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a b s t r a c t

In recent years, development of strategies to treat central nervous system (CNS) diseases has attracted

extensive attention. A major obstacle in this field is the blood-brain barrier (BBB), which significantly

limits the efficient delivery of therapeutic agents to the brain and hinders the treatment of CNS diseases.

Overcoming the restrictive nature of the BBB has thus emerged as a key objective in CNS drug develop-

ment. Nanomaterials have garnered growing interest due to their unique physicochemical properties and

potential to traverse the BBB, enabling targeted drug delivery to brain tissue and improving therapeutic

efficacy. In this review, we present current insights into the structure and function of the BBB and high-

light a range of nanomaterial-based strategies for BBB penetration, including receptor-mediated transport

(RMT), adsorptive-mediated transcytosis, reversible BBB disruption, and intranasal administration. Finally,

we summarize recent advances in enhancing BBB permeability for CNS therapeutics and discuss persist-

ing challenges, offering perspectives for future research in this field.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Central nervous system (CNS) diseases are among the lead-

ing causes of mortality and disability worldwide, posing a severe

threat to global public health and quality of life [1,2]. Despite sig-

nificant efforts to improve clinical outcomes for patients with CNS

disorders, several formidable challenges remain unresolved [3–5].

One of the most critical barriers is the blood-brain barrier (BBB),

which significantly restricts the transport of therapeutic agents

into the brain, thereby limiting the efficacy of many treatment

strategies [6–8]. Indeed, the complexity of the BBB’s pathophysi-

ological characteristics has been a major contributing factor to the

failure of numerous CNS-targeted therapies. In response to these

challenges, nanomaterials have emerged as a promising class of

platforms for CNS disease diagnosis and treatment. Their unique

properties, such as high stability, biodegradability, and capacity for

targeted delivery, have spurred extensive research into their poten-

tial for crossing the BBB and enhancing drug accumulation in brain

tissue [9–16].
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In this review, we discuss the structural and functional fea-

tures of the BBB, followed by an overview of the pathogenesis

of representative CNS diseases. We then focus on recent advances

in nanomaterial-based BBB penetration strategies. As illustrated

in Fig. 1, various nanocarriers, including liposomes, micelles, na-

noemulsions, and polymeric nanoparticles, have been engineered

to increase drug delivery efficiency to the brain and thereby im-

prove therapeutic outcomes in CNS disorders [1,17,18]. Special at-

tention is given to brain-targeting approaches such as receptor-

mediated transport (RMT), reversible BBB disruption, biomimetic

membrane coating, and intranasal delivery.

2. BBB and CNS diseases

2.1. BBB

BBB is a significant physiological and metabolic barrier that

forms a tight structural and functional block between the periph-

eral circulation and CNS. It precisely regulates the cellular and

molecular exchange between the systematic circulation and brain

parenchyma by controlling the permeation of materials entering

and exiting the nervous system [19]. BBB plays a vital role in main-

taining brain homeostasis and protecting the CNS from harmful

substances in the peripheral circulation. As a regulatory interface,

https://doi.org/10.1016/j.cclet.2025.111524
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Fig. 1. Schematic illustration of nanomaterial-mediated drug delivery strategies to

enhance BBB penetration for CNS diseases treatments.

BBB is often involved in the progression of various CNS disorders

with increased permeability, including Alzheimer’s disease (AD),

stroke, and brain tumors, leading to irreversible damage to the CNS

[20]. As shown in Fig. S1 (Supporting information), BBB is typi-

cally composed of five integral components: endothelial cells, per-

icytes, astrocytes, basement membrane, and junctional complexes.

Endothelial cells lining cerebral capillaries, along with tight junc-

tions, form the inner layer of the BBB, preventing the cargo ex-

change between adjacent endothelial cells through the paracellular

passage. The middle layer (basement membrane) contains extracel-

lular matrix proteins and pericytes, while the outer layer consists

of astrocytes and additional extracellular matrix [21].

Two primary pathways mediate transport across the BBB: the

paracellular route, located between adjacent endothelial cells, fa-

cilitates the movement of ions, solutes, and some small drugs;

and the transcellular route, which enables the passage of cargo

through endothelial cells. The latter includes passive diffusion of

small lipophilic molecules, gas exchange via specific receptors, and

transporter-mediated trafficking of hydrophilic or polar compounds

[2]. Leveraging these pathways, multiple strategies have been de-

veloped to enhance drug delivery across the BBB. This review

focuses on several promising approaches, including adsorptive-

mediated transcytosis, RMT, membrane-coated nanocarriers, and

strategies for transient BBB disruption.

2.2. CNS diseases

Representative CNS disorders, including gliomas, stroke, AD,

Parkinson’s disease (PD), depression, and epilepsy, pose distinct

challenges for effective drug delivery across the BBB. In gliomas,

BBB disruption is heterogeneous, with pronounced permeability

in tumor cores but relatively intact barriers at the invasive mar-

gins. This variability hampers the efficacy of chemotherapeutic

agents and contributes to tumor recurrence [22–24]. In stroke, the

integrity of the BBB is compromised by neuroinflammatory re-

sponses and a cascade of pathological events. The current stan-

dard treatment, recombinant tissue plasminogen activator (rt-PA),

is constrained by a narrow therapeutic window and an increased

risk of hemorrhagic complications [25–29]. In AD, BBB dysfunction

impairs the clearance of amyloid-β and tau proteins, exacerbating

disease progression. Although nanoparticle-based delivery systems

have shown promise in improving therapeutic outcomes, further

optimization is required [30–32]. PD is characterized by the de-

generation of dopaminergic neurons, often associated with neu-

roinflammation and BBB disruption. While levodopa remains the

gold standard treatment, its clinical utility is restricted by inef-

ficient CNS delivery and peripheral side effects [33,34]. Emerging

evidence also links depression to BBB dysfunction, wherein stress-

induced loss of tight junction proteins permits the entry of periph-

eral inflammatory cytokines into the brain, potentially aggravating

depressive symptoms [35,36]. In epilepsy, BBB disruption is both

a cause and a consequence of recurrent seizures, further dimin-

ishing the effectiveness of antiepileptic drugs [37]. Overall, these

pathologies highlight the dual role of BBB impairment as both a

pathological hallmark and a major therapeutic barrier in CNS dis-

eases. Addressing these challenges necessitates the development of

advanced, targeted drug delivery systems capable of crossing or

modulating the BBB to enhance treatment efficacy and clinical out-

comes.

