation effects of NRNs. (A) Preparation of NRNs. (B) BBB penetration and ischemic brain targeting of
NRNs. (C) ROS-responsive release of FTY720 from NRNs. (D) Reduced cardiotoxicity and infection risks of FTY720 by NRNs. (E) scRNA-seq to reveal the mechanism of
the anti-inflammatory effects of NRNs. Reproduced from Advanced Materials, Volume 36, Zhao Y, Li Q, Niu J, Guo E, Zhao C, Zhang J, Liu X, Wang L, Rao L, Chen X, Yang
K. Neutrophil Membrane-Camouflaged Polyprodrug Nanomedicine for Inflammation Suppression in Ischemic Stroke Therapy, Copyright (2024), John Wiley & Sons, Inc.'®
Abbreviations: NRNs, neutrophil membrane-coated, reactive oxygen species-responsive polyprodrug nanoparticle; FTY720, Fingolimod hydrochloride; scRNA-seq, single-
cell RNA sequencing; ROS, Reactive oxygen species; BBB, surface charge on blood-brain barrier.
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How Effective Are CMC@NPs as Therapeutics?
CMC@NPs Traverse the BBB Employing Transcytosis and Sensory Neural Pathways

The BBB poses a major challenge for stroke therapy by efficiently excluding most therapeutics and nano-delivery
systems.® To enter the brain parenchyma, substances must traverse the cerebrovascular endothelium, primarily via
transcellular pathways involving various endocytic mechanisms.** The specific endocytic route is strongly influenced
by NPs size: typically, sub-150 nm NPs enter through clathrin- or caveolac-mediated endocytosis, whereas larger
particles (250 nm~3 pm) are internalized via macropinocytosis or phagocytosis.”® For instance, macrophage membrane-
camouflaged NPs, MM-Lip-Rg3/PNS (where MM: macrophage membrane; Lip: Liposome; Rg3: Ginsenoside Rg3; PNS:
Panax notoginseng saponins), are effectively taken up by human cerebral microvascular endothelial cells via clathrin-
mediated endocytosis and micropinocytosis.'” However, successful brain delivery requires NPs to subsequently escape
endosomal entrapment; failure to do so results in lysosomal degradation and loss of therapeutic efficacy.>

The pathological alterations of the BBB during IS present unique opportunities for drug delivery.>> The disruption of
tight junctions opens a paracellular route, permitting the passive diffusion of therapeutics into the brain.** Beyond this
passive mechanism, active targeting strategies are widely explored. NPs functionalized with glucose derivatives, for
instance, can exploit specific transporter proteins for transcytosis, although this pathway is susceptible to competitive
inhibition by endogenous substrates and efflux pumps.*? Receptor-mediated transcytosis provides an efficient cellular
uptake pathway for macromolecular drugs and nanocarriers.*” CMC@NPs are particularly advantageous, as their natural
or engineered surface receptors mediate precise recognition and internalization by brain endothelial cells, significantly
enhancing targeting and brain entry.'” Nevertheless, ligand-mediated targeting carries off-target risks due to receptor
expression in peripheral tissues.*” Alternatively, modulating surface charge—such as with positively charged polysac-
charides or cationic albumin—can promote endothelial uptake via electrostatic adsorption.**>® However, this non-
specific interaction often leads to significant sequestration by the mononuclear phagocyte system, reducing brain
accumulation and potentially increasing systemic toxicity.*?

Intranasal administration offers a direct route to the brain by bypassing the BBB via sensory neural pathways,
primarily the olfactory and trigeminal nerves.’’ The olfactory nerve provides a short pathway from the nasal epithelium
to the olfactory bulb, while the widely distributed trigeminal nerve projects to the brainstem, serving as another critical
delivery conduit.”® Supporting this, Li et al demonstrated that PEGylated polycaprolactone nanoparticles entered the
brainstem via the trigeminal nerve, with both intact nanoparticles and their curcumin payload detected within two hours
post-administration.””° Despite this promise, the clinical translation of intranasal delivery is hampered by challenges in
precise dosing and a delivery scope largely confined to small molecules.’