3. Nanomaterial-based BBB crossing strategies

A range of innovative drug delivery strategies have emerged,

taking the unique advantages of nanomaterials to facilitate the effi-

cient transportation of therapeutic agents across the BBB. As sum-

marized in Table S1 (Supporting information), we briefly introduce

representative nanoplatforms that have been developed to facili-

tate BBB penetration, including lipid-based, polymeric, magnetic,

carbon-based and inorganic nanoparticles (NPs). Lipid nanoparti-

cles (LNPs) are highly biocompatible and can encapsulate both hy-

drophilic and lipophilic drugs. They can prolong drug half-life and

regulate drug release, but they may have issues with drug leakage

and poor stability [38,39]. Polymeric NPs, including polymeric mi-

celles, can effectively deliver hydrophilic drugs and improve drug

solubility and bioavailability. However, their clinical translation is

limited by concerns regarding physical stability and potential im-

munogenicity [40–42]. Magnetic NPs provide external magnetic re-

sponsiveness for targeted delivery. However, concerns remain re-

garding their long-term toxicity and in vivo aggregation [43–45].

Carbon-based NPs, such as carbon nanotubes and graphene oxides,

have high drug-loading capacity and favorable biocompatibility, but

their potential toxicity and difficulty in biodegradation are still un-

der debate [46]. Inorganic NPs, like gold NPs (AuNPs) and meso-

porous silica NPs, have excellent stability and can be easily surface-

modified for various drug delivery applications. However, potential

long-term toxicity and immunogenicity remain important concerns

[47,48]. The following sections outline a series of BBB-penetrating

strategies that leverage advances in nanotechnology, highlighting

their feasibility and therapeutic potential for brain-targeted drug

delivery.

3.1. Absorption mediated BBB crossing

3.1.1. Cell penetrating peptides (CPPs)

CPPs are a distinct class of short peptide sequences, typically

composed of fewer than 30 amino acids and rich in cationic

residues such as arginine and/or lysine [49]. Their cationic nature

enables efficient intracellular accumulation [49]. A defining fea-

ture of CPPs is their ability to traverse cellular membranes with-

out causing significant membrane damage, allowing them to de-

liver hydrophilic macromolecules into cells and subcellular com-

partments both in vitro and in vivo [50,51]. Owing to these proper-

ties, CPPs have been widely employed to deliver diverse therapeu-

tic cargos including LNPs, plasmid DNA, oligonucleotides, siRNA,

proteins, and peptides [52]. As illustrated in Fig. 2, one notable

example involves the use of Tat, a CPP derived from the human

immunodeficiency virus (HIV) transactivator protein, to construct

methoxy polyethylene glycol-polycaprolactone (MPEG-PCL)-Tat mi-

celles for siRNA and drug delivery, significantly extending survival

in a rat model of malignant glioma [53]. Despite encouraging find-

ings, the lack of systematic, quantitative comparisons among dif-

ferent CPPs poses a challenge. This gap limits our ability to accu-

rately assess subtle differences in their BBB penetration capabili-

ties. To address this issue, Stalmans et al. conducted a comparative
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Fig. 2. Prolongation of life in rats with malignant glioma by intranasal siRNA/drug

codelivery to the brain with CPP-modified micelles. Copied with permission [53].

Copyright 2014, American Chemical Society.

study evaluating the in vivo behavior of five structurally distinct

CPPs: pVEC, SynB3, Tat47–57, transportan 10 (TP10), and TP10–2.

Using multiple-time regression analysis, the study revealed sig-

nificant differences in BBB permeability among the peptides. No-

tably, Tat47–57, SynB3, and pVEC exhibited high unidirectional in-

flux rates of 4.73, 5.63, and 6.02μL g−1 min−1, respectively. In con-

trast, TP10 and TP10–2 demonstrated considerably lower perme-

ability. Importantly, the study also found that BBB influx rates did

not consistently correlate with overall cellular uptake, suggesting

that efficient BBB penetration is not necessarily indicative of gen-

eral cell-penetrating efficiency [54].

CPPs mainly utilize their cationic properties to efficiently ac-

cumulate within cells. They have the potential to directly inter-

act with the siRNA anionic phosphate backbone when applied for

siRNA transportation [55]. For example, the work of Hu and col-

leagues, as illustrated in Fig. S2 (Supporting information), devel-

oped a lipoplex with a core-shell structure which was specifi-

cally designed for intranasal delivery of siRNA to treat glioma via

gene therapy [56]. And then a CPP was chosen to modify lipoplex,

enhancing its permeation across various absorptive barriers [56].