Core Material and Cell Type Orchestrate the Retention and Clearance of CMC@NPs
The in vivo clearance pathway of NPs governs their therapeutic applicability and long-term safety.'® Although
CMC@NPs achieve targeted brain accumulation, studies confirm their predominant distribution in peripheral organs,

41443 where they are efficiently cleared via hepatic and renal routes.®*®' In

particularly the liver, spleen, and kidneys,
contrast, NPs reaching the brain are distributed in the surrounding microenvironment or taken up by brain parenchymal
cells.®? They can be degraded by extracellular enzymes (eg, aminopeptidases and hyaluronidases), or effluxed via
transporters like P-glycoprotein and low-density lipoprotein receptor-related protein 1 (LRPI) on the BBB.%
Following neuronal or glial uptake, NPs may undergo intracellular transport and efflux,®* lysosomal degradation, and
subsequent clearance from the brain via the glymphatic system.>*

A paradox exists in nanomedicine where strategies to prolong intracellular retention of drug-loaded NPs for enhanced
efficacy®® may conversely promote toxic responses due to persistent, non-degradable accumulation.®* Gu et al demon-
strated that after parenchymal injection, approximately 80% of poly(ethylene glycol)-poly(lactic acid) copolymer (PEG-
PLA) NPs were rapidly cleared via the paravascular glymphatic pathway, with a half-life of less than 5 hours.®> This
process relies on the phagocytic activity of microglia and the migratory function of nanomaterials.®” Unlike organic
NPs, inorganic NPs such as metal- and silica-based particles remain trapped within microglia for extended periods,

thereby disrupting the microglia-mediated paravascular transport pathway and leading to inefficient clearance.'”
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Investigations in Blasi Ventura-2 (BV-2) microglial cells revealed that while both organic and inorganic NPs initially
colocalized with lysosomes, the inorganic NPs exhibited significantly prolonged lysosomal retention.'® The impaired
efflux of inorganic NPs is potentially attributed to their inhibition of the extracellular signal-regulated kinase 1/2 (ERK1/
2) signaling pathway, which disrupts microglial exosome synthesis—a crucial mechanism for clearance.'®

The intracellular retention and clearance of NPs exhibit significant cell-type dependence, meaning that NPs with
identical physicochemical properties can show notable differences in excretion rates across different cell types.™
Furthermore, studies on the release behavior of mesoporous silica NPs (MSNs) in various mammalian cell lines indicate
that the unique properties of different cell lines in retaining and clearing MSNs may lead to an uneven distribution of
MSNs among cells.®® Therefore, a precise evaluation of the retention and excretion pathways of NPs in specific brain cell
types is crucial for reliably predicting neurotoxicity, assessing accumulation potential, and defining a safe therapeutic
window.>* Overlooking such cell-specific characteristics may lead to misjudgments regarding the biosafety and ther-
apeutic utility of nanomaterials. Furthermore, NP characteristics such as size, surface chemistry, and intra-/extracellular

concentrations collectively regulate their metabolic behavior.’*¢%7°

The Retained Inorganic Nanocore Underlies Multiple Neurotoxic Mechanisms

Although the enhanced biocompatibility conferred by membrane camouflage, the intrinsic physicochemical properties of
the core particle—including its chemical composition, size, shape, and charge density—can still induce neurotoxicity.*?
These cores are broadly categorized as polymeric or inorganic. Biodegradable polymeric materials generally exhibit
favorable safety profiles with no significant neurotoxicity reported.”’ In contrast, inorganic nanoparticles (especially
metal-based materials) carry clear neurotoxicity risks.”” Common inorganic nanoparticles used for treating ischemic

2 14 .
72,73 33 7576 and selenium.”” These nano-

stroke include cerium oxide, graphene oxide,”* manganese oxide, platinum,
particles offer advantages such as high chemical stability and large drug-loading capacity.”® While valued for their high
stability and drug-loading capacity, their limited biodegradability promotes accumulation in vital organs, including the
brain.’” Notably, particles smaller than 1 nm can readily cross the BBB and persist in brain tissue, posing a long-term
safety concern.”