However, the intrinsic positive charges of the CPP were partially

neutralized upon complexation with negatively charged siRNA, re-

sulting in a reduction of free cationic residues. This, in turn, im-

paired the internalization efficiency of the CPP and ultimately lim-

ited the effectiveness of siRNA delivery. Mo et al. designed a novel

polyplex architecture specially designed to address the CPP neu-

tralization issue [49]. This system was composed of siRNA and a

specially designed CPP delivery unit. A 21-mer oligolysine (K21)

was modified chemically to introduce conjugation sites for CPP,

forming K21-PDP. A dual CPP strategy was employed in which two

distinct CPP moieties served complementary functions: one facil-

itated siRNA transport, while the other mitigated the effects of

charge neutralization, thus preserving delivery efficiency [49].

3.1.2. Peptide shuttles

Peptide shuttles, owing to their unique properties, can exploit

BBB transport mechanisms to facilitate the delivery of compounds

that otherwise cannot cross the barrier [57]. These peptides ex-

hibit advantages such as ease of synthesis, high specificity and po-

tency, and cost-effective production. Notably, compared to conven-

tional chemotherapeutics, peptides demonstrate minimal accumu-

lation in tissues and organs, reducing systemic toxicity and ad-

verse effects [58]. Consequently, the application of peptide-based

strategies, particularly for glioblastoma (GBM), has expanded sig-

nificantly in recent years. Currently, the realm of glioma therapy

still stands as a difficult frontier, plagued by two main issues: in-

creasing therapeutic effectiveness and minimizing the severe side

effects cause by anticancer drugs. Using an AS1411 aptamer, a lig-

and specific to cancer cells, and a phage-displayed TGN peptide

targeted at the BBB, Gao and colleagues have developed a novel

technique [59]. By ingeniously combining these substances with

Fig. 3. Scheme of innovative strategy for crafting drug-loaded hybrid cell mem-

brane liposomes: harnessing CCR2-RFP overexpression in HEK293Tcells for targeted

AD therapy. Copied with permission [62]. Copyright 2022, Wiley Publishing Group.

NPs, researchers developed the AsTNP, a cascade delivery system

specifically designed to treat brain gliomas. Extensive experimen-

tal investigation has highlighted AsTNP’s superior tumor localiza-

tion abilities and advantageous tumor-to-normal brain concentra-

tion ratio. To further improve the anti-glioma efficacy, Yu et al.

proposed D-T7 peptide-modified NPs capable of crossing the BBB

for glioma targeting. Experimental results demonstrated that D-T7-

modified NPs exhibited superior BBB penetration and tumor tar-

geting. Cediranib (anti-angiogenic) and paclitaxel (chemotherapeu-

tic) were co-loaded into PEGylated bilirubin NPs (BRNPs), form-

ing the dual-delivery system CD&PTX@TBRBPs. Subsequent exper-

iments confirmed both the safety and therapeutic efficacy of the

delivery system [12].

3.2. Receptor mediated BBB crossing

The intricate mechanism of RMT paves the way for a wide

range of endogenous macromolecules to traverse the barrier [60].

Specific ligands selectively bind to receptors expressed on the sur-

face of brain endothelial cells. This interaction initiates a cascade

that triggers the formation of vesicles via endocytosis. These vesi-

cles then cross BBB and release their cargoes into CNS via ex-

ocytosis. This process exemplifies the precision and complexity

of endogenous transport mechanisms [61]. Moreover, it provides

a promising avenue for therapeutic intervention in CNS diseases.

Nanotechnology enables targeted delivery to CNS by functionaliz-

ing nanomaterials with receptor-specific ligands. For example, Fig.

3 illustrates a hybrid nanoplatform that integrates platelet mem-

branes with CCR2-overexpressing membranes. This hybrid mem-

brane is used to deliver two small-molecule drugs, rapamycin and

TPPU, targeting pathological regions in an AD model [62]. Here,

three typical instances are provided below.

3.2.1. Lipoprotein receptor

Low-density lipoprotein receptor (LDLR), a prominent member

of its own family, is highly expressed at the BBB, making it an out-

standing candidate for BBB-transversing nanomaterials via its cor-

responding ligands. Notably, LDLR is also overexpressed in various

tumor types, underscoring its potential as a therapeutic target in

glioma [63,64].

Angiopep-2, a peptide derived from the Kunitz domain (se-

quence: TFFYGGSRGKRNNFKTEEY), specifically targets the LDLR-

related protein-1 (LRP1), a receptor closely related to LDLR. Due

to its high affinity for LRP1, angiopep-2 has attracted consid-

erable attention for BBB-targeted drug delivery [65]. Angiopep-

2 exhibits superior transcytosis efficiency and parenchymal ac-

cumulation compared to other ligands such as lactoferrin (Lf)

3
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Fig. 4. Tandem micelles co-functionalized with brain tumor-targeting and cell pen-

etrating peptides, angiopep-2 and TAT, for highly efficacious and specific anti-

glioma chemotherapy. Copied with permission [72]. Copyright 2018, Elsevier B.V.

and transferrin (Tf), making it a leading candidate for BBB-

targeted delivery [66]. Recent studies have demonstrated the ef-

ficacy of angiopep-2 in facilitating nanomaterial-mediated BBB

transport [67,68]. One example involves 2-methoxyestradiol (2-

ME2), a potent hypoxia inducible factor-1 (HIF-1) inhibitor and mi-

crotubule disruptor used to treat cerebral ischemia-reperfusion in-

jury [69]. However, its poor aqueous solubility has limited its clin-

ical application [70]. To overcome this limitation, Hu et al. em-

ployed an emulsion-solvent evaporation method to formulate PE-

Gylated 2-ME2 and encapsulate it into angiopep-2-functionalized

PEG micelles (ANG-PEG-2ME2/2ME2) [71]. This formulation im-

proved both solubility and brain-targeted delivery. In oxygen-

glucose deprivation/reoxygenation models using PC12 cells, ANG-

PEG-2ME2/2ME2 significantly reduced cellular injury. This finding

highlighted the promise of this micellar formulation as a therapeu-

tic approach for cerebral ischemia-reperfusion injury [71]. Fig. 4 il-

lustrates the construction of angiopep-2-modified micelles, which

demonstrated enhanced selectivity and efficacy in glioma-targeted

chemotherapy [72]. Zong et al. developed lipid-poly(hypoxic ra-

diosensitized polyprodrug) NPs decorated with angiopep-2 for

temozolomide (TMZ) delivery, termed A2-p(MIs)25/TMZ, aiming to

reduce the increased toxicity arising from the combined therapy of

TMZ and radiotherapy. This system exhibited excellent drug encap-

sulation and a synergistic antitumor effect in glioma models [73].

In pursuit of effective brain glioma treatment, Ren et al. also ex-

plored the field of dual-targeting drug delivery systems. Their sys-

tem was based on PEGylated oxidized multi-walled carbon nan-

otubes modified with angiopep-2. Histopathological analysis con-

firmed the system’s high biocompatibility, low toxicity, and favor-

able safety profile [74]. Furthermore, Yang et al. designed a dual-

peptide-modified liposomal system. The system combined ligands

for neuropilin-1 receptor and LRP1 to enhance BBB permeability

and tumor targeting [75]. Kim et al. further advanced this strategy

by developing Dual-LP-TMZ, an immunoliposome co-targeting LRP1

and CD133, and encapsulating TMZ. This system used angiopep-2

to mediate BBB transcytosis and an anti-CD133 monoclonal anti-

body for targeting glioma stem cells, offering a promising approach

for GBM therapy [76].

3.2.2. Transferrin receptor

Although the BBB presents a major obstacle to brain drug de-

livery, its complex network of receptors and transport proteins fa-

Fig. 5. Enhanced anti-glioma efficacy of CD and PTX loaded nanocarriers with D-

T7 peptide modification. Copied with permission [12]. Copyright 2019, American

Chemical Society.

cilitates the entry of essential nutrients into the brain and offers

promising opportunities for therapeutic targeting. A notable exam-

ple is the Tf receptor, which has been widely explored for receptor-

mediated drug delivery across the BBB.

Tf is a 78 kDa monomeric glycoprotein and a member of a

closely related family of iron-binding glycoproteins, which also

includes Lf, ovotransferrin, and melanotransferrin, each with dis-

tinct biological roles [77]. Among plasma proteins, Tf is one of

the most abundant (2–4μg/mL), and it plays a critical role in iron

metabolism by binding nearly all circulating iron under normal

physiological conditions [78]. While Tf can be synthesized locally

in tissues such as the testes, oligodendrocytes, and choroid plexus

epithelial cells of the CNS, the liver remains its primary site of pro-

duction [79–81]. The primary function of Tf is to act as an iron

transporter, facilitating the transfer of iron between cells. Due to

its hydrophilic nature and strong binding affinity for the transfer-

rin receptor (TfR), Tf-bound iron can be efficiently taken up by cells

with high TfR expression, enabling transport across the BBB and

into the brain parenchyma [82–84]. Notably, iron binding induces a

conformational change in the Tf molecule, which is essential for its

specific recognition by TfR and subsequent receptor-mediated en-

docytosis [85]. Johnsen et al. demonstrated that TfR-targeted AuNPs

exhibit remarkable accumulation within brain capillaries and ef-

fectively cross the BBB to reach the brain parenchyma. This con-

clusion was supported by both in vitro BBB models and in vivo

quantification of gold accumulation [86]. Their study highlights the

substantial enhancement in uptake efficiency enabled by the spe-

cific affinity and valency of antibody-conjugated AuNPs. Cabezón et

al. examined the behavior of AuNPs coated with the 8D3 anti-TfR

antibody in the mouse BBB [87]. Their results revealed a clathrin-

dependent, TfR-mediated endocytosis process, in which 8D3-AuNPs

were encapsulated into intracellular vesicles. These vesicles then

followed two distinct trafficking pathways, indicating complex in-

tracellular routing dynamics following TfR engagement. Another

noteworthy BBB-targeting approach involves small peptides such as

T7, which are favored for their low cost, stability, and ease of syn-

thesis. The D-enantiomeric form of T7 (D-T7), a heptapeptide with

high affinity for TfR, has been shown to facilitate efficient brain-

targeted drug delivery. As illustrated in Fig. 5, the functionaliza-

tion of nanoparticles with d-T7 peptides underscores their poten-

tial utility in designing targeted nanocarriers for CNS therapeutics

[12].

3.2.3. Lf receptor

Lf, an 80kDa cationic glycoprotein with excellent iron-binding

capabilities, is a notable member of the Tf superfamily. It plays

a crucial role in facilitating the efficient transportation of iron

within blood serum [88]. Lf is distinguished by possessing a su-

perior iron-binding affinity, greater resistance to proteolysis, and

its capability of retaining iron over a wide pH range [89,90]. Var-

ious physiological functions of Lf have been indicated, such as
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Table 1

Receptor mediated BBB crossing strategies.

Receptor Material Nanoparticle/nanoplatform Cargo/core particle Application Ref.

LDLR Angiopep-2 ANG-PEG-2ME2/2ME2 2-ME2 Stroke [71]

LDLR Angiopep-2 & TAT ANG/TAT-Ms micelles Micelles Glioma [72]

LDLR Angiopep-2 A2-p(MIs)25/TMZ TMZ Glioma [73]

LDLR Angiopep-2 & tLyP-1 Dual-LP-TMZ TMZ Glioma [76]

Tf receptor D-T7 peptide Dual-loaded PEGylated nanocarriers Cediranib & paclitaxel Glioma [12]

Lf receptor Lf Lf-PO-Dox/Tet Doxorubicin & tetrandrine Glioma [98]

anti-inflammatory, antioxidant, anticarcinogenic, and immunomod-

ulatory activities [91,92]. The receptors of Lf are essential to the

coordination of its diverse biological functions. Numerous evi-

dence from reverse transcription-polymerase chain reaction (RT-

PCR) analyses and immunohistochemistry analyses has confirmed

the presence of Lf receptors and highlighted their significance in

neurological processes [93]. Given its classification within the Tf

family, RMT serves as the primary mechanism for its uptake into

CNS, as supported by both in vitro and in vivo studies [94,95].