Metal nanoparticles elicit neurotoxicity through multiple mechanisms, involving oxidative stress, apoptosis and
autophagy activation, neuroinflammation, and disruption of sensorimotor signaling pathways.’” A principal mechanism
is oxidative stress, driven by mitochondrial dysfunction.®® This process impairs neuronal integrity via lipid peroxidation,
reduces mitochondrial membrane potential, and compromises adenosine triphosphate (ATP) production, ultimately
triggering apoptosis.®' The central nervous system is particularly vulnerable to such insult due to its high metabolic
rate, limited antioxidant defenses, and post-mitotic nature.®® The high reactivity and specific surface area of nanoparticles
potently induce ROS generation,®' which can be further amplified by surface functional groups, as demonstrated with
graphene oxide.®® Notably, ROS can inflict broad damage, including biomembrane degradation, deoxyribonucleic acid
(DNA) conformational changes, and protein dysfunction, with mitochondrial DNA being especially susceptible.’” NPs
can also trigger inflammatory responses, as evidenced in studies involving carbon nanotubes and fullerene derivatives.®*

Cerium dioxide (CeO,) NPs function as efficient oxygen buffers, exerting therapeutic potential through free radical
scavenging via oxygen vacancy generation,® inhibition of macrophage M1 polarization, and superoxide dismutase-
mimetic activity.*® Despite these beneficial roles, evidence indicates that this material can paradoxically exhibit pro-
oxidant cytotoxicity both in vitro and in vivo (Figure 4).% Its toxicity, closely associated with surface Ce’+ content,
involves oxidative stress and inflammatory responses.® For instance, CeO, NPs have been shown to inhibit neural stem
cell differentiation and impede growth cone development.®® Furthermore, toxicological studies suggest a potential risk
for multi-organ toxicity, underscoring the need for a comprehensive toxicological assessment.®’

While cell membrane camouflage endows NPs with advantageous biomimetic functions like specific targeting and
immune evasion, it can also introduce unique safety risks. The functional molecules responsible for targeting may
inadvertently interfere with physiological processes. For instance, the CD47 protein on erythrocyte membranes, though
enabling immune evasion, may also suppress the phagocytic clearance of pathological proteins by microglia, potentially
exacerbating neuroinflammation.®® Similarly, platelet membrane proteins glycoprotein VI (GPVI) and CD62P, which
direct NPs to vascular injuries, carry the risk of inadvertently activating circulating platelets and promoting
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Abbreviations: ROS, reactive oxygen species; ER, endoplasmic reticulum.

microthrombosis.”® Furthermore, neutrophil membranes utilizing Mac-1 for ischemic lesion site targeting may retain pro-
inflammatory signals that could activate pathways like NF-kB.** To mitigate these risks, membrane protein engineering
emerges as a promising strategy. For example, engineering neutrophil membranes with incorporated Resolvin D2 was
shown to inhibit post-reperfusion neutrophil infiltration while preserving targeting capability, offering a novel approach
to balancing efficacy and safety.*’

The Future Prospective

The safety profile of CMC@NPs has been preliminarily established through standard in vitro cytotoxicity experiments
and short-term rodent toxicity studies (Table 3). A diverse array of cell membranes has been successfully employed for
camouflage, encompassing blood cells (eg, erythrocytes, platelets, neutrophils, macrophages), stem cells, vascular
endothelial cells, engineered hybrid membranes, and exosomes (Table 3). These membrane materials, mostly derived
from animal blood cells or human cancer cell lines, generally exhibit good biocompatibility at therapeutic doses.
Nevertheless, xenogeneic or allogeneic membrane materials may trigger recognition and rapid clearance by the host
immune system.’' Therefore, sourcing membranes from primary human cells with high immune compatibility is critical
for clinical translation, a goal that remains challenging due to limited cell sources, human leukocyte antigen (HLA)
matching complexities, and ethical considerations.”*"*

A systematic safety evaluation of CMC@NPs should encompass key mechanisms such as induced oxidative stress,
cell death, and genotoxicity, focusing on the resultant cytotoxicity, organ toxicity, and hemocompatibility.'' Current
cytotoxicity assessments are often oversimplified, with some studies relying on a single high concentration (far beyond
the therapeutic range) to claim no significant toxicity.*** Such an approach, lacking systematic concentration gradients,
fails to reveal crucial toxicological parameters like the safe concentration window and toxicity threshold. In contrast, the
study on gold nanoclusters provides a more rigorous paradigm: by employing concentration gradients and multiple time
points, it systematically monitored microglial and neuroblastoma cells, clearly defining a safe window (<5 pg/mL) and
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Table 3 Summary of Membrane-Camouflaged Nanoparticles Platforms for Ischemic Stroke Therapy

platelets

ugmlL ).
Organ toxicity: none.