The application of Lf as a BBB targeting ligand has been stud-

ied extensively. Using high-precision confocal microscopy, Huang

et al. investigated the intricate binding sites of Lf within brain en-

dothelial capillary cells (BCECs). Their findings revealed the strik-

ing abundance of Lf receptors on the BCEC surface, which is an

essential feature for RMT-mediated cellular entry [96]. Based on

this finding, the same group conducted a follow-up study demon-

strating that Lf-modified NPs exhibit efficient brain-targeting ca-

pabilities. Both in vitro and in vivo data consistently showed that

these NPs successfully cross the BBB, highlighting their promise as

a platform for exogenous gene delivery, particularly for genes en-

coding secretory proteins [96]. Further evidence comes from the

work of Qiao et al., who developed a brain-delivery probe mak-

ing use of the capacity of Lf, covalently attached to PEG-coated

Fe3O4 NPs, to coordinate RMT across the BBB [97]. To address the

formidable challenges faced by glioma patient after chemother-

apy, Pang et al. developed a revolutionary antitumor drug deliv-

ery system, Lf-conjugated biodegradable polymersomes that con-

tain doxorubicin and tetrandrine (Lf-PO-Dox/Tet). This innovative

design demonstrates its potential as a novel therapeutic vehicle for

glioma-targeted therapy [98].

Table 1 [12,71–73,76,98] is listed to help readers have a clear

understanding.

3.3. Membrane coating

Cell membrane coating nanotechnology involves the integration

of specific cell membranes onto synthetic substrates, encompassing

AuNPs, polymeric NPs and liposomes. Due to their distinct charac-

teristics, membranes generated from various parent cells such as

erythrocytes, neutrophils, and macrophages have recently garnered

increasing attention. These cell membranes can serve as the outer

shell of drug delivery vehicles, playing a critical role in facilitat-

ing targeted delivery to the brain. Chimeric antigen receptor T-cell

immunotherapy (CAR-T) cell membrane coating is an emerging de-

livery strategy in the field of cancer immunotherapy [99,100]. Re-

searchers have explored coating NPs with CAR-T cell membranes to

enhance the targeting and therapeutic effects of CAR-T therapy. For

instance, a study exemplifies the innovative use of CAR-T therapy

in a highly targeted manner, demonstrating the potential of cell-

based engineering to overcome traditional barriers in CNS treat-

ment. It involves the use of synNotch receptors to direct therapeu-

tic agents to specific tissues, thereby improving the precision and

effectiveness of interventions [101]. The CAR-T cell membrane coat-

ing strategy leverages the specific targeting ability of CAR-T cells

to deliver therapeutic agents directly to tumor sites, potentially re-

ducing side effects and improving therapeutic outcomes. Moreover,

it offers a promising solution to limitations of traditional CAR-T

therapy, such as poor tumor infiltration and limited persistence in

solid tumors. However, this field remains in its early stages, and

further research is required to optimize the coating process, en-

hance the stability and biocompatibility of membrane-coated NPs,

and explore their clinical applications in various cancers types.

3.3.1. Erythrocyte membrane coating systems

Due to their unique advantages, including the ability to greatly

increase the circulatory lifespan of therapeutic drugs and avoid

immune system destruction, erythrocytes have been employed

in drug delivery systems. In particular, red blood cell (RBC)

membrane-coated NPs have been extensively explored to address

issues such as enzyme instability, poor biocompatibility or toxicity

of various NPs [102]. However, despite these explorations, a major

limitation persists: RBC–NPs inherently lack targeting specificity,

making it extremely difficult for them to cross the BBB. This limits

their utility in targeted brain delivery for both research and thera-

peutic applications. To overcome this challenge, Gu et al. conducted

a pioneering study to develop a brain-targeted drug delivery sys-

tem utilizing the TGN peptide as a BBB-penetrating ligand [31].

Their approach involved the preparation and characterization of

curcumin-encapsulated NPs coated with erythrocyte membranes to

enhance bioactivity. To improve delivery specificity, the TGN pep-

tide was incorporated into the RBC–NPs using an innovative lipid-

insertion technique. This design demonstrated superior BBB pene-

tration and remarkable brain targeting capabilities, as supported by

in vitro and in vivo evidence. Additionally, behavioral assessments

showed the encouraging potential of TGN-RBC–NPs-Cur in revers-

ing cognitive impairments in AD animal models, emphasizing the

therapeutic potential of this strategy. Similar studies have also in-

vestigated the application of RBC membranes in AD treatments,

particularly focusing on the elimination of Aβ . As illustrated in

Fig. 6, Ma et al. developed CuxO@EM-K by incubating the erythro-

cyte membrane with Aβ-targeting molecules to produce the EM-K,

which was then fused with CuxO. CuxO@EM-K complex effectively

absorbed Aβ from the bloodstream, after which the liver facilitated

its clearance, thereby reducing Aβ burden in the brain [103].

3.3.2. Neutrophil membrane coating systems

Neutrophils, the initial and predominant subset of leukocytes

responsible for defending against pathogens, possess the unique

ability to traverse the BBB, enabling them to swiftly migrate from

the circulatory system to sites of brain injury [104]. Upon re-

cruitment, endothelial cells upregulate membrane adhesion pro-

teins such as intercellular adhesion molecule-1, while neutrophils

concurrently overexpress membrane proteins including integrin

β2, macrophage-1 antigen, and lymphocyte function-associated

antigen 1. These coordinated alterations facilitate the transmi-

gration of neutrophils [105,106]. Consequently, neutrophils repre-

sent promising donors for cell membrane coating in the treat-

ment of inflammatory brain disorders [107–109]. For example,

leonurine, an alkaloid from Herba Leonuri, has been extensively

studied for ischemic stroke treatment [110,111]. However, its lim-
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Fig. 6. CuxO@EM-K synthesis and peripheral Aβ clearance by CuxO@EM-K. Copied

with permission [103]. Copyright 2020, American Chemical Society.

Fig. 7. The formation and anti-inflammation effects of NRNs. Reproduced with per-

mission [109]. Copyright 2024, Wiley Publishing Group.

ited BBB penetration, poor lesion-targeting capability and re-

stricted interaction with the complex pathological microenviron-

ment have hindered its therapeutic efficacy. To address these chal-

lenges, Tang et al. developed a neutrophil-inspired nanoplatform

for non-invasive administration of leonurine [108]. This system uti-

lizes membranes derived from neutrophil-mimetic human promye-

locytic leukemia cells to construct proteolipid structures termed

Leo@NM-Lipo. These biomimetic carriers leverage the abundance

of membrane proteins to facilitate targeted delivery to inflamed

brain regions. Importantly, neutrophil membrane camouflage ex-

hibits a high affinity to inflammatory cytokines, enabling precise

lesion targeting while simultaneously enhancing leonurine’s anti-

inflammatory effects through synergistic action. Similarly, Zhao et

al. reported the development of a neutrophil membrane-coated

NP system for reactive oxygen species (ROS)-responsive delivery

of FTY720 to ischemic brain tissue [109]. As illustrated in Fig.

7, ROS-responsive FTY720 monomers were polymerized into am-

phiphilic block copolymers, which self-assembled into polypro-

drug NPs loaded with FTY720 in an aqueous solution. Subse-

quently, these NPs are coated with neutrophil membrane to impart

inflammation-oriented chemotaxis. The resulting system demon-

strated enhanced delivery efficiency and selective drug release

in inflamed brain tissue, thereby improving therapeutic outcomes

while reducing drug retention in the heart and circulation, key fac-

tors in minimizing the adverse effects associated with high sys-

temic doses of FTY720 in ischemic stroke treatment.

3.3.3. Other cell membranes coating systems

Macrophages play an important role in the complex physiolog-

ical microenvironment with their polarization phenotypes signifi-

cantly influencing tumor progression and metastasis. In the con-

text of neuroinflammation, these adaptable cells can adopt an anti-

inflammatory phenotype, functioning as protectors that eliminate

pathogens and cellular debris while releasing anti-inflammatory

mediators and initiating the activation cascade of complemen-

tary immune sentinels [112,113]. Consequently, macrophage-based

drug delivery systems leverage their inherent capabilities-including

prolonged circulatory lifespan, abundant surface receptors, and

phenotype-specific targeting abilities-offering a promising ther-

apeutic strategy [114]. In an innovative study, Han et al. de-

veloped macrophage membrane-coated solid lipid nanoparticles

(MASLNs) to evade recognition by the reticuloendothelial system

and prolong systemic circulation [115]. To address challenges in

AD therapy, they engineered a biomimetic delivery system, termed

RVG/TPP-MASLNs, designed to deliver Genistein specifically to neu-

ronal mitochondria. The macrophage membranes exhibited the

macrophage-like immunological characteristics, such as the high

expression of F4/80 and CD11b, thus facilitating targeted accumu-

lation of the biomimetic nanoplatform in the AD-affected brain.

Recently, hybrid membrane-based systems have gained increasing

attention. Yin et al. introduced a nanoplatform combining mem-

branes from both neutrophils and macrophages, termed NMm-

PLGA/RAPA, for efficient rapamycin delivery across the BBB [116].

This hybrid system integrates neutrophil-mediated inflammatory

chemotaxis with macrophage-driven stimulus responsiveness, en-

abling spontaneous BBB penetration. Rapamycin was encapsulated

in PLGA nanoparticles and then coated with the dual membranes

to form NMm-PLGA/RAPA. As illustrated in Fig. S3 (Supporting in-

formation), alternative membrane sources have also been explored,

including platelet membranes and tumor cell membranes [117]. In-

spired by inherent ability of platelets to target injured vasculatures

and the rapid BBB penetrability of 4T1 tumor cells, Tang et al. de-

veloped a biomimetic nanoplatform (PP@PCL) for ischemic stroke

therapy. This system was constructed by fusing membranes from

4T1 tumor cells and platelets and applying them to liposomes co-

loaded with paeonol and polymetformin. By efficiently targeting

the ischemic lesion, preventing neuroinflammation, eliminating ex-

cess ROS, reprogramming microglia phenotypes, and promoting an-

giogenesis, PP@PCL could significantly reduce ischemia-reperfusion

injury [117]. Promising results in both injured PC12 neuronal cells

and rat models of ischemic stroke underscore the therapeutic po-

tential of membrane-coating strategies for cerebral ischemic injury.

Table 2 [31,103,108,109,115–117] summarizes various membrane

coating applications.