Feature: coating enhances brain targeting.

encapsulated drug)

Membrane Source Name of Biocompatibility Biodistribution Half-Life Reference
CMC@NP
Mouse erythrocytes T-mPDA-Cu/Se Cytotoxicity: none. Specific: Ischemic hemispheres Near-complete clearance within 72 h [12]
Hemocompatibility: no hemolysis; no coagulation
dysfunction.
Organ toxicity: none.
Liver and kidney function: normal.
Immunogenicity: low.
Degradation: progressive.
Mouse platelets tPA-PLTsome Hemocompatibility: no coagulation dysfunction. Specific: cerebral infarct areas. 7.11 £ 0.13 h (significantly prolonged vs [I5]
@Annexin V Organ toxicity: none. Feature: delayed clearance. free drugs: 0.74 + 0.06 h)
Differentiated human promyelocytic NRN Cytotoxicity: none Enhanced: Brain. 3.64 h (significantly extended vs bare [16]
leukemia (HL-60) cells cells across all concentration groups. Reduced: Liver. nuclei: 1.66 h)
Specific: lesioned microglia.
Differentiated human promyelocytic RH@CZB-D-A Cytotoxicity: none Biodistribution: liver; brain, kidney (peak at 24 h) | Half-life prolonged [73]
leukemia (HL-60) cells (CeO2-Zn-DB, Systemic toxicity: none (mouse body weight). clearance: rapid (post 3-day); via urine/
CZB) Hemocompatibility: no adverse effects. feces
Liver and kidney function: normal.
Organ toxicity: none.
Rat neutrophils LA-NM-NP Cytotoxicity: none toward PC-12 cells (10-500 pg/ Primary: liver; kidneys, spleen (24 h). Not mentioned [43]
/CBD mL). Enhanced: ischemic hemisphere increased by
Organ toxicity: none. |.7-fold compared to bare nuclei.
Liver and kidney function: normal.
Rat peritoneal macrophage Ma@ (MnO2 Hemocompatibility: improved. Enhanced: ischemic brain. 30.21 + 2.80 h (significantly extended vs [33]
+FTY) Cytotoxicity: none to BV2 cells (at 12.5 pg/mL). Comparison: > Erythrocyte-NPs free drugs: 14.60 = 1.62 h)
Hepatotoxicity: prevented.organ toxicity: none.
Rat bone marrow-derived MSC-Lipo In vivo safety: no toxicity; normal organ morphology. | Specific: cerebral ischemic foci. ~10 h (extended) [19]
mesenchymal stem cells dosing: Single injection Absent: normal brain areas.
Primary mouse thoracic aortic RAPA@BMHOP | Cytotoxicity: none to HUVECs (<100 ug/mL). Primary: liver. Significantly prolonged (~30% retained at [20]
endothelial cells Organ Toxicity: none. Secondary: lungs, kidneys. 48 h)
Liver/Kidney function: normal. Feature: coating reduces liver uptake.
Dosing: continuous for | week.
MO microglia modified with mouse PM-MG-CPIL4 Cytotoxicity: none at supra-therapeutic Retained: damaged brain regions. Not mentioned [94]
platelet membrane concentrations. Low: peripheral organs.
Immunogenicity: low.
Organ toxicity: none (28d).
Dosing: triple (days O, I, 3 post-op).
Murine mammary tumor cell and PP@PCL Hemocompatibility: good (hemolysis <5% at <400 Primary: spleen, kidneys, brain. Prolonged circulation (4 h vs 8 h for [95]

Abbreviations: CMC@NP, cell membrane-camouflaged nanoparticles; PC-12 cells, Pheochromocytoma 12 cells; HUVECs, Human Umbilical Vein Endothelial Cells; T-mPDA-Cu/Se, targeted nanozyme comprising mesoporous
polydopamine ascaffolds co-loaded with Copper and Selenium, and functionalized with RVG29 peptide and red blood cell membrane; NRN, neutrophil membrane-coated ROS-responsive polyprodrug Nanoparticle; tPA-PLTsome
@Annexin V, tPA (Tissue plasminogen activator) - PLTsome (Platelet membrane-derived liposome) @ Annexin V (Annexin V protein); RH@CZB-D-A, RH (RVG29-modified neutrophil-like membrane and Homing/therapeutic agents) @
CZB (CeO,-Zn-DB nanocomposite) - D (Deferoxamine) - A (anti-C5a Aptamer); LA-NM-NP/CBD, LA (Lipoic acid) - NM (Neutrophil membrane) - NP (Nanoparticle) / CBD (Cannabidiol); Ma@(MnO,+FTY), Ma (Macrophage
membrane) @ (MnO, (Manganese dioxide) + FTY (Fingolimod)); MSC-Lipo, MSC (Mesenchymal stem cell membrane) - Lipo (Liposome); RAPA@BMHOP, RAPA (Rapamycin) @ BM (Bioengineered membrane) - HOP (HBA-OC-
PEG2000 copolymer); PM-MG-CPIL4, PM (Platelet Membrane) - MG (Microglia) - CPIL4 (IL-4 shielded in PPIX-encapsulated Liposomes); PP@PCL, PP (Paconol & Polymetformin) @ PCL (Platelet membrane-Camouflaged Liposome).

Selection prioritizes studies with relatively complete safety assessments.
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a growth inhibition threshold (>30 pg/mL).°® It further revealed a time-dependent metabolic decline not apparent at 24
hours.”® For organ toxicity, evaluation methods remain highly inconsistent across studies, and genotoxicity data are
generally scarce (Table 3). Positively, hemocompatibility tests for platelet membrane-camouflaged systems showed no
hemolysis or coagulation abnormalities.*** Regarding in vivo distribution, while membrane camouflage significantly
improves pharmacokinetics—prolonging circulation half-life (eg, extending tPA half-life from 0.74 h to 7.11 h)'® and
enhancing targeted accumulation in infarcted brain tissue’’—metabolic organs (liver, kidneys, spleen, lungs) remain the
primary deposition sites (Table 3), largely due to non-specific uptake by the reticuloendothelial systems.*°

The current safety assessment framework for nanomedicines remains constrained by several critical limitations.
Preclinical models predominantly rely on oversimplified two-dimensional monocultures of immortalized cell lines (eg,
BV2 microglia), which fail to recapitulate the complexity of the BBB and overlook cell-type-specific responses.
Furthermore, in vivo studies are often hampered by short-term observational windows (typically 24—72 hours), which
are misaligned with clinical dosing regimens and insufficient for detecting chronic toxicity. The evaluation endpoints are
also incomplete, lacking data under physiologically vulnerable conditions (eg, aging or metabolic abnormalities), and
often neglecting immunogenicity (eg, complement activation and the risk of cytokine storms). Technologically, the field
is hindered by traditional endpoint assays that cannot resolve dynamic toxicity mechanisms, a notable underutilization of
high-throughput omics technologies, and the absence of a standardized Good Laboratory Practice (GLP)-compliant
nanotoxicity testing platform.

The safety assessment of CMC@NPs must extend beyond conventional standards due to their unique biological
characteristics. These particularities include: 1) The inherent bioactivity of surface membrane proteins, which may retain
functions in immune regulation and receptor signaling; 2) Batch-to-batch variations in membrane composition that can
lead to unpredictable biological outcomes; and 3) The dynamic nature of the membrane structure, which influences
in vivo stability and degradation kinetics. Critically, immune risk must be evaluated for the complete delivery system
rather than individual components. For instance, while the cyclic arginine-glycine-aspartic acid (RGD) peptide (eg,
¢(RGDyK)) alone is non-immunogenic, its conjugation onto PEGylated liposomes can induce acute hypersensitivity
upon repeated administration.”® This phenomenon underscores that the combination of PEG and RGD creates a novel
entity with emergent immunogenic properties through physicochemical interplay, rather than merely additive functions.

IS represents a substantial global health burden with limited treatment options, creating a pressing need for innovative
therapeutic strategies. Nanotechnology, particularly CMC@NPs, has emerged as a promising platform to overcome the
BBB and enhance therapeutic efficacy through superior biocompatibility and precise targeting capabilities. However,
their clinical translation hinges on a rigorous safety assessment, which currently faces significant challenges. This review
elucidates the intrinsic relationships between the physicochemical properties of CMC@NPs and their in vivo fate and
toxicity, providing a comprehensive analysis of their potential neurotoxic risks.