3.4. Intranasal administration systems

In contrast to the intrusive methods of directly injecting thera-

peutic compounds into brain regions via intraventricular or intra-

parenchymal routes, intranasal delivery is a non-invasive method

that facilitates the rapid transportation of therapeutic agents from

the nasal cavity to the brain [118]. As illustrated in Fig. S4 (Sup-

porting information), such process can occur via either intracel-

lular or extracellular pathways [118]. The intracellular route effi-

ciently bypasses the BBB by leveraging the trigeminal and olfactory

nerve pathways [119]. Owing to the highly vascularized nasal ep-

ithelium, intranasal administration, known for its non-invasiveness

and safety profile, improves absorption efficiency and may achieve
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Table 2

Representative membrane coating strategies for delivering drugs to the brain.

Material Nanoplatform Cargo Application Ref.

Erythrocyte membrane TGN-RBC–NPs-Cur Curcumin AD [31]

Erythrocyte membrane CuxO@EM-K CuxO AD [103]

Neutrophil membrane Leo@NM-Lipo Leonurine (Leo) Stroke [108]

Neutrophil membrane (Untitled) FTY720 Stroke [109]

Macrophage membrane RVG/TPP-MASLNs Genistein (GS) AD [115]

Neutrophil membrane & macrophage membrane NMm-PLGA/RAPA Rapamycin (RAPA) Glioma [116]

4T1 tumor cell membrane & platelet membrane PP@PCL Paeonol & polymetformin (Glucophage) Stroke [117]

Fig. 8. Intranasal delivery of circSCMH1@LNP improved post-stroke neurological

function repair in an ischemic stroke mouse model. Copied with permission [25].

Copyright 2025, Wiley Publishing Group.

higher drug concentrations in the brain [120]. Nonetheless, cer-

tain limitations exist in the nasal-to-brain delivery route, including

reduced drug permeability and challenges associated with nasal

mucosa and mucociliary clearance mechanisms [121]. NPs offer

a promising strategy to address these drawbacks by facilitating

greater cargo loading, precise targeting, and enhanced retention

of therapeutic agents on the nasal mucosa [122]. Various nanocar-

rier systems, such as dendrimers, micelles, and various polymeric

NPs, have been employed to improve nose-to-brain drug deliv-

ery efficiency [123,124]. Wang et al. developed a thermosensitive

gel-based intranasal delivery system comprising rotigotine-loaded

polymer micelles. This formulation was designed to increase drug

solubility, prolong residence time, and increase the accumulation

of rotigotine within brain tissue [125]. These micelles enabled sus-

tained drug release and, according to permeability studies, facil-

itated direct brain delivery of rotigotine via the nasal route, re-

sulting in improved cerebral distribution. Furthermore, this sys-

tem exhibited no notable adverse effects on the cilia or nasal mu-

cosa of rats, underscoring its potential for clinical application. Jia

et al. established circSCMH1@LNP1 to deliver the therapeutic circu-

lar RNA circSCMH1 (Fig. 8) [25]. Intranasal administration of circ-

SCMH1@LNP1 significantly increased its distribution in the peri–

infarct region and reduced off-target accumulation compared to

intravenous delivery. Therapeutic results demonstrated that circ-

SCMH1@LNP1 promoted synaptic plasticity, vascular repair, neu-

roinflammation relief, and myelin sheath formation, leading to

enhanced sensorimotor and cognitive function recovery in post-

stroke mice. These findings highlight the potential of LNP-based

intranasal delivery system for brain injury management.

3.5. Reversible disruption of BBB

3.5.1. Osmotic BBB disruption

Among the diverse strategies employed for drug delivery to

the CNS, the temporary modulation of the BBB remains a central

area of research [126,127]. One promising approach involves intra-

arterial injection after osmotically induced BBB disruption. This al-

lows for access to extensive brain regions in a single treatment,

outperforming the direct and localized administration approaches

[128]. This procedure utilizes osmotic agents such as mannitol,

urea and glycerol to transiently increase osmotic pressure, thereby

causing temporary BBB permeability. This technique is especially

valuable in the field of brain tumor treatment [129,130]. Never-

theless, considering the non-selective nature of BBB opening, this

increased permeability could lead to the enhanced entry of un-

intended macromolecules, which may result in irreversible CNS

damage, or even adverse effects such as seizures and chronic neu-

ropathological changes [131,132]. To mitigate these risks, an inno-

vative nanoplatform, TPP@(CeO2+ROF), has been developed, as il-

lustrated in Fig. S5 (Supporting information). This system incorpo-

rates ceria nano-enzymes with mitochondria-targeting and potent

antioxidant capabilities. This design, as demonstrated by the au-

thors, successfully mitigates mitochondrial damage, alleviates ox-

idative stress and apoptosis, minimizes BBB trauma, and has an ex-

cellent biosafety profile. This customized approach offers a promis-

ing way to avoid the problems associated with temporary disrup-

tion of the BBB, paving the way for safer and more effective CNS

drug delivery strategies [133].

3.5.2. Ultrasound disruption

In recent years, ultrasound-based BBB opening techniques has

been widely explored [134,135]. In particular, focused ultrasound

(FUS), which has emerged as an innovative tool for enhancing BBB

permeability to facilitate targeted brain therapy delivery, is gain-

ing more and more attention in treating brain tumors and neu-

rodegenerative diseases [136,137]. Numerous studies have demon-

strated the safety and practicality of non-invasive and low-density

FUS for transient BBB disruption [138–140]. Notably, Rezai et al.

provided a groundbreaking demonstration of safely, non-invasively,

and precisely induced transient and repeatable BBB permeabiliza-

tion of FUS within the hippocampus/entorhinal cortex of humans,

thus paving the way for innovative therapeutic delivery strate-

gies in AD and beyond [138]. In a pioneering phase I, single-

arm, open-label clinical investigation, Mainprize et al. confirmed

the safety and practicality of magnetic resonance-guided focused

ultrasound (MRgFUS) facilitating BBB opening in glioma patients

receiving systemic chemotherapy. Their analysis of chemotherapy

concentrations in both targeted (sonicated) and non-targeted (non-

sonicated) peritumor tissues underscored the transformative po-

tential of MRgFUS to enhance treatment efficacy [139]. Based on

these, Park et al. demonstrated the accuracy, reliability, and safety

of MRgFUS-mediated BBB disruption, offering a translational path-

way for therapies previously hindered by limited BBB permeabil-

ity [140]. While further follow-up is necessary to fully assess long-

term effects, these findings open new avenues for previously inac-

cessible CNS treatments.