Despite preliminary verification of CMC@NPs safety through standard assays, this review underscores persis-
tent and critical gaps, particularly concerning their intracellular degradation kinetics, excretion pathways, and
chronic toxicity profiles.'® These knowledge gaps represent a major barrier to clinical translation. Future research
should undergo a paradigm shift from a singular focus on delivery efficiency to a balanced consideration of
efficacy and safety. Key priorities should encompass: 1) establishing evaluation models that better mimic human
disease states; 2) implementing advanced in vivo dynamic imaging for real-time NPs tracking; 3) strengthening
targeted assessment modules for comprehensive immunogenicity profiling, long-term biodistribution, and degrada-
tion product identification; and 4) ultimately establishing a unified, GLP-compliant safety evaluation framework.

Abbreviations

ATP, Adenosine Triphosphate; BA, baicalin; BBB, blood-brain barrier; BED, boric acid ester-grafted dextran; BV-2, Blasi
Ventura-2; CD47, Cluster of Differentiation 47; CD62P, Cluster of Differentiation 62P; CeO,, Cerium dioxide; CMC@NP,
cell membrane-camouflaged nanoparticles; CLSM, Confocal laser scanning microscopy; CPIL4, IL-4 shielded in PPIX-
encapsulated Liposomes; CXCR2, Cysteine-X-Cysteine chemokine receptor type 2; CXCR4, Cysteine-X-Cysteine chemo-
kine receptor type 4; CZB, CeO,-Zn-DB nanocomposite; DNA, deoxyribonucleic acid; ERK1/2, Extracellular Signal-
Regulated Kinase 1/2; FDA, Food and Drug Administration; FTY, Fingolimod; FTY720, Fingolimod hydrochloride; Hb,
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native hemoglobin; HOP, HBA-OC-PEG2000 copolymer; HUVECs, Human Umbilical Vein Endothelial Cells; ICAM-1,
Intracellular adhesion molecule-1; IS, ischemic stroke; LA-NM-NP/CBD, Lipoic acid-Neutrophil membrane-Nanoparticle
/Cannabidiol; LFA-1, Lymphocyte function-associated antigen-1; Lip, Liposome; LRP1, Low-density lipoprotein Receptor-
related Protein 1; Ma@(MnO,+FTY), Macrophage membrane-camouflaged Manganese dioxide and Fingolimod nanopar-
ticles; Mac-1, Macrophage-1 antigen; MM, Macrophage membrane; mPDA, mesoporous polydopamine scaffolds; MNP,
melanin nanoparticle; MnO,, Manganese dioxide; MSC-Lipo, Mesenchymal stem cell membrane-camouflaged Liposome;
MSNs, mesoporous silica nanoparticles; NIR, Near-Infrared; NPPB, probucol-based polyprodrug; NRN, neutrophil mem-
brane-coated ROS-responsive polyprodrug Nanoparticle; NPs, nanoparticles; PCL, Platelet membrane-Camouflaged
Liposome; PC-12 cells, Pheochromocytoma 12 cells; PECAM-1, platelet endothelial cell adhesion molecule; PEG,
Polyethylene Glycol; PEG-PLA, Poly(ethylene glycol)-poly(lactic acid) copolymer; PEGylation, Polyethylene
Glycolylation; PLTsome, Platelet membrane-derived liposome; PM, Platelet membrane vesicle; PM-MG, Platelet
Membrane-camouflaged Microglia; PNS, Panax notoginseng saponins; PP@PCL, Paeonol and Polymetformin loaded in
Platelet membrane-Camouflaged Liposome; PR, protamine sulfate; RAPA@BMHOP, Rapamycin loaded in Bioengineered
membrane-camouflaged HBA-OC-PEG2000 copolymer; RGD, Arginine-Glycine-Aspartic acid; Rg3, Ginsenoside Rg3;
RH@CZB-D-A, RVG29-modified neutrophil-like membrane-camouflaged CeO,-Zn-DB nanocomposite loaded with
Deferoxamine and anti-C5a Aptamer; ROS, reactive oxygen species; rtPA, recombinant tissue plasminogen activator;
RVG29, Rabies Virus Glycoprotein 29; scRNA-seq, single-cell RNA sequencing; SDF-1, Stromal cell-Derived Factor-1;
SIRPa, Signal-regulatory protein o; T7, Transferrin receptor; T-mPDA-Cu/Se, Targeted mesoporous polydopamine scaffolds
co-loaded with Copper and Selenium; tPA, tissue plasminogen activator.
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