Among its emerging applications, MRgFUS has shown consid-

erable promise in advancing liquid biopsy technologies for early

cancer detection, disease monitoring, and recurrence prevention.

BBB presents a significant obstacle to the release and detection
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Fig. 9. Focused ultrasound enhanced delivery of siRNA. Copied with permission

[144]. Copyright 2021, The American Association for the Advancement of Science.

of brain-derived biomarkers using conventional techniques [141].

Having recognized the unique ability of transcranial MRgFUS to

safely and temporarily disrupt the BBB, Meng et al. hypothesized

that this technology could enhance the detectability of circulat-

ing brain-derived biomarkers. In a first-in-human proof-of-concept

study involving GBM patients, MRgFUS significantly increased the

presence of neuron-derived extracellular vesicles, brain-specific

proteins, and cell-free DNA in circulation [142]. These findings

not only confirmed the safety and feasibility of this technology,

but also demonstrated its ability to enhance the signal of cir-

culating biomarkers generated from the brain, signaling a break-

through for liquid biopsy applications in neuro-oncology. To ad-

dress the gap between preclinical success and limited drug deliv-

ery in human subjects, Meng et al. also conducted a pivotal study

demonstrating enhanced delivery of trastuzumab in HER2-positive

breast cancer patients with brain metastases via MRgFUS. The ob-

served elevation in the standardized uptake value ratio in MRgFUS-

treated regions, alongside the absence of severe adverse effects,

marked a milestone in non-invasive and spatially precise mono-

clonal antibody delivery across the BBB [143]. In addition to these

landmark studies, other investigations have similarly highlighted

the efficacy of MRgFUS in improving therapeutic delivery to the

brain. As illustrated in Fig. 9, the synergistic combination of FUS

and LPHs@siRNA facilitates enhanced siRNA delivery to brain tu-

mors. This combination improves delivery efficiency and signifi-

cantly promotes tumor cell apoptosis in experimental models, in-

dicating a substantial improvement in therapeutic outcomes [144].

Collectively, these comprehensive studies underscore the transfor-

mative potential of MRgFUS in treating brain tumors and neurode-

generative diseases, offering renewed hope for patients afflicted by

these conditions.

3.5.3. Light/laser disruption

Light disruption has emerged as a promising candidate ap-

proach for the temporary opening of BBB because of its unique

characteristics including minimal scattering propensity, the ability

to induce nonlinear absorption, and spatiotemporal accuracy [145].

Kiesslin et al. were the first to present this novel technique, envi-

sioning the use of a neodymium-doped yttrium aluminum garnet

laser pulse for precise focal disruptions of the BBB [146]. This tech-

nique works by slowly and steadily delivering laser energy at low

levels over extended periods of time, ingeniously utilizing near-

infrared light’s deep tissue penetration capabilities, with its wave-

lengths positioned between 700 nanometers and 1600 nanome-

ters. The use of near-infrared light for BBB modulation has gar-

nered significant attention, positioning it at the forefront of re-

search aimed at delicately tuning BBB permeability [147–149]. Li

and colleagues developed AuNPs with an unparallelled affinity for

tight junction, demonstrating that intravenous injection of these

engineered AuNPs, followed by transcranial stimulation with pi-

cosecond laser pulses, effectively enhances BBB permeability [150].

Laser intensity is carefully adjusted to determine the degree of BBB

permeability augmentation, guaranteeing a completely reversible

procedure that promotes improved paracellular diffusion.

4. Conclusions and further perspectives

Despite the crucial function of the BBB in preserving the nor-

mal physiological operations of the CNS, the delivery of certain

conventional medications for CNS disorders remains significantly

hindered. Drawing upon a concise overview of the basic struc-

ture of BBB and several major types of CNS diseases, different

types of drug administration strategies across the BBB were dis-

cussed in this review. Undoubtedly, the utilization of nanomate-

rials for traversing the BBB presents a promising avenue for the

future treatment of CNS diseases. Nevertheless, further in-depth

fundamental investigations into nanomaterial-based strategies for

traversing BBB and their mechanisms of drug release within the

brain are imperative. On the premise of ensuring safety and feasi-

bility, how to further improve the loading capacity of therapeutic

drugs and the targeting of delivery to the brain tissues is still a

challenge that should to be focused on in the future. To achieve

this goal, several unresolved issues are expected be addressed. Bi-

ological barriers such as the formation of a “protein corona” can al-

ter nanomaterial properties, hindering drug delivery. Immune sys-

tem interactions may lead to clearance or inflammation. The tumor

microenvironment and the heterogeneity of the enhanced perme-

ability and retention (EPR) effect can impede nanomaterial pene-

tration. Safety concerns include acute and chronic toxicity, as well

as immunogenicity should also been considered. Manufacturing is-

sues involve difficulties in achieving consistent quality and scalabil-

ity. Regulatory hurdles and economic considerations, such as high

development costs, further complicate clinical translation. Address-

ing these challenges requires a multidisciplinary approach to opti-

mize nanomaterial design, production, and safety evaluation, en-

suring effective and safe treatments for brain-related diseases.
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